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Abstract
Enzymatic decolourization of azo-dyes could be a cost-competitive alternative compared to physicochemical or microbi-
ological methods. Stoichiometric and kinetic features of peroxidase-mediated decolourization of azo-dyes by hydrogen
peroxide (P) are central for designing purposes. In this work, a modified version of the Dunford mechanism of peroxidases
was developed. The proposed model takes into account the inhibition of peroxidases by high concentrations of P, the
substrate-dependant catalatic activity of peroxidases (e.g. the decomposition of P to water and oxygen), the generation of
oxidation products (OP) and the effect of pH on the decolourization kinetics of the azo-dye Orange II (OII). To obtain the
parameters of the proposed model, two series of experiments were performed. In the first set, the effects of initial P
concentration (0.01–0.12 mM) and pH (5–10) on the decolourization degree were studied at a constant initial OII con-
centration (0.045 mM). Obtained results showed that at pH 9–10 and low initial P concentrations, the consumption of P
was mainly to oxidize OII. From the proposed model, an expression for the decolourization degree was obtained. In the
second set of experiments, the effect of the initial concentrations of OII (0.023–0.090 mM), P (0.02–4.7 mM), HRP (34–
136 mg/L) and pH (5–10) on the initial specific decolourization rate (q0) was studied. As a general rule, a noticeable
increase in q0 was observed for pHs higher than 7. For a given pH, q0 increased as a function of the initial OII concen-
tration. Besides, there was an inhibitory effect of high P concentrations on q0. To asses the possibility of reusing the
enzyme, repeated additions of OII and P were performed. Results showed that the enzyme remained active after six reuse
cycles. A satisfactory accordance between the change of the absorbance during these experiments and absorbances
calculated using the proposed model was obtained. Considering that this set of data was not used during the fitting
procedure of the model, the agreement between predicted and experimental absorbances provides a powerful validation
of the model developed in the present work.
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Introduction

Nowadays, azo-dyes account for about 70% of the world pro-
duction of dyes (Rache et al. 2014). Because of the ease and
cost effectiveness of their synthesis, and the stability and di-
versity of available colours, azo-dyes are widely used in many
industries, such as textile, pharmaceutical, food manufacture,
leather goods and others (Lin et al. 2014). More than 10% of
dyes produced worldwide is lost in wastewaters during man-
ufacture and application processes (Rauf and Ashraf 2012).
Many synthetic azo-dyes and their metabolites are potentially
toxic, carcinogenic and mutagenic (Sudha et al. 2014).
Moreover, the discharge of non-treated textile industry waste-
waters to aquatic ecosystems causes a reduction in sunlight
penetration, which in turn decreases photosynthetic activity.
Because this activity is an important source of dissolved oxy-
gen, the presence of dyes in the aquatic systems leads to low
dissolved oxygen conditions, causing a severe alteration to
these ecosystems (Saratale et al. 2011). For this reason, the
removal of colour from industrial wastewaters containing azo-
dyes prior to their final discharge is crucial to protecting the
receiving body water.

Several physicochemical methods, such as coagulation-
flocculation (Lau et al. 2014), adsorption (Zhang et al.
2015), sonochemical decolourization (Dükkanci et al. 2014)
and membranes (Mo et al. 2008), have been proposed for the
removal of azo-dyes from wastewaters. Moreover, a wide
range of advanced oxidation processes (AOP), such as the
Fenton reaction (Doumic et al. 2013), Fenton-like reactions
(Doumic et al. 2015; Inchaurrondo et al. 2016), photo-Fenton
(Zhou et al. 2016), electro-Fenton (Lin et al. 2014) and ozone
(Tizaouia and Grima 2011), were also proposed. These
methods are based on the generation in situ of strong oxidising
species such as OH* radicals, which are responsible for a
sequence of reactions that breaks down the compounds into
smaller and less harmful substances. Using approppriate con-
ditions, several compounds can be completely mineralized
into water and carbon dioxide. As a general rule, most of these
methods are not economically viable due to the high require-
ments of energy (e.g. high reaction temperatures), chemicals
(e.g. coagulants, hydrogen peroxide, ozone) and the genera-
tion of significant amounts of chemical sludge that may cause
secondary pollution problems (Forgacs et al. 2004).

Biochemically assisted degradation processes are based on
the metabolic potential of microorganisms or their enzymes to
degrade a wide variety of compounds (Rauf and Ashraf 2012).
The major drawback of using microorganisms is the fact that
the removal process may take longer and is less predictable in
comparison with physicochemical methods. Conversely, the
use of enzymes instead of microorganisms is a simple way to
obtain high removal rates of a specific compound under pre-
dictable conditions (Ali et al. 2013). Also, enzymatic degra-
dation is preferred in cases where the target compound inhibits

the microbial growth. For this reason, enzymatic
decolourization of azo-dyes could be an eco-friendly cost-
competitive alternative compared to physicochemical or mi-
crobiological methods (Saratale et al. 2011; Rauf and Ashraf
2012). In particular, the use of peroxidases (e.g. soybean per-
oxidase, manganese peroxidase, lignin peroxidase, horserad-
ish peroxidase) or their biomimetic systems (e.g. hematin) has
been proposed to decolourise azo-dyes (Cheng et al. 2007;
Franciscon et al. 2010; Ali et al. 2013; Chiong et al. 2016;
Sahare et al. 2016; Cabrera et al. 2017).

Both stoichiometric and kinetic features of the peroxidase-
mediated decolourization of azo-dyes by hydrogen peroxide
are central for designing purposes. Many mathematical
models regarding the effect of hydrogen peroxide, type of
organic substrate, pH and others on the activity of peroxidases
can be found in the literature. Although several reactionmech-
anisms of peroxidases can be found in the literature (Olsen
et al. 2003; Gómez et al. 2008; Ali et al. 2013; Kalsoom et al.
2013), most of these models are modifications or extensions
of the Dunford mechanism (Dunford and Stillman 1976).

