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Abstract In this article an effort has been made to
review literature based on the role of peroxidases in
the treatment and decolorization of a wide spectrum
aromatic dyes from polluted water. Peroxidases can
catalyze degradation/transformation of aromatic dyes
either by precipitation or by opening the aromatic
ring structure. Peroxidases from plant sources; horse-
radish, turnip, tomato, soybean, bitter gourd, white
radish and Saccharum uvarum and microbial sources;
lignin peroxidases, manganese peroxidases, vana-
dium haloperoxidases, versatile peroxidases, dye
decolorizing peroxidases have been employed for
the remediation of commercial dyes. Soluble and
immobilized peroxidases have been successfully
exploited in batch as well as in continuous processes
for the treatment of synthetic dyes with complex
aromatic molecular structures present in industrial
effluents at large scale. However, recalcitrant dyes
were also decolorized by the action of peroxidases in
the presence of redox mediators.
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Abbreviations

HRP Horseradish peroxidase
BGP Bitter gourd peroxidase
BPB Bromophenol blue

Con A Concanavalin A

COD Chemical oxygen demand
DyP Dye decolorizing peroxidase

HOBT 1-Hydroxybenzotriazole
LiP Lignin peroxidase

MnP Manganese peroxidase
MP 11 Microperoxidase 11

M, Molecular weight

rDyP  Recombinant dye decolorizing peroxidase
RBBR Remazol brilliant blue R
SBP Soybean peroxidase

Sp Sulfonaphthalein

TMP Tomato peroxidase

TOC Total organic carbon

TP Turnip peroxidase

VHP Vanadium haloperoxidase
VA Veratryl alcohol

VP Versatile peroxidase
VLA Violuric acid

WRP  White radish peroxidase
WRF  White rot fungi

1 Introduction

Since 1856, when the first synthetic dye was reported,
the use of dyes in industries and household has
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increased remarkably. There are more than 10,000
dyes available commercially and about 7 x 10°
metric tons of dyestuffs are produced annually
(Zollinger 1991; Aksu and Tezer 2005). The main
consumers of dyes are the textile, plastic, tannery,
paper and pulp and electroplating industries (Rai
et al. 2005). Dyes are also used as additives in
petroleum products. In addition to above mentioned
applications of dyes, a number of dyes and dyestuffs
are also used in the food, pharmaceutical and
cosmetic industries (Harazono and Nakamura 2005).
The huge growth in the textile dyeing and dyestuff
manufacturing industries has resulted in an immense
increase in the volume and complexity of the
wastewater discharged to the environment. During
textile processing, inefficiencies in dyeing resulted in
a large amount of dyestuff being directly lost in
wastewater, which ultimately finds its way into the
environment. Most of the used dyes lost about
15-20% in the effluent during dyeing processes
while in the case of reactive dyes, as much as 50%
of the initial dye load moved to the dye bath effluent
(Azmi and Banerjee 2001). The presence of even
very low concentrations of dyes in effluent is highly
visible and undesirable (Hao et al. 2000).

Intensive industrial and agricultural activities
during twentieth century have led to a considerable
contamination of soil and water by toxic organic
pollutants, which may have catastrophic impact on
human health and environment (Torres et al. 2003;
Bhole et al. 2004). Like the climate change issues,
biodiversity and increasing municipal waste genera-
tion, these ‘‘red lights’ signal pressures on the
environment for which urgent measures are needed.
Among the industrial effluents, wastewater from
textile and dyestuff industries is one of the most
difficult to treat. This is because dyes usually have
synthetic and complex aromatic molecular structures,
which make them more stable and difficult to degrade
(Padmesh et al. 2005). Dye effluent usually contains
chemicals, including dye itself that may be toxic,
mutagenic or carcinogenic to various microbiological
and aquatic animals. Concern arises, as several dyes
are made of known carcinogens such as benzidine
and other aromatic compounds (Robinson et al.
2001). It has been reported that azo and nitro
compounds have reduced in sediments of aquatic
bodies, consequently yielded potentially carcinogenic
amines that spread in the ecosystem (Verma et al.
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2003). The presence of dyes or their degraded
products in water can also cause human health
disorders such as nausea, hemorrhage, ulceration of
skin and mucous membranes and the presence of such
compounds also resulted into severe damage to the
kidney, reproductive system, liver, brain and central
nervous system. These concerns have led to new and
stricter regulations related to colored wastewater
discharges, compelling the dye manufacturers and
users to adopt “cleaner technology” approaches, for
instance, development of new lines of ecologically
safe dyeing auxiliaries and improvement of exhaus-
tion of dyes onto fiber (Hao et al. 2000; Rott 2003;
Hai et al. 2007).

2 Chemical and physical methods for dye
decolorization

Water pollution control is presently one of the major
thrust areas of scientific research. However, the
colored organic compounds generally impart only a
minor fraction of the organic load to wastewaters but
their color renders them aesthetically unacceptable
(Anjaneyulu et al. 2005). Stringent regulations have
been imposed on industries to treat their waste
effluents prior to their final discharge in the environ-
ment. Several decolorization techniques have been
reported during past two decades, but very few of
them have been accepted by some industries.

3 Biological methods for dye decolorization
and their limitations

Biological processes have attracted as an viable
aleternative to the known chemico-physical methods
due to their cost, effectiveness and environmental
benignity (McMullan et al. 2001; Chen et al. 2003).
These processes have potential to mineralize dyes to
harmless inorganic compounds like CO,, H,O and
the formation of a lesser quantity of relatively
insignificant amount of sludge (Mohan et al. 2002).
Many researchers have demonstrated partial or com-
plete biodegradation of dyes by pure or mixed
cultures of bacteria, fungi and algae. Numerous types
of microorganisms have been isolated in recent years
that are able to degrade dyes previously considered
non-degradable (Stolz 2001; Nyanhongo et al. 2002).
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Biological treatment for degradation of textile efflu-
ents may be aerobic, anaerobic or combination of
both depending on the type of microorganism being
employed (Keharia and Madamvar 2003).

Chung et al. (1978) have reported that the bacterial
(Bacillus subtilis) cultures were capable of degrading
azo dyes. Later on the use of different other bacteria
in the decolorization of dyes have also been demon-
strated. Several investigators have shown that mix-
tures of dyes were decolorized by anaerobic bacteria
in 24-30 h, using free growing cells or in the form of
biofilms on various support materials (Robinson et al.
2001). Pearce et al. (2003) described the use of whole
bacterial cells for the reduction of water-soluble dyes
present in textile effluents. Moreover, bacteria
including Citrobacter sp., Kurthia sp., Corneybacte-
rium and Mycobacterium sp. and a mixed culture
consisting of Pseudomonas mendocina and Pseudo-
monas alcaligenes could also successfully degrade
triphenylmethane dyes from solution (Rai et al.
2005). Parshetti et al. (2006) evaluated that Malachite
Green (C.I. Basic Green 4; 50 mg 171) was com-
pletely decolorized under static anoxic conditions
within 5 h by bacteria Kocuria rosea MTCC 153. It
has been reported that Kocuria rosea cells have
potential to decolorize azo, triphenylmethane and
other industrial dyes; Cotton Blue, Methyl Orange
(Acid Orange 52), Reactive Blue 25, Direct Blue 6,
Reactive Yellow 81 and Red HE4B. Sulfonated azo
dyes were decolorized by two wild type photosyn-
thetic bacterial strains (Rhodobacter sphaeroides
AS1.1737 and  Rhodopseudomonas  palustris
AS1.2352) and a recombinant strain (Escherichia
coli YB). All the strains could decolorize azo dyes up
to 900 mg 17" (Liu et al. 2007).

The majority of studies on biological decolorization
have been focused on fungal strains. Decolorization of
the azo dyes; Orange II, Tropeolin O (Acid Orange 6),
Congo Red (Direct Red 28), Acid Red 114, Acid Red
88, Biebrich Scarlet, Direct Blue 15, Chrysophenin-
etetrazine and Yellow 9 and the triphenylmethane
dyes; Basic Green 4, Crystal Violet (Basic Violet 3),
Brilliant Green, Cresol Red, Bromophenol Blue (BPB)
and Para Rosanilines by various fungi have been
reported (Selvam et al. 2003). Pointing (2001) studied
the degradation of azo, anthraquinone, heterocyclic,
triphenylmethane and polymeric dyes by Phanerocha-
ete chrysosporium. Trametes versicolor, Bjerkandera
adusta and Phanerochaete chrysosporium were able to

decolorize commercially used reactive textile dyes;
Reactive Orange 96, Reactive Violet 5 and Reactive
Black 5 and two phthalocyanine dyes; Reactive Blue
15 and Reactive Blue 38 (Heinfling et al. 1997).
Matthew and Bumpus (1998) reported degradation of
Congo Red by Phanerochaete chrysosporium in agi-
tated liquid cultures. Aspergillus foetidus (Sumathi and
Manju 2000), Phanerochaete chrysosporium (Mielgo
et al. 2001), Trametes versicolor (Borchert and Libra
2001), Trametes hirsute (Abadulla et al. 2000) Cori-
olus versicolor (Kapdan and Kargi 2002)), Cunning-
hamella polymorpha (Sugimori et al. 1999),
Geotrichum candidum (Yang et al. 2003) and Rhizopus
arrhizus (Aksu and Tezer 2005) are the major fungal
strains used for the purpose of dye decolorization.
Some workers have reported decolorization of sulfur
containing dyes by using WREF, Dichomitus squalens
and Coriolus versicolor (Eichlerova et al. 2006a;
Sanghi et al. 2006).

