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a  b  s  t  r  a  c  t

Phenolic  compounds  removal  is  a very  active  research  field  due  to occurrence  and  the  toxicity  of  phenolic
pollutants  in  industrial  wastewaters.  In order  to  make  an  a priori  selection  of  the  most  efficient  removal
process  for  a target  structure  this  contribution  reviews  and  compares  some  of  the  mechanistic  aspects
of the  oxidation  in the  presence  of  hydrogen  peroxide  and  catalyzed  by complexed  iron  which  is  the
in-common  element  in  Fenton  systems,  plant  peroxidases  and  biomimetics.  Different  substrates  were
considered  from  the  most  basic  phenol  molecule  to complex  structures  such  as  phenolic  dyes  and  lignins.
The reactivity  of  iron  is  related  to its microenvironment  generated  by  ligands  and  their  electron  with-
drawing  capacity  thus  conditioning  the  type  of  cleavage  induced  on hydrogen  peroxide  and  the  oxidation
ematin
iomimetics
yes
ignin

state  change  on iron  upon  reaction.  The  relative  concentrations  of organic  to  inorganic  free  radicals  gen-
erated control  the  main  catalytic  action;  i.e.  from  degradation  up  to mineralization  in Fenton  systems  or
oligomerization  up  to  polymerization  in  plant  peroxidases  systems.  Moreover,  some  reaction  conditions
as the  peroxide  concentration,  the  initial  molar  ratio  of  organic  compounds  to  peroxide  and  the  type of
reaction solvent  are  identified  as  key  factors  to  promote  a desired  action  mechanism  by peroxidases  (and
their biomimetics).
© 2011 Elsevier B.V. All rights reserved.
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by ferrous ions (+2 oxidation state), whereas Fenton-like processes
. Introduction

Currently available methods for the removal of phenol/phenolic
ompounds from wastewaters (chemical oxidation, reverse osmo-
is, adsorption and others) are expensive, have regeneration
roblems and may  produce themselves wastewaters with a high
nvironmental impact [1,2]. Particularly contaminating wastew-
ters are those generated by textile and paper mill industries.
hese wastewaters include medium to low concentrations of
yes or pigments. The degradation of dyes is one of the most

mportant research fields in wastewater treatments. Researchers
ave recently focused on enzymatic treatments. Many peroxi-
ases such as lignin peroxidase, manganese peroxidase, soybean
eroxidase, horseradish peroxidase (HRP), laccase, polyphenol oxi-
ases, microperoxidases and azoperoxidases have been used for the
emoval of dyes in industrial effluents [3–6]. However, the enzy-
atic treatment has several drawbacks related to: (a) the need

f enzyme immobilization for reuse; (b) the requirement of rel-
tively low temperatures and narrow pH ranges of operation to
uarantee high enzyme activity; (c) the deactivation of the enzyme
hrough its immobilization and (d) the use of H2O2 as oxidant and
he resulting enzyme inactivation. These issues have generated an
ctive research field that comprises biomimetic catalysts and Fen-
on or Fenton-like catalysis in homogeneous systems (to study basic
eatures), but mainly in supported or immobilized systems (if the
oal is the application) [1].

Fenton and related reactions include reactions of peroxides
mainly H2O2) with iron ions to form active oxygen species. These
ctive species can oxidize both organic and inorganic compounds.
here are several reviews on Fenton mechanisms and applications
f Fenton systems, including photo-assisted Fenton reaction, use of
helated iron, electro-Fenton reactions, and Fenton reactions using
eterogeneous catalysts [7–11]. One of the main application fields
f Fenton and related reactions is wastewater treatment. In particu-
ar, the removal of dyes and pigments from wastewater is an impor-
ant sub-field that includes effluents of textile, pulp and paper mill
ndustries. The extremely complicated chemistry of Fenton systems
s nowadays understood in considerable detail [11]. Comparisons of
enton or photo-assisted Fenton systems with other advanced oxi-
ation processes (AOPs) are favorable to Fenton systems [12,13].
enton chemistry is being used to degrade contaminants in soil
nd groundwater. Research on heterogeneous reactions and the
reparation of supported iron catalysts continues in an effort to
nderstand and facilitate the reactions in soils, and to circumvent
he problem of iron oxide sludge generation and disposal inherent
o the homogeneous Fenton treatment of wastewaters [1].

Peroxidases are enzymes that contain a heme group, which is a
orphyrinic ring with iron in the oxidation state +3. In this sense,
eroxidases are a particular form of a chelated iron, where one of
he ligands is a protein and the other ligands are nitrogen atoms

f the porphyrinic ring. The similarity with compounds such as
emo or hematin has inspired the biomimetic approach. Biomimet-

cs are compounds that maintain some structural characteristics of
 . . . .  . . .  . . . . .  .  .  . .  .  . . . . .  . .  . . . . . . .  .  . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 18

peroxidase cofactor without the complexity of the enzyme related
to the protein. These biomimetics, even though they are much
cheaper than enzymes, are in general less active.

One of the most studied substrates is phenol, which is frequently
used as a simple model compound of more complex pollutants
such as dyes, pigments and others. Among the most toxic pheno-
lic compounds are the chloro- or nitro-substituted phenols. These
compounds are used as pesticides and anti-bacterials [14].

Phenol is present in wastewaters discharged by resin manu-
facturing, petrochemical, oil-refining, paper mill, coking, and iron-
smelting industries [15]. Phenol derivatives include anthraquinone
dyes, an important group of dyes. Phenolic groups, besides being
part of many dyes and pigments, are also the main moiety of
lignin. Nowadays, high amounts of ligno-cellulosic wastes from
paper and wood industries are generated, of which only 1–2%
are reused. Therefore, their accumulation represents a serious
environmental problem. Moreover, high-valuable products poten-
tially obtainable from lignin degradation are misspent [16]. The
enzymatic complex (Li-peroxidase, Mn-peroxidase and laccase)
produced by white-rot fungi is able to degrade lignin up to min-
eralization. Hence, the application of well-known, commercially
available and robust enzymes such as HRP is an attractive approach
for lignin degradation. Recent studies on totally chlorine-free pro-
cesses for pulping and bleaching involve the use of oxygen, ozone
or hydrogen peroxide as oxidants, and enzymes or biomimetics as
catalysts [17].

There are three main research fields in the heterogeneous
catalytic degradation of phenols: the catalytic wet-peroxide
oxidation [18], the catalytic ozonation [19] and the catalytic wet
oxidation [20]. The catalysts used in wet-peroxide oxidation
include metal-exchanged zeolites, hydrotalcite-like compounds,
metal-exchanged clays and resins. The catalysts used in catalytic
wet oxidation are transition metal oxides and supported noble
metals [21].

The present work compares the similarities and differences
among three types of catalytic systems: Fenton, HRP and biomimet-
ics both in homogeneous and heterogeneous systems. Phenolic
substrates and polyphenolic derivatives, such as lignin, were con-
sidered as model substrates. Several aspects and controversies
related to reaction mechanisms will be analyzed in the follow-
ing sections. Fig. 1 summarizes the kind of systems evaluated for
phenol (and phenol derivatives) removal in this work.

2. Reaction mechanisms

2.1. Homogeneous Fenton systems

2.1.1. Definition
Fenton reaction involves the reduction of hydrogen peroxide
involve the decomposition of hydrogen peroxide catalyzed by
ferric ions (+3 oxidation state) or iron in reduced state (zero
oxidation state).
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Fig. 1. Iron initial oxidation status, compo

.1.2. Iron chemistry
Iron ions exist in aqueous solution as hexa-coordinated com-

lexes (see Fig. 2). In the case of Fe2+, the main species to consider
re Fe(H2O)6

2+, Fe(H2O)5(OH)+ and Fe(H2O)4(OH)2, abbreviated as
e2+, FeOH+, and FeO, respectively. In the absence of strong ligands,
he most important ferric species below pH 3.5 are Fe(H2O)6

3+,
e(HO)(H2O)5

2+ and Fe(HO)2(H2O)4
+, for simplicity they are sum-

arized as Fe3+. As pH increases, polymeric Fe3+ species, which
nally lead to the formation of precipitates, are produced. The
recipitates usually show the structure of the insoluble ferric oxy-
ydroxide [22]. Fe3+ hydrolyzed species are evidenced by turbidity
nd/or a slight yellow-orange color. By increasing pH, species such
s Fe2(OH)4

2+ increase their concentration. On the other hand,
elow pH 3.5 and in the presence of hydrogen peroxide, Fe3+ and
eOH2+ form complexes with H2O2 (see Fig. 2):

e3+ + H2O2 ↔ Fe(HO2)2+ + H+ (1)

eOH2+ + H2O2 ↔ Fe(OH)(HO2)+ + H+ (2)

Fe(OH)3 precipitates at pH 4.5 and Fe(OH)2 at pH 9.5. This aspect
s very important as Fe2+ species/ions diffuse on the surface of Fe3+
pecies and could be oxidized by adsorbed oxidants [23].
The role of zero valent iron as remediation agent is being increas-

ngly studied [24] and Fenton reactions are progressively discussed
n Fe0/H2O2 systems [25].

Fe
H2O

H2OOH2
Fe
H2O

H2OOH2

Fig. 2. Different structures of iron aqua-complexes. No iron charges are depicted.
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.1.3. Inorganic Fenton reactions
One of the best reviews on Fenton and Fenton-like systems was

ecently published by Pignatello et al. in 2006 [1].  The main facts
n the Fenton systems will be briefly summarized based on this
eview and other published works [2,25].

Barb et al. [26–28] proposed a radical mechanism for the dark
ecomposition of H2O2 in acidic solutions and in the absence of
rganic compounds. It consists of the following set of reactions:

e2+ + H2O2 → Fe3+ + OH− + HO• (3)

e3+ + H2O2 → Fe2+ + HO2
• + H+ (4)

2O2 + HO• → HO2
• + H2O (5)

e2+ + HO• → Fe3+ + OH− (6)

e3+ + HO2
• → Fe2+ + O2 + H+ (7)

e2+ + HO2
• + H+ → Fe3+ + H2O2 (8)

O2
• + HO2

• → H2O2 + O2 (9)

Reactions (3)–(9) are very well-known, and they are character-
zed in solutions without strongly coordinating ligands other than
H− and H2O or other redox species. Iron cycles between the +2
nd +3 oxidation states. The oxidant that initiates the degradation
f the target pollutant, the hydroxyl radical (HO•), is supposedly
roduced by reaction (3),  which is pH-independent below pH 3.
eaction (4) is rate-limiting since its overall rate constant is about

our orders of magnitude smaller than that associated with reaction
3). Hydroxyl radicals may  react with H2O2 or Fe2+ (reactions (5)
nd (6)). Oxidation of Fe2+ by O2 is negligible at pH values at which
e3+ is soluble [1]:

e2+ + O2 → Fe3+ + O2
•− (10)

Therefore, reaction (10) does not contribute to Fenton reactions
elow pH 4. However, at pH values higher than 4, it may  be impor-
ant to increase the O2

•− concentration.
Several results clearly presented in the review of Pignatello et al.