The Dunford mechanism

According to this mechanism, the first step of the catalytic
cycle is the reaction between hydrogen peroxide (P) and
the resting state of the enzyme (E0) to generate compound I
(E1), which is two oxidising equivalents above E0. Under
the presence of a reducing substrate (S), two subsequent
one-electron reduction steps of E1 ocurr. The first one-
electron reduction step of E1 leads to the generation of
compound II (E2), which is one oxidising equivalent above
E0. Finally, the second one-electron reduction step returns
E2 to E0. During each step, a radical species (S*) is pro-
duced due to the one-electron oxidation of the reducing
substrate (S). The presence of these radicals results in a
complex profile of reaction products that may include di-
mers, trimers and oligomers of the substrate (Chahbane
et al. 2007; Gómez et al. 2008).

The form E2 can react with the excess of hydrogen
peroxide (P) to produce an inactive form of the enzyme
(E3), which can break down spontaneously to the native
form (E0). This inactive form of the enzyme is responsible
for the decrease of the reaction rate at high hydrogen per-
oxide concentrations. Moreover, the decay of E3 to E0 is
associated with the catalatic activity of peroxidases (i.e.
the conversion of hydrogen peroxide to oxygen and water)
(Jakopitsch et al. 2005). An essential difference between
the catalatic activity of catalases and peroxidases is that
the latter depends on the presence of a reducing substrate
(S). However, even in the absence of S, a residual, the
catalatic activity of peroxidases can be observed. This re-
sidual catalytic activity is due to the presence of impurities
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that might be present in the enzyme preparation or even
the enzyme itself (Sahare et al. 2016).

Modified Dunford mechanism

The model developed in the present work takes into
account the inhibition of the enzymatic activity by high
concentrations of hydrogen peroxide and the substrate-
dependant catalatic activity of peroxidases (Nicell and
Wright 1997; Jakopitsch et al. 2005; Sahare et al.
2016). To reduce the model complexity, the number of
enzymatic species was kept as minimum as possible.
Moreover, because short-term decolourization experi-
ments under relatively low hydrogen peroxide concentra-
tions were performed, the inactivation of the enzyme by
hydrogen peroxide was considered negligible.

The proposed model also takes into account the effect of
pH on the peroxidase activity reported by several authors
(Satar and Husain 2009; Rauf and Ashraf 2012; Darwesh
et al. 2016). As a general rule, pH is an essential environ-
mental factor for all enzymes. pH affects the protonation
degree of acid/base groups close to the active sites of the
enzymes, changing their kinetic properties. Although a
typical active site is usually composed by several groups
with different pKa values (Frey and Hegeman 2007), for
modelling purposes it is usually assumed that the enzyme
can be treated as a single acid/base system. Moreover, most
acid/base reactions are quite fast. For this reason, it is usu-
ally assumed that the different configurations of the en-
zyme are in equilibrium (Tijskens et al. 2001). In this
work, it was assumed that the tested enzyme had two pH-
dependant states: non-dissociated (HE) or dissociated (E).
According to all these considerations, the following reac-
tions were proposed:

E0 þ P⇔KPE1 þ H2O ðR1Þ
E1 þ S⇔KSE1S ðR2Þ
E1S→kcE2 þ S*→→X ðR3Þ
E2 þ S→fastE0 þ S*→→X ðR4Þ
E1 þ P⇔KI E1P ðR5Þ
E1S þ P→kdE0 þ S þ H2Oþ O2 ðR6Þ
HE0 þ P⇔KPhHE1 þ H2O ðR1hÞ
HE1 þ S⇔KShHE1S ðR2hÞ
HE1S→kchHE2 þ S*→→Y ðR3hÞ
HE2 þ S→fastHE0 þ S*→→Y ðR4hÞ
HE1 þ P⇔KIhHE1P ðR5hÞ
HE1S þ P→kdhHE0 þ S þ H2Oþ O2 ðR6hÞ

Reactions R1, R2, R5, R1h, R2h, and R5h are reversible,
with KP, KS, KI, KPh, KSh, and KIh being their respective
equilibrium constants. To reduce the mathematical com-
plexity, an instantaneous chemical equilibrium of these
reactions was assumed. In other words, rates of revers-
ible reactions are much higher than those corresponding
to irreversible ones. Moreover, all dissociated and non-
dissociated enzymatic species are related by acid/base
equilibria, which are also considered to be instantaneous-
ly attained. In this work, the following equilibrium was
considered:

HE0⇔
KaE0 þ Hþ ðR7Þ

Acid/base equilibria corresponding to all other enzymatic
forms can be deduced from appropriate combinations of R7
with the proposed reversible reactions. For this reason, only
one acid/base equilibrium (e.g. R7) is necessary to completely
define the distribution of all enzymatic species as a function of
pH (see Supplementary Material, item 1).

Reactions R1 to R6 and R1h to R6h represent the reac-
tion mechanism corresponding to the dissociated and un-
dissociated states of the enzyme, respectively. The classic
Dunford mechanism is represented by reactions R1 to R4
and R1h to R4h. Reactions R3 and R4 (R3h and R4h) are
the one-electron reduction steps of the doubly oxidized
form of the enzyme. Although the primary product of
these reactions is S*, these radicals may react to each
other and also with dissolved oxygen yielding a complex
profile of oxidation products (OP) (Lopez et al. 2004;
Chahbane et al. 2007; Gómez et al. 2008). Moreover, the
distribution of these OP (e.g. the relative amount of X and
Y in the present model) could be a function of pH. For this
reason, in the present model the species X and Y represent
the set of oxidation products obtained during the oxidation
of S under basic (R3, R4) or acidic (R3h, R4h) conditions,
respectively. On the other hand, the inhibition of the en-
zymatic activity by P is represented by R5 and R5h.
Finally, reactions R6 and R6h take into account the enzy-
matic decomposition of P (e.g. the catalatic activity of
peroxidases). Because the presence of a reducing substrate
(S) is necessary to produce the enzyme-substrate complex
(R2, R2h), according to the proposed model the enzymatic
decomposition of P only occurs under the presence of S
(R6, R6h).

