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a b s t r a c t

A mathematical description of the kinetics of the hematin catalysed decolourization reaction of Orange II
alkaline solutions was constructed and validated under the assumption that hematin mimics the action
of peroxidases. The clean oxidant H2O2 was applied, however, hematin dismutated it, as catalases do,
under reaction conditions. Thus, special attention was cared to the understanding of this ineffective
side-reaction by the proposal of straightforward pathways concerning the catalatic or the pseudo-
catalatic cycles. Model validations were implemented by a parametrization procedure of relevant rate
constants under dynamic simulation fitting to selected experimental time-courses data. The peroxidatic
coupled to pseudo-catalatic mechanism gave predictions closer to experimental findings in a wide range
of conditions. The initial rate method for data processing was successfully applied for providing reliable
initial rate constant guesses but also for the detection of unexpected rate depletion at high dye concen-
trations. This was considered in the model as unproductive dye coordination to hematin native state prior
to H2O2 activation. The pseudo-catalatic pathway involves the production of superoxide and its coordi-
nation to hematin native state to afford inactive but regenerable ferrous porphyrin. Model underestima-
tions of experimental data were interpreted as cooperative oxidation of Orange II molecules by
superoxide whereas model deviations at high dye concentration (>400 mg/l) was assigned to further
hematin catalysed oxidation of Orange II degraded products.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Textile wastewaters have different composition depending on
the kind of fabrics produced at the particular industry. Neverthe-
less, all of them are characterized by high values of pH, chemical
oxygen demand (COD) and biochemical oxygen demand (BOD)
(Centro Panamericano de Ingeniería Sanitaria y Ciencias del
Ambiente, 1994, 1997). The effluents generated during the dyeing
step reach 65% of the total wastewater (Lachheb et al., 2002). Dif-
ferent technologies focusing on synthetic dyes degradation have
been developed based on model studies. Orange II (OII, C.I.
15510) is one of the most used azoic dyes (Hunger, 2003) and it
has been extensively studied as model compound (Cardona et al.,
2009; Gong et al., 2010; Hai et al., 2009; Lodha and Chaudhari,
2007).
Chemicals methods named as Advanced Oxidation Processes
(AOPs) include the generation of hydroxyl radical (OH�), able to
degrade the organic matter. The most studied AOPs methods are
Fenton and Fenton-like. Iron salts catalyse hydroxyl radical forma-
tion (Babuponnusami and Muthukumar, 2014; Chen and Zhu,
2010; Liang et al., 2010; MacKay and Pignatello, 2001). However,
those systems required acidic pH to achieve high yields. Biological
treatments use bacteria or fungi to degrade organic contaminants.
Mono and di-oxygenases of these organisms can catalyse oxygen
incorporation at double bonds in aromatic compounds (Saratale
et al., 2011). Synthetic dyes with azo or sulfonic groups are recal-
citrant because of their resistance to oxygenases (Saratale et al.,
2011). In order to improve the efficiencies of biological treatments,
enzymatic methods have been successfully developed. Excellent
results of peroxidase-mediated OII decolourization have been pub-
lished (López et al., 2004a,b; Yousefi and Kariminia, 2010). The
removal of phenolic pollutants from aqueous solutions catalysed
by Horseradish Peroxidase (HRP) has been extensively studied
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(Bhunia et al., 2001; Hamid and Khalilur, 2009; Nicell et al., 1995;
Ulson de Souza et al., 2007; Wagner and Nicell, 2002). However,
spite of high performance in phenolics oxidation using peroxi-
dases, several drawbacks arose including: (1) enzyme0s high cost,
(2) H2O2-mediated inactivation and (3) organic radicals-mediated
inactivation, among others.

Biomimetic systems based on synthetic or natural, porphyrinic
or nonporphyrinic metal complexes have been studied as replace-
ment of enzymes in synthetic dyes degradation (Ambrosio et al.,
2004; Hodges et al., 1997; Pirillo et al., 2010a,b; Zucca et al.,
2008). Our research group published promising results about the
use of hematin as a HRP biomimetic (Córdoba et al., 2012a,b,
2015). Hematin is a natural IX-ferry-protoporphyrin analogous to
the active site of HRP and catalases (Sheldon, 1994). At least 92%
conversion of OII (75 mg L�1) after 1 h -hematin/H2O2 treatment-
was obtained corresponding to azo bond cleavage followed by
degradation into aromatic and aliphatic carboxylic acids
(Córdoba et al., 2012a). Indeed, response surface analysis was
implemented to determine the effects of operational conditions
(temperature, pH, oxidant and catalyst concentration). Tempera-
ture (in the range 30–50 �C) was a statistically insignificant factor
on conversion as well as on catalytic efficiency (defined as mmol of
converted OII per gram of catalyst, per mmol of oxidant) according
the experimental design results analysis. This was not an expected
result and it was interpreted as typical for reaction mechanisms
involving radicals.

