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a b s t r a c t

The destruction and colour removal of methylene blue were carried out by mediated electrochemical oxidation using

cerium(IV) mediator in nitric acid medium using two-phase system and was applied for oxidation of organic com-

pound. Organic compounds and mediator were taken in the organic and aqueous phases respectively. The influence

of organic solvent type, cerium(III) concentration, dye concentration, stirring speed and temperature were investi-

gated in order to find the optimum conditions of the system to check the removal of COD and colour in the organic

phase. The decolourisation followed the pseudo-first order reaction for electrochemically oxidized cerium(IV). The

maximum colour removal efficiency of 95% was achieved within 45 min in dichloromethane solvent system. The

COD removal efficiency and colour removal rate were increased with increase in temperature and stirring speed.

© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Environmental pollution especially by the dying and textile
industries is one of the major problems faced by the devel-
oping countries like India. It was reported approximately
5 tonnes of organic compounds discharge from dyes and
colouration industries every year (Brown, 1987). Due to strin-
gent environmental regulation, these wastewater has to be
treated before disposal into the environment. A conventional
treatment which includes biological, physical, chemical pro-
cesses was employed to treat the wastewater. Removal of
organic compounds from wastewater by many conventional
techniques like adsorption (Matheswaran and Karunanithi,
2007; Preethi et al., 2006), coagulation (Bache and Hossain,
1991), membrane process, filtration, precipitation (Sarasa et
al., 1998), advanced oxidation process (Aleboyeh et al., 2005;
Mohey El-Dein et al., 2003), chemical oxidation, etc. showed
better performance, but the production of secondary waste
like sludge, increases treatment cost. Hence, the treatment
of wastewater economically is becoming a matter of great
concern and it is urgent to develop the cost-effective treat-
ment technologies to reach related standards before being
discharged into the environment.
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Electrochemical techniques, a powerful means of pollu-
tion control, are considered as an attractive methodology
for the treatment of dyeing wastewater and have significant
advantages namely: wide application, simple equipment, easy
operation, lower temperature requirements and no sludge for-
mation (Daneshvar et al., 2004; Gutierrez and Crespi, 1999).
Several researchers have investigated the feasibility of electro-
chemical degradation of dye with various electrode materials
for wastewater treatment, such as titanium-based dimension-
ally stable anode (DSA) (Szpyrkowicz et al., 2000), platinum
(Sanroman et al., 2004), conductive-diamond (Canizares et
al., 2006), metal alloy (Rivera et al., 2004) and boron-doped
diamond (BDD) (Fernandes et al., 2004). During high poten-
tial electrolysis, these electrodes produce hydroxyl radicals
from the water discharge on their surfaces. With regard to
these electrodes, common drawbacks of SnO2 and PbO2 are
a short service-life (Correa-Lozano et al., 1997) and the release
of toxic ions, while BDD anodes have good chemical and elec-
trochemical stabilities even in strong aggressive media, long
life, and a wide potential window for water discharge. Thus,
these electrodes were not promising anodes for industrial-
scale wastewater treatment and the cost of the electrodes and
chemicals employed are high (Panizza and Cerisola, 2008).
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Fig. 1 – Schematic diagram of experimental setup.

Therefore, it is necessary to find an effective method of
wastewater treatment that are capable of removing colour
and degrading toxic organic compounds from industrial efflu-
ents. The electric current induces redox reactions upon the
electrodes surface resulting in the destruction of the organic
compound. It makes the treatment of liquids, gases and solids
possible; it is compatible with the environment because the
electron is one of the main reagents, i.e. clean and safe (Juttner
et al., 2008). Hence, electron is an environmental friendly and
cost competitive alternative.

Mediated electrochemical oxidation (MEO) is one such
promising technology for destruction of hazardous organic
waste and also applied for dissolution of metal in the military
waste. In this process, oxidized state of mediator destructs
the organic compounds into carbon dioxide and water, then
it reduced. The reduced state redox mediator is continu-
ously regenerated by electrochemical cell (Farmer et al., 1992;
Matheswaran et al., 2007). Different types of mediators silver,
cerium, cobalt, manganese, etc. were used for various appli-
cation like destruction of organic, degradation of aromatic
liquids and mineralization of effluents, and electro synthe-
sis of organic compounds. In our study, Ce(III)/Ce(IV) redox
system is used as a mediator in the medium which has high
solubility and potential of 1.72 V in the nitric acid medium.
Katafias et al. (2007) studied oxidation of methylene blue (MB)
by Ce(IV) ions in sulphuric acid medium. They reported on
kinetic data for irreversible oxidation. Donaldson et al. (2002)
reported on anodic oxidation of various dyes using NaCl as
an electrolyte medium. During the destruction, various inter-
mediate and chlorinated compounds formed may be more
harmful to aqueous environment than the dye molecule from
wastewater. Hence, the dye molecule needs to be destructed
into carbon dioxide and water. The cobalt redox mediator was
used for the decolourisation of dyes of various structures and
reviewed by Sanroman et al. (2004).

