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a b s t r a c t

We describe an UV–vis study of Eriochrome Blue Black R and Fluorescein elimination by chemical trans-
formation and oligo/polymerization using the horseradish peroxidase enzyme (HRP) and the biomimetic
hematin as catalysts in aqueous solution. Using HRP/H2O2 and Eriochrome Blue Black R a decolorization of
92.5% was achieved at the highest dye concentration (150 mg/L). In the case of the hematin/H2O2 system,
eywords:
extile dyes
orseradish peroxidase
ematin
ecolorization
V–vis study

the decolorization of Eriochrome Blue Black R solutions decreased with the increase of the dye concentra-
tion reaching only a removal of 30.2% at the highest dye concentration tested. Fluorescein decolorization
in the presence of HRP was very good at 25 mg/L (near 85%) but decreased to 35.7% as the dye concen-
tration increased to 150 mg/L. On the other hand, hematin was poorly active as catalyst for Fluorescein
elimination. The use of hematin as catalyst instead of HRP has advantages from the technological and eco-
nomical points of view for Eriochrome Blue Black R. Hematin can be considered an adequate alternative
to the use of enzymatic catalysts based on peroxidases.
. Introduction

The importance of dyes to civilization is evident and well
ocumented. However, dye pollutants produced from the textile

ndustries are becoming a major source of environmental contam-
nations [1]. Approximately 150 tons of dyes daily are released into
he aquatic environment all over the world [2]. A survey of the lit-
rature shows that the oxidative degradation of these dyes seems
he most convenient solution and some promising systems have
een disclosed [3]. Concerning environment protection, hydrogen
eroxide is a desirable oxidant but its activation to generate an
fficient oxidant species is still a challenge [4].

Peroxidases from horseradish (HRP) or soybean (Glycine max,
BP) are typical oxidoreductases. They are able to catalyze differ-
nt reactions using H2O2 as an H acceptor. Peroxidases have been
sed in the oxidative polymerization of aromatic compounds to
enerate polyaromatics and in phenol elimination as a clean alter-
ative for detoxifying wastewater [5–7]. Another option is the use

f biomimetic compounds instead of enzymes. Peroxidases include
heme group, needed cofactor for the reaction to take place. In HRP,

ron is a five coordinated species with oxidation state +3. Heme is
he protoporphyrin IX complex of the ferrous ion (Fe2+). Hemin is

∗ Corresponding author. Tel.: +54 291 4595159; fax: +54 291 4595160.
E-mail address: spirillo@uns.edu.ar (S. Pirillo).

381-1177/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2010.03.003
© 2010 Elsevier B.V. All rights reserved.

the protoporphyrin IX complex of the ferric ion (Fe3+). Hematin
is the hydroxylated hemin [8]. This biomimetic compound would
avoid the problems associated to the protein stability. Besides, a
biomimetic would be more resistant, for practical purposes, to the
known strong inactivation suffered by peroxidases (HRP and SBP) at
intermediate H2O2 concentrations [7–12]. For example, reference
10 shows that a biomimetic presented a maximum degradation
activity at [H2O2] = 0.1 M, a concentration of oxidant where HRP
suffers strong inhibition at similar conditions of substrate concen-
tration.

Peroxidases in the presence of H2O2 catalyze the oxidation of a
wide variety of phenols, biphenyls, anilines, benzidines and other
aromatic compounds [9]. The mechanism has been studied care-
fully and is described in detail elsewhere [10,11]. In the absence of
the usual reducing substrates (AH2), H2O2 can perform a dual role,
as oxidant and as a typical one-electron donor (reducing) substrate
for peroxidase. It is worth to mention that a number of additional
complexities with peroxidases have been identified: a rather slow
final step [13–15]; a catalase-like activity which releases oxygen
[16–19] and a progressive inactivation of the enzyme producing
a verdohaemoprotein [18–22]. There is a narrow optimum con-

centration range for hydrogen peroxide. If the concentration of
hydrogen peroxide used is too low, there is low activity. If the per-
oxide concentration is too high, competitive substrate inhibition
takes place. In addition, a large excess of hydrogen peroxide results
in an irreversible enzyme inactivation [12].