HRP oxidation mechanism (i.e. peroxidatic mechanism) and its
inactivation routes have been studied by different authors
(Dunford, 1999, 2002; Hernández-Ruiz et al., 2001; Hiner et al.,
2001; Loew et al., 1997; Nicell and Wright, 1997; Reihmann and
Ritter, 2006; Rich and Iwaki, 2007; Veitch, 2004; Vlasits et al.,
2010; Vojinovic et al., 2004). HRP-catalysed hydrogen abstraction
from reducing substrates has been confirmed (Buchanan and
Nicell, 1997; Dunford, 1999; Reihmann and Ritter, 2006). Different
metalloporphyrin oxidation mechanisms have been deeply dis-
cussed (Bruice et al., 1988; Hodges et al., 1997; Rebelo et al.,
2005; Stephenson and Bell, 2007a; Traylor and Xu, 1987). Nam,
Bell and coworkers proposed a Fenton-based mechanism with Fe
(II) intermediates species and homolytic cleavage of the peroxidic
bond (OAO) of H2O2 (Bell et al., 1991; Nam et al., 2000, 2001;
Stephenson and Bell, 2005). However, heterolytic OAO cleavage
with formation of an oxoperferryl p-cation radical (as the analo-
gous to HRP species E1) is widely accepted (Nam et al., 2000;
Stephenson and Bell, 2005; Traylor and Xu, 1990).

In a previous work by our group a peroxidatic model for phenol
oxidation based on the HRP reaction mechanism was proposed for
hematin. UV–visible analysis and kinetic modeling results were in
line with formation of Compound I and II (E1 and E2) (Córdoba
Scheme 1. Peroxidatic and Catalatic Mechanisms. P-C MODEL: Peroxidatic coupled to
Dash lines denote added routes to original pathways in order to interpret experimental
et al., 2015). On the other hand, O2 production was observed in
phenol/H2O2 systems only with hematin, in line with the existence
of an effective ‘‘catalatic-pathway”, i.e. catalytic H2O2 dismutation
(2 H2O2 ? 2 H2O + O2). Hernández-Ruiz, Hiner and coworkers
modelled the HRP catalatic-like activity as a single coordination
reaction between E1 and H2O2 to E0, analogous to catalases
(Hernández-Ruiz et al., 2001; Hiner et al., 2001). Besides, Vlasits
and coworkers reviewed the mechanism of catalase activity of
heme peroxidases and postulated a pseudo-catalatic mechanism
involving hydroperoxyl radical formation (HOO�) (Vlasits et al.,
2010). During the study of phenol polymerization, Akkara et al.
suggested an hematin oxidation mechanism with E1 and E2 forma-
tion and a catalatic pathway (Akkara et al., 2000). Based on this
scenario, the peroxidatic mechanism was proposed for decolour-
ization of Orange II solution catalysed by hematin but coupled to
two other possible mechanisms for peroxide dismutation named
as catalatic and pseudo-catalatic. Scheme 1 shows the mechanisms
analyzed in this work.

In order to determine experimental values of rate constants,
linearization strategies of concentration-time curves as well as
the application of kinetic methods have been successfully applied
(Buchanan and Nicell, 1997; Gómez et al., 2006; Hammami et al.,
2008; Nicell, 1994). Tizaoui et al. published a kinetic modelling
study of azo dyes decolourization based on the ozone oxidation
mechanism of Orange 16 (Tizaoui and Grima, 2011). In addition,
there are reports of kinetic modelling of photocatalytic degrada-
tion of dyes by Ultraviolet (UV)/TiO2 (Daneshvar et al., 2004;
Sleiman et al., 2007), as well as photo-oxidative treatments
(UV/H2O2) (Daneshvar et al., 2008; Modirshahla and Behnajady,
2006). However, to the best of our knowledge, there is no pub-
lished kinetic analysis of hematin catalytic action toward pheno-
lics or peroxide dismutation. Earlier manuscripts focused on the
involvement of heme proteins on in vivo peroxidation and
hydroperoxide formation (Rafiquzzaman et al., 1995; Van Der
Zee et al., 1996).