By using the redox mediator, the dye can be destructed
completely into carbon dioxide and water at room temper-
ature conditions. The MB was oxidized and decolourized
with Ce(III)/Ce(IV) redox mediator in two-phase system. The
major advantage of two-phase system was maintaining the
redox mediator concentration without any dilution during
the electrochemical oxidation and regenerated mediators con-

tinuously. The organic solvent can be reused for further
experiments with negligible loss. During the destruction of
organic compound, any useful intermediate can be easily
recovered by means of extraction.

The objective of the present work is to study the
decolourisation and destruction of MB by Ce(IV) mediated
electrochemical oxidation by two-phase system. Various sol-
vent mediums were investigated for decolourisation. Also the
effect of various operating parameters such as concentration
of Ce(III), concentration of MB, stirring speed and temperature
on COD and colour removal percentage were studied. The rate
of colour removal was analyzed by applying the pseudo-first
order rate equation. The effect of various organic solvents on
the extraction of MB from the aqueous solution was studied
at a known concentration.

2. Experimental

2.1. Materials

Methylene blue (purity >98%) was purchased from the Duksan
Pharmaceutical Co. Ltd., and used without further purifi-
cation. A solution of MB was prepared and dissolved in
organic solvent. Cerium(III)nitrate hexahydrate (Terio Corpo-
ration, China), nitric acid (60%) (Sam Chun Chemicals, Korea),
dichloromethane (DCM), dichloroethane (DCE), chloroform,
acetonitrile (Kanto Chemical Co. Inc.) were used as received.

2.2. Experimental method

The electrochemical oxidation of MB was carried out in a batch
type undivided electrochemical cell. DSA and titanium mesh
type electrodes were used as the anode and cathode respec-
tively with area of 4 cm2 (2 cm × 2 cm) and both the electrodes
were placed vertically and parallel to each other in the elec-
trolytic cell. The anode and cathode have an inter-electrode
gap of 2 cm. The schematic diagram of electrochemical cell
setup is shown in Fig. 1. 0.4 A of current was passed during the
electrolysis experiments which was provided by a laboratory
DC power supply (KSC, Korea Switching). A 100 ml volume cell
constituting 50 ml of electrolyte {Ce(III) and 3 M nitric acid}
and 50 ml of organic solvent that contains MB with known
concentration were used. The electrolytic cell was equipped
with a magnetic stirrer in order to keep the electrolyte and
organic solvent well mixed for effective reaction. The tem-
perature of the system was maintained constant during the
electrolysis. During the oxidation, Ce(III) was oxidized into
Ce(IV) at an anode. The oxidized Ce(IV) reacted with MB in
the organic solvent, then Ce(IV) reduced into Ce(III) and con-
tinuously regenerated by electrochemical cell.

The following reaction can take place in the cell while pass-
ing constant current (Sedneva, 2005):

Anode:

Ce(III) → Ce(IV) + e−

H2O → 1/2O2 + 2H+ + 2e−

Cathode:

Ce(IV) + e− → Ce(III)

2H+ + 2e− → H2
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Fig. 2 – Effect of organic solvent on colour removal of MB
(conditions: CCe(III): 0.25 M; CHNO3 : 3 M; current: 0.4 A; CMB:
0.25 M; stirring rate: 500 rpm).

The samples of organic solvent were taken at different
intervals of time over a period of 2 h for analyzing colour
removal and chemical oxygen demand (COD). The UV–vis
spectrophotometer (UV, model 160A, Shimadzu) was used to
measure the concentration of MB at 662 nm. CODCr was mea-
sured with a COD reactor and spectrometer by using HACH
procedure (Balaji et al., 2007a,b). The effect of organic solvent,
concentration of Ce(III), agitation speed and temperature were
investigated based on the removal of colour and COD in the
two-phase system. The effect of solvent on the extraction effi-
ciency of MB from the aqueous solution was carried out. A
known concentration of 0.5 mM MB was taken in the 50 ml
of aqueous solution and mixed with 50 ml of organic solvent.
The mixture was thoroughly mixed. The organic and aqueous
phases were taken for analysis of MB after it reaches the phase
separation.

