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ABSTRACT: In this work, three xenobiotics (orange II,
phenol, and bisphenol A) were oxidized by hydrogen peroxide
in the presence of a horseradish peroxidase (HRP) using a
fed-batch system. During the experiments, the oxidation−
reduction potential (ORP) of the reaction mixture was
measured continuously. Results demonstrate that ORP values
only increased when both substrates of the enzyme (hydrogen
peroxide and the target compound) were present in the
reaction mixture. For all of the tested pollutants, the
continuous addition of hydrogen peroxide caused an increase
in ORP values. When the reducing substrate was depleted, the
addition of an excess of hydrogen peroxide caused a decrease of ORP values. The time at which ORP reached a maximum
represented the end of the oxidation process. This maximum could be easily detected by means of the derivative of ORP as a
function of time. To extend the application of the developed technique, the enzymatic oxidation of a binary mixture of BPA and
OII was also followed using ORP measurements. Results were similar to those observed with only one reducing substrate. This
work demonstrates that ORP measurements can be useful to maximize hydrogen peroxide efficiency through the controlled
addition of the oxidant during the oxidation of OII, phenol, and BPA catalyzed by HRP. This approach allows a minimization of
time and process costs since the reaction end-point can be easily detected on a real-time basis.

1. INTRODUCTION

Biochemically assisted degradation processes are based on the
metabolic potential of microorganisms or their enzymes to
degrade a wide variety of compounds.1 The major drawback of
using microorganisms is the fact that the removal process may
take longer due to acclimation issues and is less predictable in
comparison with physicochemical methods. However, the use
of enzymes instead of microorganisms is a simple way to obtain
high removal rates of a specific compound under predictable
conditions.2 Additionally, enzymatic degradation is preferred in
cases where the target compound inhibits the microbial
growth. For this reason, the enzymatic removal of organic
compounds could be an eco-friendly cost-competitive
alternative compared to physicochemical or microbiological
methods.1,3,4 In particular, the use of peroxidases (e.g., soybean
peroxidase, manganese peroxidase, lignin peroxidase, and
horseradish peroxidase) or their biomimetic systems (e.g.,
hematin) has been tested to oxidize several xenobiotic
compounds.2,5−8

One of the main costs associated with the removal of
xenobiotics using peroxidases is related to the use of hydrogen
peroxide as the oxidant. Many mathematical models regarding
the effect of the initial concentration of hydrogen peroxide,
target substrates, and pH on the activity of peroxidases can be

been found in the literature. Among those models, the
Dunford mechanism is the most referenced.2,9,10 According
to this mechanism, 2 mol of the reducing compound (S) can
be oxidized per mole of hydrogen peroxide consumed.
However, this value is difficult to achieve because peroxidases
in the presence of a reducing substrate also catalyze the
decomposition of hydrogen peroxide to oxygen and
water.7,11,12 Moreover, in a recent work, Morales Urrea et
al.13 demonstrate that the decomposition of hydrogen peroxide
catalyzed by a horseradish peroxidase increases with the initial
hydrogen peroxide concentration.
A simple way to maximize hydrogen peroxide efficiencies in

terms of moles of the reducing compound oxidized per mole of
hydrogen peroxide consumed is the dropwise addition of the
oxidant, such as in fed-batch reactors. The optimal operation of
a fed-batch requires a careful tuning of concentrations and flow
rates. For a given reducing substrate (S) concentration, high
enzyme concentrations and low P input rates should favor low
hydrogen peroxide concentrations. This approach will reduce
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the parasitic decomposition of hydrogen peroxide, enhancing
the consumption efficiency in terms of moles of substrate
oxidized per mol of hydrogen peroxide consumed (YS).
Therefore, a key point to avoid the addition of an excess of
hydrogen peroxide is to detect the depletion of the reducing
substrate. If target compounds are depleted then the addition
of hydrogen peroxide is useless, increasing the spend of
oxidant, operation time, and the overall cost of the process.
Several authors propose the use of oxidation−reduction

potential (ORP) measurements to monitor the oxidation of
several xenobiotics using advanced oxidation processes.14−16