To simplify the number of enzymatic species, it was
assumed that R4 and R4h are much faster than R3 and
R3h, respectively. For this reason, concentrations of E2

and HE2 are negligible. Combining R3 with R4 and R3h
with R4h,

E1S þ S→VR8E0 þ 2X ðR8Þ
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HE1S þ S→VR8hHE0 þ 2Y ðR8hÞ

Taking into account that R3 and R3h are the rate control-
ling steps of R8 and R8h, respectively,

VR8 ¼ kc E1S½ � ð1Þ

VR8h ¼ kch HE1S½ � ð2Þ

According to the above considerations, reaction rates
corresponding to the reducing substrate (S), hydrogen peroxide
(P) and the oxidation products (X, Y) are the following:

−
d S½ �
dt

¼ 2kc E1S½ � þ 2kch HE1S½ � ð3Þ

−
d P½ �
dt

¼ kc þ 2kd P½ �ð Þ E1S½ � þ kch þ 2kdh P½ �ð Þ HE1S½ � ð4Þ

d X½ �
dt

¼ 2kc E1S½ � ð5Þ

d Y½ �
dt

¼ 2kch HE1S½ � ð6Þ

The terms 2kd[P] and 2kdh[P] in Eq.(4) arises from the
fact that one P is consumed during the production of E1S or
HE1S (R2, R2h) while another P is consumed during its
decomposition to water and molecular oxygen (R6, R6h).
If the catalatic activity of the HRP is negligible (kd = 0,
kdh = 0), the proposed model is reduced to the classical
Dunford mechanism in which one P can oxidize two S.

According to the above mentioned assumptions, the mass
balance for the enzyme is

ET ¼ E0½ � þ E1½ � þ E1P½ � þ E1S½ � þ HE0½ � þ HE1½ � þ HE1P½ � þ HE1S½ � ð7Þ
where ET is the total enzyme concentration. Combining
Eq.(7) with the definitions of the equilibrium constants
and solving for [E1S] (for details see Supplementary
Material, item 1),

E1S½ � ¼ ET
KSKP S½ � P½ �

1þ H
Ka

� �
þ KP þ KPh

H
Ka

� �
P½ � þ KPKI þ KIhKPh

H
Ka

� �
P½ �2 þ KSKP þ KShKPh

H
Ka

� �
S½ � P½ �

ð8Þ

Besides, from the definitions of the equilibrium constants

KS, KP, KSh, KPh, and Ka, the ratio
HE1S½ �
E1S½ � is

HE1S½ �
E1S½ � ¼ KShKPh

KSKP

H
Ka

ð9Þ

Finally, substituting Eqs. (8) and (9) in Eqs. (3) to (6),
reaction rates corresponding to S, P, X, and Y can be expressed
as follows:

−
d S½ �
dt

¼ 2 kc þ kch
KShKPh

KSKP

H
Ka

� �
ET

KSKP S½ � P½ �
1þ H

Ka

� �
þ KP þ KPh

H
Ka

� �
P½ � þ KPKI þ KIhKPh

H
Ka

� �
P½ �2 þ KSKP þ KShKPh

H
Ka

� �
S½ � P½ �

ð10Þ

−
d P½ �
dt

¼ kc þ 2kd P½ �ð Þ þ kch þ 2kdh P½ �ð Þ KShKPh

KSKP

H
Ka

� �
ET

KSKP S½ � P½ �
1þ H

Ka

� �
þ KP þ KPh

H
Ka

� �
P½ � þ KPKI þ KIhKPh

H
Ka

� �
P½ �2 þ KSKP þ KShKPh

H
Ka

� �
S½ � P½ �

ð11Þ

d X½ �
dt

¼ 2kcET
KSKP S½ � P½ �

1þ H
Ka

� �
þ KP þ KPh

H
Ka

� �
P½ � þ KPKI þ KIhKPh

H
Ka

� �
P½ �2 þ KSKP þ KShKPh

H
Ka

� �
S½ � P½ �

ð12Þ

d Y½ �
dt

¼ 2kch
KShKPh

KSKP

H
Ka

ET
KSKP S½ � P½ �

1þ H
Ka

� �
þ KP þ KPh

H
Ka

� �
P½ � þ KPKI þ KIhKPh

H
Ka

� �
P½ �2 þ KSKP þ KShKPh

H
Ka

� �
S½ � P½ �

ð13Þ
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Materials and methods

Chemicals and reagents

Analytical grade (> 98%) Orange II (OII) sodium salt (CAS
number 633-96-5) and horseradish peroxidase (HRP) type I
(CAS number 9003-99-0) were from Sigma-Aldrich. Both
compounds are widely referenced as model compounds for
peroxidases and azo-dyes, respectively (Chahbane et al.
2007; Sudha et al. 2014; Zhang et al. 2015). Orange II was
used without further purification. The enzymewas supplied as
lyophilized powder. According to the manufacturer, the spe-
cific 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 of reagent grade from
Anedra (San Fernando, Argentina).

Experimental setup and methods

Decolourization assays were performed in 3-mL quartz spec-
trophotometric cells at room temperature (22 ± 2 °C).
Appropriate amounts of HRP were diluted in a phosphate
buffer (100 mM) at the studied pH (5 to 10) to obtain 37 to
150 mgHRP L−1. Orange II (0.5 to 2 mM) and hydrogen
peroxide (0.25 to 100 mM) stock solutions were prepared
using the abovementioned phosphate buffer. A typical assay
was as follows: 2 mL of HRP and 100 μL of OII were poured
into the spectrophotometric cell; then, the reaction was started
with the addition of 100 μL of hydrogen peroxide. According
to this procedure, initial concentrations in the reaction mixture
were 34–136 mg/L of enzyme (E), 0.02–0.1 mM of OII (S),
and 0.02–4.7 mM of hydrogen peroxide (P). At appropriate
time intervals, UV/Vis spectra were recorded using a spectro-
photometer Shimadzu UV-1800. In some experiments, absor-
bance measurements were performed at 485 nm; in these
cases, data were recorded at 1 data/s. The relationship between
the absorbance at 485 nm (A, a.u.) and OII concentration was
linear within the tested range of the dye concentration. The
molar attenuation coefficient of OII at 485 nm (εOII) was 19.5
± 0.3 a.u. cm−1 mM−1. The initial decolourization rate (VD0,
a.u. min−1) was obtained from the slope of the linear portion of
A as a function of time (t, min). Then, the initial specific
decolourization rate (q0, a.u. min−1 L−1 mgE−1) was calculated
as the ratio between VD0 and the total enzyme concentration
(ET, mgE L−1) in the reaction mixture. Under the tested con-
ditions, the decolourization of OII by hydrogen peroxide was
negligible. Moreover, the decomposition of hydrogen perox-
ide by HRP in the absence of OII was negligible. At 4 °C,
stock HRP solutions were stable for about 1 week. All dynam-
ic simulations and fits of the developed equations to the ex-
perimental data were performed using SigmaPlot for
Windows 10.0 (Systat Software, Inc.).