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:spirillo@uns.edu.ar
dx.doi.org/10.1016/j.molcatb.2010.03.003
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The use of metalloporphyrins as biomimetics is being
ncreasingly studied, especially for remediation purposes [6,7].

etalloporphyrins are unstable in the presence of oxidants at
igh concentration. Their lability is assigned to self-destruction
r to the formation of inactive complexes [23,24]. Several
uthors studied metalloporphine immobilization. The coordi-
ation between modified solid supports and the metal ions
omplexed within the porphine macrocycle is the most fruitful
pproach. Different immobilized systems have been used including
e(III)-5,10,15,20-tetrakis(pentafluorophenyl)porphine supported
n pyridyl-functionalized and crosslinked poly(vinyl alcohol) as
biomimetic versatile-peroxidase-like catalyst [25]. Iron por-

hyrins, phtalocyanins and salen complexes have been reported
s active catalysts for the elimination of phenol and phenol deriva-
ives in the presence of hydrogen peroxide [26–28]. Besides, other
ron complexes have been explored in different oxidative degra-
ation processes [28]. However, there are few systematic studies
nd there is a need of further research on the ability of biomimet-
cs for the efficient substitution of some costly and H2O2-sensitive
nzymes used for wastewater treatment and for effluent remedia-
ion of textile and paper industries.

The goal of this study was to perform a comparative analysis
f HRP and hematin as catalysts for the elimination of two differ-
nt commercially available textile dyes from aqueous solutions.
riochrome Blue Black R (EBBR) and Fluorescein were selected
s model dyes. The reactions were carried out in the presence of
xcess of hydrogen peroxide. The conditions were selected to estab-
ish comparison terms with the hematin, since studies designed in
erms of the potential applications of this biomimetic are scarce in
he literature. The dyes were chosen because of their structures,
hich are commonly present in textile industry dyes. The effect

f the temperature and the dye concentration in the elimination
fficiency were studied by using UV/Visible techniques. The spec-
roscopic data were analyzed by multivariate regression methods
o obtain information on the kinetic aspects of the catalyst-dye-
2O2 reactions. Besides, in order to characterize some kinetic and
echanistic differences between the HRP and the biomimetic, the

oncentration profiles of dissolved oxygen were measured for both
yes using each catalyst at room temperature.

. Experimental

.1. Materials
All the reagents used in this study were of analytical grade.
orseradish peroxidase was kindly provided by Amano Inc. (EEUU)
nd was used without further purification. The enzyme has a molec-
lar weight of 41 000 Da, isolectric points of 6.2, 7.2 and 8.8, a stable

Fig. 1. Structures of the dyes used (neutral forms): (a
ysis B: Enzymatic 66 (2010) 63–71

activity pH range from 6 to 10, with an activity > 180 Units/mg for
the 4 aminoantipyrine/phenol reaction in the presence of H2O2
(from datasheet available from Amano Inc). Hematin from Sigma
Chemical Co. was employed as provided.

Two different commercially available textile dyes were used
in the study: (i) an azo dye, EBBR, with a �max = 527 nm, and
(ii) a triarylmethane dye, Fluorescein, with a �max = 491 nm. EBBR
was supplied by The G. Frederick Smith Chemical Co., Colum-
bus, Ohio; and Fluorescein was supplied by Riedel-De Haën AG.
Seelze-Hannover, Germany. Chemical structures of the dyes used
are shown in Fig. 1.