Although ORP measurements were recently used to monitor
several biological wastewater treatment processes,17−21 to our
knowledge, the use of ORP to monitor an enzymatic system to
remove xenobiotics has not been proposed in the literature.
For this reason, in this contribution a method to of the HRP
mediated oxidation of three model pollutants (orange II,
phenol, and bisphenol A) with fed-batch addition of hydrogen
peroxide based on ORP measurements was developed.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. Azo dye Orange II (OII)
sodium salt (CAS no. 633-96-5), phenol (CAS no. 108-95-2),
BPA (CAS no. 80-05-7), and horseradish peroxidase (HRP)
Type I (CAS no. 9003-99-0) were obtained from Sigma-
Aldrich. The enzyme was supplied as a lyophilized powder, and
it was used without further purification. According to the
manufacturer, the specific activity was 146 units/mg of the
solid powder (one unit corresponds to the amount of enzyme
that forms 1 mg of purpurogallin from pyrogallol in 20 s at pH
6 and 20 °C). All other salts used in this work were reagent
grade from Anedra (San Fernando, Argentina).

2.2. Experimental Setup and Methods. Oxidation
assays were performed in 250 mL beakers at room temperature
(20 ± 2 °C). Appropriate amounts of HRP and the tested
compounds (OII, phenol, BPA) were diluted in a phosphate
buffer (100 mM) at the tested pH. Hydrogen peroxide stock
solutions were prepared using the same phosphate buffer. For
the fed-batch operation, a peristaltic pump (Apema model
PC25-1-M6-S) was used to fed dropwise hydrogen peroxide
stock solutions of appropriate concentrations (Pin) with
different flow rates. Tested HRP concentrations ranged from
20 to 30 mg/L. ORP and pH were continuously measured
using polymer body probes (Broadley-James Corp., USA). An
8-bit A/D converter (Biloba Ingenieria, model BLB 2.0) was
used to obtain the output signal (4−20 mA) from both
monitors. The A/D converter module was connected to a
personal computer via a RS232 protocol. At appropriate
intervals, samples were withdrawn from the reactor. These
samples were immediately centrifuged for 5 min at 13000 rpm
(Eppendorf 5415C), and the supernatant was filtered through
0.45 mm cellulosic membranes (Osmonics, Inc.). Then
appropriate dilutions of the filtrates were performed using
the above-mentioned phosphate buffer (100 mM), and UV/vis
spectra were recorded using a spectrophotometer Shimadzu
UV-1800. Dissolved organic carbon (TOC) of these dilutions
was also measured in a Shimadzu TOC-VCPN analyzer. When
phenol or BPA was tested, the total phenol concentration
(TPh) was measured using the 4-aminoantipyrine (4-AAP)
method.22 In this method, 4-AAP (20.8 mM of 4-AAP in 0.25
M NaHCO3) and ferricyanide (83.4 mM of K3Fe(CN)6 in
0.25 M NaHCO3) are color-generating substrates when
combined with phenolic compounds. These colored complexes
were measured at 510 nm. Calibration curves were performed
periodically using phenol or BPA as the reference compounds.

Figure 1.Molar attenuation coefficient (ε) at pH 8 in phosphate buffer (100 mM) as a function of wavelength (λ) corresponding to (a) Orange II,
(b) BPA (continuous line) and phenol (dashed line), (c) hydrogen peroxide, and (d) HRP.
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3. RESULTS AND DISCUSSION

3.1. UV/vis Spectra of the Tested Compounds. Figure
1 shows the molar attenuation coefficient (ε) at pH 8
corresponding to OII (Figure 1a), BPA and phenol (Figure
1b), hydrogen peroxide (Figure 1c), and the HRP employed in
the present work (Figure 1d). With regard to the tested dye,
according to several authors,23,24 the absorption bands at 485
and 430 nm correspond to the OII hydrazone and azo
tautomeric forms, respectively. The other two bands at 230
and 310 nm are related to the benzene and naphthalene rings
of OII. In addition, BPA and phenol had similar spectra,
presenting two absorption bands at around 275 and 215 nm.
Considering the highest initial peroxide (0.21 mM) and
enzyme (30 mg/L) concentrations tested in the present work,
and according to the molar attenuation coefficients depicted in
Figure 1, for wavelengths higher than 240 nm absorbances
corresponding to hydrogen peroxide and HRP were less than
0.01. Because these absorbances were negligible in comparison
with those corresponding to OII, BPA, or phenol (Figure S1),
absorbance values as a function of time could be employed to
monitor the oxidation of the studied compounds by hydrogen
peroxide in the presence of HRP. Thus, under the tested
experimental conditions, absorbances at 485 and 275 nm were
employed to monitor the concentration of OII, phenol, or
BPA, respectively.
3.2. Oxidation of Orange II (OII). 3.2.1. Pulse Experi-