Results and discussion

Changes on the UV/Vis spectrum of OII as a function
of time

Figure 1 shows the molar attenuation coefficient (ε) at pH 7
corresponding to OII (Fig. 1a), the HRP employed in the pres-
ent work (Fig. 1b) and hydrogen peroxide (Fig. 1c). Within
the visible region, OII exhibits two absorption bands at 485
and 430 nm, which correspond to its hydrazone and azo-
tautomeric forms, respectively (Fig. 1a). The other two bands
at 230 and 310 nm are related with benzene and naphtalene
rings of OII (Li et al. 2014; Zhou et al. 2016). Because pKa of
OII is 11.4 (Oakes and Gratton 1998), similar UV/Vis spectra

Fig. 1 Molar attenuation coefficient (ε) at pH 7 in phosphate buffer
(100 mM) as a function of wavelength (λ) corresponding to a Orange
II, b HRP and c hydrogen peroxide. Bars indicate the 95% confidence
interval. Inset: UV/Vis spectra of OII (0.02 mM), HRP (136 mgE L−1)
and hydrogen peroxide (4.7 mM)
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were obtained within the tested pH range (5 to 10).
Considering the highest initial peroxide and enzyme con-
centrations tested (P0 = 4.7 mM, E = 136 mgE L−1), and
according to the molar attenuation coefficients depicted in
Figs. 1b, c, the calculated contribution of hydrogen perox-
ide and HRP to the total absorbance at 485 nm was less
than 0.01 a.u. These low absorbance values were negligi-
ble in comparison with those corresponding to the lowest
tested dye concentration (Fig. 1, inset). For this reason, the
absorbance at 485 nm was employed to follow the OII
concentration as a function of time. A similar aproach
was used by other authors (Rache et al. 2014).

Figure 2a shows the change of UV/Vis spectra corre-
sponding to a typical decolourization experiment. As a
general rule, a decrease of the above mentioned OII char-
acteristic absorbance bands within the visible region was
observed. Then, as the reaction proceeds, a new absorption
band at 340 nm appeared due to the formation of OII ox-
idation products (OP). Figure 2b shows that the absorbance

at 485 nm decreased as a function of time up to a given
final value (Af). To verify if the reaction stopped due to
oxidant depletion, hydrogen peroxide was added to the
reaction mixture. Nevertheless, absorbance values were
constant, suggesting that hydrogen peroxide were in excess
with respect to OII and that this final absorbance was due
to the presence of OP that cannot be further oxidized by
hydrogen peroxide under the tested conditions.

The occurrence of refractory intermediates for the enzyme-
mediated OII decolourization was reported by other authors.
Lopez et al. (2004) demonstrated that the main oxidation prod-
ucts (OP) of OII by a manganese peroxidase were 4-
diazoniumbenzenesulphonate and 4-hydroxybenzenesulphonate.
Besides, other minor OPs such as 4-aminobenzenesulphonate
and 1,2-naphthoquinone were also reported. Chahbane et al.
(2007) studied the oxidation of OII by hydrogen peroxide cata-
lyzed by a hemin-based biomimetic model of peroxidases in
aqueous solutions. Those authors reported the presence of
phthalic acid and 4-hydroxybenzosulphonate from the
non-enzymatic oxidation of 1,2-naphthoquinone and 4-
diazoniumbenzenesulphonate, respectively. Recently,
Cabrera et al. (2017) reported the following OP during
the oxidation of OII by hydrogen peroxide catalyzed by
hematin (a biomimetic system for HRP): 1-amino 2-naphtol,
sulphanilate, 1-diazo 2-naphtol, 1,2-naphtoquinone, 4-
hydroxybencenesulphonate, 4-diazobencenesulphonate and
aniline.

Stoichiometry of the HRP-mediated decolourization
reaction of OII by hydrogen peroxide (YP/S)

The amount of hydrogen peroxide required for the
decolourization of a given dye (YP/S) mediated by a HRP is a
key parameter in the design of colour removal systems. As a
general rule, when hydrogen peroxide is used as a bleaching
agent of coloured wastewaters, hydrogen peroxide is consumed
in bleaching (R3, R3h, R4, R4h) as well as in self-
decomposition reactions (R6, R6h). Efficient hydrogen perox-
ide consumption depends on the relative rates of these reactions,
which in turn may depend on several factors, such as pH and
hydrogen peroxide and dye initial concentrations. In this sec-
tion, the observable stoichiometry of the HRP-mediated
decolourization reaction of OII by hydrogen peroxide (YP/S) is
discussed.