1] point to the participation of an additional oxidant besides OH•.
hese species could be a Fe3+-hydrogen peroxide complex or a Fer-
yl species.

This species may  have the iron in +2 or +3 oxidation state,
epending on the kind of coordination of the OOH moiety and the
ature of it (single bond? double bonds involved? are questions
till not completely solved). Considering a different structure, even
e O may  be included in the analysis.

e3+ + HOO− → Fe2+ + HOO• (11)

FeOOH]→
[
Fe4+O

]
+ OH• (12)

According to Kremer [29], ferryl species can also be formed by
eaction (13),

e2+ + H2O2 → FeO2+ + H2O (13)

and the decomposition of H2O2 by Fe3+ may  occur through
 Fe5+ oxo-species (reaction (14)) following the Dunford–Kremer
roposal (see Table 1)

e3+ + HO2
• → FeHO2

2+ → FeO3+ + HO• (14)

It is important to note that it has been widely accepted that, at
ypical pH values of Fenton systems, the reaction rates are mainly
overned by HO• radicals, while ferryl species only play a minor

ole. However, a review from some years ago from Dunford [30]
uestioned that and revised the publications on this topic. Dunford
entioned that Kremer pointed out an error in the analysis of Barb

26–28]. According to Kremer, the assumption that there is a steady
tate in Fe2+ is wrong given that [Fe2+] should go to zero in the
alysis A: Chemical 352 (2012) 1– 20

Fenton system. As Dunford demonstrated, there is no obvi-
ous kinetic way  to distinguish the mechanisms proposed using
hydroxyl radical as intermediate or presenting two  different inter-
mediates (see Table 1). The manuscript of Dunford presents all
the aspects of the controversy. Bossmann et al. provided evi-
dence for ferryl ion being the active oxidant in Fenton Chemistry
[31,32]. Bossmann et al. [31] presented an explanation based on
the coordination chemistry of iron in aqueous solution. Because
the formation of a hydrated Fe2+–H2O2 complex is thermody-
namically favored Bossman et al. proposed a ligand exchange
reaction (H2O2 by H2O) in the inner sphere of high spin Fe2+. The
reaction rate constant of this reaction (2 × 106 M−1 s−1) is remark-
able higher than the bimolecular Fenton reaction (60–80 M−1 s−1).
This author proposed that an inner-sphere reaction takes place
in [Fe(OH)(H2O2)(H2O)4]+ and the intermediate iron(IV) complex
([Fe(OH)3(H2O)4]+, is formed. The intermediate iron(IV) complex
may  react further leading to the formation of a free hydroxyl radi-
cal and [Fe(OH)(H2O)5]2+ (see Table 1, Bossman). The question the
authors presented was  whether hydroxyl radical production is not
too slow to compete with direct electron transfer between the sub-
strate and a hydrated higher-valent iron species. Bossman et al. [31]
postulated that the reaction of a metal cation, as for instance Fe4+

with an aliphatic or an aromatic hydrocarbon proceeds exclusively
by an electron-transfer mechanism because hydrogen exchange is
not possible. However, the experiments described in reference can-
not distinguish between Fe4+ and a hydroxyl radical complexed by
Fe3+. The latter species would possess exactly the same reactivity
as Fe4+.

The work reported by Wink et al. also supports Dunford ideas
from references [33] and [34].

Despite the high rate constant value associated to the recombi-
nation of HO• radicals, in most conditions this reaction plays only
a minor role owing to the low concentration associated to this rad-
ical species in the bulk which limits its occurrence compared with
other reactions involving the participation of non-radical species
[35]. Furthermore, given the high reactivity of hydroxyl radicals,
reactions (5 and 6) are major HO• sinks that decrease the oxidizing
power of the Fenton systems.

Recent publications show that some kind of consensus has been
found among researchers who  consider that both the “classical”
(i.e., based on hydroxyl radicals) and “non-classical” (i.e., ferryl
ion based) mechanisms coexist and predominate one or the other
depending on the operation conditions [1,35–59].

Table 1 summarizes the mechanisms associated to Fenton sys-
tems reported by different authors. In Fenton systems at pH 3 there
is no way to distinguish the hydroxyl radical from the ferryl one.
When organic matter is degraded in aqueous solution and at pH 3 in
almost every Fenton system a distribution of products very similar
to those obtained with radiolysis, photocatalytic and also with TiO2
(all of them in absence of iron) is found with Fenton and Fenton-like
systems. From the analysis of the recent review of Pignatello et al.
[1] the contribution of the ferryl group is considered not decisive,
mainly at pH 3. However, it seems that the suspicion is widespread
that at pH values near to neutral the ferryl group would be the inter-
mediary and the mechanism of hydrogen peroxide decomposition
would be mediated by it.

Beyond controversy, the hydroxyl radical may  be generated by
reaction of an organic radical with H2O2, without iron involved.
Hydroxyl radicals may  react with iron, H2O2 or recombine to gen-
erate H2O2 (with a k = 6 × 109 M−1 s−1 [35]). In the case of phenol,
there are reactions with superoxide that may  produce phenoxyl
radicals. One of the key aspects to consider in the most simple

Fenton system is whether the hydroxyl radical is a free diffusive
entity in aqueous solutions or it is coordinated to iron. The location
of the hydroxyl radical or anion (free or coordinated) affects iron
reactivity and reaction mechanisms.
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Table  1
Comparison of mechanisms proposed for Fenton and Fenton-like.

Barb et al. k in M−1 s−1 Kremer k in M−1 s−1

Fe2+ + H2O2 → Fe3+ + OH− + HO•
(

FeIV–OH?
)

53 Fe2+ + H2O2↔ Fe2+ * H2O2→ FeO2+ + H2O 55.4

H2O2 + HO• → HO2
• + H2O 2.7 × 107

Fe3+ + HO2
• → Fe2+ + O2 + H+ 1.2 × 104 to 3.6 × 105 FeO2+ + H2O2→ Fe2+ + O2 + H2O

Fe2+ + HO• → Fe3+ + OH−
(

FeIII–OH?
)

3.3 × 108 FeO2+ + H+ + Fe2+→ 2Fe3+ + 2OH−

Fe2+ + HO2
• → Fe3+ + HO2

− 1.8 × 103 to 2.5 × 104 FeO2+ + Fe3+↔ FeOFe5+

Fe2+ + HO2
• → Fe(HO2)2+ FeOFe5+ + H2O2→ Fe2+ + Fe3+ + O2 + H2O

Bielski k  in M−1 s−1 Haber Willstätter cycle (HWC)

HO2
• + HO2

• → H2O2 + O2 8.3 × 105 H2O2 + HO• → O2
•− + H+ + H2O

HO2
• + O2

•− → H2O2 + O2 9.7 × 107 O2
•− + H+ + H2O2→ OH• + O2 + H2O Haber Weiss reaction

Kozlov k in M−1 s−1 Evidence against Haber Weiss reaction

Fe3+ + HO2
−→ Fe2+ + HO2

• 9 × 105 2K+O2
− + 2H2O → 2OH− + O2 + H2O2 + 2K+ Harcourt

Jiang  et al. No reaction between superoxide and H2O2 Dunford paper references
Fe3+ + H2O2→ FeIII(HO2)2+ + H+ 3.1 × 10−3 Bray and Gorin
FeOH2+ + H2O2→ FeIII(OH)(HO2)+ + H+ 2 × 10−4 Fe3+ + H2O ↔ Fe2+ + FeO2+ + 2H+

FeIII(HO2)2+→ Fe2+ + HO2
• 2.7 × 10−3 Fe2+ + H2O2↔ FeO2+ + H2O

Reaction with an organic substrate- OH• generation FeO2+ + H2O2→ Fe2+ + O2 + H2O
RH  + O2

•− → R− + HO2
•

RH + O2
•− → R• + HO2

−
Fe2+ + H2O2 + 2H + ↔ 2Fe3+ + 2H2O

R• + H2O2→ ROH + OH•

HR + OH• → R• + H2O
Global reaction HR + H2O2→ ROH + H2O

Cahill and Taube
Fe2+ + FeO2+ + 2H+→ 2Fe3+ + H2O

R• + O2→ ROO•

R• + HO2
• → RO• + OH•

Bossman
Fe(OH)(H2O)5

+ + H2O2 ↔
Fe(OH)(H2O)4(H2O2)+

k = 2 ×106

R• + Fe3+→ R+ + Fe2+

R• + Fe2+→ R− + Fe3+
Fe(OH)(H2O)4(H2O2)+ ↔ Fe(OH)3(H2O)4

+

FeIII–OH → FeIII O+ + H+ FeIV–OH → FeIV O2+ + H+ Fe4+ + RH → Fe3+ + RH•+ Electron transfer

Mechanism of conversion of Fe2+ to Fe3+

Barb et al. Versus Bray–Gorin–Dunford–Cahill–Tauble

Fe2+ + H2O2 + H+→ Fe3+ + OH− + HO• Steady state in OH•

v = 2k[Fe2+]*[H2O2]
107

Fe2+ + H2O2↔ Fe2+ ∗ H2O2→ FeO2+ + H2O Slow Fe(IV) in FeO2+

Fe2+ + HO• + H+→ Fe3+ + H2O Fe2+ + FeO2+ + 2H+→ 2Fe3+ + H2O Fast
v = 2k[Fe2+]*[H2O2]; no OH• involved

Reaction of Fe3+ with H2O2

Barb et al. k Dunford–Kremer

Fe3+ + H2O2↔ Fe2+ + HO2
• + H+ 0.001–0.01 Fe3+ + HO2

− ↔ Fe3+HO2
− Compound I

Fe3+HO2
−→ HO− + FeO3+ Compound II Fe(V) in FeO3+

Fe3+ + O2
•− → Fe2+ + O2 5 × 107 FeO3+ + H2O2→ Fe3+ + O2 + H2O

Regeneration of Fe2+ Barton–Gif chemistry

Fe3+ + H2Q ↔ Fe2+ + HSQ• + H+ 1–24 Fe2+ + H2O2→ FeIII–O–O–H + H+; FeIII–O–O–H + H+→ FeV O + H2O
3+ • 2+ + Bart

R2CH
R2CH
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Fe + HSQ ↔ Fe + Q + H
OH-Ph-OH• + Q + H+→ HSQ• + OH-Ph-OH 

It has been established that the hydroxycyclohexadienyl-like
adicals formed may  reduce Fe3+ indirectly through the catalytic
ediation of quinone molecules [39,40].  The role of the quinones

nd semiquinones formed in the oxidation of phenol using Fenton
ystems is not minor [39]. Quinones (Q) are �-electron acceptors
n charge transfer complexes with � donor molecules. The for-

ation of this kind of complexes in Fenton systems with phenol
r phenolic substrates is certainly possible. When iron is initially
resent as Fe3+, phenol degradation displays autocatalysis. The rad-

cal OHPhOH• reacts with Q in acidic media to give the HSQ
•

that
ay  regenerate Fe2+. The role of quinones in the regeneration of

e2+ in Fenton systems is shown in Scheme 1. The hydroxylation

f phenol in meta position has been neglected by Pontes et al. [11].
ccording to Alnaizy and Akgerman [60], the formation of resor-
inol is about 1000 times lower than the formation of catechol
ortho-oxidation) and hydroquinone (para-oxidation).
on-sleeping beauty effect-activation of hydrocarbons to give alcohols or ketone
2 + FeV O + H+→ R2CHFeIII + H2O
FeIII + O2→ R2CHOH + FeV O

2.1.4. Organic Fenton reactions
The reactions of hydroxyl radical with organic compounds are

well-known. These reactions take place mainly by H abstraction
(from C–H, N–H, or O–H bonds), by addition to C C bonds or by
addition to aromatic rings [37,38].