ments. Preliminary batch experiments were performed in
order to observe the evolution of ORP profiles obtained during
the oxidation of OII (0.17 mM) with hydrogen peroxide (0.21
mM) at pH 9 catalyzed by HRP (30 mg/L). At the beginning
of the experiment, OII and HRP were both present in the
reaction mixture. Figure 2a shows that the absorbance at 485
nm was 3.2 and it remained constant. Then, after the first
addition of hydrogen peroxide (t = 0), absorbance values
decreased to 0.14 within the first 6 min. At this time, almost a
complete decolorization was achieved, and the decolorization
reaction was halted. Figure 2b shows the ORP profile
corresponding to the reaction mixture. Prior to the addition
of hydrogen peroxide, ORP values were almost constant at 120
mV. When hydrogen peroxide was added (t = 0), the oxidation
reaction started and a quite noticeable increase of ORP was
observed. ORP values reached a maximum value of 170 mV
close to the time at which the decolorization reaction ceased.
According to Figure 2c, the time at which ORP reached this
maximum value can be easily obtained by means of the
derivative of ORP as a function of time. At t = 15 min, while
OII was depleted, a second addition of hydrogen peroxide was
performed, yet ORP values continued decreasing. Then the
addition of OII at t = 30 min triggered the increase of ORP
from 140 mV up to a maximum value of about 180 mV. Once
again, the time corresponding to this maximum ORP was close
to the end of the decolorization reaction (Figure 2b).
The results shown in Figure 2 clearly indicated that the

increase of ORP values was associated with the enzymatic
activity rather than the sole presence of hydrogen peroxide or
OII. Namely, when the enzyme was in contact only with OII,
ORP values remained about 120 mV. Then, after the addition
of hydrogen peroxide (t = 0 min), the decolorization reaction
started and ORP increased. However, the second addition of
hydrogen peroxide (t = 15 min) did not cause a new increase
of ORP because OII was depleted. Finally, at t = 30 min, the
addition of the reducing substrate (OII) started a new

decolorization reaction catalyzed by the enzyme. These results
demonstrate that the increase in ORP values was triggered by
the enzyme activity. Conversely, when the enzyme was not
active (e.g., when one substrate was absent) ORP values slowly
decreased.

3.2.2. Fed-Batch Experiments. Fed-batch experiments were
performed to decolorize solutions of OII. In these experiments,
the initial HRP and OII concentrations were 30 mg/L and 0.19
mM, respectively. The reaction was started by the continuous
addition of hydrogen peroxide (1.8 mM) at different flow rates
(0.21−2.37 mL/min). In all cases, the initial volume was 250
mL, pH = 9, and the ORP signal was employed to monitor
decolorization experiments and to determine the reaction end
point.

Figure 2. Example of a decolorization reaction of OII (0.17 mM) by
hydrogen peroxide (0.21 mM) catalyzed by HRP (30 mg/L) at pH 9
in buffer phosphate (100 mM): (a) absorbance at 485 nm (A485), (b)
ORP, and (c) the derivative of ORP as a function of time (dORP/dt).
Dotted lines indicate the time at which hydrogen peroxide or OII was
added.
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Figure 3 shows the change of absorbance at 485 nm (A485)
and ORP during the decolorization reaction. In all cases, a
linear decrease of A485 was observed, with the decolorization
rate proportional to the employed flow rate. If the addition of
hydrogen peroxide was ceased then the decolorization stopped
immediately, demonstrating that under the tested conditions
the accumulation of hydrogen peroxide was negligible.
Absorbances reached a minimum value at a given critical
time (tC), and then they remained constant. As was discussed
previously, this critical time (tC) represents the end of the
decolorization reaction. In all cases depicted in Figure 3,
obtained tC were similar to the time at which ORP reached a
maximum value (Table 1). These ORP-based tC values were
obtained from the plot of the first derivative of ORP as a
function of time (Figure S2). It must be noted that because
ORP was measured on a continuous basis, a more accurate