The objective of this study is to obtain a validated decolouriza-
tion model based on mechanistic aspects related to Orange II
degradation by soluble hematin. Meanwhile, the model could be
applied for the design of a decolourization stage for textile efflu-
ents treatment process. Reaction mechanisms were proposed and
mathematically described for hematin-catalysed Orange II
decolourization. Kinetic experiments at selected conditions were
carried out for its validation. Two methodologies were pursued:
(1) the inspection of initial rates and preliminar estimation of rate
constant values; and; (2) the utilization of the entire Orange II con-
centration profile during reaction for a parametrization procedure
of rate constants. The first approach applies the assumption of the
pseudo steady-state condition for the catalytic intermediates of
catalatic pathway; P-PC MODEL: Peroxidatic coupled to pseudo-catalatic pathway.
data.
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hematin in order to find algebraic expressions based on measur-
able variables, whereas the second approach considers non-
steady state conditions for all species involved. The determination
of activation energy was excluded of this kinetic study, especially
when temperature was demonstrated of insignificant importance
in the range considered (Córdoba et al., 2012a). Temperature was
always set constant for all trials at the minimum value of the stud-
ied range (30 �C).

2. Modelling

The kinetic models were based on mass balances of reactants,
products and catalyst intermediates. Decolourization P-C model
denotes the peroxidatic pathway coupled to catalatic whereas
the P-PC model indicates the peroxidatic pathway coupled to
pseudo-catalatic (see Scheme 1). The P-C model involved 7 equa-
tions and 8 rate constants:

d½E0�
dt

¼ �k1½E0�½H2O2� þ k4½E1�½H2O2� þ k3½E2�½OII�
� kBl½E0�½H2O2� � ki½E0�½OII� þ k�i½E� OII� ð1Þ

d½E1�
dt

¼ k1½E0�½H2O2� � k4½E1�½H2O2� � k2½E1�½OII� � kii½E1�½OII� ð2Þ

d½E2�
dt

¼ k2½E1�½OII� � k3½E2�½OII� ð3Þ

d½EBl�
dt

¼ kBl½E0�½H2O2� ð4Þ

d½E� OII�
dt

¼ ki½E0�½OII� � k�i½E� OII� þ kii½E1�½OII� ð5Þ

d½H2O2�
dt

¼ �k1½E0�½H2O2� � k4½E1�½H2O2� � kBl½E0�½H2O2� ð6Þ

d½OII�
dt

¼ �k2½E1�½OII� � k3½E2�½OII� � ki½E0�½OII� þ k�i½E� OII�
� kii½E1�½OII� ð7Þ

Meanwhile, the P-PC model involved 8 equations and 10 rate
constants:

d½E0�
dt

¼ �k1½E0�½H2O2� þ k5½E2�½H2O2� þ k3½E2�½OII� � kFe½E0�½O��
2 �

� ki½E0�½OII� þ k�i½E� OII� ð8Þ

d½E1�
dt

¼ k1½E0�½H2O2� � k2b½E1�½H2O2� � k2½E1�½OII� � kii½E1�½OII� ð9Þ

d½E2�
dt

¼ k2b½E1�½H2O2� � k5½E2�½H2O2� þ k2½E1�½OII� � k3½E2�½OII�
þ k6½EFe�½H2O2� ð10Þ

d½EFe�
dt

¼ kFe½E0�½O��
2 � � k6½EFe�½H2O2� ð11Þ

d½E� OII�
dt

¼ ki½E0�½OII� � k�i½E� OII� þ kii½E1�½OII� ð12Þ

d½H2O2�
dt

¼ �k1½E0�½H2O2� � k2b½E1�½H2O2� � k5½E2�½H2O2�
� k6½EFe�½H2O2� ð13Þ

d½OII�
dt

¼ �k2½E1�½OII� � k3½E2�½OII� � ki½E0�½OII� þ k�i½E� OII�
� kii½E1�½OII� ð14Þ
d½O��
2 �

dt
¼ �k2b½E1�½H2O2� þ k5½E2�½H2O2� � kFe½E0�½O��

2 �
þ k�i½E� OII� � kii½E1�½OII� ð15Þ

For systems without OII both models also apply but the terms
involving OII concentration cancel (Section 4.3). Note that mass
balances for OII and E-OII are identical in both models and are
eliminated for systems without OII.

Change of absorbance at selected wavelength was interpreted
as OII consumption during reaction.

The assumptions in the models with OII present were:

– Upon OII coordination to E1 or E2 hematin species, a hydrogen
atom is abstracted from the phenolic group of OII and a radical
OII� is formed.

– This radical species undergoes further rapid reactions whose
rates are much higher than the hydrogen abstraction step.

– OII reaction products do not appreciably contribute to the
absorbance.