HO• + R–H → H2O + R• (15)

HO• + C C → HO–C–C• (16)

HO• + Ph–H ↔ Ph–H(OH)• → other secondary reactions (17)
where Ph–H(OH)• represents hydroxycyclohexadienyl radicals.
As it was  shown above in reaction (7),  O2 is produced by the

reaction of iron with H2O2.
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Scheme 1. Quinone and derivatives and their reactions with Fe3+.

Reactions (15 and 16) are irreversible, whereas reaction (17) has
een proposed as reversible [38].

R• + O2 → R + HO2
• (18)

• + O2 → R–OO• (19)

The bimolecular reaction of R• with O2 is very fast. The radicals
ay  couple or disproportionate, and the overall process eventually

eads to the mineralization of the organic matter to CO2, H2O, and
norganic acids. The produced organic radicals ROO•, RO• and R•

ay  also react with iron species in the following sequence of reac-
ions [41]. Reactions between ROO• and molecular oxygen were
lso reported in the case of natural phenolic compounds, such as
umic substances [42].

e2+ + ROO• → Fe3++ : OOR (20)

e3++ : OOR + H+ → HOOR + Fe3+ (21)

e3++ : OOR + Fe2+ + 3H+ + 1e− → 2Fe3+ + ROH + H2O (22)

e3+OOR + ROO• + H+ → Fe2+ + O2 + ROH + RO (23)

Interestingly, the rate of reaction (20) has been reported as much
igher than that of reaction (8).  In addition, alkoxyl radicals con-
ume Fe2+ rapidly according to Eq. (24):

e2+ + RO• + H+ → ROH + Fe3+ (24)

Depending on their structure, R• radicals may  reduce Fe3+ or
xidize Fe2+ through irreversible reactions:

e3+ + R• → Fe2+ + R+ (25)

e2+ + R• + H+ → Fe3+ + RH (26)

Iron species are known to react directly with some compounds
f interest in Fenton applications, including organoperoxides,
rganic contaminants such as aniline and chlorophenol, hydro-
enated quinones and dyes [43,44].

Table 1 summarizes the main reactions assigned to the Fenton
ystem and it also includes the main reactions of organic radicals
ith H2O2 and O2.

Pontes et al. [11] have used a stoichiometric kinetic model

or phenol degradation by the Fenton process that includes 53
eactions and 26 compounds. The unknown model parameters
ere obtained by fitting to the experimental results. Sensitivity

nalysis was performed to determine the most influential kinetic
alysis A: Chemical 352 (2012) 1– 20

parameters and assess the impact of the initial concentration and
flow rate of reactants on the efficiency of the Fenton process to
degrade phenol. Kang and Lee [14] have described the degradation
of chlorophenols by the Fenton process using the same model for
phenol degradation.

In the absence of UV radiation and Fe3+-reducing organic com-
pounds, reaction (4) (i.e., the reduction of Fe3+ by H2O2) becomes
rate-limiting. On the other hand, when zero valent iron is used, an
initial oxidation step is needed to begin the reaction [45].

The total mineralization of phenol requires 14 moles of H2O2.

C6H5OH + 14H2O2→ 6CO2+ 17H2O

However, approximately 30 mol  of hydrogen peroxide were
required to mineralize 1 mol  of phenol. Thus, only 35% of the hydro-
gen peroxide was efficiently used to mineralize the phenol. The
degradation of phenol leads to formation of a mixture of byprod-
ucts, such as catechol, benzoquinone, resorcinol and hydroquinone
[46]. There exist an important number of references addressing the
formation of benzenediols resulting from Fenton-driven oxidation
of phenol [47].

Organic compounds may  act as iron-complexing agents. Thus,
the redox potential of the couple ferrous/ferric iron is affected and
the reaction rates of iron species with reactive oxygen species such
as H2O2 and superoxide may  also change. Chen and Pignatello
demonstrated an improvement in oxidation performance with the
addition of quinones and hydroquinones in their Fenton-phenol
system [39].

Yoon et al. [48] studied the impact of the [Fe2+]0/[H2O2]0 ratio
on Fenton systems and classified them in three categories:

a) High ratio of [Fe2+]0/[H2O2]0 (≥2)
Ferrous ion and hydrogen peroxide are mainly consumed

within minutes. The presence of RH affects only the behavior
of the concentration of the ferrous ion.

b) Medium ratio of [Fe2+]0/[H2O2]0 (=1)
(c) Low ratio of [Fe2+]0/[H2O2]0 («1)

In the absence of RH, hydrogen peroxide decomposes slowly
through ferric ion-induced radical chain reactions. The presence
of RH changes the behavior of the hydrogen peroxide (i) no fur-
ther hydrogen peroxide decomposition occurs just after the initial
decrease of hydrogen peroxide (ii) the presence of excess RH can
hinder the supposed reaction between OH• and the ferrous ion.

The hydrogen peroxide decomposition, induced by the initial
ferrous ion (ferrous system) in the presence of RH, is smaller than
in the absence of RH. Considering the radical versus the non-radical
view, an excellent review of the impact of the organic substrate has
been published by Gozzo [49].

2.1.5. Biphasic Fenton kinetics
The removal of organic compounds in reaction mixtures start-

ing with Fe2+ and having H2O2 in a large stoichiometric excess
(100–1000 peroxide-to-iron molar ratio) generally exhibits a
biphasic kinetic behavior. An initial fast degradation phase results
from the high amount of HO• produced by reaction (3) [50,51], fol-
lowed usually by a much slower phase (with reaction (4) being
rate-limiting). If H2O2 is in large excess, the extent of this phase
will depend on the iron/organic compound molar ratio. The kinetic
mechanism of atrazine degradation was explained by De Laat et al.
[51] using biphasic Fenton mechanism whereas the mechanistic

study was further dilucidated years later [52]. The HO• radical ini-
tiated the decay of ATZ through alkylic-oxidation (alkylamino side
chain oxidation), dealkylation (alkylic side chain cleavage), and/or
dechlorination (hydroxylation at the chlorine site). Fig. 3 shows
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Fig. 3. Structure of atrazine and its

he structure of atrazine and its main degradation pathways in the
resence of Fenton’s reagent.

In reaction mixtures starting with a salt of Fe3+ and when
romatic compounds are the targets, there is usually an activa-
ion period that often results in a slow initial rate followed by a
ast reaction phase [53,54]. The rate-limiting step in Fenton-like
rocesses is usually a reductive dissociation of the Fe3+–peroxide
omplex:

e3+(HOO−) → Fe2+ + HOO• (27)

This is similar to reaction (11) but this time the HOO anion is
onsidered to be complexed with Fe3+.

e3+(HOO−)(HO−) → Fe2+ + HOO• + HO− (28)

As stated above, during the degradation of phenolic compounds,
he formation of hydroquinone-like intermediates and the gener-
tion of Fe2+ interact with each other. The reduction rate constant
f Fe3+ by H2O2 is 0.001–0.01 M−1 s−1. This reaction rate is too low
o generate Fe2+ quickly enough. In consequence, the removal of
he phenolic compounds in the initiation period is slow. However,
ydroquinone-like intermediates produced in the initiation period
educe Fe3+ to Fe2+. This important reaction results in an increase
f Fe2+ concentration, which in turn accelerates the degradation
f phenolic compounds as well as the formation of intermediates
55]. This electron-shuttle mechanism has been recently analyzed
n detail [56]. Electron-donating substituents on the quinone ring
nhibit the reaction, and naphthoquinones are better catalysts

han benzoquinones [44]. In line with the above, the oxidation of
ubstituted benzenes by Fe3+/H2O2 system displays autocatalysis
44]. After a lag phase, a fast phase is initiated owing to the build-up
f hydroquinone- and quinone-like products. This is accompanied
H2 22
Dechlorina tio n

tion pathway with Fenton system.

by a sharp increase in Fe2+ concentration. Similarly, Fe3+/H2O2
degradation of atrazine is accelerated when 1,2,4-trichlorobenzene
is added. This is attributed to the enhanced regeneration of Fe2+ by
hydroquinone/semiquinone intermediates from trichlorobenzene
degradation [57].

It has been reported that Fe3+ rapidly oxidizes the p-hydroxyazo
dye Acid Orange 20 (AO20) [58]. The reaction produces two equiv-
alents of Fe2+, a product that forms a reversible complex with
Fe2+, and 4% of 1,4-naphthoquinone. AO20 is in its hydrazone
form, the predominant tautomer in polar solvents. Interestingly,
o-hydroxyazo analogs, Acid Orange 7 and Acid Orange 10 are inert
(see Fig. 4 for the structures of some azo dyes).

The mechanism of phenol removal using Fenton systems gen-
erates hydroxylated aromatic compounds. These compounds can
be oxidized to quinones. Liotta et al. [21] presented a simpli-
fied scheme for phenol oxidation. Complete degradation was  not
observed, although the H2O2 to organic compound molar ratio
was initially set to the stoichiometric value. This was explained
in terms of the formation of strong iron(III)-complexing agents,
such as oxalic acid. As the Fenton degradation proceeds, inor-
ganic acids such as glyoxalic, maleic, oxalic, acetic, and formic
acids increase their concentration if the reaction is carried out
in the dark (see Fig. 5 for the structures of some strong Fe(III)
complexing acids). Moreover, these acids are weakly reactive
towards HO•. In contrast, under UV or visible irradiation these
acids may  be mineralized through Fe3+-catalyzed photoreactions.
Other authors presented more complicated schemes for the phenol

oxidation [59,60].

Lee et al. showed that the reaction between oxygen and pheno-
late ion was  much faster than that between phenol and oxygen (i.e.
107 times higher at 473 K). The chemistry of phenol above pH 10 is
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hat of the phenolate ion (pK  = 9.1). The pH of the solution is then

rucial to accelerate or not the radical formation [61].

Table 2 shows the main reactions of phenol and derivatives
phenolate and phenoxyl radical) with different species (H2O2 and
erivatives).