The degradation of few of azo dyes by algae was
also evaluated by some workers (Semple et al. 1999).
It was observed that more than 30 azo compounds
were decolorized and biodegraded into simpler
aromatic amines by Chlorella pyrenoidosa, Chlorella
vulgaris and Oscillateria tenuis (Yan and Pan 2004).
The potential of Cosmarium species, belonging to
green algae, was investigated as a viable biomaterial
for biological treatment of triphenylmethane dye;
Malachite Green (Daneshvar et al. 2007).

Dye effluents were poorly decolorized by conven-
tional biological treatments and might be toxic for the
microorganisms present in the treated effluent plants
due to their complex aromatic structures. Further-
more, following anaerobic digestion, nitrogen-con-
taining dyes were transformed into aromatic amines
which were found more toxic and mutagenic than the
parent molecules (Gottlieb et al. 2003; Zouari-
Mechichi et al. 2006). Biological degradation of dyes
included properties such as water solubility, large
molecular weight (M) and fused aromatic ring
structures, which inhibited permeation through bio-
logical cell membranes. Other limitations of using
microbes for treating pollutants were high costs of
production of microbial culture, slow process of
decolorization/degradation of dyes and metabolic
inhibition (Duran 2000; Husain and Jan 2000; Nazari
et al. 2007). Various organisms have been used for
the complete degradation of aromatic compounds but
much success has not been achieved yet.
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4 Enzymatic approach

The implementation of increasingly stringent stan-
dards for the discharge of wastes into environment
has necessitated the need for the development of
alternative processes for waste treatment. A large
number of enzymes from different plants and micro-
organisms have been reported to play an important
role in an array of waste treatment applications
(Mielgo et al. 2001; Husain 2006). This was mainly
because, unlike the chemical catalysts, the enzymatic
catalysis showed its merits to convert complex
chemical structures under mild environmental condi-
tions with high efficiency (Husain 2006; Husain and
Husain 2008; Michniewicz et al. 2008). The variety
of chemical transformations catalyzed by enzymes
has made these catalysts a prime target of exploita-
tion by the emerging biotechnological industries.
Enzymes can act on specific recalcitrant pollutants to
remove them by precipitation or transformation to
other products (Akhtar and Husain 2006; Rojas-
Melgarejo et al. 2006). They can also alter properties
of a given waste to render it more acceptable for the
treatment or help in transforming waste material to
value-added products (O’Neill et al. 1999).
Enzymatic systems fall between the two tradi-
tional categories of chemical and biological pro-
cesses, since they involved chemical reactions based
on the action of biological catalysts (Anjaneyulu
et al. 2005). Enzymes that have been isolated from
their parent organisms were often preferred over
intact organisms containing the enzymes because the
isolated enzymes offered several advantages such as
greater specificity, better standardization, easy han-
dle and store and no dependence on bacterial growth
rates (Husain and Husain 2008; Husain et al. 2009).
Due to their high specificity to individual species or
classes of compounds, enzymatic processes can be
developed to target specific compound which is
dangerous to the environment (Ryan et al. 2003).
The compounds those can be treated by enzymatic
system usually cannot be targeted effectively or
reliably using traditional techniques (Kadhim et al.
1999; Couto and Sanroman 2007). Alternatively,
enzymatic treatment can be used as a pretreatment
step to remove one or more compounds that can
interfere with subsequent downstream treatment
processes. For example, if inhibitory or toxic
compounds can be removed selectively, the bulk

@ Springer

of the organic material could be treated biologically,
thereby minimizing the cost of treatment (Gianfreda
and Rao 2004). Due to susceptibility of enzymes to
inactivation by the presence of other chemicals, it is
likely that enzymatic treatment would be most
effective in those conditions where the highest
concentration of target contaminants and the lowest
level of other contaminants that may tend to
interfere with enzymatic treatment are present
(Ghioureliotis 1997). It is suggested that the fol-
lowing situations are those where the use of
enzymes might be most useful. Removal of specific
chemicals from a complex industrial waste prior to
on-site or off-site biological treatment is necessary.
Treatment of low-volume, highly-concentrated
wastewater at the point of its generation permitted
reuse of decontaminated water which facilitated the
recovery of soluble products or the removal of
pollutants known to cause problems downstream
when mixed with other wastes from the plant
(Karam and Nicell 1997).

Some potential applications of enzymes that have
been identified for the improvement of waste quality
included the transformation of aromatic compounds,
cyanide, color-causing compounds, pesticides, sur-
factants and heavy metals (Duran 2000; Karam and
Nicell 1997; Basheer et al. 2004). Before the full
potential of enzymes may be realized, a number of
significant issues should be addressed. These
include: development of low-cost sources of
enzymes in quantities that are required at the
industrial scale, demonstration of the feasibility of
utilizing the enzymes efficiently under the condi-
tions encountered during wastewater treatment,
characterization of reaction products and assessment
of their impact on downstream processes or on the
environment into which they are released and
identification of methods for the disposal of solid
residues (Lopez et al. 2002; Akhtar et al. 2005a;
Alcalde et al. 2006; Mao et al. 2006). Current
research work has focussed on these issues, partic-
ularly for the development of enzymatic treatment
systems that carried the removal of aromatic com-
pounds from wastewaters. The enzymatic decolor-
ization of industrial dyes has a challenge due to
large diversity of chemical structures among the
synthetic dyes, which included anthraquinones, azo,
nitro, nitroso and polyenes compounds (Wesenberg
et al. 2003; Akhtar et al. 2005b).
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5 Oxidative enzymes in dye removal

In the early 1980’s, researchers have developed an idea
of using oxidoreductases for the remediation of water
contaminated by aromatic pollutants (Duran 2000;
Husain and Jan 2000; Duran et al. 2002). This
procedure has an advantage because these enzymes
can act on a broad range of substrates, like phenols,
chlorophenols, methylated phenols, bisphenols, ani-
lines, benzidines and other heterocyclic aromatic
compounds under dilute conditions and are less
sensitive to operational upsets than the microbial
populations (Husain and Husain 2008; Held et al. 2005;
Gonzalez et al. 2006). The major oxidoreducatases;
laccases and peroxidases have great potential in
treating a wide spectrum colored compounds (Yang
et al. 2003; Akhtar et al. 2005a, b; Bhunia et al. 2001).
These enzymes convert a broad range of substrates into
less toxic insoluble compounds, which can be easily
removed out of waste by a mechanism involving the
formation of free radical followed by insoluble product
(Torres et al. 2003; Husain 2006).

5.1 Peroxidases

Peroxidase (E.C. 1.11.1.7) is a heme-containing
enzyme that is widely distributed in plants, micro-
organisms and animals (Duarte-Vazquez et al.
2003). Heme is a complex between an iron ion
(Fe™) and the molecule protoporphyrin IX. Perox-
idases are classified into two superfamilies, animal
and plant enzymes having a M, ranging from 30 to
150 kDa (Regalado et al. 2004). The plant perox-
idase superfamily is further categorized into three
classes according to its origin. Class I the intracel-
lular peroxidases, include yeast cytochrome c per-
oxidase, ascorbate peroxidase and bacterial catalase
peroxidases (Passardi et al. 2007). Class II consists
of secretory fungal peroxidases: ligninases, or lignin
peroxidase (LiP), and manganese peroxidases
(MnP). These are monomeric glycoproteins
involved in the degradation of lignin. The peroxi-
dases most commonly studied for dye decoloriza-
tion are fungal LiP and MnP. Class III consists of
secretory plant peroxidases, which have multiple
tissue specific functions; e.g. removal of H,O, from
chloroplasts and cytosol, oxidation of toxic com-
pounds, biosynthesis of the cell wall, defence
responses towards wounding, indole-3-acetic acid

catabolism, ethylene biosynthesis, etc. Some of the
well known peroxidases of this class are horseradish
peroxidase (HRP), turnip peroxidase (TP), bitter
gourd peroxidase (BGP) and soybean peroxidase
(SBP). Class III peroxidases are also monomeric
glycoproteins; containing four conserved disulphide
bridges and required calcium ions for their activity
(Schuller et al. 1996). In recent years a lot of
research has been done to develop processes based
on peroxidases from plants and fungi for the
treatment of wastewater containing colored pollu-
tants (Husain 2006; Husain and Husain 2008;
Akhtar et al. 2005a, b; Wesenberg et al. 2003;
Bhunia et al. 2001; Mohan et al. 2005).