From the absorbance values, the colour removal efficiency
was calculated using the following formulae:

Colour removal efficiency = ABSMo − ABSM

ABSMo
× 100

where ABSM is the average of absorbance values, at its max-
imum absorbance value of visible wavelength (�max). ABSMo

and ABSM are the values before and after the degradation pro-
cess.

The COD removal efficiency (�) was calculated using the
following formula:

� = C0 − Ct

C0
× 100

where C0 is the COD of initial MB concentration, and Ct is the
COD of the remaining dye concentration at given time t.

3. Results and discussions

3.1. Effect of organic solvent

Studies were carried out for the effect and selection of suitable
solvent system for the decolourisation of MB by electrochem-
ically generated Ce(IV) redox mediators. The results are given
in Fig. 2. Various types of organic solvents such as DCE,
DCM, acetonitrile and chloroform were studied. Mostly, in

two-phase electrolysis studies chloroform has been used as
solvent (Raju et al., 2006). In these studies, where chloroform
was used as solvent with electrochemically generated Ce(IV)
redox mediators it is found that the MB dyes phase transfer
from organic solvent to electrolyte while mixing. Selection of
solvent also depends on the type of electrolyte used for the
oxidation of organic compound. When the DCE and DCM were
used as solvent, 95% of removal efficiency of MB was achieved.
Acetonitrile solvent also gave good removal efficiency of 95%
for decolourisation of MB. But it resulted in an emulsion, which
is not preferred.

Effect of solvents on the extent of solubility, rates of mass
transfer and decolourisation of MB may be related to their
thermodynamic and physical properties such as dielectric
constants, dipole moments, polarity index density and vis-
cosity. This effect may be attributed to improvement of mass
transfer rate due to enhanced solubility of MB by the solvents.
While the aqueous phase concentrations of residual Ce(IV)
were more for all the solvents, the concentrations of sorbed
MB were substantially higher for solvents employed in this
system.

In the present investigation, efficiencies of removal of MB
by MEO system correlated well with the dipole moments of
solvents. It is evident that the maximum decolourisation of
MB was achieved by Ce(III)/Ce(IV) system using DCM or DCE
as a solvent, which had the highest dielectric constants and
dipole moment. It may be noted that dipole moments for the
solvents were very close to each other (1.15–1.8) and dielectric
constants of the DCM (8.93) and DCE (10.36) are high and so
were the concentrations of residual MB after 45 min of reac-
tion, it completely decolourised. Morita et al. (1988) studied
chlorination of toluene by two-phase electrolysis using dif-
ferent solvents for production of o- and p- chlorotoluene and
observed that the percentage yield was increased in DCM and
DCE compared to other solvents.

Extraction of 0.5 mM MB from 50 ml of aqueous solution
using various solvents of DCM, DCE and chloroform was car-
ried out for studying the removal efficiency. The concentration
(removal efficiency) of MB in the aqueous phase was 0.035 mM
(93%), 0.028 mM (94%) and 0.26 mM (50%) using solvents of
DCM, DCE and chloroform respectively.

3.2. Effect of cerium(III) concentration

The influence of cerium concentration on the removal of
colour and destruction of MB were studied. Fig. 3 shows the
colour removal efficiency of MB as a function of time at dif-
ferent initial concentrations of Ce(III) in the aqueous phase
of electrolyte at fixed concentration of nitric acid (3 M), tem-
perature (25 ◦C) and current (0.4 A). It was observed from the
figure, colour removal was increased with increase in concen-
tration of Ce(III). When the oxidation rate of Ce(III) increased
with increase in the initial concentration of Ce(III), the for-
mation of Ce(IV) was found to increase. The destruction of
MB was measured in terms of COD removal after 2 h. The
percentage of COD removal increases from 17 to 60% while
increasing the concentration of Ce(III) from 0.05 M to 0.5 M in
3 M nitric acid. The percentage removal of colour was 100%
within 90 min in case of 0.25 M and also for higher concen-
trations of Ce(III). However the removal of COD increased
when the concentration of Ce(III) increased from 0.25 M to
0.5 M.



Author's personal copy
Process Safety and Environmental Protection 8 8 ( 2 0 1 0 ) 350–355 353

Fig. 3 – Effect of cerium(III) concentration on colour removal
of MB (conditions: CHNO3 : 3 M; T: 20 ◦C; current: 0.4 A; CMB:
0.5 mM; stirring speed: 500 rpm).