C

O
OH

CH

C
C

H

H

C
O

OH
Muconic Aci d

C

O
OH

C
H

CH C
O

OH

Maleic  Acid

C
O

HO
C

O

OH Oxalic Aci d

C
O

OH
H Formic  Aci d

C
O

OH
H3C Acetic Acid

C

O
OH

CH
H

CHH C

O

OH

Succinic Aci d

C
O

H
C

O

OH

Glyoxalic  Acid

Fig. 5. Some strong complexing acids for iron.
O3Na

on azo dyes.

2.2. Heterogeneous Fenton systems

Zazo et al. [59] pointed out that the major problem of Fen-
ton homogeneous catalytic systems is the pH control and the
production of toxic wastes that require further treatment. Het-
erogenization is required to reduce costs, pH sensitivity and the
generation of secondary waste. Heterogeneous Fenton processes
are very interesting because most of the iron remains in the solid
phase and can be reused [62,63].

In terms of heterogenization, different approaches have been
tested for the catalytic abatement of phenolic compounds:

• Use of iron metal as part of the catalytic system, e.g. iron metal
tetrahedrally coordinated into a zeolitic framework [64–67].

• Immobilization of Fe2+ and Fe3+ in conventional supports with

low environmental impact, e.g. silica [68], alumina, zeolites and
resins [69,70].

Table 2
Main reactions of phenol and derivatives in presence of H2O2.

Reaction Description

2PhOH + H2O2→ 2PhO• + 2H2O Generation of radicals
PhOH + OH−→ PhO− + H2O at alkaline pH
PhO− + O2→ PhO• + O2

•−

2PhO• → HOPh-PhOH Dimerization
PhO• + O2

•− + H+→ O2 + PhOH Repair and O2 generation
PhO• + O2

•− + H+→ HOO-HPh O←→ HOO-Ph-OH Addition and peroxide
generation

HOO-HPh O → H2O + O Ph O Condensation-quinone
generation
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Use of oxides [71–74] immobilized in adequate supports such as
those referenced for iron ions [75–77,15].

Iron leaching from the immobilized species, pH control, and
he need of total mineralization of phenol (to avoid the increase
f organic acids able to dissolve iron during phenol removal) are
he main problems found in these systems. The observed catalytic
ctivity often results not only from heterogeneous contribution, but
lso from the homogeneous contribution of the leached iron in the
radually acidified reaction mixture.

Among the most important mechanistic issues in heterogeneous
ystems are the coordination and the oxidation state of iron species
ound in oxides and zeolites. In relation to the oxidation states, sur-
ace iron species participate in processes similar to those presented
n reactions (3–10). The differences are mainly related to: (a) the
oordination of iron and the kind of ligand; (b) the environment
f the solid surface versus the solution; (c) the interaction of the
ubstrate with the surface through adsorption on iron active sites
nd (d) how the oxidation pathway may  have a lower activation
nergy in immobilized (heterogeneous) systems compared to that
ssociated with homogeneous systems.

Therefore the distribution, coordination and acidity of differ-
nt surface species are critical factors to understand the reactivity
egarding Fenton reactions. Iron oxides/hydroxides produced on
he surface of heterogeneous catalysts may  play the role of elec-
ron mediators. The relative contribution of each surface species is
H-dependent. Cornell and Schwertmann [78] identified four dif-
erent surface oxide products on Fe metal in presence of Orange
I dye: lepidocrocite (�-FeOOH), goethite (�-FeOOH), ferroxyhite
�-FeOOH), and akaganeite-like (�-FeOOH) species. These oxidized
hases on metallic Fe showed differences in their reactivities and
nal structures after the interaction with the dye. In the case of
agnetite (Fe3O4), it has been reported that at acidic pH the domi-

ating surface species was Fe(II,III)OH2
+. With increasing pH, the

eta potential decreased and the main species around pH of the
oint of zero charge was Fe(II,III)OH. At alkaline pH, the dominat-

ng species was Fe(II,III)O− [79]. The magnetite catalyst exhibited
ow iron leaching, good structural stability and no loss of perfor-

ance in the second reaction cycle of pentachlorophenol (PCP)
egradation. Fenton-like oxidation of PCP was mainly controlled by

 surface reaction mechanism [74]. Oxides containing only Fe3+, i.e.
ematite (�-Fe2O3) and maghemite (�-Fe2O3), were nearly inac-
ive for the H2O2 decomposition at 25 ◦C. On the other hand, freshly
repared magnetite (Fe3O4) showed a much higher H2O2 decom-
osition. This magnetite exposed to air for few weeks showed a
uch lower activity for the H2O2 decomposition [80]. The increase

n activity caused by the addition of Fe metal is discussed in terms of
he formation of Fe2+ surface species during the preparation of the
omposite and of an electron-transfer mechanism from Fe metal
o Fe3+ during the Fenton reaction to regenerate the Fe2+ surface
ctive species. A redox process Fe2+/Fe3+ on superparamagnetic
anoparticles took place when an excess of H2O2 was  added into
he reaction solution to produce hydroxyl (OH•) and hydroperoxyl
adicals (HO2

•). The hydroxyl radicals could destroy the benzene
ing and finally produce H2O and CO2 [81].

The mechanism of phenol degradation with iron-based zeolites
Fe-ZSM-5, Fe-silicalite and Fe-TS-1) is considered to be the same
s that associated with Fenton reactions in solution, however it
hould be pointed out that the results are often influenced by iron
eaching [82]. The Fen+ species in Zeolite ZSM5 form a distribution of
solated, dimeric or clustered sites, and Fe2O3 particles. In Fe-ZSM5,
he additional species are those related to Al-containing regions

ia AlOFe bridges. Zecchina et al. found at least two  types of Fe2+

ites characterized by different reactivities [82]. The structure of the
xidized center is probably Fe4+ O (or Fe3+–O−), although there
re also oxo-bridged Fe3+O2−Fe3+ structures. An isolated (FeO)2+
lysis A: Chemical 352 (2012) 1– 20 9

structure is emerging as the preferred candidate for active adsorbed
oxygen in these samples. This does not exclude the presence of
a minor fraction of reduced FexOy clusters entrapped inside the
framework cavities, where the formation of oxo-bridged species is
more likely than on the surface.

Excellent recent reviews on the heterogeneous Fenton and
Fenton-like reactions have been published, including several reac-
tions mechanisms [83–85].

There are several mechanisms proposed for the oxidation of
organic compounds on the surface of iron oxide catalysts through a
Fenton-like reaction. These mechanisms include the radical mecha-
nism proposed by Lin and Gurol in 1998 [86], the radical mechanism
proposed by Kwan and Voelker in 2002 [87] and the non-radical
mechanism proposed by Andreozzi et al. in 2002 [88] (see reference
[83]). The review of Garrido Ramírez et al. includes an extensive bib-
liography where topics like transition metal-exchanged zeolites,
pillared interlayered clays, iron oxide minerals and nano-catalysts
are carefully revised and discussed [83].

According to the radical mechanism proposed by Lin et al. [86],
the reaction is initiated by the formation of an inner-sphere com-
plex between hydrogen peroxide and Fe(III)–OH groups at the
oxide surface. The excited state can be deactivated through dissoci-
ation of the peroxide radical, that reacts with other compounds. The
peroxide radicals produced can react with Fe(II) and Fe(III), exposed
on surface site. These free radicals can also react with hydrogen
peroxide or with themselves.

On the other hand, Andreozzi et al. [88] have suggested a non-
radical mechanism for the degradation of 3,4-dihydroxybenzoic
acid. The adsorbed substrate (S) and hydrogen peroxide react on the
catalyst surface, giving rise to reaction products and the regenera-
tion of active sites. The main point, again, is whether the OH radical
is free to diffuse or is coordinated to the iron on the surface. The dif-
ference between the two radical mechanisms proposed is the kind
of surface species and the interaction with soluble free species (see
Table 4 of reference [79]). Even when it may  be accepted that the
mechanism involves the formation of this radical, it is highly proba-
ble that the hydroxyl is not a free species, but it remains coordinated
to the iron at surface. The coordination of different radical or ionic
species would be different depending on steric hindrance on iron
and the ability of these species to displace coordinated water or
other ligands present on surface.

2.3. Homogeneous and heterogeneous HRP systems

2.3.1. Enzymatic cycle description
The general mechanism for homogeneous phenol (AH2) trans-

formation using HRP/H2O2 systems is:

Native HRP + H2O2 → Compound I + H2O (29)

Compound I + AH2 → Compound II + AH• (30)

Compound II + AH2 → Native HRP + AH• + H2O (31)

There are several excellent reviews on the formation of Com-
pound I and Compound II when using HRP in phenol oxidation
by H2O2 [89,90]. Fig. 6 shows a schematic representation of the
catalytic cycle. In the native state of HRP, a pentacoordinated iron
is in oxidation state +3. Everse [91b] has proposed the following
notation for these intermediates: Compound I could be written as
Protein(•) FeIV O, and Compound II as Protein–FeIV O. Compounds
I and II are considered to be ferryl complexes with FeIV O [91]. This
implies that the notation of oxidation state for the transition metal

is changed to the valence notation for intermediaries whose charge
is difficult to assign. The joint analysis of Mössbauer spectroscopy
data and the results obtained with model compounds indicated
that Compound I contained FeIV and a porphyrin �-cation radical.
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Fig. 6. Catalytic cycle of HRP.
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t pH 7, the reduction of Compound I to Compound II was accompa-
ied by the protonation of the enzyme. The one-electron oxidation
f phenols was linked to the deprotonation of its radical cations,
hereby yielding phenoxyl radicals [91].

The mechanism of phenol oxidation by HRP is called irreversible
ing-pong mechanism [92]. Details of the formation of Compounds

 and II by HRP are shown in Figs. 7 and 8, respectively. The
nzyme first abstracts one proton from the hydrogen peroxide to
he His–42. The peroxide coordinates side-on to the 5-fold Fe3+. A
eterolytic cleavage of the O–O bond is induced by the distal His–42
nd the proximal His–170. The cleavage of the O–O bond liberates
ater as the leaving group, and later Compound I is formed. The

ormation of Compound I is sometimes parallel to the oxidation of
n amino acid residue, instead of the porphyrin structure. Arg 38
esidue helps with the formation and release of a water molecule
eeded for Compound I formation.

When Compound II is formed, the proton of the phenoxy radical
s abstracted by a base. It is probable that the base is a distal His–42.
his species oxidizes the second phenol molecule. The phenoxy rad-
cal is formed by one-electron transfer to the FeIV, and the native
nzyme is regenerated. The catalytic cycle requires the formation
f a second water molecule that remains coordinated to FeIII.