2.2. Methods

2.2.1. Decolorization efficiency studies
The experiments were carried out using different dye concen-

trations (25, 50, 75, 100 and 150 mg/L). We used 0.25 mg of free
HRP or hematin, 80 �L of hydrogen peroxide 30% (v/v) (stepwise
addition of 20 �L at 5, 10, 15 and 20 min after the addition of HRP
or hematin; [H2O2]total = 0.021 M), and the necessary amount of pH
7 buffer (KH2PO4/NaOH, pH = 7.0 ± 0.1) to reach a final volume of
10 mL. The latter conditions were selected in order to compare
the biomimetic with the biocatalyst, but no attempts to mini-
mize deactivation in the case of HRP were done. The solution was
magnetically stirred at 25 ◦C. After 2.5 h, 200 �L of HCl 37% were
added as flocculant to change the pH and to precipitate the result-
ing oligomeric/polymeric products. UV–vis analyses were carried
out using a UV-Visible Spectroscopy System Agilent 8453 from
Hewlett-Packard. Spectra were recorded in the 300–900 nm range.
The evaluation of the treatment efficiency for each dye was car-
ried out through absorbance readings, at their respective maximum
wavelengths, before hydrogen peroxide addition, after 2 h – before
HCl addition – and after 24 h. The decolorization percentage effi-
ciency – or dye conversion – was estimated as (C0 − Cf) × 100/C0
being C0 the initial concentration and Cf the final concentration
of the dye at 2 h. The �max values and the optimal conditions
to assess the removal efficiency were obtained from a detailed
UV/Visible study using each dye at different concentrations and
pH values. The absorption coefficient of Fluorescein at 491 nm
and pH = 11 is 0.1918 L/cm × mg, whereas absorption coefficient of
EBBR at 527 nm and pH = 7 is 0.037 L/cm × mg. The average stan-
dard deviation for data obtained by this UV/Visible methodology
is in the 1.9–2.3% range (tested through duplicate experiments for

each dye). It should be pointed out that, in order to avoid linearity
losses in the case of Fluorescein, samples with absorbance values
higher than 2 at the selected wavelengths were diluted and their
corresponding absorbance readings were used for a proper eval-
uation of decolorization percentages. Even when it is known that

) Eriochrome Blue Black R and (b) Fluorescein.
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Table 1
Decolorization percentages obtained with HRP or hematin for different initial dye
concentrations at pH 7, [H2O2] = 0.021 M and 25 ◦C.

Condition Percentage removed at 2 h (without HCl addition)

Dye concentration (mg/L)

25 50 75 100 150

HRP
Eriochrome Blue Black R 86.4 87.0 86.3 86.4 92.5
Fluorescein 84.8 85.2 77.4 50.6 35.7
S. Pirillo et al. / Journal of Molecular

olymerization reaction products may have some radiation absorp-
ion at the wavelengths used for the calculation of the removal
fficiencies, the main bands of the reaction products appear in other
pectrum zones. This assumption is common when dyes are being
nalyzed with HRP/biomimetics in the presence of H2O2 [11].

Although liquid chromatography may be used to analyze dif-
erent by-products formed in the studied systems, we discarded
he use of this technique due to the required step of enzyme sep-
ration and because of the impossibility to know beforehand the
y-products identity. In addition, analytical techniques such as
otal Organic Carbon (TOC) or Chemical Oxygen Demand (COD)
ere not implemented because the standard conditions involved

n these techniques could introduce changes masking the results
n the studied systems. Therefore, taking into account the litera-
ure on the topic [29–32], we choose the UV/Visible technique as
particularly simple experimental method for analyzing the total
egradation of the dyes.

.2.2. Kinetics studies
These studies were performed at pH 7 using the UV/Visible

pectrophotometer in continuous measurement mode for 4 h. Sub-
trate concentrations were 50 mg/L for EBBR and 25 mg/L for
luorescein. Dye concentrations were selected in order to keep
bsorbance values below 2 and to avoid aggregation phenomena
requently observed at high concentrations. The H2O2 concentra-
ion was 0.021 M and the hematin or peroxidase concentration
as 25 mg/L. The molar ratio hydrogen peroxide/dye concentra-

ion ranged between 34 and 335. The experimental conditions were
elected to assure comparative terms with hematin that requires
ypothetically more hydrogen peroxide than the HRP.

.2.3. Effect of temperature
Free HRP and hematin were tested at 25, 45 and 65 ◦C. These

tudies were carried out with the following conditions: EBBR
5 mg/L and Fluorescein 25 mg/L.

.2.4. Oxygen concentration profiles
The oxygen concentration profiles were recorded with a Heavy

uty Dissolved Oxygen Meter, Model 407510 Extech instrument.
he reactions in the presence of hematin (25 mg/L) were carried
ut at 25 ◦C mixing 20 mL of 100 mg/L dye solution with 400 �L
f hydrogen peroxide 30% (v/v) (added at reaction times of 5, 10,
5 and 20 min, total concentration of 0.021 M) and the necessary
mount of pH 7 buffer (KH2PO4/NaOH, pH = 7.0 ± 0.1) to reach a
nal volume of 50 mL with magnetic stirring.