estimation of tC was obtained using ORP in comparison with
the assessment of tC using absorbance values.
Table 1 shows that the amount of hydrogen peroxide

consumed to decolorize OII (YS) decreased as Qin increased.
This effect can be attributed to the fact that during a fed-batch
the hydrogen peroxide concentration increases as a function of
Qin. However, because the decomposition of hydrogen
peroxide to water and oxygen increased with the concentration
of hydrogen peroxide,13 the higher Qin gave lower YS. For more
details, see the Supporting Information, item 3.
In summary, the results displayed in Figure 3 show that the

ORP signal can be used to determine the end point of the
oxidation of OII by hydrogen peroxide catalyzed by HRP.
However, these results could be applicable only to OII. For
this reason, to evaluate the effectiveness of the ORP signal to
detect the end point of the oxidation reaction of other
xenobiotics, phenol and BPA were also tested as reducing
substrates.

3.3. Comparison between Different Reducing Sub-
strates. Figure 4 shows the comparison between the oxidation
kinetics corresponding to the different tested reducing
substrates (OII, phenol, and BPA). Table 2 shows
experimental conditions and main results. It must be noted
that the time scale of these experiments ranged from 70 to 130
min. Thus, to aid the comparison between the different
experiments, the results in Figure 4 were plotted as a function
of a normalized time, represented by the ratio t/tC. In all cases,
the critical time (tC) was obtained from the plot of the
derivative of ORP as a function of time (see Figure S3). Table

Figure 3. Changes of absorbance at 485 nm (A485) and ORP during the decolorization of OII solutions (0.19 mM) by the continuous addition of
hydrogen peroxide (1.8 mM) at the following flow rates (mL/min): (a) 0.21, (b) 0.65, (c) 1.28, and (d) 2.37. Dotted lines indicate the critical time
(tC). In all cases, the concentration of HRP was 30 mg/L, pH = 9, and the initial volume was 250 mL.

Table 1. Results Obtained in Fed-Batch Experiments To
Oxidize OIIa

run
Qin

(mL/min)
[OII]0
(mM)

tC
(min)

tC(ORP)
(min)

YS
b

(mol/mol)

1 0.21 0.183 67 65 1.83
2 0.65 0.183 24 22 1.65
3 1.28 0.187 13 12 1.55
4 2.37 0.187 7 6 1.54

aIn all cases, the inlet hydrogen peroxide concentration (H2O2in) was
1.8 mM, pH = 9, ET = 30 mg/L, and the initial volume (V0) was 250

mL. bAmount of hydrogen peroxide consumed: = [ ]Y V
Q H O tS

OII0 0

in 2 2in C(ORP)
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2 shows the obtained critical times (tC) corresponding to the
tested reducing substrates.
Figure 4 shows that absorbance values (Figure 4a) and total

phenols concentrations (Figure 4c) exhibited a similar trend.
In both cases, these measurements decreased as a function of
the normalized time, reaching constant values at t/tC ≥ 1. In
addition, Figure 4b shows that in the case of OII, DOC values
remained constant, indicating that the reducing substrate (OII)
and the oxidation products remained in the aqueous phase.
Conversely, in the case of phenol and BPA, DOC removals
were 70 and 50%, respectively. For all of the tested
compounds, Figure 4d shows that ORP reached a maximum
value when the oxidation reaction halted. Moreover, the
addition of an excess of hydrogen peroxide caused a quite
noticeable decrease of ORP values.
According to Table 2, the amount of substrate removed per

mole of hydrogen peroxide added ranged between 1.6 and 2.2
mol/mol. These values are higher than those reported by other
authors in batch systems. For example, several authors
reported a ratio of YS close to 1 mol/mol for the removal of

phenol by HRP.25−28 Chahbane et al.29 reported values that
ranged from 0.5 to 1 mol/mol.
Figure 5 shows the change of UV/vis spectra during the