– OII reaction products do not interact with hematin, OII or H2O2

molecules.

2.1. Parametrization procedure

In order to estimate the rate constants of the proposed models
software gPROMS 3.2 (General Process Modeling System, Process
System Enterprise Ltd., London, UK) was used. The parameter esti-
mation tool of gPROMS have been employed to solve the problem
of estimation based on model information, initial values for each of
the kinetic constants and boundary conditions for each differential
equation. One advantage of gPROMS lies in the possibility of
dynamic modeling i.e. uses experimental data from transients
and steady states for parameterization. This function is based on
the simultaneous evaluation of two kinds of parameters, kinetic
constants of proposed model and the parameters of a user-
selected variance model for experimental data (Process Systems
Enterprise, 2004). This estimation process uses intrinsic solvers
consisting of numerical algorithms whose function is to solve the
problem by iterative numerical methods. MAXLKHD solver of
gPROMS following the method of maximum likelihood was
employed (Process Systems Enterprise, 2004). The standard
DASOLV solver was used for the integration of the model equa-
tions. The parameter estimation tool applies a v2 (95%) statistical
test to determine the goodness of fit.

Upon parameterization of both models, the initial concentra-
tions of catalyst (E0) and of H2O2 were set based on the experimen-
tal conditions, while the initial concentrations of catalytic
intermediates and of peroxyl radicals were zero. The constant vari-
ance model (r2 = x2) was selected in all cases.

The sensitivity of the rate constants was determined by evalu-
ating global sensitivity analysis of the dynamic model, for which
simulations were conducted with initial values of the constants
and variations of ±20% thereof.

Initial guesses of rate constants to be parametrized were care-
fully set, when possible, by the initial rates method and otherwise
assumed according to published values for HRP or synthetic phor-
pyrins. Thus, at t = 0 pseudo steady-state of hematin intermediates
was assumed in order to find algebraic expressions relating initial
rates and initial OII, hematin and H2O2 concentrations. The sum of
the hematin intermediates was assumed to be equal to the total
hematin added (En):

En ¼ E0 þ E1 ðfor derivation of equation 16Þ

En ¼ E0 þ E1 þ E2 ðfor derivation of equation 17 and 18Þ
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Fig. 1. Effect of hematin and peroxide concentrations on initial rates. (A and B) peroxide consumption without OII addition. (C) OII consumption. Hematin concentration was
fixed at 10 mg/l for assays of (C).
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Thus, mass balance of OII (Eq. (7)) was derived to Eq. (18) and
mass balance of H2O2 (Eq. (6) or (13)) was derived in Eq. (16) or
(17), respectively. Eqs. (16)–(18) were then fitted to experimental
observations in order to find initial guesses of rate constants for
the parametrization procedure. Eq. (18) was adjusted to experi-
mental data through an expression involving the summation of
the quadratic differences between experimental rates and the
rate obtained by Eq. (18) at the corresponding initial
concentrations.

3. Experimental

3.1. Materials

Hematin (molecular weight: 633.49) was provided by Sigma
Co. (San Luis, USA) and was used without further purification.
OII (C.I.:15510, molecular weight: 350.32) was supplied by Merck
KGaA (Darmstadt, Germany). Hydrogen peroxide 30 vol.% was
obtained from Laboratorios Apotarg SRL (Córdoba, Argentina).
Buffer solutions were prepared with double-distilled water and
carbonate/bicarbonate salts of analytical grade.

3.2. Kinetic assay

Reactions were carried in glass flasks using carbonate/bicarbon-
ate 0.01 M buffer solution pH 10.6, with magnetic stirring at 30 �C
and 50 ml reaction volume. Fifteen experiments without OII were
carried on, varying hydrogen peroxide concentration between
2.4 mM to 9.6 mM and hematin concentration from 10 to 30 mg/
l. 1 ml samples were withdrawn at different times interval during
reaction and the H2O2 concentration was determined by iodomet-
ric titration. Meanwhile, twenty-nine dye degradation experiments
were carried on. OII concentration was varied between 5 and
400 mg/l; hematin concentration was 3, 10 or 17.2 mg/l; and the
hydrogen peroxide concentrations were 2.4, 4.7, 7.3 and 9.6 mM.
Samples (0.1–1 ml) were withdrawn at different time intervals
after hydrogen peroxide addition (t = 0 min) and diluted in H2SO4

1 M in order to stop the reaction. These samples were analyzed
by UV–Vis spectroscopy at 484 nm (e484 = 19.5 mM�1 cm�1). A Per-
kin Elmer Lambda 35 spectrophotometer (Massachusetts, USA)
was used for these measurements. Finally, H2O2 concentration
after 40 min reaction was determined by iodometric titration for
selected experiments.