6 Microbial peroxidases
6.1 Manganese peroxidase

Table 1 summarizes different MnPs and their appli-
cations in dye decolorization.

The catalytic cycle of MnP proceeds through an
initial oxidation by H,0, to an intermediary com-
pound that in turn promoted the oxidation of Mn>" to
Mn3+ (Gold et al. 2000; Hofrichter 2002). Mn3* is
stabilized by organic acids such as oxalic acid and the
Mn3+-organic acid complex formed, which acts as an
active oxidant (Schlosser and Hofer 2002). Thus,
MnP was able to oxidize their natural substrate, i.e.
lignin as well as textile dyes (Heinfling et al. 1998a).
MnP isoenzymes could efficiently decolorize azo
dyes and phthalocyanine complexes in a Mn*"
independent manner. Moreira et al. (2001) have
studied an enzymatic action of ligninolytic enzyme,
MnP as a feasible system for in vitro degradation of
highly recalcitrant polymeric dye, Poly R-478. The
enzymatic treatment catalyzed not only the destruc-
tion of the chromophoric groups but also a noticeable
breakdown of chemical structure of the dye. MnP was
reported as the main enzyme involved in dye
decolorization by Phanerochaete chrysosporium
(Chagas and Durrant 2001). A novel dye-decolorizing
strain of the bacterium Serratia marcescens effi-
ciently decolorized two chemically different dyes;
Ranocid Fast Blue and Procion Brilliant Blue-H-GR
belonging to the azo and anthraquinone groups,
respectively. However, an involvement of MnP was
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Table 1 Dye decolorization by manganese peroxidases

Source Dye/effluent Experimental conditions References
Phanerochaete sordida Azo & anthraquinone The dye (500 mg 1™") was treated in a reaction Harazono and
dyes mixture (5 ml) containing MnP (0.5 U), 0.5 mM Nakamura (2005)

MnSO,, 1.0% Tween 80, and 50 mM malonate, pH
4.5 and the reaction mixtures were shaken at
150 rpm at 30°C. 90% dye was decolorized

Debaryomyces polymorphus RB 5 MnP from these fungi was responsible for Yang et al. (2003)
Candida tropicalis & decolorization of RB 5
Umbelopsis isabellina
Orange G (OG) MnP (15 U/ml) decolorized maximum of 10.8% OG Selvam et al. (2003)
Thelephora sp. Irpex lacteus Dye effluent A nearly total decolorization was possible 10 min ~ Mielgo et al. (2003)

and at high dye concentration (up to 1,500 mg 17").
A specific oxidation capacity (10 mg dye degraded/
U of MnP) was attained for a decolorization higher

than 90%
RO 16 A significant increase in the decolorization by the  Svobodova et al.
agitated I. lacteus cultures was observed after (2006)

adding 0.1% Tween 80, following a higher MnP
production. Purified MnP has proved its
decolorization ability

Pleurotus ostreatus Sulphonaphthalein(SP) ~ Decolorization of SP dyes by MnP was correlated  Christian et al.
dyes and almost all dyes were decolorized at pH 4.0. The ~ (2003) and
higher K, for m-cresol purple (40 pM) and lower  Shrivastava et al.
K., for o-cresol red (26 pM) for MnP activity (2005)

explained the preference for the position of methyl
group at ortho than at meta on chromophore
Pleurotus calyptratus OG, RBBR Within 14 days the strain decolorized up to 91% of Eichlerova et al.
OG and 85% of RBBR in liquid culture and more  (2006b)
than 50% of these dyes on agar plates

Collybia dryophila Poly B-411, RB 5, The decolorization of 100 mg I-1 dyes after 28 days Baldrian and Snajdr
RO 16 & RBBR ranged 80-95% for RBBR, 60-95% for Poly B- (2006)
411, 58-85% for RB 5 and 45-82% for RO 16
Bjerkandera adusta RB 5 dye bath Comparing the fungal and enzymatic treatments of = Mohorcic et al.

RB 5 dye bath for 120 h, the enzyme showed about  (2006)
1.5 times greater color reduction than the

fungus
Schizophyllum sp. Congo Red (CR), OG, The azo dyes such as CR, OG and Orange IV were Cheng et al. (2007)
Orange IV efficiently decolorized by purified MnP
Ischnoderma resinosum RB 15, Reactive Blue 19, The culture liquid from 1. resinosum cultures was Kokol et al. (2007)
Reactive Red 22, also able to decolorize all dyes as well as the
Reactive Yellow 15 synthetic dye baths in the presence of VA and

HOBT. The highest decolorization were detected
in acidic pH, 3.0-4.0

Nematoloma frowardii Flame Orange and Ruby MnP N-demethylated these dyes and concomitantly Pricelius et al.
Red polymerized them to some extent (2007)

Dichomitus squalens Azo and anthraquinone  The purified MnP was able to decolorize selected  Xiao-Bin et al.
dyes azo and anthraquinone dyes more rapidly than (2007)

laccase. In vitro dye decolorization showed a
synergistic cooperation of MnP and laccase

Lentinula edodes Brilliant Cresyl Blue & In vitro, the dye decolorization was markedly Boer et al. (2004)
Methylene Blue (MB) decreased by the absence of manganic ions
and H,O,. MnP appeared to be the main
from L. edodes to decolorize these dyes
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Table 1 continued

Source Dye/effluent

Experimental conditions

References

Ranocid Fast Blue &
Acid Black 210

Basidiomycete PV002

The degradation of azo dyes under different
conditions was strongly correlated with the

Verma and
Madamwar (2005)

ligninolytic activity. The optimum growth
temperature of strain PV 002 was 26°C and pH 7.0

Basidiomy-cetous fungi RBBR

RBBR-decolorizing activity is a simple indicative

Machado et al.

method for a multienzymatic system for (2005)
xenobiotic biodegradation

found in the decolorization of both dyes (Verma and
Madamwar 2002a).

MnP was detected during dye decolorization by
culture of Phlebia tremellosa when the culture
medium was supplemented with MnCl, (Kirby
et al. 2000). MnP from Clitocybula dusenii was
involved in the breakdown of dyes in the real dye-
containing effluent (Wesenberg et al. 2002). Some
investigators have developed MnP containing mem-
brane reactors for the oxidation of azo dyes (Basheer
et al. 2004; Lopez et al. 2004, 2007). Under the best
conditions, continuous operation with a dye decolor-
ization higher than 85% and minimal enzymatic
deactivation was feasible for 18 d, attaining an
efficiency of 42.5 mg Orange II (C.I. Acid Orange 7)
oxidized/MnP unit consumed (Lopez et al. 2004).
Yang et al. (2003) have shown that the two yeasts;
Debaryomyces polymorphus, Candida tropicalis and
a filamentous fungi; Umbelopsis isabellina could
completely decolorize 100 mg Reactive Black 5
within 16-48 h. MnP was the main ezyme in culture
supernatants of these organisms. Selvam et al. (2003)
reported that an azo dye, Orange G (C.I. Acid Orange
10) was decolorized 10.8% by 15 U ml™' of MnP
present in WRF, Thelephora sp. Mielgo et al. (2003)
described a MnP based azo dyes degradation. The
WREF, Irpex lacteus decolorized the textile effluent
efficiently without adding any chemicals. The degree
of decolorization of the dye effluent by shaking or
stationary cultures was 59 and 93% on 8th day,
respectively. Higher decolorization was reported in
stationary cultures as compared to shaken cultures
and this decolorization was related to MnP (Shin
2004).