In the present model, it was assumed that the absorbance at
485 nm (A) of the reaction mixture depended on the dye con-
centration (Rache et al. 2014) and on the obtained oxidation
products:

A ¼ εS S½ � þ εX X½ � þ εY Y½ � ð14Þ
where εS, εX and εYare the molar attenuation coefficients of S,
X and Y, respectively. Because X and Y represent a mixture of

Fig. 2 a UV/Vis spectral changes during a typical decolourization
experiment. Tested conditions: OII = 0.045 mM, hydrogen peroxide =
0.090 mM, HRP = 136 mgE L−1, pH = 6. b Absorbance at 485 nm as a
function of time. Continuous line indicates the linear regression of the
firsts data; the slope corresponds to the initial decolourization rate (V0D) at
the tested conditions
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products obtained at basic or acidic conditions, εX and εY are
apparent molar attenuation coefficients. From the ratio be-
tween Eqs.(12), (13) and (10), the concentrations of S, X and
Y can be related as follows:

−
d X½ �
d S½ � ¼

kc

kc þ kch
KHSKHP

KSKP

H
Ka

¼ Kap

Kap þ H
ð15Þ

−
d Y½ �
d S½ � ¼

kch
KHSKHP

KSKP

H
Ka

kc þ kch
KHSKHP

KSKP

H
Ka

¼ H
Kap þ H

ð16Þ

where Kap ¼ Ka
KSKP
KHSKHP

KSKP
KHSKHP

is an apparent dissociation
constant. Taking into account that the decolourization assays
were performed at a constant pH and that the reaction mixture
at the beginning of the experiment is devoid of OP ([X]0 = [Y]0 =

0), from the integration of Eqs. (15) and (16), the following
expressions were obtained:

X½ � ¼ Kap

Kap þ H
S½ �0− S½ �� � ð17Þ

Y½ � ¼ H
Kap þ H

S½ �0− S½ �� � ð18Þ

where [S]0 is the initial concentration of the reducing substrate.
Then, combining Eqs. (14), (17) and (18), the ratio A/A0 is

A
A0

¼ S½ �
S½ �0

þ r f
S½ �0− S½ �� �
S½ �0

ð19Þ

with

r f ¼ rfOH
Kap

Kap þ H

� �
þ rfH

H
Kap þ H

� �
ð20Þ

where rfOH ¼ εX
εS

and rfH ¼ εY
εS
are the rf values obtained under

basic or acidic conditions, respectively. Because [S] changes as
a function of time, the ratio A/A0 changes also (Fig. 3a).
However, for sufficient long times, this ratio tends to constant
value Af/A0 indicating that the decolourization reaction stopped.
Moreover, Fig. 3b shows that for a given pH, the ratio Af/A0
decreased as the initial concentration of P increased up to a
certain value. Then, further increases of P did not produce
higher reductions of the ratio Af/A0, suggesting that under these
conditions hydrogen peroxide was in excess with respect to S
(Fig. 3b).

According to Eq. (19), the lowest Af/A0 ratio that can be
achieved corresponds to the complete removal of S ([S]f = 0).
Thus, under the excess of P with respect to S,

Amin

A0
¼ r f ð21Þ

Conversely, under the excess of S with respect to P, hydro-
gen peroxide is completely consumed ([P]f = 0). However, a
given final concentration of the reducing substrate ([S]f) still
remains in solution. Under the latter condition, the ratio be-
tween Eqs. (11) and (10) allows the calculation of [S]f as
follows:

d P½ �
d S½ � ¼

1

2
þ α P½ � ð22Þ

with

α ¼
kd þ kdh

KShKPh

KSKP

H
Ka

� �

kc þ kch
KShKPh

KSKP

H
Ka

� � ¼ αOH
Kap

Kap þ H

� �
þ αH

H
Kap þ H

� �
ð23Þ

where αOH ¼ kd
kc

and αH ¼ kdh
kch

are the values of α (mM−1)

obtained at basic and acidic conditions, respectively.

Fig. 3 a Example of the effect of time and the initial hydrogen peroxide
concentration (P0) on the ratio A/A0; in this example, pH = 6. b Effect of
P0 and pH on the ratioAf/A0. In all cases, [S]0 = 0.045 mM. Bars represent
the standard deviation. Lines in b represent the fitting results of Eq. (27)
to the experimental data
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According to Eq. (23), if the decolourization reaction is per-
formed under constant pH, α is a constant also. Thus, the
integration of Eq. (22) yields the following expression:

S½ �0− S½ � f ¼
1

α
ln

1þ 2α P½ �0
1þ 2α P½ � f

 !
ð24Þ

Based on Eq. (24), the minimum initial concentration of P
([P]C) that is necessary to completely remove S ([S]f = 0,
[P]f = 0) can be obtained from Eq. (24):

P½ �C ¼ 1

2α
eα S½ �0−1
� 	

ð25Þ

In the cases when [P]0 < [P]C (e.g. under the excess of S),
[P]f = 0. Then, combining Eqs. (19) and (24),

Af

A0
¼ 1− 1−r f

� � 1

α S½ �0
ln 1þ 2α P½ �0
� � ð26Þ

According to Eq. (26), under the excess of S, the ratio A f

A0

decreases as [P]0 increases. However, when [P]0 < [P]C, [S]f =

0 and a further decrease of the ratio A f

A0
cannot be achieved (Eq.

21). Considering Eqs. (21), (25) and (26),

Af

A0
¼ 1− 1−r f

� � 1

α S½ �0
ln 1þ 2α P½ �0
� �

P½ �0 < P½ �C
r f P½ �0≥ P½ �C

8<
: ð27Þ

where rf (Eq. 20) and α (Eq. 23) are a function of pH.
Equations (20), (23) and (27) were fitted to the experi-

mental data shown in Fig. 3b to obtain the coefficients
rfOH, rfH, αOH, αH and Kap; fitting results are shown in
Table 1. According to Eq. (23), α ranges from αOH =
8 mM−1 (pH > pKap) to αH = 41 mM−1 (pH < pKap). The
coefficient α is a measure of the ratio between the con-
sumption of P due to HRP catalatyc activity through reac-
tions (R6, R6h) and HRP decolourization activity through
reactions (R3, R3h). Table 1 demonstrates that the contri-
bution of the decomposition reaction to the total consump-
tion of P decreases as pH increase (for more details, see the
Supplementary Material, item 2).