In terms of pH profile, the pKa of Compound I is 4.9 and can
eact in its alkaline or acidic form, whereas Compound II has a pKa

f 8.6 and for pH values higher than 9 Compound II looses reactiv-

ty. When the pH of the peroxidase solution is changed from 7 to
2, the Fe atom in the iron complex in the enzyme changes from a
igh spin Fe to a low spin Fe. It is now known that the sixth coordi-
ation position of iron is vacant in the native form and occupied by
Polymer Sciences, Synthesis of Phenol Polymers Using Peroxidases, 194, 2006, page
ce displayed with material.

a hydroxide ion at high pH, the pK for the alkaline transition being
in the 10.8–11.1 range [91].

Direct reduction of Compound I to Compound II by p-cresol
shows that it is a one-electron reaction [91]. The phenol donates
both a single electron and a single proton to Compound I to yield
Compound II. Hydrogen atom donation by p-cresol results in the
formation of a free radical that may  dimerize to form a biphenol, or
it may  form Pummerer’s ketone. In addition, it has been observed
that one molar equivalent of phenol can convert Compound I to the
native enzyme. The pH profile of Compound I reaction with p-cresol
shows that plots of log k versus pH are linear up to pH 6. From pH
7 to 9 a different slope is observed, with a downward curvature
beyond pH 9. Thus, Compound I reacts with the non-ionized form
of p-cresol since it has a pKa value of 10.01 [92].

Besides Compounds I and II, another species denoted as Com-
pound III can also be formed under certain reaction conditions.
Compound III has two  different proposed structures: H+-FeII-O2
or H+-FeIII-O2

−. The consensus is that the structure is mainly
a ferric–superoxide complex. In contrast with dioxygen-carrying
proteins, peroxidases are Fe3+ hemoproteins in their resting state,
their reduction to the FeII state being rather difficult. However,
they are very reactive towards hydrogen peroxide, much more
than myoglobin is. An inactive species that is formed in excess
of hydrogen peroxide is the compound called P670 or verdo-
heme. In the case of heme, verdoheme is considered to be formed

from Compound I. At low H2O2 concentrations (below 1.0 mM
in the absence of phenol), inactivation is regarded as reversible
and attributed to the formation and accumulation of the catalyt-
ically inert Compound III. As H2O2 concentrations increase, an
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Fig. 7. Mechanism of Compound I formation.
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rreversible inactivation process becomes predominant [93]. The
ormation of P670 is the major inactivation process in which H2O2
cts as a suicide substrate in the HRP/H2O2 system. The mecha-
isms are still not completely understood. It is supposed that the
670 compound is formed through two different intermediates
alled 965 and 940 compounds. One mole of CO is evolved per mole
f the verdohemoprotein formed from HRP [94].

There are other substrates (e.g. indoleacetate) that have pro-
ided insights on peroxidase reactions and mechanisms. Ferrous
eroxidase is difficult to obtain, requiring a strong reducing agent
nd anaerobic conditions [91].

Table 3 shows a comparison between a ferryl-based mechanism
nd the mechanism generally accepted for HRP. It is accepted that
he phenoxyl radical is generated by secondary reactions of the

pecies resulting from the reaction of iron with hydrogen peroxide
hatever the mechanism of iron/H2O2 is assumed. In this sense,

he comparison to do is between Table 3 for HRP and Table 1 for
enton system.
olymer Sciences, Synthesis of Phenol Polymers Using Peroxidases, 194, 2006, page
ce displayed with material. Numbers only show sequence of structures.

2.3.2. Phenol transformation by HRP/H2O2
2.3.2.1. Efficiency of enzymatic treatments. Polyphenol has been
prepared using HRP/H2O2, and its structure was found to be
a mixture of phenylene and oxyphenylene units [95]. It has
been reported that the residual toxicity of HRP-treated phenolic
wastewaters can be very high [96,97]. This toxicity depends on
the kind of substrate, the reaction conditions (addition mode
of HRP and hydrogen peroxide), and the use or not of addi-
tives (chitosan and polyethylenglycol-PEG). Phenolic solutions
treated with HRP/H2O2, yielded near 95% phenol removal within
3 h through the formation of radicals (see Fig. 9). Intermediate
dimers formed by radical coupling further reacted to produce
polymers. Therefore, depending on the experimental conditions,
the treatment of phenol contaminated wastewaters with HRP

basically generates dimers, oligomers and polymers through
radical coupling reactions. Toxic compounds were formed during
the treatment of aqueous solutions of phenol, 2-chlorophenol,
4-chlorophenol, 2,4-dichlorophenol and 2-methylphenol. The
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oxicities of HRP-treated solutions decreased within 21 h, though
t remained high in the case of 2-methylphenol.

Ulson de Souza et al. [97] and Nicell et al. [98,99] have published
everal manuscripts on dye degradation and phenol polymerization
sing HRP and additives. Residual toxicity levels of HRP-treated
henol solutions correlated well with the UV/Visible spectra of
hese solutions, in particular with the absorbance at 400 nm.  This
avelength matched the position of the quinone absorbance peaks.
ith the adequate selection of solvent composition and buffer pH,

he structure and molecular weight of the produced polyphenol
ould be controlled. In wastewater treatment, the goal, if possible,
s the production of the most insoluble material, with the high-
st molecular weight and the lowest solubility under the working
onditions [100]. The use of HRP for the treatment of phenolic
ompounds is, compared to other conventional methods, efficient
nd not expensive [101]. Considerable efforts have been devoted

t optimizing the HRP-catalyzed removal of phenols from aque-
us solutions with no residual toxicity. An extension in the useful
ife of HRP has been achieved through the selection of an appro-
riate reactor configuration, enzyme immobilization and the use
rmation and phenol oxidation.
Polymer Sciences, Synthesis of Phenol Polymers Using Peroxidases, 194, 2006, page
tice displayed with material. Numbers only show sequence of structures.

of additives. Additives such as sodium borate, gelatin, talc, NaY and
PEG protect the enzyme from entrapment in the precipitating poly-
mers, or from inhibition by oxidation products. A review of these
and other results can be found in the work by Hamid and Khalil
[102].

Immobilization offers some protective effect against inactiva-
tion of HRP [103]. Dalal and Gupta [104] used supported HRP
enzyme immobilized by bio-affinity layering to convert the phe-
nol into free radicals. The biocatalyst was used for 10 min, then it
was removed and polymerization was  allowed to continue in the
absence of enzyme. By using this approach, immobilized HRP could
bring about complete conversion of p-chlorophenol from synthetic
wastewater. Bio-affinity-layered HRP preparation (1 IU ml/l) could
be used five times successfully, with 100% conversion of pen-
tachlorophenol.

Cheng et al. [105] observed that PEG improved the efficiency

of phenol removal by forming a protective layer in the vicinity of
the active center of HRP. PEG has a higher affinity to the polymer
product than to the enzyme. Similar results were reported for the
effect of PEG on HRP by Nazari et al. [106].
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Table 3
Hematin mechanism versus HRP mechanism.

HRP mechanism – Dunford Fenton mechanism ferryl-based for radical formation from AH2

NativeHRP + H2O2→ HRP * H2O2→ Compound I + H2O k = 107 Fe2+ + H2O2↔ Fe2+ ∗ H2O2→ FeO2+ + H2O slow heterolytic
Compound I + AH2→ Compound II + AH• Fe = O2+ + AH2→ FeOH3+ + AH• ? Not probable
Compound II + AH2→ NativeHRP + AH• + H2O FeOH3+ + AH2→ Fe2+ + H2O + AH• ? Not probable
2AH• → AH–AH See Table 1

Gómez et al. Hematin mechanism – H2O2 decomposition (Tappel, Bell)

Compound I + AH–AH → Compound II + AH–A• Hematin(FeIII) + HOOH → Hematin(FeII) + HOO• + H+ heterolytic, favored in presence of alcohols
Compound II + AH − AH → NativeHRP + AH − A• Hematin(FeIII) + HOOH → Hematin(FeIII) + HO• + HO•

Hemolytic – less probable with organic substrates present
2AH–A• → AH–A–A–AH Hematin(FeIII) + HOOH → Hematin(FeIII) * HO• + HO•

Hematin(FeIII) + HOOH → Hematin(FeIII) + HOO• + H2O
Hematin(FeII) + O2→ Hematin(FeIII) + O2

−

Dunford et al. secondary reactions Hematin mechanism (Akkara, Bell, Descombes)-phenoxyl radical formation

HRP ∗ H2O2 → Compound I
Compound I + H2O2 → P965

P965 + H2O2→ P940 → verdohemoprotein (P6790) + CO

Hematin(FeIII) + HOOH → Hematin(FeIV)O• + H2O

Compound II + H2O2→ Compound III + H2O Hematin(FeIV)O• + HOOH → Hematin(FeIV)OH + HOO•

Compound III → NativeHRP + O2
•− + H+ Hematin(FeIV)OH + HOOH → Hematin(FeIII) + H2O + HOO•

Compound III + PhOH → Compound I + PhO• + H2O Instead of HOOH, the H donor may be PhOH
Hematin(FeIII) + HOO• → Hematin(FeII) + H2 + O2

Hematin(FeIII) + O2
•− → Hematin(FeII) + O2

Hematin(FeII) + O2
•− + 2H+→ Hematin(FeIII) + H2O2

2Hematin(FeIII) → Hematin(FeIII)–O–Hematin(FeIII) + H2O At alkaline pH
Hematin(FeIII) + H2O2 → Hematin(FeIII)OH–OH
Hematin(FeIII)OH–OH + H2O2→ Hematin• (FeIV)O + H2O + O2
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.3.2.2. Some mechanistic aspects. Akkara et al. [107] performed
tructural studies of poly(4-phenylphenol) prepared by HRP catal-
sis. Using FT-IR and CP/MAS (cross polarization magic angle
pinning) 13C NMR  data, it was concluded that the major linkage
as the C–C coupling through the o-positions. From the possible

adicals formed, it is clear that the linkage through the orto-para
ositions was favored.

The generation of species present in the polyphenol is related
o the following sequence of reactions [108]:

OO• + AH2 → ROOH + AH• (32)

OO• + AH• → ROO− + AH•+ (33)

H•+ ↔ A• + H+ (34)

The organic radicals may  spontaneously react to form oligomers
nd polymers.

AH• → AH–AH (35)

AH–AH
H2O2/HRP−→ 2AH–A• + 2H2O (36)

AH–A• → AH–A–A–AH (37)

H• + AH–A• → AH–A–AH (38)

The generation of the phenoxyl radical (AH•) and the phenoxyl
adical cation (AH•+) explains the final polyphenol structure. The
henoxyl radical cation is strongly acidic and reactive, and it readily
ndergoes deprotonation, being its pKa −5 [109].