Partial decolorization was observed in cultures
containing 200 ppm of Brilliant Cresyl Blue (C.L
Basic Dye) and Methylene Blue (C.I. Basic Blue 9).
High MnP activity but very low LiP and laccase

activities were reported in the culture of WREF,
Lentinula edodes. The findings have shown the role
of MnP from Lentinula edodes which involved in the
decolorization of synthetic dyes (Boer et al. 2004).
Verma and Madamwar (2005) described that basid-
iomycete PV002, a white-rot strain efficiently decol-
orized Ranocid Fast Blue (96%) and Acid Black 210
(70%) on 5th and 9th day under static conditions,
respectively. The degradation of azo dyes under
different conditions was strongly correlated with high
MnP activity. Remazol Brilliant Blue R (C.I. Reac-
tive Blue 19, RBBR) dye was used as a substrate to
examine ligninolytic activity in 125 basidiomycetous
fungi isolated from tropical ecosystems. Extracellular
extracts of 30 selected fungi grown on solid medium
with sugar can bagasse showed RBBR decolorization
and peroxidase activity. Eight fungi produced MnP,
which exhibited significant RBBR decolorization
activity (Machado et al. 2005).

Some investigators have demonstrated the decol-
orization of sulfonaphthalein (SP) at pH 4.0 by MnP
from Pleurotus ostreatus. The order of preference for
SP dyes as substrate for MnP was Phenol Red >
0-Cresol Red > m-Cresol Purple > Bromophenol
Red > Bromocresol Purple > BPB > Bromocresol
Green (Christian et al. 2003; Shrivastava et al.
2005). Harazono and Nakamura (2005) investigated
the decolorization of mixtures of four reactive textile
dyes, including azo and anthraquinone dyes, by a
white-rot basidiomycete Phanerochaete sordida. This
organism decolorized dye mixtures (200 mg 17") by
90% within 48 h in nitrogen-limited glucose-ammo-
nium media. MnP was the major enzyme participated
in dye decolorization by Phanerochaete sordida.
Svobodova et al. (Svobodova et al. 2006) have
compared the dye decolorization capacity of two
WREF, Irpex lacteus and Phanerochaete chrysospori-
um in N-limited liquid cultures. The agitated cultures
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showed lower ability to decolorize azo dyes; Reactive
Orange 16 and Naphthol Blue Black than static
cultures. Similar results were also obtained with other
structurally different synthetic dyes. A significant
increase in the decolorization of Reactive Orange 16
by the agitated Irpex lacteus cultures was reported
after adding 0.1% Tween 80. These workers evalu-
ated the production of a higher Mn-dependent
peroxidase. In vitro this purified enzyme has shown
its decolorization potential. Eichlerova et al. (2006b)
tested eight different Pleurotus species for their
Orange G and RBBR decolorization capacity and
their ligninolytic properties. Strain CCBAS 461 of
species Pleurotus calyptratus produced a relatively
high amount of MnP, laccase and aryl-alcohol
oxidase activity. This strain decolorized up to 91%
Orange G and 85% RBBR in liquid culture and more
than 50% of these dyes on agar plates within 14 d.
Litter-decomposing basidiomycete fungi including
environmental isolates from oak forest soil were
compared with WRF for ligninolytic enzymes pro-
duction and decolorization of synthetic dyes; Poly
B-411, Reactive Black 5, Reactive Orange 16 and
RBBR. The highest activity of MnP was reported in
the culture of Collybia dryophila with the activity
over 30 U 17!, The fastest degradation of Poly B-411
was shown by the strains with high levels of MnP and
laccase while the decolorization of other dyes did not
depend so strictly on enzyme activities (Baldrian and
Snajdr 2006). The production of MnP by Phanero-
chaete chrysosporium and the level of decolorization
of 13 dyes were carried using static, agitated batch
and continuous cultures. For concentrations of
100 mg 17! of Acid Black 1, Reactive Black 35,
Reactive Orange 16 and Acid Red 27, the decolor-
ization efficiency was over 90%. In batch cultures
with Acid Black 1 and Reactive Black 5 a significant
increment in primary post-metabolism biomass was
observed. For Acid Black 1 and Reactive Black 5, it
was possible to explore the response of the contin-
uous system during 32-47 d, with concentrations
between 25 and 400 mg 1™, obtaining decolorization
greater than 70% for 400 mg 17" (Urra et al. 2006). A
partially purified MnP from Bjerkandera adusta was
tested for the decolorization of several artificial dye
baths. The most efficient decolorization was observed
in dye bath of anthraquinone dyes; Reactive Blue 19,
diazo dyes; Reactive Black 5 and Acid Orange 7
(Mohorcic et al. 2006).
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The decolorization of 12 different azo, diazo and
anthraquinone dyes was demonstrated by using a new
isolate of WRF strain L-25. A decolorization effi-
ciency of 84.9-99.6% was obtained by cultivation in
14 d using an initial dye concentration of 40 mg 17"
MnP from strain L-25 has shown its potential in the
decolorization of dyes (Kariminiaae-Hamedaani et al.
2007). The azo dyes; Congo Red (C.I. Direct Red 28),
Orange G (C.I. Acid Orange 10) and Orange IV were
effectively decolorized by MnP isolated and purified
from Schizophyllum sp. (Cheng et al. 2007). Purified
MnP from Ischnoderma resinosum could decolorize
textile dyes; Reactive Black 5, Reactive Blue 19,
Reactive Red 22 and Reactive Yellow 15. The
highest decolorization was found at acidic pH (Kokol
et al. 2007). Park et al. (2007) described the
decolorization of six commercial dyes by 10 fungal
strains. Extracellular laccase and MnP activities were
reported under experimental conditions. The decol-
orization mechanisms by Funalia trogii ATCC
200800 involved a complex interaction of enzyme
activity and biosorption. This study suggested that it
was possible to decolorize a high concentration of
commercial dyes, which could be a great opportunity
in the remediation of dye containing wastewater.
Pricelius et al. (2007) investigated the conversion of
azo dyes; Flame Orange and Ruby Red, into their
N-demethylated form and accompanying polymeri-
zation by different oxidoreductases. Laccase from
Pycnoporus cinnabarinus, MnP from Nematoloma
frowardii and the novel Agrocybe aegerita peroxi-
dase used a similar mechanism to decolorize/degrade
azo dyes. Thus the mechanism for cleavage of the azo
bonds by azo-reductases of Bacillus cereus and
Bacillus subtilis was based on reduction of azo bond
at the expense of NAD(P)H. MnP oxidized a wide
range of substrates, rendering it an interesting
enzyme for potential applications. The significant
decolorization of azo dyes in static and shaky
situation by gelatin-immobilized MnP was studied,
and there was no loss of immobilized enzyme activity
after two repeated uses in batch process (Xiao-Bin
et al. 2007). Three new chromatographic forms of
Dichomitus squalens manganese-dependent peroxi-
dase were isolated from wheat-straw cultures using
Mono Q and connective interaction media (CIM) fast
protein liquid chromatography. The purified CIM1
MnP could decolorize specific azo and anthraquinone
dyes more rapidly than laccase 1. In vitro dye
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decolorization was as a result of synergistic action of
MnP and laccase (Susla et al. 2008).

6.2 Lignin peroxidase

Table 2 shows different lignin peroxidases and their
applications in dye decolorization.

LiP also known as ligninase or diaryl propane
oxygenase and this enzyme was first reported in
1983. LiP catalyzed the oxidation of non-phenolic
aromatic lignin moieties and similar compounds, and
it also catalyzed several oxidations in the side chains
of lignin and related compounds (Tien and Kirk
1983). LiP has been used to mineralize a variety of
recalcitrant aromatic compounds (Gottlieb et al.
2003), polychlorinated biphenyls (Krcmar and Ulrich

Table 2 Dye decolorization by lignin peroxidases

1998) and dyes (Abadulla et al. 2000; Husain 2006).
Heinfling et al. (1998b) have described the transfor-
mation of six industrial azo and phthalocyanine dyes
by ligninolytic peroxidases from Bjerkandera adusta
and other WRF. Phanerochaete chrysosporium cul-
tures, extracellular fluid and purified LiP were able to
degrade Crystal Violet (C.I. Basic Violet 10) and six
other triphenylmethane dyes by sequential N-deme-
thylations (Bumpus and Brock 1988). Pointing and
Vrijmoed (2000) have shown that LiP had a major
role in the decolorization of azo, triphenylmethane,
heterocyclic and polymeric dyes by Phanerochaete
chrysosporium. LiP was reported as the main enzyme
involved in dye decolorization by Bjerkandera adusta
(Robinson et al. 2001). Verma and Madamwar (2002b)
demonstrated that more than 50% decolorization of

Source Dye/effluent

Experimental conditions

References

Phanerochaete
chrysosporium

Crystal Violet & six other
triphenylmethane dyes

Procion Brilliant Blue HGR,

Ranocid Fast Blue, Acid Red
119, Navidol Fast Black

2.8-45.0%

These dyes (12.3 pM) were decolorized

Maximum decolorization was 80% for
Porocion Brilliant Blue HGR, 83% for
Ranocid Fast Blue, 70% for Acid Red 119

Bumpus and Brock (1988)

Verma and Madamwar (2002b)

and 61% for Navidol Fast Black MSRL

MB The use of an MB:H,0O, molar ratio of 1:5

Ferreira-Leitao et al. (2007)

resulted in efficient removal of 90% color
of MB (50 mg ml™")

MB & Azure B

HRP was able to N-demethylate both dyes,

Ferreira-Leitao et al. (2003)

but exhibited much slower reaction kinetics
than LiP and required higher H,O,

Degradation of these dyes by LiP coupled

Lan et al. (2006)

with glucose oxidase showed that present

concentrations
Pseudomonas Xylene Cyanol, Fuchsine &
desmolyticum Rhodamine B
NCIM 2112

H,0, supply strategy was very effective for

improvement of the efficiency of the
decolorization of dyes

Acinetobacter Reactive Brilliant Red K-2BP
calcoaceticus

NCIM 2890
Ten textile dyes of varying

LiP decolorized a dye concentration of
60 mg/l and below to no less than 85%

Most of the dyes decolorized up to 90%.