Experiments in the presence of HRP were performed by using
2O2 concentrations ranging from 2.14 × 10−3 M to 2.14 × 10−2 M,
ye concentrations ranging from 10 to 100 mg/L and catalyst con-
entrations ranging from 2.5 to 25 mg/L. The data presented and
nalyzed are the best results found in terms of oxygen generation.

.2.5. Multivariate regression analysis of the UV/Visible spectra
Time resolved spectra were analyzed with the aim of construct-

ng a simple model for comparing the main kinetic and mechanistic
eatures associated to each catalyst. Multivariate self-modeling
urve resolution (MCR) can be applied to bilinear spectroscopic-
inetic data from a chemical reaction to provide information about
omposition changes in an evolving system [33]. In the present
ork we choose one of the most widely used algorithms, the

lternating least-squares (ALS), that can help to simultaneously

stimate concentration and spectral profiles [34]. ALS extracts use-
ul information from the experimental data matrix A(t × w) by the
terative application of the following matrix product:

= CST + E
Hematin
Eriochrome Blue Black R 62.0 58.2 53.6 38.4 30.2
Fluorescein 12 12.1 – – –

where C(t × n) is the matrix of the kinetic profiles; ST(n × w) is
that containing the spectral profiles and E(t × w) represents the
error matrix. The numbers t, n and w denote the sampling times,
absorbing species and recorded wavelengths, respectively. Resolv-
ing matrix A is no easy task [35] since on the one hand n is usually
unknown and on the other hand curve resolution methods can-
not deliver a single solution because of the rotational and scale
ambiguities. We applied Factor Analysis and Singular Value Decom-
position for the estimation of n. In order to reduce rotational and
scale ambiguities we used matrix augmentation strategy [36] and
some chemically relevant constraints [33] such as non-negativity
(for both spectra and concentrations) and uni-modality (for the
kinetic profiles). The software including standard algorithms for
multivariate analysis of the UV/Visible spectra was developed in
our laboratory.

3. Results and discussion

3.1. Effect of initial dye concentration in the amount of dye
removed for the enzymatic catalyst (HRP) and for hematin

Table 1 shows the percentage of EBBR and Fluorescein removed
by peroxidase and hematin for different initial dye concentrations
at 25 ◦C and pH 7.

In the case of Fluorescein the percentage of dye removed by HRP
indicates that at concentrations higher than 50 mg/L the amount
of dye removed decreased. However, with EBBR removal effi-
ciencies were almost independent of initial dye concentration. In
addition, HRP shows a better efficiency to degrade EBBR than Flu-
orescein.

Using hematin as catalyst the amount of EBBR removed
decreased as the initial dye concentration increased, the removal
efficiency being a 50% lower for 150 mg/L than for 25 mg/L. On the
other hand, due to the limited activity of hematin for Fluorescein
elimination, only the lower concentrations were considered.

3.2. Analysis of UV–vis spectra

3.2.1. Eriochrome Blue Black R (EBBR)
Fig. 2(a) and (b) shows the UV–vis spectra for EBBR 150 mg/L

with hematin and peroxidase, respectively. It is worth mentioning
that nor HRP neither hematin solutions in pH 7 buffer show peaks
in the 300–900 nm range (results not shown). Fig. 2(a) shows the
emergence a new band at higher wavelengths (≈760 nm) together
with partial absorption decrease and a slight displacement to
higher wavelengths (batochromic shift) of the reaction mixture

absorption in the wavelength region of the principal dye band.
These spectral changes, observed for dye concentrations from 75
to 150 mg/L, suggest the possible formation of compounds with
higher molecular weight [37–41] when hematin is used. For dye
concentrations below 75 mg/L, the 760 nm band was not detected
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ig. 2. Scanning spectra of Eriochrome Blue Black R 150 mg/L: (a) with hematin, and
b) with peroxidase. Before hydrogen peroxide addition, after 2 h and after 24 h.

nd significant lower absorbances were observed in the spectral
egion of the principal dye band (data not shown). This result is in
ine with the higher decolorization efficiencies recorded for the low
ye concentrations (Table 1).