3.3. Effect of initial MB concentration

The initial dye concentration is one of the crucial parameter
in any electrochemical treatment. The effect of initial con-
centration of MB in the organic solvent was studied using
electrochemical oxidation by varying the MB concentrations
from 0.1 mM to 1 mM under fixed concentration of Ce(III)
(0.25 M) and current (0.4 A). Fig. 4 shows the percentage of
colour removal as a function of time. The rate of colour
removal was decreased with increase in initial concentration
of MB with a maximum of 100% upto 0.25 mM within 1 h.
Similar results observed by Zhou et al. (2008) using electro-
chemical oxidation of various dyes like C.I. Acid Red 2, methyl
red. The percentage of COD removal in the organic solvent
was decreased as the initial concentration increases. Mohey
El-Dein et al. (2003) reported that decolourisation rate of azo
dye by UV and H2O2 followed the first order with respect to
dye concentration.

Fig. 4 – Effect of initial MB concentration on colour removal
of MB (conditions: CCe(III): 0.25 M; CHNO3 : 3 M; T: 20 ◦C;
current: 0.4 A; stirring speed: 500 rpm).

Fig. 5 – Effect of stirring speed on colour removal of MB
(conditions: CCe(III): 0.25 M; CHNO3 : 3 M; T: 20 ◦C; current:
0.4 A).

3.4. Effect of agitation rate

Fig. 5 shows the colour removal percentage of different stir-
ring rates at fixed concentration of Ce(III) and dye, nitric acid
and electrolysis temperature. It was observed that removal
of colour was increased with increase in stirring speed. A
maximum removal of 100% was achieved at 500 rpm in 1 h.
It might be due to the mass transfer rate enhancement at a
speed of 500 rpm than the other. Hence, the destruction of
dye is faster at high agitation rate when compared to the low
agitation rate and also the reaction between cerium and MB
was carried out efficiently by increasing the interfacial area
of aqueous and organic phases. The pseudo-first order rate
constant for colour removal was varied from 0.0117 min−1 to
0.1084 min−1. The percentage of COD removal was increased
from 11 to 43% with increasing stirring rate from 200 rpm
to 500 rpm. From the studies, it is found that the cell volt-
age was low at slow stirring rate of the electrolyte solution,
when the stirring rate is increased, cell voltage also increased
considerably. It might be due to the phase state of the sys-
tem. At lower stirring rate the aqueous and organic solutions
are in the two separated phase but while increasing the
stirring rate the solution is in the emulsion form. So the
resistance increased due to the electrode contact of organic
phase.

3.5. Effect of temperature

To study the influence of temperature on the electrochemi-
cal oxidation process, temperature of the solution was varied
from 20 ◦C to 50 ◦C at 0.25 M Ce(III) and 0.25 mM of MB. The
percentage of COD removal was 43–85% while increasing the
temperature from 20 ◦C to 50 ◦C as shown in Fig. 6. Tempera-
ture exhibited an acceleration of electrochemical generation
of Ce(IV). Increase in the temperature, increases the removal
percentage of colour and COD for MB in the organic solvent.
Similar trend was also observed by Balaji et al. (2007a,b) in the
Ce(IV)-MEO. They reported that the destruction efficiency of
phenol was increased with increasing temperature. The colour
removal efficiency was observed nearly 100% with 45 min for
all temperatures. Specific energy consumption decreased with
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Fig. 6 – Effect of temperature on COD removal of MB
(conditions: CCe(III): 0.25 M; CHNO3 : 3 M; current: 0.4 A; CMB:
0.25 M; stirring rate: 500 rpm).

increase in temperature due to cell voltage decrease during the
electrochemical oxidation.

4. Conclusion

Decolourisation and destruction of MB were studied with
the Ce(IV) redox mediators by two-phase mediated elec-
trochemical oxidation. DCM and DCE were suitable solvent
for the system. The extraction efficiency of MB from aque-
ous solution using solvents DCM and DCE were 93 and 95%
respectively. The Ce(IV) was used as mediator in nitric acid
medium successfully in oxidation of MB. The effect of vari-
ous operating parameters was studied for the removal of MB
colour. The percentage of COD removal and rate of colour
removal of MB were increased with increasing concentration
of Ce(III) and electrolyte temperature. The colour removal effi-
ciency was observed 100% within 45 min duration. The stirring
rate increases the interface between Ce(III) and MB, which
increases the colour and COD removal percentage.

The present technique showed a stable colour and COD
removal in a wider dye concentration ranges, representing
the most promising alternative for environmental application
among the conventional processes. There is no consumption
of chemicals in two-phase electrolysis system as compared to
the conventional chemical methods for decolourisation pro-
cess. The redox mediator Ce(III)/Ce(IV) can be regenerated and
reused.
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