The coefficient rf represents the lower value of the ratio
Af/A0 that can be achieved under the excess of peroxide

(Eq. 21). According to Table 1, this minimum absorbance
ratio ranges from 0.04 to 0.12 at basic (pH > pKap) or acid
(pH < pKap) conditions, respectively. Thus, from a practi-
cal standpoint, these results can help to predict the maxi-
mum decolourization degree at a given pH value.
Figure 3b shows that for pH values higher than 7 and
using an initial ratio P0/S0 > 0.6 mol/mol, a maximum
decolourization degree of about 95% was obtained.
Similar results were reported by López (2005), who stud-
ied the decolourization of OII by a manganese peroxidase
finding a decolourization degree between 80 and 90%
when the ratio P0/S0 was about 1 mol/mol. Increasing
the ratio P0/S0 does not result in higher decolourization
degrees. For example, Chiong et al. (2016) studied the
decolourization of methyl orange dye solutions by perox-
idases from extracted from bio-wastes of soybean hulls
and luffa (Luffa acutangula) skin peels. Those authors report-
ed a maximum decolourization degree 81% with the soybean
peroxidase using a ratio P0/S0 = 22 mol/mol, which is about
35 times higher than that used in the present work.

By definition, the observable stoichiometric coefficient
for the HRP-mediated decolourization reaction of OII
(YP/S) is the amount of P consumed per unit of dye (S)
decolourized:

YP=S ¼ P½ �0− P½ � f
S½ �0− S½ � f

ð28Þ

where the subindex 0 and f indicate initial and final con-
centrations, respectively.

From the experimental ratio Af/A0 and rearranging Eq. (19),
the term [S]0 − [S]f was obtained. In the cases when [P]0
< [P]C, [P]f = 0. Conversely, when [P]0 ≥ [P]C, by definition
[S]f = 0; in this case, [P]fwas obtained from Eq. (24) using the
coefficients depicted in Table 1. Then, in both cases YP/S
was calculated using Eq. (28). Besides, from the knowl-
edge of α, the observable stoichiometric coefficient for
the HRP-mediated decolourization reaction of OII (YP/S)
can be calculated as follows (for more details, see
Supplementary Material, item 3):

YP=S ¼

α P½ �0
ln 1þ 2α P½ �0
� � P½ �0 < P½ �C

P½ �0−
1

2α
1þ 2α P½ �0
� �

e−α P½ �0−1
h i

S½ �0
P½ �0≥ P½ �C

8>>>><
>>>>:

ð29Þ

where [P]C is given by Eq. (26).
According to the classical Dunford mechanism (Fig. 4,

dotted line), 2 mol of the reducing compound (e.g. OII in
the present work) is oxidized per mole of hydrogen perox-
ide consumed, which corresponds to YP/S = 0.5 mol/mol.
Figure 4 shows that for pH values between 9 and 10, YP/S
ranged from 0.5 to 1.2 mol/mol. Conversely, for pH 5 to 8,

Table 1 Fitting results of Eqs. (20), (23) and (27) to the data shown in
Fig. 3b

Coefficient Units Value

rfOH Dimensionless 0.041 ± 0.008

rfH Dimensionless 0.12 ± 0.01

αOH mM−1 8 ± 2

αH mM−1 41 ± 2

Kap M (6 ± 2) × 10−8
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there was a noticeable effect of the initial hydrogen perox-
ide concentration on YP/S; within this range of pH, YP/S
values increased from 0.5 to about 2.4 mol/mol. Thus,
YP/S values obtained at pHs higher than 8 indicate that
the consumption of P during the decolourization reaction
was mainly to oxidize the reducing substrate. Several au-
thors reported a ratio YP/S close to 1 mol/mol for the re-
moval of phenol by HRP (Buchanan and Nicell 1997,
1999; Wu et al. 1999; Buchanan and Han 2000). Besides,
Chahbane et al. (2007) report YP/S values ranging from 1 to
2 mol/mol.

Effect of the initial hydrogen peroxide and OII
concentrations on the initial specific decolourization
rate (q0) at different pH

In addition to stoichiometric issues (BStoichiometry of the
HRP mediated decolourization reaction of OII by hydro-
gen peroxide (YP/S)^ section), kinetic features of the
HRP-mediated decolourization of OII by hydrogen perox-
ide is crucial for designing purposes. This section deals

with the effect of the initial concentrations of OII ([S]0),
hydrogen peroxide ([P]0) and pH on the initial specific
decolourization rate (q0).

Figure 5 shows the effect of initial hydrogen peroxide and
dye concentrations on the initial specific decolourization rate
(q0) of OII solutions at different pHs. As a general rule, a
noticeable increase of q0 was observed for pH values higher
than 7. Additionally, for a given pH, q0 increased as a function
of [S]0 within the tested range of dye concentrations. Also,
there was a noticeable inhibitory effect of high concentrations
of hydrogen peroxide on q0. Several authors (Gómez et al.
2008; Dunford 2010) associate this inhibitory effect with the
formation of an inactive enzyme-peroxide complex at high
hydrogen peroxide concentrations. Figure 5 also shows that
for a given pH and initial dye concentration, the higher q0
values were obtained when [P]0 was around 0.05 mM. In
Fig. 6, these observed maximum q0 values (q0max) were plot-
ted as a function of pH, showing that, regardless of [S]0, pH
had a strong effect on q0max. As a general rule, a 30-fold
increase on the initial specific activity of the HRP was ob-
served when pH increased from 5 to 10. Results shown in
Fig. 6 are quite similar to those reported by Chahbane et al.
(2007) for the decolourization rate of OII by hydrogen perox-
ide catalyzed by several biomimetic models of peroxidases.
Those authors found a strong increase in the decolourization
rate when pH values increased from 5 to 9, with the max-
imum decolourization rate at pH being between 9 and 10.
Considering that pKa of OII (S) and hydrogen peroxide (P)
are 11.4 and 11.7, respectively (Oakes and Gratton, 1998),
within the tested pH range (5 to 10), both substrates of the
HRP were present mainly as their respective non-
dissociated species. For this reason, the observed depen-
dence of q0max as a function of pH was attributed to the
presence of, at least, two enzymatic species with a relative
distribution that depends on pH, in accordance with the
proposed model.