In the presence of peroxidase, the main dye band of EBBR practi-
ally disappeared and a new band appeared at 390 nm after 2 h. This

ifferent behavior between peroxidase and hematin suggests a dif-
erent reaction pathway for both catalysts: condensation reaction
or hematin and degradation for peroxidase. In addition, peroxidase
xhibits a higher efficiency than hematin to remove EBBR.

ig. 3. Scanning spectra of Fluorescein 50 mg/L: (a) in the absence of hematin or peroxid
fter 2 h and after 24 h (all initial spectra are shown without dilution).
ysis B: Enzymatic 66 (2010) 63–71

3.2.2. Fluorescein
Fig. 3(a) shows the result of the blank test of Fluorescein trans-

formation in the absence of hematin or peroxidase. The effects of
hematin and peroxidase are shown in Fig. 3(b) and (c), respectively.
The efficiency of Fluorescein removal by hematin at 2 h of reaction
was very low (Fig. 3b). Hematin did not show a significant effect
in the removal of Fluorescein even at low concentrations of this
dye (Table 1). Fluorescein-hematin system may be considered not
active according to the UV–vis analysis.

When the peroxidase is present, a strong decrease in the princi-
pal dye band with a slight shift to higher wavelengths is observed
(Fig. 3c). Peroxidase is more useful to remove Fluorescein than
hematin although its efficiency decreases as the dye concentration
increases.

The comparison of the results obtained in the presence of
hematin with the ones obtained in the absence of catalyst (Fig. 3(b)
and (a), respectively) shows that the addition of HCl results in an
hypsochromic shift and causes an intensity decrease with respect
to the Fluorescein band (spectra registered after 24 h). In addition,
since the spectra recorded in Fig. 3(a) and (b) are very similar; the
formation of by-products with high absorption at 437 nm cannot
be assigned to a catalytic effect. In the presence of HRP this peak
only appears at dye concentrations higher than 75 mg/L (results
not shown) suggesting an increase in the amount of non-catalyzed
transformation of Fluorescein.

Fluorescein was less decolorized in both systems when com-
pared with the EBBR. This lack of reactivity is probably related to
the high stability of the aromatic moieties in the Fluorescein. The
peak remaining after 24 h may be assigned to both soluble species
of low molecular weight (that cannot be precipitated by the pH
change) or to residual Fluorescein.

3.3. Effect of temperature
Table 2 shows the effect of the temperature in the removal of
both dyes by hematin or HRP.

In the EBBR-peroxidase system a slight decrease in the activity
is observed for the experiment performed at 65 ◦C. This effect is

ase, (b) with hematin, and (c) with peroxidase. Before hydrogen peroxide addition,
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Table 2
Decolorization percentages obtained at 2 h using hematin and peroxidase at
different temperatures for an initial dye concentration of 25 mg/L at pH 7.
[H2O2] = 0.021 M.

Condition Percentage removed at 2 h

Temperature (◦C)

25 45 65

Eriochrome Blue Black R-hematin 62.0 77.2 80.5
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Eriochrome Blue Black R-peroxidase 86.4 87.8 78.9
Fluorescein-hematin 12.0 12.0 12.0
Fluorescein-peroxidase 84.8 74.6 59.1

ore important in the Fluorescein-peroxidase system where the
ptimum in the activity is reached at 25 ◦C. The catalytic effect of
ematin increases with temperature in the case of EBBR elimina-
ion. For EBBR both, the enzyme and the biomimetic, are active
n the temperature range studied. This finding has potential con-
equences from practical and technological viewpoints. A higher
eactivation with the temperature is observed in the Fluorescein-
RP system.

.4. Oxygen evolution/consumption measurements

The simplified mechanism for HRP is well known and it has been
ublished elsewhere [10–21]. There are several additional steps

ooking at the enzyme secondary reactions [42]. AH• or R• (alkyl)
adicals from the dyes may be generated and decomposed spon-
aneously or react with O2 to produce ROO• and O2

•−. In addition,
reaction between superoxide radical and hydrogen peroxide has
een proposed [8]. The latter process, known as the Haber–Weiss
eaction, produces the hydroxyl free radical (OH•) which is one of

he most reactive species known. It should be taken into account
hat, although its rate constant is rather small, the Haber–Weiss is
nown to be catalyzed by chelated iron. Hydroxyl radicals formed
ay also be scavenged by H2O2, generating the radical HO2

•. This

ig. 4. Oxygen evolution for: (a) Eriochrome Blue Black R, and (b) Fluorescein: (�)
ematin, (�) peroxidase. [Dye] = 100 mg/L. [Catalyst] = 25 mg/L. [H2O2] = 0.021 M.
ysis B: Enzymatic 66 (2010) 63–71 67

situation is applicable to our case because of the high molar ratio
of hydrogen peroxide to HRP or hematin used.