4. Results and discussion

4.1. Initial rates of peroxide and OII consumption

A 0.1 M carbonate/bicarbonate buffer solution (pH 10.6)
induced a decrease of 48% of [H2O2] when initial value of [H2O2]
was 11.5 mM (in the absence of hematin). Therefore, the buffer
concentration was fixed to 0.01 M, where no decrease of [H2O2]
was detected at similar experimental conditions. Fig. 1A shows
variation of initial rates of peroxide consumption with increasing
peroxide initial concentration and indicates first-order kinetics.
The slopes of the curves in Fig. 1A increased with increasing hema-
tin concentration also in a linear fashion thus indicating first order
kinetic for hematin (see Fig. 1B). According to Scheme 1, without
OII addition, only the catalatic (or pseudo-catalatic) loop is opera-
tive. The rate law at t = 0 under steady state assumption of hematin
intermediates resulted in:

�r0;H2O2 ¼ 2k4
k4

k1
þ 1

� ��
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

kap

� H2O2½ �0½En� from C model ð16Þ

�r0;H2O2 ¼ 3k5
k5

k1
þ k5

k2b
þ1

� ��
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

kap

� H2O2½ �0½En� from PC model ð17Þ

Note that it was assumed that kBl and kFe are both much lower
than k1 (EBl,t=0 = 0; EFe,t=0 = 0). Both pathways may apply to explain
the trend of initial rates in Fig. 1A and B with an apparent rate con-
stant (kap) of 10 ± 2 mM�1 min�1.

Fig. 2 presents the variation of initial reaction rate of OII con-
sumption with increasing OII initial concentration. Typical satura-
tion curves were observed with maxima values varying with the
applied peroxide concentration. Initial rates decreased abruptly
after the maxima resembling some kind of hematin inhibition
caused by OII. Several mechanisms can be proposed. Coordination
of one or more OII molecules with some/all the hematin interme-
diary states is supposed to take place (Pirillo et al., 2010a). Because
native hematin does not react with OII, we first assumed that it
coordinates to one OII molecule and blocking its peroxide activa-
tion. Secondly, since H2O2 was dosed to an equilibrated OII/hema-
tin, this coordination was considered reversible since otherwise no
reaction would have taken place. Taking into account this inhibi-
tion step in the P-C model (Scheme 1), the initial rate of OII con-
sumption equals to:

�r0;OII ¼ 2½En�
1

½H2O2 �0
1
k1

1þ KI½OII�0
� �h i

þ k1k2þk3k4
k1k2k3

� 	
1

½OII�0 þ
k1KI
k1k2

ð18Þ

In Eq. (18) KI denotes the equilibrium constant (ki/k�i) for the
coordination step between E0 and the OII. kii was assumed to be
zero and the inequality k2 � k3 was taken as in the case of perox-
idases (Dunford, 1999). Fig. 1C shows the tendency of initial rates
of OII consumption with variation of peroxide initial concentra-
tions in a reciprocal fashion. The linear fitting is in agreement to
Eq. (18). Moreover, the increase of slopes observed with increasing
OII concentration gives support to the idea of an inhibition step.
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The factor [OII] ⁄ KI masks the k1 estimation. Therefore, an average
of all four slopes (6.6 ± 2.2 mM�1 min�1) was taken as an initial
guess for k1 in the parametrization procedure of the C-model
(Section 4.3). Meanwhile, from Eqs. (16) and (17) initial guesses
of k4 (20.9 mM�1 min�1) and k2b (13.8 mM�1 min�1) could be
obtained and taken as an initial guesses of parametrization of C-
model and PC-model, respectively. Lines in Fig. 2 represent Eq.
(18) after a fitting procedure to the experimental points. For this,
k1 value was fixed to the optimized value obtained after
parametrization of the C-model (Section 4.3) whereas k3 was fixed
at 10% of k2 value, as normally found in peroxidases (Dunford,
1999). Values of 2.37 mM�1 and 7694 mM�1 min�1 were found
for KI and k2, respectively.