From Eq. (10), the reducing substrate consumption rate
(VS) and the decolourization rate (VD) are related as follows
(see Supplementary Material, item 4)

VD ¼ 1−r f
� �

εSVS ð30Þ

Besides, according to Eq. (10) the initial reducing substrate
(e.g. OII in this work) consumption rate (VS0) is a function of
pH and of the initial concentrations of S, P and ET:

VS0 ¼ 2 kc þ kch
KShKPh

KSKP

H
Ka

� �
ET

KSKP S½ �0 P½ �0
1þ H

Ka

� �
þ KP þ KPh

H
Ka

� �
P½ �0 þ KPKI þ KIhKPh

H
Ka

� �
P½ �20 þ KSKP þ KShKPh

H
Ka

� �
S½ �0 P½ �0

ð31Þ

Fig. 4 Observable stoichiometric coefficient for the HRP-mediated
decolourization reaction of OII (YP/S) as a function of the initial
hydrogen peroxide concentration ([P]0) corresponding to the different
tested pH. In all cases, [S]0 = 0.045 mM. Bars represent the standard
deviation. Lines represent the results of Eqs. (23), (25) and (29) using
the coefficients depicted in Table 1. Dotted line indicates the YP/S value
according to the Dunford mechanism
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Combining Eqs. (30) and (31), the initial specific
decolourization rate (q0, a.u. min−1 L−1 mgE−1) is

q0 ¼ 2 1−r f
� �

εS kc þ kch
KShKPh

KSKP

H
Ka

� �
KSKP S½ �0 P½ �0

1þ H
Ka

� �
þ KP þ KPh

H
Ka

� �
P½ �0 þ KPKI þ KIhKPh

H
Ka

� �
P½ �20 þ KSKP þ KShKPh

H
Ka

� �
S½ �0 P½ �0

ð32Þ

where rf is a function of pH (Eq. (20)).
Three different fitting procedures of Eq. (32) to the exper-

imental data were performed. During all fitting procedures, rf
values were calculated using Eq. (20) along with coefficients
shown in Table 1. In the first case (case 1), the whole Eq. (32)
was fitted to the experimental q0 values obtained at different
initial concentrations of S (0.02–0.09 mM), P (0.02–4.7 mM)
and pH (5–10). Although a quite satisfactory fit of Eq. (31) to
the experimental data was obtained, the coefficient of

variation corresponding to KPh was 166% (Table 2), suggest-
ing an overparameterization of this equation. For this reason,
in case 2, it was assumed thatKPh = KP. This aproximation did
not produce an increase in the root mean square error (RMSE)
with respect to case 1, confirming the overparameterization of
Eq. (32) to represent the experimental data within the tested
conditions. Moreover, in case 2, several fitted coefficients had
a lower coefficient of variation with respect to case 1
(Table 2). In an attempt to further simplify Eq. (32), in case

Fig. 5 Effect of initial hydrogen
peroxide (P0) and dye (S0)
concentrations on the initial
specific decolourization rate (q0)
of OII solutions at different pH
values. [S]0 values were
0.023 mM (black circles),
0.045 mM (red triangles) and
0.090 mM (green squares). Bars
represent the standard deviation.
Lines represent the proposed
model (Eq. 32, case 2) using the
coefficients shown in Tables 1
and 2
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3 it was assumed that KPh = KP and KSh = KS. Although fitted
as a function of experimental q0 values for all cases were quite
similar (Supplementary Material, Figs. S2 to S5), RMSE cor-
responding to case 3 increased by about 20% with respect to
case 2 (Table 2). Besides, while 76% of the calculated q0 using
cases 1 and 2 had a relative error lower than 20%, this value
was 67% for case 3 (Fig. SD6).

Reuse of the enzyme and validation of the proposed
model

Figures 5 and 6 show that case 2 of the proposed model ade-
quately represents the initial specific decolourization rate (q0)
for all the tested conditions. However, it must be noted that in
those experiments a single use of the enzyme was performed.
Taking into account that HRP is a relatively expensive en-
zyme, it would be desirable to reuse it as much as possible.
To asses the possibility of reusing the HRP, repeated additions

Fig. 6 Effect of pH on the observed maximum initial specific
decolourization rate (q0max) of OII solutions at different pH values. [S]0:
0.023mM (black circles), 0.045 mM (red triangles) and 0.090 mM (green
squares). Bars represent the standard deviation. Lines represent the
proposed model (Eq. 32, case 2) assuming [P]0 = 0.05 mM along with
the coefficients shown in Tables 1 and 2

Table 2 Fitting results of Eq. (32) to the data depicted in Fig. 5. In all cases, εS = 19.5 a.u. cm
−1 mM−1, H = 10−pH and rf were obtained from Eq. (20)

using the coefficients shown in Table 1

Case Coefficient Value Std. error CV (%) RMSE r2

(1) Full equation kc (mmol P mgE−1 min−1)a 3.3 × 10−3 0.4 × 10−3 12.1 3.50 × 10−4 0.992

KS (mM−1) 3.2 0.5 15.6

KP (mM−1) 308 100 32.5

KI (mM
−1) 0.05 0.01 20.0

pKa 8.0 0.7 11.4

kch (mmol P mgE−1 min−1)a 2.6 × 10−5 0.3 × 10−5 11.5

KSh (mM
−1) 32 9 28.1

KPh (mM
−1) 267 400 150

KIh (mM
−1) 1.8 0.4 22.2

(2) KPh = KP kc (mmol P mgE−1 min−1)a 3.3 × 10−3 0.4 × 10−3 12.1 3.50 × 10−4 0.992

KS (mM−1) 3.2 0.5 15.6

KP (mM−1) 304 90 29.3

KI (mM
−1) 0.05 0.01 20.5

pKa 7.89 0.07 0.9

kch (mmol P mgE−1 min−1)a 2.7 × 10−5 0.3 × 10−5 11.1

KSh (mM
−1) 32 7 21.9

KPh (mM
−1) 304 – –

KIh (mM
−1) 1.8 0.3 16.7

(3) KPh = KP KSh = KS kc (mmol P mgE−1 min−1)a 2.1 × 10−3 0.2 × 10−3 9.5 4.21 × 10−4 0.988