Kalyanaraman et al. [42] reported several reactions of H2O2 and
O2 with hematin. Hematin is known to catalyze the decomposi-
tion of hydroperoxides via the same redox reactions as reported for
transition metal ions and the classical Fenton reaction. It is thought
that, in addition to OH•, other oxidizing species may be found in
systems containing Fe3+/2+, O2

•− and H2O2.
Tappel [43] has proposed an alternative scheme for hematin cat-

alyzed reactions which does not involve changes in the iron valence,
the net reaction being:

2HOOH → OH• + HOO• + H2O

There are three types of reactions of the OH radicals with organic
compounds: abstraction of H atoms, electrophilic addition to multi-
ple bonds and electron transfer processes. In the case of an addition
to C C bonds the final adduct is the radical R2C(OH)-CR2

•. This
addition may also take place in the case of the –N N– of EBBR.

Fig. 4 shows the oxygen concentration profiles obtained using
the best decolorization conditions for EBBR and Fluorescein in the
presence of HRP or hematin.

Using hematin as catalyst, for EBBR and Fluorescein a step of
decrease and after an increase of the evolution of oxygen are evi-
dent, especially for the EBBR. Thus, the behavior observed in Fig. 4
can be partially attributed to the steps related to the peroxyl radical
reactions [8]:

(a) An initial step involving peroxyl radicals whose polymerization
is faster than decomposition, and therefore consumption of O2
is found.

(b) A second step involving peroxyl radicals whose decomposition
is faster than polymerization, and therefore evolution of O2 is
found.

In addition, the catalase-like activity of peroxidase and hematin
may play a decisive role in the concentration profiles recorded for
dissolved oxygen:

2H2O2 → O2 + 2H2O

Taking into consideration the species that may be formed in the
reaction media, we separated the reactions in two groups: group
I (reactions consuming O2) and group II (reactions evolving O2).
Table 3 lists the reactions that consume/evolve O2. EBBR shows a
biphasic behavior considering the first 20 min of reaction (first step
of O2 consumption, second step of O2 evolution) [44,45]. With Flu-
orescein, the group II of reactions is favored for hematin. However,
with HRP the group II of reactions is predominant within the first
5 min, and then the relative contribution of this group of reactions
decreases and the group I of reactions becomes important. Again
the correlation of higher removal of the dyes with reactions of group
I is evident in the O2 measurements. In the case of EBBR, the group II
of reactions is predominant during the first 40 min and the group I is
favored in the next 80 min when HRP is used. In the case of hematin
the group I of reactions is favored within the first 10 min, afterwards
the O2 amount begins to increase. The low activity in elimination
of the dye in the system Fluorescein-hematin-H2O2 seems to indi-

cate that the evolution of O2 in this case is related to catalase-like
activity of hematin. The catalatic activity should be considered as a
secondary reaction for hematin and for peroxidase when measure-
ments of O2 concentration are done in presence of these catalysts,
phenolic aromatic compounds and hydrogen peroxide.
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Table 3
Reactions that consume/evolve O2.

Group I: reactions consuming O2 Group II: reactions evolving O2

Formation of compound III (Ferrous enzyme + O2 → Compound III) Superoxide oxidation by organic radicals (AH• + O2
•− → AH− + O2)

Formation of peroxyl radicalsa (R• + O2 → ROO•) Superoxide oxidation by Ferric ions (Fe3+ + O2
•− → Fe2+ + O2)

Superoxide anion formation (A•− + O2 → A + O2
•−) Decomposition of hydroperoxide radical (2HO2

• → H2O2 + O2)
Hematin-Fe2+ oxidation Catalase-like activitya (2H O → O + 2H O)

3
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batochromic shift observed in the presence of hematin. The kinetic
profiles corresponding to the experiments performed in the pres-
ence of each catalyst show that factors 1 and 2 are observed with
both HRP and hematin. The group of chemical species represented
Dye degradation
Other enzyme reactions

a Considered very important.

