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a b s t r a c t

The kinetics of electrogenerated hydrogen peroxide (H2O2), which can activate peroxidases in an elec-
troenzymatic process, was examined by an amperometric technique using a carbon fiber microelectrode
that was modified by polyaniline (PAn) film and platinum particles. The electrogeneration of H2O2 was
found to be dependent on the pH and applied potential, and resulting in a variable current response
of the carbon fiber microelectrode. The highest amount of H2O2 was electrogenerated when 2.3 V was
applied between the Pt/Ti anode and a reticulated vitreous carbon (RVC) cathode at pH 6.0, with a cur-
eywords:
arbon fiber microelectrode
lectrogeneration of hydrogen peroxide
H2O2)

rent response of 0.0190 �A min−1. Phenol was completely degraded by the electroenzymatic reaction of
the immobilized horseradish peroxidase (HRP), and the time required for the electrogeneration of H2O2

increased according to the initial concentration of phenol. The degradation stoichiometric ratio between
the electrogenerated H2O2 and the aqueous phenol under HRP immobilized on RVC was found to be 1:1.
mperometry
orseradish peroxidase (HRP)
eticulated vitreous carbon (RVC)

. Introduction

Hydrogen peroxide (H2O2) is widely used in many fields, espe-
ially the chemical industry and for environmental protection due
o its strong oxidizing property and production of no hazardous
esiduals, degrading to only oxygen and water [1–8]. Also, it has
een utilized in enzyme technologies as an activation compound for
eroxidases such as lignin peroxide (LiP) and horseradish peroxi-
ase (HRP). In the presence of H2O2 serving as an electron acceptor,
iP and HRP are activated and catalyze the oxidation of various
rganic substrates [9,10]. Therefore, it is clear that the catalytic
eaction of peroxidase with H2O2 is efficient for the degradation
f organic pollutants, i.e., aniline, phenolic compounds, and other
romatic compounds [11,12].
Despite its feasibility, enzymatic degradation is limited for prac-
ical application in the degradation of organic pollutants due to the
ifficulty of enzyme recovery and the requirement for a continuous
xternal supply of H2O2. To overcome these limitations, Lee et al.
13] proposed the electroenzymatic process that combined enzy-

∗ Corresponding author. Tel.: +82 62 970 2435; fax: +82 62 970 2434.
E-mail address: shmoon@gist.ac.kr (S.-H. Moon).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.09.157
© 2009 Elsevier B.V. All rights reserved.

matic catalysis and the electrochemical reaction to carry out the
degradation of 2,4,6-trinitrotoluene (TNT) using in-situ generated
H2O2 within an electrochemical reactor containing immobilized
HRP.

In an electroenzymatic process, electrogenerated H2O2 plays an
important role in the activation of peroxidases that result in the
degradation of organic pollutants. As such, the accurate measure-
ment of the electrogenerated H2O2 is useful in the comprehension
of this overall process. To date, various chemical methods have
been used for the determination of H2O2 using metallic compounds
such as titanium oxalate, titanium tetrachloride [14–17] and cobalt
(II) ion [18] that form colored complexes with H2O2 that can then
be spectrometrically measured. These methods, however, cannot
apply real-time detection of the generated H2O2 within the elec-
trochemical reactor.

Microelectrodes for the measurement of H2O2 have been devel-
oped using cellulose acetate [19], mesoporous platinum [20], and
carbon fiber [21]. Among them, carbon fiber is the most attractive
material since it is very cheap, well-studied, and has a favorable

surface structure. To this end, Wang et al. [22] studied the deter-
mination of H2O2 by using a polyaniline (PAn) film and platinum
particles co-modified carbon fiber microelectrode. They reported
that the carbon fiber microelectrode had a high response to H2O2
with low noise and instability.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:shmoon@gist.ac.kr
dx.doi.org/10.1016/j.jhazmat.2009.09.157
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Fig. 1. Schematic diagram of the electrochemical reactor immobilized HRP on RVC
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In this study, the kinetics of the electrogenerated H2O2 in the
lectrochemical reactor was examined using a carbon fiber micro-
lectrode modified with a PAn film and platinum particles. In
ddition, degradation kinetics of the phenol via an electroenzy-
atic process was amperometrically determined by the current

esponse of the carbon fiber microelectrode.