KS (mM−1) 5.6 0.6 10.7

KP (mM−1) 345 100 29.0

KI (mM
−1) 0.06 0.01 16.7

pKa 8.27 0.02 0.2

kch (mmol P mgE−1 min−1)a 6.9 × 10−5 0.7 × 10−5 10.1

KSh (mM
−1) 5.6 – –

KPh (mM
−1) 345 – –

KIh (mM
−1) 0.9 0.1 11.1

RMSE root mean square error
a The units corresponding to kc and kch are millimoles of P mgE−1 min−1 because the number B2^ in Eq. (32) indicates that 2 mol of S is oxidized per mol
of P consumed during the decolourization reactions. For this reason, this number is not a dimensionless one but has the following units: mol S/mol P.
Besides, note that these units are also in accordance with Eq. (22)
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of OII and hydrogen peroxide were performed to the same
reaction mixture (Fig. 7).

The experiment started as a typical batch assay with the
following initial conditions: [ET]0 = 143 mgE/L, [S]0 = [P]0 =
0.048 mM, pH = 9, volume of mixture reaction = 2.1 mL.
Figure 7 shows that under these conditions a fast
decolourization occurred. At 4.3 min, a new pulse of 0.05 mL
of OII (2 mM) was added to the reaction mixture (Fig. 7, run I).
The absorbance decreased from 0.95 to 0.41 in about 1 min and
then remained constant, suggesting the absence of hydrogen
peroxide. For this reason, at 6.5 min 0.10 mL of P (2 mM)
was added (Fig. 7, run II) and the absorbance decreased to
0.08 in a minute, confirming that the decolourization in run I
stopped due to the complete consumption of P. Then, in runs III
to IX, consecutive additions of 0.05 mL of OII (2 mM) and
0.10 mL of P (2 mM) were performed. According to Fig. 7, the
enzyme remained active after six reuse cycles, demonstrating
that under the tested conditions the deactivation of the enzyme
was negligible, as it was assumed to develop the model pro-
posed in the present work (BModified Dunford mechanism^
section 1.2). Moreover, Fig. 7 shows a slow increase of the final
absorbance at the end of each run due to the accumulation of
OP refractory to decolourization. It must be noted that the
above mentioned operation mode (e.g. the repeated additions
of OII and P to a similar reaction mixture) is similar to the
operation of a fed batch. Thus, Fig. 7 demonstrates that a fed
batch could be effective in the decolourization of wastewater
containing azo-dyes.

Finally, the model developed in the present work along
with the cooefficients shown in Tables 1 and 2 was used to

represent the change of the absorbance during the fed batch-
type experiment (for details, see SupplementaryMaterial, item
5). Figure 7 shows that the developed model represented quite
well the change of the absorbance during these experiments.
Considering that this set of data was not used during the fitting
procedure of the model, the agreement between predicted and
experimental data provides a powerful validation of the model
developed in the present work. Moreover, because hydrogen
peroxide and the enzyme are directly related with the opera-
tional cost, the model developed in the present work can help
designers in reducing such costs.

Conclusions

In this work, a modified version of the classic Dunford
mechanism of peroxidases was developed. The proposed
model adequately represents the inhibition of the enzymat-
ic activity by high concentrations of hydrogen peroxide
(P), the substrate-dependant catalatic activity of peroxi-
dases (e.g. the decomposition of P to water and oxygen)
and the effect of pH on the generation of oxidation prod-
ucts (OP) and on the decolourisation kinetics of the azo-
dye Orange II (OII) by a horseradish peroxidase (HRP).
Obtained results demonstrate that at pH 9–10 and low ini-
tial P concentration, the consumption of P was mainly to
oxidize OII. Conversely, the catalatic activity prevails at
lower pH values and higher P concentrations. Moreover,
under acidic conditions, a strong inhibition of the initial
specific decolourisation rate (q0) was observed.

Repeated additions of OII and P performed to the same
reaction mixture showed that the tested enzyme remained ac-
tive after six reuse cycles, indicating that under the studied
conditions its deactivation was negligible. A satisfactory ac-
cordance between the change of the absorbance during these
experiments and the absorbances calculated using the fitted
model was obtained. Taking into account that hydrogen per-
oxide and enzyme are directly related with the operational
costs, the model developed in the present work can help de-
signers in reducing such costs.
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Nomenclature A, absorbance; Af, absorbance at the end of the a
decolourization experiment; Amin, minimum absorbance obtained under
the excess of hydrogen peroxide; E, dissociated form of the enzyme; E0,
resting state of the enzyme;E1, compound I of the enzyme; E2, compound
II of the enzyme; HE, non-dissociated form of the enzyme; HRP, horse-
radish peroxidase;OII, Orange II;OP, oxidation products of Orange II; P,
hydrogen peroxide; PC, critical hydrogen peroxide concentration; q0, ini-
tial specific decolourization rate; S, reducing substrate; VS0, initial

Fig. 7 Absorbance at 485 nm (black symbols) as a function of time
during repeated additions of 0.05 mL of Orange II (2 mM) (runs I, III,
V, VII, X) and 0.1 mL of hydrogen peroxide (2 mM) (runs II, IV, VI,
VIII). Initial conditions: [ET]0 = 143 mgE/L, [S]0 = [P]0 = 0.048 mM,
pH= 9, volume of mixture reaction = 2.1 mL. Dotted lines indicate each
run. Continuous line represents the proposed model (Eqs. 10 to 13, 20,
23) alongwith the coefficients shown in Tables 1 and 2 (case 2). For more
details see Supplementary Material, item 5
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reducing substrate consumption rate; VD0, initial decolourization rate; VS,
reducing substrate consumption rate; VD, decolourization rate; X, oxida-
tion products obtained at basic conditions; Y, oxidation products obtained
at acid conditions; YP/S, observable stoichiometric coefficient of
decolourization
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