4.2. Kinetics of hematin-mediated H2O2 dismutation

Hydrogen peroxide dismutation presented a biphasic exponen-
tial profile with a high initial reaction rate followed by a much
lower one. Clearly, some kind of deactivation using hematin was
taking place during the reaction. Therefore, parametrization of
the C-model of Scheme 1 was unable to predict these tendencies.
In an early study, we have observed a peroxide-dependent bleach-
ing of the Soret band of hematin at the same reaction conditions
(Córdoba et al., 2012b). We first proposed an inactivation reaction
upon interaction of H2O2 to E0 with EBl formation, in line with
Cunningham et al. (2001) on metalloporphyrin (F20TPPFeCl) during
oxidation of alkenes. The initial guess value (kBl) was 16 times
lower than k1. Preliminar estimations resulted in a statistically
accurate model but optimized constants values were not statisti-
cally significant. Therefore, every rate constant was subjected to
a sensitivity analysis. Only k4 was ranked as irrelevant and was
therefore fixed for the remaining parametrization task. The result
is presented in Table 1. The model passed the ‘‘good fit” test and
both constants (k1 and kBl) have been optimized. Fig. 3 shows the
Table 1
Initial guesses and optimized rate constants values of catalatic and pseudo-catalatic H2O2

Catalatic model Pseudo-ca

Initial guess Optimized
(mM�1 min�1)

k1 6.6 16.4±1.5 k1
k4* 20.9* 20.9* k2b
kBl 0.4 0.33±0.03 k5

kFe
k6

Initial guess of r2 0.12

Optimized r2 0.29±0.032

Residuals 127.0
v2 (95%) 150.9

* Fixed value during parameter estimation.
** Non-optimized parameter value.

*** Hiner et al. (2001), Vlasits et al. (2010).
**** Cunningham et al. (2001).
agreement between experimental and modelled H2O2 consump-
tion profiles (continue lines). At H2O2 initial concentration lower
than 5 mMmodel fit is acceptable. However, it was not able to sim-
ulate the [H2O2] profiles at higher peroxide concentrations. The
inclusion of an inactivation effect of hydrogen peroxide as the
bleaching route from hematin E1 or the consideration that the
‘‘bleached state” still presents some partial activity did not
improve fitting of the model to experimental data (data not
shown).

The catalatic loop does not admit formation of OOH�, O2
�� or OH�.

In a prior study, we observed oxygen evolution on HRP and hema-
tin catalysed oxidations at neutral pH and suggested the involve-
ment of inorganic radical species in hematin-mediated systems
(Córdoba et al., 2015). To account for these the called pseudo-
catalatic pathway (PC-model) was implemented (Scheme 1)
(Paolo Zucca and Sanjust, 2014; Stephenson and Bell, 2007b;
Vlasits et al., 2010). Indeed, the catalytic state E1 is reduced upon
two one-electron reductions affording state E2 and finally the rest-
ing state E0. Both steps generate hydroperoxyl radicals (OOH�),
which under alkaline conditions dissociates to superoxide (pK
4.8) (Dunford, 2002):

OOH� $ O��
2 þHþ

The uncatalysed dismutation of superoxide to dioxygen is not
favoured at high pHs (Dunford, 1999; Song and Zhang, 2008). On
the other hand, Dunford (2002) clearly reviewed evidence in
opposition to the uncatalysed Haber-Weiss reaction. Superoxide
can however transfer one electron to Fe(III) – E0-thereby resulting
in Fe(II) -EFe- and dioxygen. This reaction is widely accepted for
iron included in metal complexes (Oh-Kyu Lee, 2002), in porphines
(Paolo Zucca and Sanjust, 2014) and even in heme peroxidases
(Vlasits et al., 2010). In peroxidases a stable inactive intermediate
called Compound III (E3) is formed:
decomposition.

talatic model

Initial guess Optimized Peroxidases***

(mM�1 min�1)

16.4* 16.4* >105

13.8 60.2** 10�3

6.0**** 90.3** 10�2

0.3 3.5±0.7 –
4200*** 0.026±0.006 103

0.12

0.5**2

204.9
209.0
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aa Por FeðIIIÞ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
E0

þOO�� $ ½aa Por FeðIIIÞ � OO���|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
E3
½aa Por FeðIIIÞ � OO���|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
E3

$ ½aa Por FeðIIÞ � O2�
½aa Por FeðIIÞ � O2� $ aa Por FeðIIÞ þ O2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
EFe

Ferrous porphyrin can be oxidized by H2O2 into Por(IV)-OH i.e.
E2 thus returning into the main cycle (Vlasits et al., 2010). The rate
of decay of Compound III (E3) of heme peroxidases either to the
resting state or to E2 limits its recovery into the main cycle
(Vlasits et al., 2010). Both reactions were considered as hematin
reversible inactivation mechanisms targeted by superoxide gener-
ated in the pseudo-catalatic model (dash lines in Scheme 1).