Yu et al. (2006)

Ghodake et al. (2009)

groups Tryptophan stabilizes the LiP activity
during decolorization of dyes
MB Decolorization process gave higher removal Alam et al. (2009)

of 90% in agitation mode compared to the
static mode with 65% in 60 min by LiP

Astrazon Red FBL

Maximum 87% decolorization of dye and

Sedighi et al. (2009)

42% removal of COD both occurred when
only Tween80 (0.05%, w/v) was added to

the effluent
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Procion Brilliant Blue HGR, Ranocid Fast Blue, Acid
Red 119 and Navidol Fast Black was catalyzed by
partially purified LiP from Phanerochaete chrysospo-
rium grown on neem hull waste.

Ferreira-Leitao et al. (2007) reported oxidation of
Methylene Blue (C.I. Basic Blue 9) and Azure B
dyes by plant HRP and LiP from Phanerochaete
chrysosporium. Results showed HRP was able to
N-demethylate both dyes, but exhibited much slower
reaction kinetics than LiP and required higher H,O,
concentrations. Product yield was also different for
HRP as compared to LiP. HRP was unable to cleave
the aromatic ring structure of the dyes. These
workers further compared the usefulness of fungal
LiP with HRP for the degradation of Methylene
Blue and its demethylated derivatives. It has been
shown that although both enzymes were able to
oxidize Methylene Blue and its derivatives but HRP
reactions required higher H,O, and exhibited lower
reaction rate than the LiP. However, HRP could not
achieve aromatic ring cleavage. The oxidation
potential of LiP was roughly double than that of
less effective HRP. Thus, LiP could be more
suitable for decolorization/degradation of phenothi-
azine dyes from wastewaters (Ferreira-Leitao et al.
2003). Lan et al. (2006) has made an effort to
couple a H,0, producing enzymatic reaction to the
LiP catalyzed oxidation of dyes. H,O, was produced
by glucose oxidase and its substrate glucose. Due to
controlled release of H,0O,, a sustainable constant
activity of LiP was observed. Degradation of three
dyes; Xylene Cyanol, Fuchsine and Rhodamine B
(C.I. Basic Violet 3) by LiP coupled with glucose
oxidase indicated that H;O, was very effective for
improvement of efficiency of the decolorization of
dyes. In vitro decolorization of an industrial azo
dye, Reactive Brilliant Red K-2BP by crude LiP and
MnP from Phanerochaete chrysosporium have been
demonstrated. Decolorization by LiP was enhanced
to the greatest extent (89%) with higher addition of
H,0, and VA. It was suggested that the optimiza-
tion of H;O, and VA was responsible for a high
efficiency in continuous dye degradation by LiP (Yu
et al. 20006).

Pseudomonas desmolyticum NCIM 2112 was able
to degrade a diazo dye, Direct Blue 6 (100 mg 171
completely within 72 h of incubation with 88.95%
reduction in chemical oxygen demand (COD) in
static anoxic condition. Decolorization of Direct
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Blue 6 in batch culture exhibited the involvement of
oxidative enzymes; LiP, laccase and tyrosinase. Dye
also induced the activity of aminopyrine N-demeth-
ylase, one of the mixed function oxidase system. The
final biodegradation products, 4-amino naphthalene
and amino naphthalene sulfonic acid were monitored
and characterized by UV-Vis, IR spectroscopy and
HPLC and GC-mass spectroscopy (Kalme et al.
2007). Ghodake et al. (2009) have purified a LiP
from Acinetobacter calcoaceticus NCIM 2890 and
they investigated the decolorization of textile dyes
by this enzyme. Purified LiP could oxidize a number
of substrates including L-dopa, hydroquinone, Mn*™,
mimosine, n-propanol, tryptophan, VA, xylidine and
ten textile dyes of different chemical groups, which
suggested it as a versatile peroxidase. Most of the
dyes decolorized up to 90%. It was found that
tryptophan had played a stabilizing role for LiP
activity during decolorization of dyes. Alam et al.
(2009) have evaluated optimization of the decolor-
ization of Methylene Blue by LiP produced by
Phanerochaete chrysosporium using sewage treat-
ment plant sludge as a major substrate. The one-
factor-at-a-time method indicated that the optimum
conditions for decolorization of 20 mg 1~' Methy-
lene Blue dye removal (14-40%) was at 55°C, pH
5.0 in the presence of 4.0 mM H,O, and 0.487 Um
17! LiP. The addition of VA to the reaction mixtures
had no effect on the rate of dye decolorization.
Sedighi et al. (2009) have demonstrated the effect of
Tween 80, Mn(Il) and VA on the production of
ligninolytic enzymes by Phanerochaete chrysospo-
rium in a packed-bed bioreactor using small pieces
of Kissiris as carrier. The activities of enzymes were
described in terms of decolorization and COD
removal of the textile effluent containing an azo
dye, Astrazon Red FBL. The maximum decoloriza-
tion of the dye and COD removal in the presence of
0.05% (w/v) Tween 80 was 87 and 42%, respec-
tively. The maximum activities of LiP and MnP
were 17 and 52 U 17!, respectively. The MnP was an
important enzyme in the decolorization of dye
whereas COD removal was more in case of LiP
action.

6.3 Other microbial peroxidases

Table 3 depicts other microbial peroxidases and their
role in dye decolorization.
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Table 3 Dye decolorization by other microbial peroxidases

Enzyme Source Dye/effluent Experimental conditions References
DyP Geotrichum Synthetic dyes The optimal temperature for DyP activity Kim and Shoda (1999)
candidum was 30°C
Dec 1
rDyP Aspergillus RBBR rDyP immobilized on FSM-16 at pH 4 Shakeri and Shoda (2008)
oryzae decolorized eight sequential batches of an and Shakeri et al. (2008)
anthraquinone dye, RBBR in repeated-batch
decolorization, rDyP (4,600 U) decolorized
5.07 g RBBR at the apparent decolorization
rate of 17.7 mg 17! min~"
TcVP1/DyP  Thanatephorus RB 5 Coapplication of TcVP1 & DyP was able to Sugano et al. (2006)
cucumeris completely decolorize Reactive Blue 5 in vitro
Dec 1
VP Bjerkandera sp. RBBR RBBR decolorizing specific activity was Moreira et al. (2006)
11 IUmg — 1 at pH 5.0
Bjerkandera 27 industrial dyes The presence of redox mediator, tryptophan Tinoco et al. (2007)
Adusta enhanced decolorization of dyes
VHP Curvularia Chicago Sky The bleaching of Chicago Sky Blue 6B ten Brink et al. (2000)
inaequalis Blue 6B catalyzed by the r-VHP in the presence

of HzOz

6.3.1 Dye decolorizing peroxidase

The potential of a newly isolated fungus, Geotrichum
candidum Dec 1 peroxidase, a glycoprotein was
investigated for the degradation and decolorization of
many xenobiotic compounds such as synthetic dyes,
food coloring agents, molasses, organic halogens,
lignin and kraft pulp effluents (Kim and Shoda 1999).
Sugano et al. (2000) isolated a new DyP from
Trametes cucumeris Dec 1, which decolorized more
than 30 types of synthetic dyes. DyP was a main
enzyme that degraded azo and anthraquinone dyes
(Sato et al. 2004). Further, these workers have
reported that DyP from Trametes cucumeris Dec 1
was able to decolorize an anthraquinone dye, Reac-
tive Blue 5 to light red-brown compounds (Sugano
et al. 2006). Decolorization of anthraquinone dye,
RBBR was performed by crude recombinant DyP
(rDyP) obtained from Aspergillus oryzae. In batch
culture, equimolar batch addition of H,O, and RBBR
produced complete decolorization of RBBR by rDyP,
with a turnover capacity of 4.75. In stepwise fed-
batch addition of H,O, and enzyme, the turnover
capacity increased to 5.76 and 14.3, respectively.
When H,O, was added in continuous fed-batch and
1.6 mM dye was added in stepwise fed-batch mode,
102 g of RBBR was decolorized by 5,000 U of crude
rDyP in 650 min increasing the turnover capacity to