Peroxidase is inactivated by free radicals and also by oligomeric
nd polymeric products formed in the reaction mixture, which
ttach to the enzyme and inactivate it [110]. In addition, it has been

eported that the radicals formed using immobilized HRP remain
n the surface or near the enzyme, increasing the rate of inactiva-
ion reactions due to protein denaturation by radical attacks [111].

etal ions can coordinate to the oxidative site residues, leading to
atin (Fe )O + PhOH → Hematin(Fe )OH + PhO
atin(FeIV)OH + PhOH → Hematin(FeIII)OH2 + PhO•

atin(FeIII)OH2→ Hematin(FeIII) + H2O

enzyme activation. Nazari et al. [106] reported a mechanism to pre-
vent and control the suicide-peroxide inactivation of HRP by means
of the use of Ni2+ ion. The addition of the latter ion was  found to be
useful in phenol removal and peroxidatic conversion of reducing
substrates. The use of gels based on, for example, alginates, seems
promising in terms of activity and reusability for phenol conversion
at short times (approximately 1 h), but substantial improvements
are still needed [112].

2.4. Homogeneous and heterogeneous biomimetic systems

Biomimetics of HRP based on iron have been studied for several
years. Peroxidases are hemoenzymes that contain a ferriheme
moiety. The Ferriheme is the Fe3+ complex of protoporphyrin
IX. There are several problems related to the use of ferriheme
as a biomimetic, and for this reason other metalloporphyrins
have been explored. Stability, costs, separation and recovery, as
well as the need of mediators to be active are the main issues
to consider with metalloporphines. Therefore, many studies
focus on the immobilization of metalloporphyrins. The coordi-
nation between properly featured solid supports and the central
metal ions complexes within porphyrin macrocycles seems to
be the most promising approach. Different biomimetic immo-
bilized systems have been used as versatile peroxidase-like
catalysts (e.g. Fe-5,10,15,20-tetrakis(pentafluorophenyl)porphine
supported on pyridyl-functionalized, crosslinked polyvinyl alco-
hol [113] or imine complexes of iron such as 2,6 bis[1-2,6
diisopropylphenylimino-ethyl]pyridine Fechloride (FeB)) [114]).

Iron porphyrins, phtalocyanins and salen complexes
(salen N,N′-bis (salicylidene) ethane-1,2-diaminato) have also
been explored as catalysts for the removal of phenol and its

derivatives using hydrogen peroxide as oxidant [108,115,116].
Studies carried out with chlorinated phenols showed that, when
the number of chlorine atoms on the chlorophenols decreased, the
yield of the corresponding quinone also decreased and the number
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Fig. 9. Radicals (and their resonant forms) formed in the ph

f detected products increased. This suggests that substrates
ontaining additional C–Cl bonds could prevent polymerization
eactions, which inhibit further degradation [115].

The water-soluble iron sulfoporphyrins and sulfophthalocya-
ines were found to be active for the oxidations of chlorophenols
o chloroquinones in the presence of potassium monopersulfate.
n general, potassium monopersulfate is obtained as a double salt
alled “Oxone”. Several articles deal with potassium monopersul-
ate oxidation of chlorophenols using iron sulfoporphyrins and
ulfophthalocyanines with different additives, such as humic acids
117–121].

Hemmert et al. proposed a model where the oxidation of the
on-heme iron led to the formation of FeIV O by one-electron oxi-
ation of the iron ligand bis-di-2-pyridyl methyl amine (BDPMA).
hey demonstrated that neither the perferryl (through FeV O) nor
he hydroxyperoxy (FeIII–OOH) routes were adequate to explain
heir results. They proposed two major pathways: one leading
o benzoquinones, and the other one producing dimers through
–O or C–C coupling reactions [115]. Kamp and Lindsay Smith
122] reported a kinetic study of phenol oxidation in aqueous solu-
ion by a complex with Tetra(2-NMethylpyridyl)Porphyrin OFeIV
T2MpyP). A Hammett correlation analysis of the kinetic data
howed that this analogue of Compound II of HRP oxidized phe-
ols by hydrogen atom abstraction, in contrast with the enzyme
here oxidation occured by electron-transfer [123].
xidation using HRP/H2O2 and their main coupling products.

It has been shown that hydrogen peroxide reversibly coordi-
nates to the Fe porphyrin cation [124,125].  Bruice and coworkers
proposed that the oxygen–oxygen bond of the coordinated hydro-
gen peroxide undergoes homolytic cleavage to produce a hydroxyl
radical and one-electron oxidized FeIV porphyrin species [126,127].
Traylor and Xu proposed that acid-catalyzed heterolytic cleavage
of the oxygen–oxygen bond produces an equivalent of water and
a two-electron oxidized FeIV pi-radical cation species [124,125].
More recently, Nam and Han reported evidence indicating that both
heterolytic and homolytic cleavages can occur simultaneously, and
that the partitioning between the two  pathways depends upon the
composition of the porphyrin catalyst, the axial ligand, and the
oxidant [128] (see Fig. 10). The one-electron oxidized FeIV species
was shown to contribute exclusively to peroxide decomposition
[129]. Hydroxyl and hydroperoxyl radicals are involved in por-
phyrin degradation [130] and the production of dioxygen [2,131].

Hydrogen peroxide coordinates to Fe in HRP more readily
when it is more Lewis acidic and when intermolecular interac-
tions between the solvent and hydrogen peroxide are minimized.
Increasing the electron-withdrawing ability of the porphyrin ligand
or the presence of an axial ligand promote the heterolytic cleav-

age relative to homolytic cleavage of the oxygen–oxygen bond of
the hydrogen peroxide. In addition, the rate of heterolytic cleavage
increases with the concentration and acidity of the protic solvent
[126].
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Porphyrin degradation is minimized by increasing the reac-
ion rate and selectivity towards heterolytic cleavage. Supported
nd/or immobilized porphyrins are other important efforts for pre-
enting the self-degradation. The degradation can also be reduced
y halogenation of the phenyl groups attached to the porphyrin
ing [132,133].  The formation of oxo-dimers is more favorable for
lectron-poor porphyrins, but ortho-fluoro and ortho-chloro sub-
tituents offer steric protection that precludes the formation of
imers under the reaction conditions tested [130]. Hemin cata-

ysts are considered to suffer dimerization when, as in the case
f hematin, a hydroxyl group is attached [134]. This dimeriza-
ion is not allowed for the iron atom of HRP. The reaction rate
f HRP is several orders of magnitude higher than that of hemin,
ointing to a clear effect of the protein on the iron ability to
ctivate H2O2.

The reaction of porphyrin with a base has been proposed by
ruice and Balasubramanian [126] (X is a ligand on Fe):

Porph)FeIII(X)(H2O2)+ : B → (Porph)FeIV(X)(O) + HO• + BH (39)

Porph)FeIV(X)(O) + HO• + BH → (′′Porph)FeIV(X)(O) + H2O + B :

(40)

It has been proposed that the biomimetic could be generated in
itu through the use of metallic iron and EDTA in the presence of
2O2.

According to Bruice and Balasubramanian [126] Hematin cat-
lyzes the decomposition of organic hydroperoxides via the same
eactions reported for transition metal ions:

ematin(FeIII) + ROOH → Hematin(FeII) + ROO• + H+ (41)

On the other hand Tappel [135] proposed a scheme in which no
hange in the iron valence occurs, but that involves the homolytic
cission of the oxygen–oxygen bond of the ROOH molecule that
orms the alkoxy radical and hematin-bound hydroxyl radical:

ematin(FeIII) + ROOH → Hematin(FeIII) − HO• + RO• (42)

ematin(FeIII) − HO• + HOOH → Hematin(FeIII) + HOO• + H2O

(43)
The global reaction is:

OOH + ROOH → RO• + HOO• + H2O (44)
lysis A: Chemical 352 (2012) 1– 20 15

Among the major reactions reported for hematin, there are reac-
tions involving the consumption of O2, and reactions involving
hydrogen peroxide as substrate and different kinds of organic per-
oxides. The following reaction is related to oxygen consumption:

Hematin(FeII) + OO → Hematin(FeIII) + O2
− (45)

Another possibility for hydrogen peroxide consumption would
involve the following reaction sequence:

HOOH+ porph(FeIII) → HOO• + porph(FeII) + H+ (46)

HOOH + porph(FeII) → HO• + porph(FeIII) + HO− (47)

Apart from hydrogen peroxide, several organic peroxides have
been explored as oxidants as well. Van der Zee and Cervantes
[56] showed, using hematin and t-Bu-OOH, that the primary
radical is not the peroxyl but the alkoxyl radical in the heme
iron/hydroperoxide system. This mechanism was further sup-
ported by Bruice and Balasubramanian [126], who investigated
the reaction between tert-butyl hydroperoxide and (meso-
tetrakis(2,6-dimethyl-3-sulfonatophenyl)-porphinate)-Fe3+, a
water soluble and non-�-oxo-porphyrin. From product analysis
and UV/Vis spectroscopy studies, they concluded that the primary
species in this reaction was  most likely the alkoxyl radical.

There are few reports on hematin, but some of the selected ones
propose a mechanism similar to that of HRP [114,136],  whereas
other report a mechanism like the one presented by Bruice and Bal-
asubramanian [126] and worse, the work on mechanisms is scarce
[137–140]. Besides hematin, other iron complexes such as FeB have
been studied by our group. The main difference is the iron oxida-
tion status: Fe3+ in the case of hematin, and Fe2+ in the case of FeB.
Since a major drawback in the latter system is the lack of solubility
of FeB in water, a proper immobilization is required in order to be
applied to aqueous phenol treatment.

In the field of biomimetics, TAML (for tetraamido macrocyclic
ligand) activators, developed by the Green Oxidation Chemistry
(SA), are becoming extensively patented worldwide. The search
for hydrolysis-resistant biomimetic systems is continuous, and
research on the topic is especially active [140].

2.5. Comparative discussion

Table 3 shows the comparison of the mechanism accepted for
HRP with that proposed for hematin. From the comparison, it seems
that in the case of hematin, depending on the conditions, the
chelated iron may produce radicals from the reaction with H2O2
and also generate phenoxyl radical through an HRP-like mecha-
nism.

The overall picture in PhOH/H2O2 solutions with these systems
would be after the analysis of this information:

a) Fenton and Fenton-like systems have mainly non-chelated inor-
ganic iron and the generation of radicals takes place through
the reaction with H2O2

− not necessarily through hydroxyl rad-
icals that attack PhOH to generate phenoxyl radicals. Hydroxyl
radicals may  be generated later by the secondary reactions of
phenoxyl radicals. Radicals and anions may  be coordinated to
the iron species.

b) HRP attacks phenol through a three steps mechanism – involv-
ing H2O2 and PhOH – to generate phenoxyl radicals and water.

(c) Hematin, a hemin compound whose mechanism of action
seems similar to that of HRP, but at lower rate of phenoxyl
radical generation than in the HRP case. The homolytic rup-

ture of H2O2 is also feasible due to the presence of the OH in
hematin and then the generation of the hydroxyl radical may
occur, especially in absence of phenol. When phenol is present,
the heterolytic rupture of H2O2 would be favored.
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Following the published literature on the topic of porphyrins
eactions, it can be stated that in the presence of hemin the main
2O2 rupture would be heterolytic. Differences would arise in

econdary reactions of porphyrin group with the generated radi-
als and the subsequent porphyrin degradation and the formation
f oxo-dimers in the hematin versus HRP. The heme loss at low
henol/H2O2 concentration is predominantly caused by a radical
ttack in the case of HRP [141].