Table 1 shows the values of rate constants obtained after
parametrization and Fig. 3 presents simulated [H2O2] profiles
(dashed lines). The biphasic behaviour of profiles at high peroxide
concentrations is predicted adequately using this model. The
pseudo-catalatic model seems to be valid for a higher range of con-
ditions compared to the catalatic model. Optimized k1 was four
orders of magnitude lower than k1 reported for peroxidases (an
expected result). Despite k2b and k5 values could not be optimized,
both tended to values higher than k1 indicating greater affinity of
E1 and E2 intermediates to peroxide compared to monofunctional
peroxidases.

Simulation of profiles by the pseudo-catalatic model indicated
that hematin concentration does not affect peroxide consumption
rates. This is evident for profiles at high hematin concentrations
when experimental peroxide consumptions are higher than simu-
lated ones. The root of differences may include the generation of
inorganic radicals such as OH� or OOH�. In a prior UV–Visible study
of hematin-H2O2, the formation of inactive l-oxo dimer has been
discarded (Córdoba et al., 2012b). Nevertheless, hematin can form
reversible aggregates by hydrogen bonds or ester formation
between a carboxylate group and the AOH of the fifth coordination
position. Fig. 4 shows potential structures of dimers, trimers and
tetramers of hematin. Ester formation between hematin molecules
can take place at the alkaline condition in the absence of H2O2.
When H2O2 is added to the system, the species hem–Fe–OOH
may emerge after dissociation of the ester bond. This species can
generate hydroxyl radicals OH� and anions as OH� or OOH� during



Table 2
Initial guesses and optimized rate constants values.

P-C Model (peroxidatic-catalatic)

Initial guess Optimized
(mM�1 min�1)

k1 16.4* 16.4
k2 20.9 449±100

k3 2.09 52±11

ki 0* –
k�i 0* –
kii 0.01 8.3±0.8

k4 20.9* 20.9
kBl 0.33* 0.33

Initial guess of r2 0.12

Optimized r2 0.135±0.012
2

Residuals 146.5
v2 (95%) 342.5

* Fixed value during parameter estimation.

Fig. 4. (A) Hematin dimers due to hydrogen bonds interactions involving carboxylic
groups (left) andhydroxylgroups (right). (B)Hematin trimers and (C)Hematin tetramers.
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its decomposition, all of them triggering additional H2O2 dismuta-
tion (Paolo Zucca and Sanjust, 2014). At high hematin concentra-
tion the postulated H2O2-mediated aggregates decomposition
may explain the discrepancy of the pseudo-catalatic model with
experimental profiles.

Potential hematin bleaching may be accompanied by releasing
of Fe3+, which can promote H2O2 consumption by a Fenton-like
mechanism (Magario et al., 2012) thus accounting for model devi-
ations observed at high peroxide concentrations.
4.3. Kinetics of OII decolourization

Initial rates of OII removal were consistent with a reversible
inactivation by non-productive interaction between hematin and
OII (Pirillo et al., 2010b). These inactivation routes were checked
in P-C and P-PC models. The P-C model gave a good fit (chi-
square lower than weighted residuals). However, the kinetics con-
stants were statistically insignificant in all estimation procedures
(results no shown). Thus, in order to improve these results an alter-
native but irreversible OII-inactivation route due to an unproduc-
tive coordination to E1 was tested (kii) (Pirillo et al., 2010a).
Table 2 presents initial guesses and optimized rate constants val-
ues for P-C and P-PC model. A good fit have been obtained with
both models. Decolourization and inactivation rate constants (k2,
k3 and kii or ki and k�i) could be parametrized with significance.
Nevertheless, the peroxidatic-pseudocatalatic (P-PC) model gave
higher statistical support. Optimized rate constants in the P-PC
model decreased about 25% regarding initial guesses thus main-
taining the initial ratios between them (k2/k3 and ki/k�i).

Decolourization modelled vs. experimental data are shown in
Figs. 5 and 6. Peroxidatic-pseudo-catalatic model predictions were
closer to experimental findings. This model was selected as the
most suitable to predict the kinetic behaviour of decolourization
using hematin.

Thus, OII mediated inactivation could properly describe
decolourization until about 50% OII conversion. Nevertheless,
model deviations appeared at this point indicating the involve-
ment of products in kinetics.