20.4 (Shakeri and Shoda 2007). Shakeri and Shoda
(2008) immobilized rDyP produced by Aspergillus
oryzae on silica-based mesoporous materials, FSM-
16 and AISBA-15. FSM-16 immobilized rDyP
decolorized eight sequential batches of an anthraqui-
none dye, RBBR in a repeated-batch process at pH
4.0. Further these workers have shown that the
recombinant Aspergillus oryzae expressing a DyP
gene was cultivated in the presence of maltose as a
carbon source or repeated-batch production of rDyP.
One liter filtrate showed 4600U rDyP activity and it
decolorized 5.07 g RBBR at the apparent decolor-
ization rate of 17.7 mg1™' min~' (Shakeri et al.
2008).

6.3.2 Versatile peroxidase

VP has been recently described as a new family of
ligninolytic peroxidases, together with LiP and MnP
obtained from Phanerochaete chrysosporium (Marti-
nez 2002). Interestingly, these enzymes exhibited
both LiP and MnP-like activity and they could
oxidize Mn*" to Mn’" at around pH 5.0 while
aromatic compounds at around pH 3.0, regardless
of the presence of Mn®" (Heinfling et al. 1998b;
Ruiz-Duenas et al. 2001). Therefore these enzymes
were called as hybrid MnP-LiP peroxidases or VP.
VPs from various sources Pleurotus pulmonarius
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(Camarero et al. 2005), Pleurotus ostreatus (Cohen
et al. 2002), Bjerkandera adusta (Heinfling et al.
1997, 1998a, c; Krcmar and Ulrich 1998) Pleurotus
eryngii (Gomez-Toribio et al. 2001) and Bjerkandera
sp. (Mester and Field 1998; Moreira et al. 2005) have
proved their potential to degrade azo dyes. A new VP
was identified and purified from an extracellular fluid
of a novel strain of Bjerkandera sp and this enzyme
had catalyzed decolorization of RBBR (Moreira et al.
2006). Sugano et al. (2006) purified and characterized
another VP from dye decolorizing microbe, Thanate-
phorus cucumeris Dec 1(TcVP1). TcVP1 exhibited
particularly high decolorizing activity towards azo
dyes. Furthermore, co-application of TcVP1 and DyP
from Thanatephorus cucumeris Dec 1 was able to
completely decolorize a model dye, Reactive Blue 5.
DyP decolorized Reactive Blue 5 to light red-brown
compounds sequentially and then TcVP1 decolorized
such colored intermediates to colorless products.
These findings showed important new insights into
microbial decolorizing mechanisms and had facili-
tated the future development of treatment strategies
for dye wastewater. Purified VP from Bjerkandera
adusta was used for the industrial dye decolorization.
The presence of redox mediator VA, acetosyringone
or TEMPO as oxidizing mediators in the reaction
mixture generally enhanced the rate of dye decolor-
ization (Tinoco et al. 2007).

6.3.3 Vanadium haloperoxidase

VHP have been reported to mediate the oxidation of
halides to hypohalous acid and the sulfoxidation of
organic sulfides to the corresponding sulfoxides in the
presence of H,O,. However, traditional heme perox-
idase substrates were reported not to be oxidized by
VHP. It was found that the recombinant vanadium
chloroperoxidase from the fungus Curvularia inaeq-
ualis catalyzed bleaching of an industrial sulfonated
azo dye, Chicago Sky Blue 6B (Direct Blue 1, C.I.
No. 24410) in the presence of H,O, (ten Brink et al.
2000).

7 Plant peroxidases

Table 4 demonstrates various types of plant peroxi-
dases and their dye decolorization potential.
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7.1 Horseradish peroxidase

Bhunia et al. (2001) have described that HRP can
catalyze an effective degradation and precipitation of
industrially important azo dyes. They demonstrated
specificity of HRP toward different dyes, such as
Remazol Blue and Cibacron Red. For Remazol Blue,
the enzyme activity was found to be far better at pH
2.5 than at neutral pH. In addition, Remazol Blue
worked as a strong competitive inhibitor of HRP at
neutral pH. HRP showed broad substrate specificity
towards a variety of azo dyes. Acrylamide gel
immobilized HRP showed effective performance
compared to alginate entrapped and free HRP in
the removal of Acid Black 10 BX. Alginate
entrapped HRP had inferior performance over the
free enzyme due to the consequence of non-avail-
ability of the enzyme to the dye molecule (Mohan
et al. 2005). Maddhinni et al. (2006) studied decol-
orization of Direct Yellow 12 by soluble and
immobilized HRP under various experimental con-
ditions such as pH, H,O,, dye and enzyme concen-
trations. The efficiency of polyacrylamide entrapped
HRP for the oxidation of Direct Yellow 12 was
higher followed by alginate entrapped HRP and then
by free HRP. The alginate and polyacrylamide
immobilized HRP preparations were further used to
2-3 times for removal of same dye with lower
efficiency, respectively. Ulson de Souza et al. (2007)
investigated the potential of HRP in the decoloriza-
tion of textile dyes and their effluents. The results
indicated that the decolorization of treated dyes;
Remazol Turquoise Blue G 133% (C.I. Reactive Blue
21) and Lanaset Blue 2R was ~59 and 94%,
respectively while the decolorization of textile efflu-
ent was 52%. The tests for toxicity towards Daphnia
magna exhibited that there was a reduction in
toxicity after enzymatic treatment. However, the
toxicity of the textile effluent showed no change
towards Artemia salina after the enzymatic treat-
ment. This study had shown the viability of the use of
HRP in the biodegradation of textile dyes.

An electroenzymatic process is an interesting
approach that combines enzyme catalysis and elec-
trode reactions. Kim et al. (2005) studied an electro-
enzymatic method that uses an immobilized HRP to
degrade Orange II, an azo dye within a two-
compartment packed-bed flow reactor. Electroenzy-
matic degradation of Orange II was performed by
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Table 4 Dye decolorization by plant peroxidases
Source Dye/Effluent Experimental conditions Reference
Horseradish Remazol Blue, Cibacron Red For Remazol Blue HRP activity was far better at pH Bhunia et al.
2.5 than at neutral pH. HRP showed broad (2001)
substrate specificity toward a variety of azo dyes
Remazol Turquoize Blue G, The decolorization of Remazol Turquoise Blue G Ulson de Souza
Lancet Blue 2 R 133% was 59 and 94% for the Lanaset Blue 2R; et al. (2007)
for the textile effluent, the decolorization was
52%. Toxicity towards Daphnia magna showed a
reduction in the toxicity after enzymatic treatment
Acid Black 10BX Dye removal was found to be dependent upon the Mohan et al.
reaction time, pH, and on the concentrations of (2005)
dye, enzyme and H,O,
Direct Yellow 12 Direct Yellow 12 was reduced by HRP, the Maddhinni et al.
oxidation capacity increased with increasing (2006)
concentrations of HRP and H,0, at pH 4
Orange II Electro-enzymatic degradation of Orange I, Kim et al. (2005)
electrolytic experiments were carried out with 0.42
U/ml HRP at 0.5 V. The removal of Orange II was
partly due to its adsorption to the graphite felt
Orange II Over 90% of the degradation efficiency of Orange II Shim et al.
was maintained during continuous operation for (2007)
36 h
BPB, Methyl Orange Modified HRP exhibited a good decolorization of Liu et al. (2006)
dye 8 to 24 or 32 mol 17" at 300 mol 1™ H,0,.
Decolorization for BPB and Methyl Orange was
1.8 and 12.4%
Turnip Five acid dyes The decolorization of dyes (40-170 mg/1™") was Kulshrestha and
maximum 62—-100% in the presence of 2.0 mM Husain (2007)
HOBT at pH 5.0 and 40°C
Direct dyes The decolorization of direct dyes was maximum in Matto and
the presence of 0.6 mM redox mediator at pH 5.5 Husain (2007)
and 30°C
Textile carpet effluent Textile carpet effluent red and blue were decolorized Husain and
75 and 80% by TP (0.423 U/ml) at pH 5.0 and Kulshrestha
40°C (2009)
Tomato Textile carpet effluent TMP (0.705 U/ml) decolorized effluent red 69% and Husain and
blue 59% at pH 6.0 and 40°C Kulshrestha
(2009)
Tomato Direct dyes These dyes were maximally decolorized at pH 6.0 Matto and
and 40°C Husain (2008)
Bitter gourd 21 textile and non-textile dyes Dyes (50-200 mg/1) were decolorized from 7 to Akhtar et al.
and their mixture 100% in the presence of 1.0 mM HOBT, 0.6 mM (2005b)
H202 at pH 5.6 and 37°Cin 1 h
Textile effluent Effluent decolorization was maximum 70% in the Matto and