oxidation of OII, phenol, and BPA by hydrogen peroxide in the
presence of HRP. As a general rule, a decrease of the OII
characteristic absorbance bands within the visible region was
observed. However, as the reaction proceeds a new absorption
band at 340 nm appeared due to the formation of OII
oxidation products which cannot be further oxidized under the
tested conditions. According to Cabrera et al.,8 these OII
oxidation products are a mixture of 1-amino-2-naphthol,
sulfanilate, 1-diazo-2-naphthol, 1,2-naphthoquinone, 4-hydrox-
ybenzenesulfonate, 4-diazobenzenesulfonate, and aniline.
When phenol or BPA were tested as the reducing substrates,

the formation of a dark-brown or a white precipitate,
respectively, was observed. It must be noted that the presence
of precipitates due to the polymerization of phenolic
compounds by HRP was reported by several authors.30−33 In
our experiments, these precipitates were removed by
centrifugation and filtration of the reaction mixture prior the
measurement of DOC. Thus, the decrease of DOC values
observed during the oxidation of phenol and BPA could be
attributed to the formation of these insoluble polymerization
products rather than their complete oxidation to CO2.
The change of the UV/vis spectrum corresponding to OII

(Figure 5a) contrast with those obtained when phenol and
BPA were tested (Figure 5b,c). In the latter cases, the shape of
the obtained UV/vis spectra was almost constant as a function
of time. Thus, the changes of UV/vis spectra were in
accordance with a decrease of phenol and BPA concentrations
with a slight formation of soluble oxidation products. These
oxidation products were responsible for the DOC values at the
end of the oxidation reaction (Figure 4b). Moreover, the

Figure 4. Change of (a) absorbance, (b) dissolved organic carbon (DOC), (c) total phenols (TPh), and (d) ORP as a function of the normalized
time (t/tC) during the oxidation of OII (circles), phenol (triangles), and BPA (squares) in the presence of HRP by the continuous addition of
hydrogen peroxide. For OII, absorbance was measured at 485 nm. Absorbances corresponding to phenol and BPA were measured at 275 nm. See
Table 2 for more details concerning the experimental conditions.

Table 2. Comparison between YS Values Corresponding to
the Different Tested Reducing Substrates (S)a

substrate
Qin

(mL/min)
[S]0
(mM)

tC
(min)

tC(ORP)
(min)

YS
b

(mol/mol)

OII 0.43 0.20 35 31 1.84
phenol 0.73 0.50 58 55 1.64
BPA 0.37 0.48 85 82 2.20

aIn all cases, the inlet hydrogen peroxide concentration (H2O2in) was
1.8 mM, pH = 8, ET = 20 mg/L, and the initial volume (V0) was 250

mL. bAmount of hydrogen peroxide consumed: = [ ]Y V
Q tS

S
H O

0 0

in 2 2in C(ORP)
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results depicted in Figures 4 and 5 demonstrate that these
products cannot be further oxidized under the tested
experimental conditions.
3.4. Oxidation of the Binary Mixture OII−BPA. The

results shown in Figures 3 and 4 demonstrate that the ORP
signal can be used to detect the end point of the oxidation of
single compounds by hydrogen peroxide catalyzed by HRP. To
verify the applicability of the ORP in more complex reaction
systems, the oxidation of a binary mixture composed by OII
(0.2 mM) and BPA (0.5 mM) was studied. In this experiment,
hydrogen peroxide (1.8 mM) was continuously added at 0.20
mL/min, the initial concentration of HRP was 20 mg/L, and
pH = 8.
Figure 6a shows the change of absorbances (A) at 275 and

485 nm, normalized with respect to their initial values, as a
function of time. It must be noted that according to Figures 1
and 5, OII and its oxidation products in a minor extent were

responsible for the absorbance at 485 nm. For example, Figure
5a shows that if the initial absorbance corresponding to OII
was about 1.2, after the decolorization reaction the absorbance
decreased to 0.05. This residual absorbance was due to the
presence of OII oxidation products. Moreover, Figures 1 and
5b demonstrate that at 485 nm the absorbance corresponding
to BPA was negligible. Conversely, the absorbance at 275 nm
was the result of the presence of OII, BPA, and their
corresponding oxidation products. However, Figure 5a shows
that at this wavelength the change of absorbance during to the
oxidation of OII was negligible. In the example depicted in
Figure 5a, the initial absorbance corresponding to OII was 0.42
while at the end of the experiment the absorbance was 0.47.
For this reason, the change of absorbance at 275 nm was
attributed mainly to the change of the BPA concentration
during the oxidation reaction.
Figure 6b shows that during the oxidation of the mixture