The catalase activity of HRP is likely to be influenced by bound
ater molecules in the active site. It has been suggested by Jones

142] that the absence or the presence of a water in the active site
etermines whether compound I reacts in a one-electron reduction
rocess (which is the normal reaction for peroxidases) or in a two-
lectron reaction (as catalases do). In the case of hematin there is no
protection” for the coordination of further H2O2 and the catalase-
ike reaction would be an important competence for the peroxidatic
eaction [94,143].

Hematin exists in aqueous solutions as a mixture of dimmers
nd monomers [114,136,144].  HRP is present as enzyme aggre-
ates of several HRP molecules, such as it happens with proteins in
queous solution. Other ions and species present in these solutions
ould affect coordination of iron, reactivity and steric hindrance to
isplacement of different ligands to coordinate H2O2 [91(a)].

. Removal mechanisms of selected phenolic derivatives

.1. General

A wide variety of phenolic compounds have been used as sub-
trates for peroxidases. Among the compounds tested as model
ubstrates are hydroxy-anthraquinones. The results of Arrieta-Báez
t al. [137] suggest that horseradish and the Senna angustifolia per-
xidases efficiently oxidize alizarin and purpurin (1,2-dihydroxy
nthraquinones) to produce the respective bianthraquinones. Per-
xidase synthesizes bi-anthraquinones from anthracenones or
nthraquinones. Considering phenol derivatives, 1-napthol was
ne of the best characterized in terms of its mechanism of polymer-
zatoin with HRP/H2O2. Regarding naphtol degradation pathways,
t was possible to detect several naphtol polymerization products
NPP). According to this model, 1-naphthol is initially transformed
o free radicals or naphthoquinones by HRP. These reactive inter-

ediates may  undergo self-coupling with each other, or participate
n cross-coupling reactions with previously generated polymeriza-
ion products through C–C and C–O bond formation. Their results
uggest that naphtol polymerization occurs preferentially through
–C bonding, which results in the production of oligomers with

ntact –OH groups. It is probable that several of these OH-containing
ligomers retain a high degree of polarity. Unlike phenol poly-
erization products, which are predominantly less polar than the

arent solute, naphtol polymerization resulted in the production
f some NPP species that were more polar than 1-naphthol [138].

In addition, there are several studies related to the application
f HRP in the removal of azo-dyes that include phenolic groups in
heir structure [139]. Since the present review is mainly focused in
he mechanistic aspects rather than in experimental results, these
tudies will be only briefly discussed here.

.2. Removal of phenolic dyes and pigments

Research on the mechanisms of dye removal using HRP pub-
ished in the open literature is scarce. Direct Blue 54 and Direct
ed 31 are sulfonic salts of complex azo dyes with multiple

ubstituents (OH and NH2). It was reported that the concentrations
f H2O2 and Fe, pH, temperature and reaction time are the five
eading factors affecting the extent of degradation [138,139].  The
yes are mineralized by Fenton’s reagent [145]. Other published
alysis A: Chemical 352 (2012) 1– 20

studies used Amido black 10B dye as substrate [146]. Our group
recently studied the degradation of Alizarin and Eriochrome Blue
Black R (EBBR) using free HRP or hematin in the presence of H2O2
[147,148].  The removal of synthetic dyes from wastewaters has
been reviewed by Forgacs et al. [149].

3.2.1. Antraquinone dyes
Pirillo et al. [147] studied the degradation of alizarin in

HRP/H2O2 and hematin/H2O2 systems using high [H2O2]. The anal-
ysis of UV/Vis spectra showed an efficient alizarin removal for
both systems. However, in the presence of HRP the processes
were much faster and the efficiencies somewhat higher than those
observed in the presence of hematin. The profiles of dissolved oxy-
gen concentration showed that alizarin removal in hematin/H2O2
systems involved O2 consumption. In contrast, alizarin removal
in HRP/H2O2 systems involved evolution of O2. This was mainly
associated with a catalase-like activity of HRP.

3.2.2. Azo dyes
Pirillo et al. [148] compared the behavior of Eriochrome Blue

black R (EBBR) in HRP/H2O2 and Hematin/H2O2 systems. The com-
parison of UV/Vis spectra showed noticeable differences in the
decolorization mechanism since, depending on the catalyst used,
batochromic or hypsochromic shifts were observed for the spec-
tral evolution of the reaction mixtures. An important increase
of absorption around 760 nm was observed in the presence of
hematin. This was  attributed to the formation of compounds with a
higher degree of conjugation. On the other hand, the main dye band
of EBBR practically disappeared in the presence of peroxidase, and
a new band appeared at 390 nm.

In addition, the profiles of dissolved oxygen concentration
showed substantial differences during the first reaction stages,
since O2 was consumed in the presence of hematin but released
in the presence of HRP. The consumption of oxygen during EBBR
degradation in the presence of hematin was explained by tak-
ing into account the formation of organic peroxyl radicals during
the initial steps of oxidative degradation, whereas the release of
molecular oxygen in the presence of HRP was ascribed to the high
catalase-like activity of peroxidase.

The differences observed between peroxidase and hematin cat-
alyzed systems suggest different reaction pathways during the
initial degradation stages of each catalyst: condensation reactions
in the presence of hematin, and degradation in the presence of
peroxidase.

3.3. Lignin removal

Lignin is a polymeric structure of the monomers p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol. The reactivity and
mechanism of catalytic lignin degradation are dependent both on
the type of lignin bonds within monomers and on the topology
of the reaction media. In native lignin, 50–70% of linkages are
8–O–4 bonds, whereas in synthetic lignin (in vitro polymerization
of coniferyl alcohol units by HRP/H2O2) 8–8 and 8–5 linkages pre-
vail [150]. Moreover, kraft lignin is highly modified with respect to
native lignin, exhibiting a significant amount of 5–5 linkages and
diphenylmethane substructures [16]. Therefore, the differences in
the kinetic behavior observed between in situ and in vitro lignin
degradation result from the fact that the degradation rate depends
on several factors that include the physical state of the reaction
media, the accessibility of the oxidant to lignin structures, and the
availability of reactive sites [16,151].
The published literature on lignin degradation using HRP, iron-
based biomimetics or Fenton systems is rather scarce. One of the
reasons is the structural complexity of lignin. Fenton reagent’s
was effective in the degradation of lignin [152], residual black
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iquor [153,154],  and steam lignin [155]. High concentrations
f H2O2 were required to achieve lignin degradation, whereas
olymerization occurred at lower oxidant concentrations [153].
enton-produced •OH radicals are involved in the lignin degrada-
ion by white-rot fungi (WRF). With these WRF  a quinone redox
ycle generates superoxide radicals, which reduce Fe3+ to Fe2+,
nd this ion reacts with extracellular-produced H2O2 in a Fen-
on fashion [156]. In addition, Fenton-based treatment readily
pened the structure of the ligno-cellulosic matrix in spruce wood,
eleasing cellulose fibrils from the matrix. Limited demethoxyla-
ion and side chain oxidation also occurred [157]. As reported by
158], the oxidation of a dimeric lignin model compound by Fen-
on’s reagent was unspecific for the erythro or threo forms, in
ontrast with preferential degradation of the threo form by lig-
olytic enzymes. The efficiency of Fenton degradation of lignin and

ignin model compounds was dramatically enhanced by the use of
ihydroxybenzenes and cathecolate chelators (chelator-mediated
enton reactions, CMFR) [159,160].  Dihydroxybenzenes chelate
nd reduce Fe3+ to Fe2+, increasing its reactivity. Furthermore, these
omplexes probably participate in •OH radical production [161].
his non-enzymatic process occurs in wood degradation by brown-
ot fungi. Heterogeneous Fenton systems (FeZSM-5 zeolite) showed

 much lower lignin oxidation rate, probably due to steric hindrance
n the catalytic surface [152].

It was reported that peroxidase prefers low molecular weight
ubstrates [82], however in the absence of phenols the enzyme
atalyzes lignin oxidation [162]. HRP seems to display a ping-
ong mechanism with lignin and lignin model compounds
163]. Although internal rearrangements of the lignin substrate

ay  occur, the HRP/H2O2 system does not depolymerize lignin
163,164].  Indeed, preferential degradation of 8–5 and 8–1 lignin
imeric structures occurs instead of the degradation of 5–5 and
–O–5 lignin substructures [164]. A number of reports deal with
olymerization and copolymerization of lignin fragments by
RP/H2O2 [165–167]. The formation of phenoxy radicals able

o participate in coupling reactions was confirmed in all these
orks. Veratryl alcohol is a typical non-phenolic lignin model

ompound and a secondary metabolite that acts as a mediator
n the ligninase-catalyzed oxidation of lignin. Veratraldehyde
nd 2-hydroxymethyl-5-methoxy-2,5-cyclohexadiene-1,4-dione
ere the two major oxidation products when veratryl alcohol
as treated by HRP/H2O2 in ionic liquids [168]. HRP exhibited a
igher activity in ionic liquids than in aqueous medium, and this
as attributed to the stabilization of the high-valent oxoiron (IV)
-cation radical (intermediate in the HRP mechanism) generated

n the reaction.
Joo et al. [169] achieved de-polymerization of a polyphenol by

RP, which was previously produced by the same enzyme. High
2O2 concentration levels in a dioxane/aqueous 50:50 buffer sys-

em were required for depolymerization. The involvement of HRP
n this degradation process was confirmed. It was  proposed that
RP-Compound III is the active species in the degradation process
ue to its appearance under the depolymerization conditions at
igh H2O2 concentrations. Compound III of peroxidase is known
s a ferric ion-superoxide complex that exists as a resonance
tructure: H+-FeIII-O2

•− ↔ H+-FeII-O2. There is a fairly general
greement that the ferric ion superoxide complex is the predomi-
ant species. The authors concluded that superoxide anions (O2

−)
re the main cause of depolymerization, since the reaction to form
he native peroxidase from Compound III produces superoxide
nions [169]. In addition, Durán et al. [170] also observed that
RP-Compound III was the most reactive intermediate acting

n lignin. In fact, the second order rate constant of Compound
II formation was determined to be 10-fold higher in 50% diox-
ne/buffer than in aqueous buffer [169]. This is in agreement
ith the findings of Dordick et al. [171], who also observed, at
lysis A: Chemical 352 (2012) 1– 20 17

high H2O2 initial content, depolymerization of synthetic and
natural lignin by HRP in dioxane, but not in aqueous solution. The
scheme proposed by Joo et al. [169] states that at relatively high
H2O2 concentrations Compound III can be easily formed via the
Compound II* state. Therefore, phenol polymerization is slowed
down and de-polymerization occurs under those conditions.