Disperse Red 17 (DR 17),
Disperse Brown 1 (DB 1)

presence of 1.0 mM HOBT at pH 5.0 and 40°C

and decolorized more than 90% effluent after 3 h
in a batch process. Entrapped BGP retained 59%
decolorization reusability after tenth repeated use

These dyes (25-50 mg/l) were decolorized 90% and

65% in the presence of 1.0 mM HOBT in 0.1 M
glycine HCI buffer, pH 3.0 at 37°Cin 1 h

Husain (2009a)
and Matto et al.
(2009)

Satar and Husain
(2009a)
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Table 4 continued

Source Dye/Effluent Experimental conditions Reference
Dr 17 & DB 1 Maximum decolorization of dyes (25-50 mg/1) Satar and Husain
in the presence of 0.75 mM H,0, in 30 min at pH (2009b)
3.0 and 40°C; was 60% for DR 17 in the presence
of 0.2 mM phenol and for DB 1 was only 40% in
the presence of 0.4 mM phenol
Horseradish/ Direct Yellow 11 Decolorization of Direct Yellow 11 by SBP follows Knutson et al.
soybean similar kinetics with 48% dye decolorization in (2005)
90 min
White radish Reactive Red 120 Maximum decolorization of the dyes was 56-81% at Satar and Husain
Reactive Blue 171 pH 5.0 and 40°C in 1 h in the presence of 1.0 mM (2009)
HOBT
Saccharum Procion Navy Blue HER, Dyes (50 mg/l) were completely degraded within Shaffiqu et al.
uvarum Procion Brilliant Blue H-7G, 8h (2002)

Procion Green HE-4BD, and
Supranol Green

HRP (0.42 U ml™") at 0.5 V. The overall application
of the electroenzymatic approach led to a greater
degradation rate than the use of electrolysis alone.
The by-products formed were found to consist of
primarily of an aromatic amine, sulfanilic acid and
unknown compounds. Degradation of Orange II by an
electroenzymatic method using HRP immobilized on
an inexpensive and stable inorganic support, Cel-
ite®R-646 beads was studied in a continuous elec-
trochemical reactor with in situ generation of H,O,.
Based on the parametric studies, over 90% degrada-
tion of Orange II occurred during continuous oper-
ation for 36 h. The degradation products were
identified by GC/MS analysis and a possible break-
down pathway for Orange II was also proposed (Shim
et al. 2007).

BPB and Methyl Orange (C.I. Acid orange 52)
removal capability of citraconic anhydride-modified
HRP was compared with those of native HRP. Upon
chemical modification, the decolorization efficiency
was increased by 1.8 and 12.4% for BPB and
Methyl Orange, respectively. Citraconic anhydride-
modified HRP was required in low amount as
compared to native enzyme for the decolorization of
both dyes to obtain the same decolorization effi-
ciency. Modified HRP showed a good decolorization
of dye over a wide range of dye concentrations from
8 to 24 or 32 umol I! at 300 pmol 17" H,0,,
which would meet industrial expectations (Liu et al.
2006).
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7.2 Turnip peroxidase

Turnip roots, which are readily grown in several
countries, are a good source of peroxidase and
because of their kinetic and biochemical properties
they have a high potential as an economic alternative
to HRP (Duarte-Vazquez et al. 2002). The decolor-
ization of acid dyes by TP was significantly enhanced
in the presence of 2.0 mM HOBT. The maximum
decolorization of dyes was obtained in 1 h. The
decolorization of dyes was maximum at pH 5.0 and
40°C. Phytotoxicity test based on Allium cepa root
growth inhibition has shown that majority of the TP-
treated dye product were less toxic than their parent
dye. The polluted wastewater contaminated with
single dye or mixtures of dyes were treated with
enzyme and it had resulted in a remarkable loss of
TOC (Kulshrestha and Husain 2007). Matto and
Husain (2007) have demonstrated the effect of salt
fractionated turnip proteins on the decolorization of
direct dyes, used in textile industry, in the presence of
H,0, and various redox mediators. The decoloriza-
tion of the dyes and their mixtures was maximum in
the presence of 0.6 mM redox mediator (HOBT/
VLA) at pH 5.5 and 30°C. TOC analysis of treated
dyes or their mixtures exhibited that these results
were quite comparable to the loss of color from
solutions.

A comparative study for the decolorization and
removal of two textile carpet industrial effluents by
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soluble and immobilized turnip and tomato peroxi-
dases was studied. However, the decolorization of
effluents was enhanced in the presence of 2.0 mM
HOBT. Industrial effluents; textile carpet effluent red
and textile carpet effluent blue were decolorized 75
and 80% by soluble TP (0.423 U ml™ "), respectively.
Both effluents were maximally decolorized at pH 5.0
by soluble and immobilized TP. Effluent treated by
immobilized TP exhibited significant loss of TOC
(Husain and Kulshrestha 2009). An inexpensive Con
A-wood shaving immobilized TP was employed for
the decolorization of some direct dyes in batch as
well as in continuous reactors. Con A-wood shaving
bound TP exhibited 67% of its initial dye decolor-
ization activity. Both soluble and immobilized TP
could effectively remove more than 50% color from
dyes in the presence of metal ions/salts and 0.6 mM
HOBT after 1 h of incubation. The columns contain-
ing immobilized TP could decolorize 64% Direct
Red, 23 and 50% mixture of direct dyes at 4 and
3 months of operation, respectively. TOC analysis of
treated dye and their mixtures revealed that these
results were quite comparable with those of loss of
color from solutions (Matto and Husain 2009a).

7.3 Bitter gourd peroxidase

Akhtar et al. (2005b) have studied the decolorization
of 21 different reactive textile and other industrially
important dyes by using BGP in sodium acetate
buffer, pH 5.6 in the presence of 0.75 mM H,0O, and
1.0 mM HOBT. Decolorization was drastically
increased when dyes were treated by BGP in the
presence of 1.0 mM HOBT. Complex mixtures of
dyes were also significantly decolorized by BGP in
the presence of 1.0 mM HOBT. Con A-Sephadex
bound BGP was used for the decolorization of
industrially important dyes from polluted water.
Decolorization of dyes by BGP was maximum in the
buffer of pH 3.0 and at 40°C. Immobilized BGP was
repeatedly employed for the decolorization of eight
reactive textile dyes and even after its 10th repeated
use the immobilized enzyme retained nearly 50% of
its initial activity. The mixtures of dyes were also
successfully decolorized by immobilized BGP (Akh-
tar et al. 2005a). Calcium alginate-starch gel
entrapped Con A-BGP and BGP immobilized on
the surface of Con A layered calcium alginate—
starch beads were studied for the removal of a

textile industrial effluent in batch as well as in
continuous reactor. The textile effluent was recalci-
trant to the action of BGP; thus, its decolorization
was examined in the presence of 1.0 mM HOBT.
Entrapped and surface immobilized BGP preprations
could remove more than 70 and 90% effluent color
in a stirred batch process after 3 h of incubation,
respectively. Entrapped BGP retained 59% effluent
decolorization reusability even after its tenth
repeated use (Matto et al. 2009; Matto and Husain
2009b).

Water insoluble-disperse dyes; Disperse Red 17
and Disperse Brown 1 were decolorized by partially
purified BGP in the presence of nine different redox
mediators; bromophenol, 2,4-dichlorophenol, guaia-
col, HOBT, m-cresol, quinol, syringaldehyde, VLA,
and vanillin. HOBT among the tested compounds
was the most effective redox mediator for the
decolorization of both dyes. BGP (0.36 U ml™")
could decolorize Disperse Red 17 maximally 90% in
the presence of 0.1 mM HOBT while the Disperse
Brown 1 was decolorized 65% in the presence of
0.2 mM HOBT. Maximum decolorization of the dyes
was at pH 3.0 and 40°C after 1 h of incubation (Satar
and Husain 2009a). These disperse dyes were also
decolorized by BGP in the presence of phenol, a
redox mediator. BGP (0.215 U ml™!) could decolor-
ize about 60% Disperse Red 17 in the presence of
0.2 mM phenol while Disperse Brown 1 was decol-
orized nearly 40% in the presence of 0.4 mM phenol.
Maximum decolorization could be obtained in the
presence of 0.75 mM H,O, at pH 3.0 and 40°C
within 30 min of incubation (Satar and Husain
2009b).