.5. Kinetic study

The results of the kinetic study are clearly different when
ematin/H2O2 and peroxidase/H2O2 systems are compared.

In the case of Fluorescein, negligible changes in the absorption
pectra were observed within the first 2 h of reaction time in the
resence of hematin whereas a very significant decrease in the
verall absorption was observed in the presence of HRP (data not
hown).

Time resolved spectra obtained for EBBR using both catalysts
re shown in Fig. 6. The arrows show the trends of the differ-
nt bands as reaction time increased. Depending on the catalyst
sed, batochromic or hypsochromic shifts are observed for the
pectral evolution of the reaction mixtures. In agreement with
he results presented in Section 3.2, in the hematin/H2O2 system

new band with a maximum around 760 nm emerges whereas
n the peroxidase/H2O2 system the solution spectra show an ini-
ial increase and a subsequent decrease of absorption at 390 nm.
n addition, the timescales associated to each catalyst are clearly
ifferent; the bleaching in the peroxidase/H2O2 system being prac-
ically instantaneous after H2O2 addition.

In order to compare with more detail the results presented in

ig. 5 we have used numerical techniques such as Singular Value
ecomposition, Factor Analysis and Constrained Alternating Least
quares as described in the experimental section. The inspection
f the singular values of the augmented experimental matrix (i.e. a

ig. 5. Eriochrome Blue Black R degradation using (a) peroxidase, and (b)
ematin at pH 7 for 4 h. [Eriochrome Blue Black R] = 50 mg/L. [Catalyst] = 25 mg/L.
H2O2] = 0.021 M.
2 2 2 2

Haber–Weiss reaction (H2O2 + O2
− → O2 + OH− + OH•)

Other radical reactions

matrix constructed appending the time resolved spectra obtained
in the presence of each catalyst) showed that considering only three
contributing factors, the augmented experimental matrix can be
reproduced within a 20% of error. Although the consideration of 4
and 5 contributing factors improves the experimental matrix repro-
duction, we choose 3 contributing factors since our objective was to
construct the simplest mathematical model capable of describing
the main features of the spectral changes observed.

Fig. 6 shows the spectroscopic and kinetic results obtained using
3 contributing factors and Constrained Alternating Least Squares
Regression Analysis for the spectra recorded during EBBR transfor-
mation in the presence of hematin or peroxidase.

The spectral features of the 3 principal contributions show that
the first factor is closely related to the dye spectrum. The second
factor can be assigned to the intermediate product observed in the
presence of HRP whereas the third factor is mainly associated to the
Fig. 6. Results of the multivariate regression analysis of experiments presented in
Fig. 5.
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y factor 3 shows a significant contribution only in the presence of
ematin. In addition, the timescale associated to the emergence of

actor 2 is much shorter in the presence of HRP than in the presence
f hematin.

Although this rough analysis does not allow drawing categor-
cal conclusions, it is possible that the EBBR degradation follows
imilar initial paths in the presence of both catalysts. During the
nitial stages, intermediaries that have lost conjugation are likely
ormed. Then the reaction pathways show important differences.
n the presence of HRP after the fast formation of species strongly
bsorbing at 490 nm, the overall absorption steadily decreases. On
he other hand, in the presence of hematin a slow initial increase
n concentration of 490 nm-absorbing species is followed by the
ormation and decay of secondary products with higher conjuga-
ion as evidenced by the absorption evolution of absorbance peak
t 760 nm.

.6. -Comparative analysis of UV/Visible spectra and oxygen
volution results

.6.1. Hematin
In the case of Fluorescein only catalase-like activity is present,

ince hematin cannot catalyze the H2O2-mediated dye oxidation.

n the other hand, there is a high rate of oxygen consumption at

he beginning of EBBR transformation but after a little recover-
ng the dissolved oxygen concentration remains almost constant.
his biphasic behavior is also observed for the evolution of the
bsorbance at 760 nm during the kinetic study presented in Section

Fig. 8. A possible pathway of decomposition
Fig. 7. Absorbance evolution at 760 nm found in Eriochrome Blue Black R kinetic
study at pH 7.