Zakzeski et al. [172] recently reviewed non-enzymatic lignin
oxidations, including biomimetic systems with metal ions and oxi-
dants different from iron and hydrogen peroxide, respectively. The
oxidation behavior of iron porphyrins on isolated lignin and resid-
ual kraft lignin has not been much explored. There are few examples
of iron porphyrins applied to the degradation of spruce lignin [151],
kraft lignin [16,173] or sodium lignosulfonate [174]. In general, iron
porphyrins are able to de-polymerize lignin and mimic  the action
of ligninolytic enzymes. The reactions involve 8–O–4 bond cleav-
ages, side chain oxidations, ring opening and de-methoxylation
reactions. 2-methoxyphenol, 4-hydroxybenzaldehyde, vanillin and
vanillic acid were found as end-products [164,173].  On the other
hand, re-polymerization may  also occur [9,174].  However, cou-
pling reactions were not observed when spruce wood, instead of
isolated lignin, was treated. The latter result is probably associ-
ated with the immobilization of generated radicals in the cell wall
[164]. Mn-porphyrins seemed also to suppress condensation reac-
tions, and were therefore evaluated as being more suitable for lignin
degradation [15]. Hemoglobin demonstrated superior selectivity
and efficiency for ligno-sulfonate degradation than FeSO4 or Fe-
EDTA systems in a pulp model in the presence of cellulose at high
H2O2 levels [174]. This indicates the involvement of a ligninase-
like mechanism rather than an unselective Fenton-like mechanism.
Type and position of the substituents in the aromatic ring seemed to
play a significant role in the reaction mechanism and the formation
of different products. In contrast, iron porphyrins were unable to
cleave neither 5–5 byphenyl nor diphenylmethane substructures,
which are present in significant amounts in Kraft lignins. Oxidized
dimeric structures and p-quinones were formed instead [9].  Immo-
bilized iron porphyrins were found to be active for the oxidation
of lignin model compounds, and acted in a similar fashion as HRP
[168] or lignin-peroxidases [113]. The activity of tetrakis (pentaflu-
orophenyl) porphine-iron(III) chloride was dramatically enhanced
upon addition of Mn2+ [113]. However, this approach is not envi-
ronmentally friendly. Haikarainen et al. [116] obtained oligomeric
structures of coniferyl alcohol in the presence of Fe-salen com-
plexes. Racemic mixtures of 8–O–4, 8–5 and 8–8 oligomers were
observed in a 1:1:1 proportion. The same regiochemistry was  also
observed with HRP-catalyzed reaction.

The lignin degrading action of porphyrins can also operate by
a different mechanism, the active species being a hydroxyl rad-
ical instead of a superoxide radical anion [171,175].  High H2O2
levels deactivate metallic porphyrins due to homolytic O–O cleav-
age and hydroxyl radical generation. Hydroxyl radicals attack the
phenolic rings and generate oxidized structures up to mineral-
ization in a Fenton fashion. On the other hand, the aminoacidic
conformation around the active site of HRP ensures the heterolytic
O–O cleavage of H2O2. Axial coordination of the central metal on
porphyrins with imidazole or pyridine has demonstrated to favor
H2O2 heterolytic cleavage, thus protecting HRP activity [113]. Sur-
prisingly, reported iron porphyrins having a degradative action on
lignin were not axially coordinated. Data on porphyrins stability
have not been reported in the open literature. Effective hydroxyl
radical generation was  observed during lignin degradation by
hemoglobin [174].
4. Conclusions

The homogeneous Fenton reaction generates high amounts of
radicals (HO•, HO2

•, O2
•−) that react with phenolic compounds
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esulting in substrate degradation as the main reaction path-
ay. The heterogeneous Fenton systems can be highly effective

o degrade phenolic compounds. Mimicking as much as possible
he electronics of the homogeneous Fenton reaction improves the
ctivity and stability of immobilized Fenton systems.

The HRP/H2O2 system generates a high initial concentration of
pecies such as AH• or A•− depending on the pH of the reaction
edia and on the substituents in the phenolic moiety. The main

on-organic radical involved in many reaction steps of HRP/H2O2
ystems is O2

•−.
With the relatively high concentrations of inorganic radicals

sually found in Fenton systems, the main pathway of phenols
nvolves from degradation and phenyl ring opening to mineraliza-
ion. On the other hand, at the rather high concentrations of organic
adicals obtained during the first stages of HRP/H2O2 treatment,
he preferred pathway is from dimerization to polymerization. At
igh H2O2 concentration, HRP may  degrade phenolic compounds of
igh molecular weight. Biomimetics based on chelated iron share
ome mechanistic details with HRP, but the relative importance
nd stability of the structures proposed for Compounds I, II and
II are different. Fenton and biomimetic systems seem to work
hrough degradation reactions followed by either mineralization
r the formation of strong Fe3+ complexes, such as those with cer-
ain carboxylic acids. Lignin fragments seem to be polymerized by
RP at typical reaction conditions, whereas lignin polymers are
egraded using Fenton reaction or biomimetic catalysts.

The main in vitro application of HRP is the generation of phe-
oxy radicals through HRP-Compound I and HRP-Compound II

ntermediates. If the superoxide radical is the active species in
he HRP-Compound III degrading action, the use of aprotic sol-
ents could favor degradation over polymerization mechanism.
RP suffers from radical attacks and protein denaturation with

he formation of compound P670 at high H2O2 concentration,
hereas Hematin undergoes dimerization and probably porphyrin

ing degradation in an oxidizing environment.
Based on the concluding remarks, different approaches are pos-

ulated in order to favor the oxidative degradation of a given
ubstrate (monomeric or polymeric) when using HRP or biomimet-
cs as catalysts and H2O2 as additive: (a) the control of the
roportion of organic to inorganic radicals generated using dif-
erent initial molar ratios among oxidant, organic compound and
atalyst; (b) the modification of the different active species concen-
rations derived from HRP (or biomimetics) through the oxidant
oncentration and its feeding strategy in the reaction medium; (c)
he selection of a suitable solvent to inhibit the disproportioning
eaction of active inorganic radicals or a selection of ligands to the
ron mimicking this effect; (d) the immobilization in suitable sup-
orts to avoid secondary reactions affecting HRP or its biomimetics.
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Bullón, M.A. Lara, N. Dmitrieva, Appl. Biochem. Biotechnol. – Part A Enzyme
Eng. Biotechnol. 97 (2) (2002) 91–103.

[154] F. Torrades, S. Saiz, J.A. García-Hortal, J. García-Montaño, Environ. Sci. Technol.
25  (1) (2008) 92–98.

[155] G. Bentivenga, C. Bonini, M. D’Auria, A. De Bona, Biomass Bioeng. 24 (3) (2003)
233–238.

[156] V. Gómez-Toribio, A.B. García-Martín, M.J. Martínez, Á.T. Martínez, F. Guillén,
Appl. Environ. Microbiol. 75 (12) (2009) 3944–3953.

[157] V. Arantes, Y. Qian, J. Biol. Inorg. Chem. 14 (8) (2009) 1253–1263.
[158] C. Bohlin, P.O. Andersson, K. Lundquist, L.J. Jonsson, J. Mol. Catal. B: Enzyme

45  (1–2) (2007) 21–26.
[159] D. Contreras, J. Freer, J. Rodríguez, Int. Biodeterior. Biodegrad. 57 (1) (2006)

63–68.
[160] V. Arantes, A.M.F. Milagres, J. Hazard. Mater. 141 (1) (2007) 273–279.
[161] D. Contreras, J. Rodríguez, J. Freer, B. Schwederski, W.  Kaim, J. Biol. Inorg.

Chem. 12 (7) (2007) 1055–1061.
[162] D.L. Kaplan, Phytochemistry 18 (12) (1979) 1917–1919.
[163] R. Hartenstein, E.F. Neuhauser, R.M. Mulligan, Phytochemistry 16 (11) (1977)

1855–1857.
[164] B. Kurek, B. Monties, Enzyme Microb. Technol. 16 (2) (1994) 125–130.
[165] J.L. Popp, T.K. Kirk, J.S. Dordick, Enzyme Microb. Technol. 13 (12) (1991)

964–968.
[166] A. Guerra, A. Ferraz, A.R. Cotrim, F.T. Da Silva, Enzyme Microb. Technol. 26
(5–6)  (2000) 315–323.
[167] S. Groenqvist, L. Viikari, M.L. Niku-Paavola, M.  Orlandi, C. Canevali, J. Buchert.

Appl. Microb. Biotechnol. 67 (4) (2005) 489–494.
[168] A. Kumar, N. Jain, S.M.S. Chauhan, Synlett 3 (2007) 411–414.
[169] H. Joo, H.J. Chae, J.S. Yeo, Y.J. You, Proc. Biochem. 32 (4) (1997) 291–296.



2 ar Cat
0 I. Magario et al. / Journal of Molecul
[170] N. Durán, H. Mansilla, C.C.L. Leite, A. Faljoni-Alario, J. Inorg. Biochem. 34 (2)
(1988) 105–115.

[171] J.S. Dordick, M.A. Marletta, A.M. Klivanov, Biochemistry 83 (1986) 6255–6257.
[172] J. Zakzeski, P.C.A. Bruijnincx, A.L. Jongerius, B.M. Weckhuysen, Chem. Rev. 110

(6)  (2010) 3552–3599.
alysis A: Chemical 352 (2012) 1– 20
[173] O. Suparno, A.D. Covington, C.S. Evans, J. Chem. Technol. Biotechnol. 80 (1)
(2005) 44–49.

[174] C.C. Walker, T.J. McDonough, R.J. Dinus, K.E.L. Eriksson, Holzforschung 55 (4)
(2001) 391–396.

[175] J.F. Kadla, H.M. Chang, ACS Symp. Series 785 (2001) 108–129.


	Mechanisms of radical generation in the removal of phenol derivatives and pigments using different Fe-based catalytic systems
	1 Introduction
	2 Reaction mechanisms
	2.1 Homogeneous Fenton systems
	2.1.1 Definition
	2.1.2 Iron chemistry
	2.1.3 Inorganic Fenton reactions
	2.1.4 Organic Fenton reactions
	2.1.5 Biphasic Fenton kinetics

	2.2 Heterogeneous Fenton systems
	2.3 Homogeneous and heterogeneous HRP systems
	2.3.1 Enzymatic cycle description
	2.3.2 Phenol transformation by HRP/H2O2
	2.3.2.1 Efficiency of enzymatic treatments
	2.3.2.2 Some mechanistic aspects


	2.4 Homogeneous and heterogeneous biomimetic systems
	2.5 Comparative discussion

	3 Removal mechanisms of selected phenolic derivatives
	3.1 General
	3.2 Removal of phenolic dyes and pigments
	3.2.1 Antraquinone dyes
	3.2.2 Azo dyes

	3.3 Lignin removal

	4 Conclusions
	Acknowledgements
	References