In almost every run experimental decolourization was always
higher than predicted after 50% OII conversion. Some goodness of
fit improvement was observed at e.g. [OII]:200 mg/l;
[H2O2]:7.31 mM, 9.6 mM. Now, these behaviour can be attributed
to: (1) the attack of OO�� to OII causing cooperative decolourization
(Munter, 2001); or (2) an overvalue of kFe and k6, i.e. phenolics
inhibit alternative routes of H2O2 consumption in line with HRP
behaviour (Hernández-Ruiz et al., 2001; Hiner et al., 2001;
P-PC Model (peroxidatic-pseudocatalatic)

Initial guess Optimized
(mM�1 min�1)

k1 16.4* 16.4
k2 7694 1712±162
k3 769.4 207±43

ki 16.4 4.7±0.7
k�i 6.9 1.15±0.28

kii 0* –
k2b 60.2* 60.2
k5 90.3* 90.3
kFe 3.49* 3.49
k6 0.026* 0.026
0.12

0.087±0.0042

399.1
441.3
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Vlasits et al., 2010). It seems that evidence favours route 2. Never-
theless, previous molecular modelling studies have confirmed that
E1 can interact either with H2O2 or antraquinonic dyes.

At high OII and H2O2 concentrations modelled data showed
important deviation – e.g. [OII]:400 mg/l; [H2O2]:7.31 mM,
9.6 mM-. Previous UV–Visible and FTIR studies of OII oxidation
products have confirmed the formation of OII-degraded structures
capable to be oxidized by H2O2/Hematin system (Fig. 7) (Córdoba
et al., 2012a). Therefore, this overestimation may be caused by
hematin catalysed oxidation of OII-degraded products rather than
the OII structure, thus becoming important only when OII and
H2O2 concentrations are both high.
According to the peroxidatic cycle, one H2O2 molecule is needed
for the degradation of two OII molecules. Fig. 8 presents
experimental vs. modelled conversion of H2O2 after 40 min
decolourization time (the corresponding OII profiles during reac-
tion are presented in Figs. 5 and 6). Simulated conversions showed
a pattern, which was practically unaffected by the applied OII con-
centration and even very similar to the one obtained without OII.
According to the P-PC model, most H2O2 consumption was due
to the pseudo-catalatic pathway since H2O2 was always applied
in excess. Now, the differences found with experimental conver-
sion give additional information. At high H2O2 concentrations
(>4.8 mM) experimental conversions were always lower than
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simulated. Probably, extra hematin deactivation by e.g. bleaching -
superoxide attack to the pyrrole ring of hematin- is being missed in
the model. On the other hand, at low H2O2 concentration
(<4.8 mM) and OII concentration (>0.28 mM), experimental con-
versions were higher than predicted and clearly increasing with
the increase of the applied OII concentration. This observation
gives support to the hematin-catalysed oxidation of OII-degraded
products as discussed above. Evidently, a more complex mecha-
nism is required to model the overall range of experimental condi-
tions. More secondary reactions should be taken into account. This
kind of studies would be the center of forthcoming studies.
5. Conclusions

In order to describe the kinetic behaviour of the hematin-
catalysed decolourization of Orange II solutions, two different
kinetic models were proposed and validated. The inspection of ini-
tial rates not only gave support to the proposed mechanisms (thus
enabling reliable estimates of most significant rate constants) but
also allowed to elucidate hematin inhibition by non-productive
coordination of the OII’s molecules.

Hematin catalysed H2O2 dismutation to dioxygen was detected
as an important and inefficient parallel route. The most straightfor-
ward catalatic model was unable to describe the biphasic nature of
H2O2 decomposition experimental profiles. Therefore, a more com-
plicated pathway involving the generation of superoxide and sub-
sequent coordination to hematin ferryl species into ferrous
hematin was proposed. This pathway could explain the above
mentioned behaviour. A H2O2-mediated breakdown of hematin
aggregates formed under alkaline conditions was postulated in
order to explain the underestimation of the model at high hematin
to H2O2 ratios.

The peroxidatic-pseudo catalatic model was the most suitable
to describe the observed decolourization kinetics at a wide range
of conditions (25–400 mg/l OII concentration, 2.4–10 mM H2O2

concentration and 3–17 mg/l hematin concentration) at room tem-
perature and alkaline pH (10.6). While this model was based on the
peroxidatic action, it included two reversible inactivation routes
due to H2O2 and Orange II – EFe formation and E-OII formation-.
Rate constant of OII-involved reactions were optimized with high
statistical significance. Model deviations were discussed taking
into consideration the direct involvement of superoxide in OII
degradation as well as in hematin bleaching. At high OII concentra-
tions the model underestimated hydrogen peroxide but overesti-
mated OII consumptions. Reaction products of Orange II
degradation may be better substrates for hematin than the OII
molecules for further hematin-mediated oxidation.

The consideration of OII oxidation products and their further
oxidation in decolourization kinetics are required to improve sim-
ulations. Moreover, hematin immobilization onto a solid support
can be tested in order to overcome unproductive OII coordination.
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