. Experimental

.1. Materials

To construct the microelectrode for the measurement of
2O2, carbon fiber (0.8 �m diameter, 60 mm length, Johnson and
atthey Corp., USA), K2PtCl6 (Sigma–Aldrich, USA) and polyaniline

Sigma–Aldrich) were used.
HRP (type VI-A, EC 1.11.1.7, Sigma, USA)

mmobilization was performed using 1-ethyl-3-(3-
imethylaminopropyl)carbodiimide hydrochloride (EDC,
igma–Aldrich, USA) and N-hydroxysuccinimide (NHS, Aldrich,
SA) on reticulated vitreous carbon (RVC, 100 ppi (pores per linear

nch), Duocel, ERG Materials and Aerospace Corp., USA). Other
hemicals used in this study were obtained from Sigma–Aldrich
hemical Company (USA) and all solutions were prepared with
ouble deionized water.

.2. Preparation of carbon fiber microelectrode and
lectrochemical instrument

To enhance the sensitivity and stability of the carbon fiber
icroelectrode, conducting polyaniline (PAn) and platinum par-

icles were used as described in a previous study [22]. The washed
arbon fiber in a mixture solution of acetone and nitric acid (1:1,
/v) was inserted into the glass capillary and its tip was sealed by
poxy resin that is a mixture of weld agent and hardening agent
Permatex # 14600 series). The carbon fiber microelectrode was
oated using 150 mL of 0.1 M aniline in 1.0 M H2SO4 between −0.2
nd +0.9 V at 100 mV s−1 for 20 cycles under well mixed condition.
he PAn-coated microelectrode was platinized using 2.0 × 10−3 M
2PtCl6 in 0.5 M H2SO4 at −0.2 V for 10 min; further coating of
nother layer of PAn film was performed in the same manner.
or platinization and PAn-coating of the carbon microelectrode, a
GSTAT30/GPES system (Eco Chemie, Netherlands) was used.

Also, for the amperometric detection of H2O2, a three-electrode
ell was used. This cell was equipped with the prepared carbon
ber microelectrode, a platinum wire and Ag/AgCl (in 3.3 M KCl) as
he working electrode, counter electrode and reference electrode,
espectively. Chronoamperometry was carried out using a PGSTAT
0 controlled by GPES software.

.3. Immobilization of HRP on the RVC surface

For the immobilization of HRP, RVC possessing high surface area
nd good electric property was chosen. The immobilization proce-
ures followed those of Williams et al. [23] which described the
ttachment of DNA to carbon nanotubes. The RVC was treated in
3:1 mixture of concentrated H2SO4 and HNO3 for 1 h. To pro-

uce abundant carboxyl end-groups, the treated RVC was exposed
o 1.0 M HCl. Then this RVC was dispersed in dimethylformamide
DMF) and incubated in EDC and 5 mM NHS at 4 ◦C. After addition
f 1000 U ml−1 HRP, this RVC was reacted in DMF.
.4. Electrochemical reactor immobilized HRP and
lectrochemical instrument

A two-compartment electrochemical reactor (effective volume
f each compartment: 150 mL) was used and a proton exchange
and electrochemical instrument. (1) DC power supply, (2) anode (Pt/Ti), (3) cathode
(HRP/RVC), (4) potentiostat, (5) counter electrode (Pt wire), (6) reference electrode
(Ag/AgCl), (7) working electrode (carbon fiber microelectrode), (8) proton exchange
membrane (Nafion 117).

membrane (Nafion 117, DuPont, USA) was placed between two
compartments as shown in Fig. 1. The Pt coated on the Ti plate
(Pt/Ti) and the RVC immobilized HRP (HRP/RVC) were used as
anode and cathode, respectively. The anolyte was 100 mM phos-
phate buffer solution (PBS), and a certain amount of phenol
dissolved in 100 mM PBS was used as the catholyte. The poten-
tial between the anode and cathode was applied using a DC power
supply (6613C, Agilent, USA).

2.5. Analysis

To compare with amperometric measurement of H2O2, the DMP
method was performed by using copper (II) ion and 2,9-dimethyl-
1,10-phenanthroline (DMP) at 453 nm in UV–vis spectroscopy
(Simatzu, Japan) [24]. The concentration of phenol was determined
at 270 nm through the use of a UV–vis spectrophotometer after
filtration (45 �m, Millipore, USA).

3. Results and discussion

3.1. Preparation of microelectrode for detection of the
electrogenerated H2O2

Fig. 2 shows the current response of a carbon fiber microelec-
trode to the amount of H2O2 at −0.6 V (vs. Ag/AgCl). As can be seen,
the current signal linearly increased with the amount of H2O2 since
the responding current was diffusion-limited; this linear equation
can be expressed as followed equation

i[�A] = 2.19CH2O2 [mM] − 0.044 (1)

Here, the microelectrode enabled the fast measurements due to
the high conductivity of the coated PAn film and platinum particles

at the end of the carbon fiber microelectrode. The time to reach
a steady state increased from 10 s to 14 s when the concentration
of H2O2 increased, in agreement with the Cottrell equation that
describes the current with respect to time in a controlled potential
[25].
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ig. 2. Current response of the carbon fiber microelectrode to the external addition
f H2O2 at −0.6 V (vs. Ag/AgCl). Working electrode (WE): carbon fiber microelec-
rode; counter electrode (CE): Pt wire; reference electrode (RE): Ag/AgCl in 3.3 M
Cl solution.