OII−BPA, DOC values decreased as a function of time. It
must be noted that when the oxidation of OII was studied,
DOC values remained constant. Conversely, a noticeable
decrease in DOC values due to the formation of an insoluble
product was obtained when BPA was studied (Figure 4b).
During the oxidation of the mixture OII−BPA, the change of
the absorbance at 275 nm (Figure 6a) was similar to the
variation of DOC values as a function of time (Figure 6b),
confirming that the change of absorbance at 275 nm
represented the change of the BPA concentration in the
mixture.

Figure 5. UV/vis spectral changes during the oxidation of (a) OII,
(b) phenol, and (c) BPA. See Table 2 for details concerning the
experimental conditions.

Figure 6. Oxidation of a binary mixture composed by OII (0.2 mM)
and BPA (0.5 mM) by the continuous addition of hydrogen peroxide
(1.8 mM) at 0.20 mL/min. The initial concentration of HRP was 20
mg/L, pH = 8 (phosphate buffer, 100 mM), and the initial volume
was 250 mL. (a) Normalized absorbances at 275 nm (circles) and 485
nm (triangles) and ORP values (line). (b) Normalized DOC
concentration. Vertical dotted lines indicate the critical time.
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During the first 150 min, the absorbance at 485 nm
decreased as a function of time (Figure 6a). Because at this
wavelength the absorbance corresponding to BPA was
negligible, this result indicates that some OII was removed
from the solution. It must be mentioned that during the
oxidation of the mixture OII−BPA the formation of a reddish
orange insoluble product was observed. Taking into account
that the formation of a white precipitate was observed when
BPA alone was studied, it can be concluded that the reddish
orange color of the precipitate formed during the oxidation of
the mixture OII−BPA was due to the presence of OII in the
precipitate. Thus, the decrease in absorbance at 485 nm during
the first 150 min can be attributed to the OII consumption due
to the formation of this reddish-orange precipitate. For
reaction times higher than 150 min, absorbance at 275 nm
and DOC values were almost constant, indicating the
completion of the oxidation of BPA. Under these conditions,
the absorbance at 485 nm rapidly decreased (Figure 6),
suggesting that HRP first catalyzed the oxidation of BPA and
then the oxidation of OII. It must be noted that Figure 6a
shows that ORP changes also exhibited two phases. During the
first 150 min, a noticeable increase of ORP values from 210 to
about 300 mV was observed. This phase corresponded to the
removal of BPA and OII by co-precipitation. Then, from 150
to 230 min a slight increase of ORP values and a quite
noticeable decrease of the absorbance at 485 nm were
obtained, corresponding to the oxidation of OII. Finally, at
230 min OII was exhausted, and consequently, ORP values
decreased. Thus, it can be concluded that the ORP signal can
also be employed to detect the end point of the oxidation
reaction of a binary mixture composed by OII and BPA
catalyzed by HRP.

4. CONCLUSIONS
In this work, the use of ORP measurements to detect the end
point of the oxidation of three model pollutants (orange II,
phenol, BPA) using hydrogen peroxide catalyzed by HRP was
studied. The obtained results demonstrate that ORP values
increased only when both substrates of the enzyme (hydrogen
peroxide and the target compound) were present in the
reaction mixture. For all of the tested pollutants, the time at
which ORP reached a maximum value was close to the end of
the oxidation reaction. The maximum ORP value could be
easily detected by means of the derivative of ORP as a function
of time (dORP/dt). In all cases, when hydrogen peroxide was
added in excess, a decrease of ORP values was observed. This
behavior was also observed during the oxidation of a mixture of
OII and BPA. This work demonstrates that ORP can be useful
to control the addition of hydrogen peroxide during the
oxidation of OII, phenol, and BPA catalyzed by HRP,
minimizing time and process costs.
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