3.5, but at different timescales since reaction conditions were not
the same. Moreover, the plot of the absorbance at 760 nm against
reaction time shows a trend (Fig. 7) which looks like the mirror
image of the O2 profile in the assay of EBBR degradation using
hematin.
3.6.2. Peroxidase
From the published literature, it is expected partial peroxidase

inactivation due to the high hydrogen peroxide concentrations
used [12]. However, this inactivation would be present in all assays.
With both dyes there is an initial release of O2 and then a prepon-

of Eriochrome Blue Black R to give N2.
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Fig. 9. A possible pathway o

erance of the group I of reactions is observed. These trends can be
ainly assigned to an initial predominance of catalase-like activity

H2O2 decomposition) due to the high hydrogen peroxide concen-
ration used. After this, depending on the dye structure, the results
re different. The second stage of O2 evolution could be correlated
ith the nature of the “intermediaries” present in EBBR and Fluo-

escein at pH 7. During the last stage, the O2 concentration profiles
re almost flat. The latter behavior may be assigned to biocatalyst
nactivation, limited hydrogen peroxide availability or both. Once
he peroxidase is partially inactivated, the catalatic activity is not
ntirely lost, but probably the peroxidatic activity is.

Considering all the information presented in the preceding sec-
ions not only polymerization of the radicals but also degradation
hould be taken into account. The presence of the COOH group in
luorescein makes the evolution of O2 and CO2 probable because of
edox reactions. In the presence of oxygen, the attack by OH radicals
nitiates a complex cascade of oxidative reactions that may lead to
he mineralization of the organic compound. The exact routes of
hese reactions are still not quite clear [42]. We cannot discard the
resence of these reactions in our systems.

In the case of EBBR, it is known that the breakage of the azo
roup is one of the first stages of the Fenton processes. However,

nly hydroxyl radicals contribute in the oxidation of some phenolic
ompounds during that process. Following Bedoui et al. [46], huge
mounts of H2O2 (3000 mg/L) are required for obtaining the maxi-
um organic carbon removal using Fenton oxidation. Besides, the

eaction of the sulfonic group with the hydroxyl radical should be
omposition for Fluorescein.

taken into account [47].

R-SO3
− + OH• → R-OH + SO3

•−

SO3
•− + OH• → SO4

− + H•

With peroxidase/hematin other radicals may be in-situ gener-
ated. EBBR may generate N2 because of the radical OH attack, such
as Fig. 8 shows. In addition, radicals generated during dye degra-
dation may easily participate in polymerization reactions.

For the selected dyes, reactions of radical polymerization (for-
mation of products of increased conjugation) and of degradation
(formation of species with decreased conjugation) are proposed to
take place. Besides, there are different radicals and anions gener-
ated as secondary reactions because of the presence of the hydrogen
peroxide. Even the polymerized adducts or the degraded com-
pounds with lower conjugation may also suffer radical attacks and
further degradations. Depending on the biocatalyst used, hematin
or peroxidase, these reactions may have different importance.
Figs. 8 and 9 show the possible decomposition pathways for EBBR
and Fluorescein, respectively.
4. Conclusions

The activities of HRP and hematin at intermediate H2O2 concen-
trations, but in excess for peroxidase, are clearly different. Not only
the efficiencies in the final elimination of the dyes are dissimilar,



Catal

t
l
F
d
d

p
r
e
c

A

I
s
A

R

[

[
[

[
[

[
[
[

[
[
[
[
[

[

[

[

[

[
[
[
[
[

[

[

[
[
[
[
[
[
[

[

[
[43] A.L. Tappel, Autoxidation of Antioxidants, Wiley and Sons, New York, 1961.
S. Pirillo et al. / Journal of Molecular

here are also clear differences in the reaction pathways. Both cata-
ysts are efficient for EBBR elimination with different mechanisms.
luorescein is recalcitrant in the presence of hematin and is oxi-
ized in the presence of HRP although with low efficiency at high
ye concentrations.

The comparative analysis of the decolorization efficiencies, the
rofiles of O2 evolution at selected conditions and the multivariate
egression of the UV/Visible spectra, allowed us to present a feasible
xplanation of the different trends observed in the presence of each
atalyst.
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