.2. Measurement of the electrogenerated H2O2 using a carbon
ber microelectrode

For the real-time measurement of electrogenerated H2O2, a
hree-electrode system including a carbon fiber microelectrode
s the working electrode was set in an electrochemical reactor
quipped with a Pt/Ti anode and a reticulated vitreous carbon (RVC)
athode. Fig. 3 compares the current response of the carbon fiber
icroelectrode inside the electrochemical reactor with that out-

ide the electrochemical reactor when 2.3 V is applied at pH 7.0.
n both cases, the increasing rate of current responses was similar
t 0.018 �A min−1 since the electrogenerated H2O2 was accumu-
ated within the electrochemical reactor prior to the response of
he current for the H2O2. Also, the initial current response directly

easured inside the electrochemical reactor was 0.55 �A higher
han that indirectly measured outside the electrochemical reactor
ince it was influenced by the electric field.
.2.1. Effect of electrolyte pH
Fig. 4 presents the current responses for the measurement

f the electrogenerated H2O2 with various electrolyte pHs that

ig. 3. Current response of a carbon fiber microelectrode to electrogenerated H2O2

t −0.6 V (vs. Ag/AgCl): (�) inside the electrochemical reactor and (©) outside the
lectrochemical reactor. Applied potential: 2.3 V (anode-Pt/Ti, cathode-RVC), elec-
rolyte: 0.1 M PBS (pH 7.0).
Fig. 4. Current response of a carbon fiber microelectrode to electrogenerated H2O2

at −0.6 V (vs. Ag/AgCl) inside the electrochemical reactor as a function of electrolyte
pH. Data measurement: 1 point/25 s; applied potential: 2.3 V (anode-Pt/Ti, cathode-
RVC); electrolyte: 0.1 M PBS.

were adjusted using 100 mM PBS in the range of pH 5.0–9.0.
It was observed that in the weakly acidic and neutral condi-
tions, slopes were above 0.0180 �A min−1 whereas the slopes were
0.0136 �A min−1 and 0.0107 �A min−1 for pH 8.0 and pH 9.0,
respectively. The difference implies that the electrogenerated H2O2
was dependent on the pH, and that the weakly acidic condition,
especially pH 6.0, was more suitable for the electrogeneration of
H2O2 than the weakly basic conditions.

3.2.2. Effect of applied potential
The effect of applied potential was also examined in terms of

power density and the slope of current response, as shown in
Fig. 5. For voltages below 2.3 V, the power density slightly increased
from 4.9 W m−2 to 21.1 W m−2 due to the Ohmic resistance. Above
2.3 V, however, the power density steeply increased to 95.2 W m−2

since a charge transfer resistance was caused by the excess protons
(H+) and hydroxide ions (OH−) generated from water dissociation
[26].
In the range of 1.3–2.3 V, the slope of the current response
increased from 0.0113 �A min−1 to 0.0190 �A min−1 according
to the applied potential. This increase implies that the required
electrical energy for the reduction of oxygen to H2O2 via the
two-electron reaction, O2 + 2H+ + 2e− → H2O2, was fully supplied

Fig. 5. Production characteristics of H2O2 within the electrochemical reactor as a
function of the applied potential between Pt/Ti anode and RVC cathode. (�) Increas-
ing rate of current response for H2O2 and (©) power density.
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Fig. 7. (a) Change of residual concentration of phenol according to the electrochem-
ical reaction time for (©) 0.1 mM phenol, (�) 0.2 mM phenol, and (�) 0.4 mM phenol.
Applied potential: 2.3 V (anode-Pt/Ti, cathode-RVC); electrolyte: 0.1 M PBS (pH 6.0);
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t 2.3 V, whereas it was insufficient at a lower voltage. Above
.8 V, however, it decreased to 0.0124 �A min−1 since the oxygen
as converted to water molecules via the four-electron reaction,
2 + 4H+ + 4e− → 2H2O, when a potential greater than the required
lectrical energy for H2O2 generation was applied. Therefore, it was
onsidered that the optimal applied potential was 2.3 V, at which a
wo-electron reaction takes place, predominantly by water disso-
iation.

.2.3. Stability of carbon fiber microelectrode
Based on the change of the slope of current response for H2O2,

he stability of a carbon fiber microelectrode was then examined.
relative ratio of current response was 0.98 to the initial slope

uring continuous 11 assays of carbon fiber microelectrode at 2.3 V
etween the Pt/Ti and RVC electrodes in 0.1 M PBS at pH 6.0. Also,
he current response of the carbon fiber microelectrode was main-
ained beyond 11 assays, although it slightly decreased to 0.95 of
he relative ratio compared to the initial value. The slight decrease
uggests that there was no severe damage of the carbon fiber
icroelectrode for the electron transfer mechanism through the

onducting PAn film and platinum particles.

.3. Degradation kinetics of phenol using an electroenzymatic
rocess

Fig. 6 illustrates the difference in current responses in the
bsence of phenol with that in the presence of phenol as sub-
trate. The electrogenerated H2O2 was consumed during enzymatic
egradation in the presence of phenol though it remained with-
ut consumption in the absence of phenol. As shown in the figure,
he difference in current response linearly increased since H2O2
as continuously generated in the absence of phenol whereas it
as completely consumed in the presence of phenol during the

nzymatic degradation of phenol. A plateau was formed when
he phenol was completely degraded at 12.50 min, 22.50 min and
3.33 min for 0.1 mM, 0.2 mM and 0.4 mM of phenol, respectively.
he time differences imply that more H2O2 was required to degrade
ore phenol, and that the generation rates of the electrogenerated
O in the presence of phenol was the same as that in the absence
2 2

f phenol when the electroenzymatic degradation of phenol was
ompleted. The average rate constant of phenol degradation was
.45 × 10−7 mol L−1 s−1 through electroenzymatic reaction when
e (III) in HRP was oxidized to Fe (IV) by electrogenerated H2O2 [27].

ig. 6. Difference in current response between absence and presence of phenol
n the concentration rage of 0.1–0.4 mM. Data measurement: 1 point/25 s; applied
otential: 2.3 V (anode-Pt/Ti, cathode-RVC); electrolyte: 0.1 M PBS (pH 6.0).
(b) (�) the electrogeneration rate of H2O2 and (©) the electroenzymatic degradation
rate of phenol.

3.4. Estimation of kinetics in electroenzymatic degradation of
phenol

Fig. 7(a) shows the change of residual concentration of phenol
in the determination of the degradation rate in the electrochemi-
cal reactor immobilized HRP as a function of phenol concentration.
As can be seen in the figure, the residual concentration of phe-
nol decreased linearly with the electrochemical reaction time until
the degradation of phenol was completed. This suggests that H2O2
was continuously electrogenerated and played a role in the degra-
dation of phenol. The degradation rates could then be determined
by the ratio of phenol decrease to the time for complete degrada-
tion.

The electroenzymatic degradation rate of phenol is shown in Fig
7(b) with the various production rate of the electrogenerated H2O2.
Phenol was degraded at a rate of 0.0091–0.0086 mM min−1 in the
range of 0.1–0.4 mM of the feed concentration. The H2O2 was elec-
trogenerated at a rate of 0.0087 mM min−1 and was independent
of the concentration of phenol. Therefore, the stoichiometric ratios
between phenol and the electrogenerated H2O2 were 1.04:1, 1.02:1
and 0.99:1; the concentration of phenol being similar to previous

results [28], where the apparent stoichiometric ratio was deter-
mined as 1:1, between phenol and the externally added H2O2 in
the presence of aqueous HRP. Therefore, the phenol could be com-
pletely degraded by the electroenzymatic method under certain
stoichiometric ratios between electrogenerated H2O2 and phenol.



rdous

4

c
a
t
v
T
w
o
e
e
p

A

l
(

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

S.-H. Cho et al. / Journal of Haza

. Conclusion

The kinetics of electrogenerated H2O2 was determined using a
arbon fiber microelectrode that was modified by polyaniline film
nd platinum particles. The generation rate of H2O2 was found
o vary as an effect of pH and the applied potential, and led to
ariance in the current response of a carbon fiber microelectrode.
he electrogenerated H2O2 formed at a rate of 0.0190 �A min−1

hen 2.3 V was applied between a Pt/Ti anode and an RVC cath-
de at pH 6.0. Aqueous phenol was completely degraded using the
lectroenzymatic process and the stoichiometric ratio between the
lectrogenerated H2O2 and the optimum degradation of aqueous
henol under HRP immobilized on RVC was confirmed to be 1:1.
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