7.4 Tomato peroxidase

Several efforts have been made towards developing
processes in which peroxidase from cheap plant
sources were used to remove dyes from polluted
water (Husain 2006). Decolorization and decontam-
ination of two textile carpet industrial effluents was
catalyzed by TMP. Textile carpet effluent red and
blue were decolorized 69 and 59% by 0.705 U ml ™'
TMP at pH 6.0 and 40°C, respectively. The TMP
treated effluents exhibited significant loss of total
organic carbon (TOC) from the effluent (Matto and
Husain 2007). TMP immobilized on a bioaffinity
support, Con A-cellulose was highly effective in
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decolorizing direct dyes as compared to free TMP.
However, Direct Red 23 and Direct Blue 80 were
recalcitrant to the action of TMP. The role of six
different compounds as redox-mediator was investi-
gated. However, HOBT emerged as a potential redox
mediator for TMP catalyzed decolorization of direct
dyes. Direct Red 23 and Direct Blue 80 were
decolorized more than 70% by soluble and immobi-
lized TMP at pH 6.0 and 40°C. However, immobi-
lized TMP exhibited lower Michaelis constant, K,
for the direct dyes as compared to free enzyme
(Matto and Husain 2008).

7.5 White radish peroxidase

A comparative decolorization of Reactive Red 120
and Reactive Blue 171 by soluble and Celite immo-
bilized WRP was carried in the presence of some
redox mediators; HOBT, syringaldehyde, VA and
VLA. HOBT was found to be the most effective
mediator for the decolorization of these dyes by
WRP. The dyes were maximally decolorized at pH
5.0 and 40°C. Operational stability of soluble and
immobilized WRP was evaluated in the presence of
different inactivating and inhibiting agents such as
sodium azide, organic solvents and mercuric chloride.
Immobilized WRP decolorized dyes more effectively
in batch process as compared to soluble enzyme.
Celite bound WRP was employed in a reactor for the
continuous decolorization of dyes (Satar and Husain
2009).

8 Microperoxidase 11

MP 11, a heme containing undecapeptide derived
from horse heart cytochrome C, was utilized as a
peroxidative catalyst. The decolorization of water
insoluble synthetic dyes by MP 11 in 90% methanol
was catalyzed by MP 11. MP 11 exhibited effective
decolorization activity against azo or anthraquinone
dyes. The pathway for degradation of Solvent Orange
7 was studied, it showed that MP 11 catalyzed the
oxidative cleavage of azo linkage to generate 1,2-
naphthoquinone and 2,4-dimethylphenol as key inter-
mediates (Wariishi et al. 2002). MP 11 entrapped in
the system of bis (2-ethylhexyl) sulphosuccinate
sodium salt (AOT)-reversed micelles exhibited per-
oxidase activity in the presence of H,O,. It effectively
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catalyzed decolorization of an azo dye; Solvent Yellow
7 and an anthraquinone dye, Solvent Blue 11 in the
hydrophobic organic solvent. To optimize the reversed
micellar system, the effect of pH and molar ratio of
H,O/AOQOT hydration degree (W,)) was examined and it
indicated that MP 11 exhibited a maximal decoloriza-
tion activity at pH 8.0-10 with the W, value of 20
(Okazaki et al. 2002). MP 11 was immobilized in
hybrid periodic mesoporous organosilica materials and
in a nano-crystalline metal organic [Cu(OOC-C6H4—
C6H4-COO)A'> C6H12N2],, framework. The con-
version of Amplex-Ultra Red and Methylene Blue
to their respective oxidation products catalyzed
successfully in the presence of immobilized MP 11
(Pisklak et al. 2006).

9 Other peroxidases

Fruhwirth et al. (2002) have employed a catalase-
peroxidase from the newly isolated Bacillus SF to
treat textile-bleaching effluents. This enzyme was
immobilized on various alumina-based carriers of
different shapes. Bleaching effluent was treated in a
horizontal packed-bed reactor containing 10 kg of the
immobilized catalase-peroxidase at a textile-finishing
company. The treated liquid was reused within the
company for dyeing fabrics with various dyes,
resulting in acceptable color differences of below
Delta E = 1.0 for all dyes. Hydrophobic matrix
bound Saccharum peroxidase was used for the
degradation of four textile dyes; Procion Navy Blue
HER, Procion Brilliant Blue H-7G, Procion Green
HE-4 BD and Supranol Green. These dyes at an
initial concentration of 50 mg 1= were completely
degraded within 8 h by the peroxidase immobilized
on modified polyethylene matrix. The immobilized
peroxidase was used in a batch reactor for the
degradation of Procion Green HE-4BD and its
reusability was studied for 15 cycles and the half-
life was 60 h (Shaffiqu et al. 2002). Knutson et al.
(2005) demonstrated an effective decolorization of
two recalcitrant dyes; stilbene dye, Direct Yellow and
Methine dye, Basazol 46L. by HRP, SBP and laccase
in the presence of ABTS as a redox mediator. The
stilbene dye, Direct Yellow 11 responded to both
SBP and laccase/ABTS. SBP was more effective in
the oxidative removal of methine dye, Basazol 46L as
compared to the other peroxidases.
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Table 5 Merits and limitations of methods used for decolorization colored effluents

Methods

Merits

Demerits

Reference

Physical

Adsorption on
activated carbon

Adsorption on
baggasse

Adsorption on
peat

Adsorption on fly
ash

Adsorption on
wood chips

Irradiation

Adsorption on
ion-exchange

Chemical
Oxidation

Fenton’s reagent
Ozonation

Sodium
hypochlorite

Electrochemical
oxidation

Coagulation and
precipitation

Cucurbituril

Biological

Aerobic process

Anaerobic process

Single cell (fungal,
algal, bacterial)

Emerging technologies
Advanced
oxidation
processes

Membrane
filtration

Economically attractive, good
removal efficiency

Waste to treat another waste

Effective adsorbent, no activation
required

Simple & effective adsorption, no
activation required, inexpensive,

Good sorption for specific colorant

Effective removal of wide range of
colorants at low volumes

Regeneration with low loss of
adsorbents

Effective for both soluble and
insoluble colorants

Decolorization of wide range
wastes, no alternation in volume

Effective for azo dye removal
Low temperature requirement

No additional chemicals required,
products are non-hazardous

Short detention time, low capital
costs, good removal efficiencies

Complete decolorization for all
classes of dyes

Color removal along with COD
removal

Resistant to wide variety of
complex colorants, produced
biogas used for steam generation

Good removal efficiency for low
volumes, very effective for
specific colorant

Complete mineralization, effective
pre-treatment methodology in
integrated systems, enhances
biodegradability

Recovery and reuse of chemicals
and water, wider application for
complex wastes

Regeneration of support cost
effective

Post treatment disposal

Lower surface area than activated
carbon

Regeneration of support is
difficult, highly toxic

Larger contact times, huge volume
required

Required high dissolved oxygen,
ineffective for light resistant
colorants,

Specific application

Sludge disposal problem
Highly expensive

Unsuitable for disperse dyes,
releases aromatic amines

Cost intensive process
High cost of electricity

High cost of chemicals for pH
adjustment, problems of
dewatering and sludge handling

Highly expensive

Longer detention times, less
resistant to recalcitrants

Longer acclimatization phase

Expensive culture maintenance,
applicable only for low effluent
volume

Expensive process

Dissolved solids are not separated,
high running cost

Robinson et al. (2001)
Anjaneyulu et al. (2005)
Bousher et al. (1997)
Acemioglu (2004)
Anjaneyulu et al. (2005)

and Nigam et al. (2000)
Dascalu et al. (2000) and Jung

et al. (2002)

(Robinson et al. 2001;
Anjaneyulu et al. 2005)

Robinson et al. (2001)

Balchioglu et al. (2001)

Adams and Grog (2002)

Banat et al. (1996)

Shim et al. (2007) and
Liu et al. (2006)

Robinson et al. (2001) and

Anjaneyulu et al. (2005)

Robinson et al. (2001)

Robinson et al. (2001)

Bras et al. (2005)

Pearce et al. (2003) and
Semple et al. (1999)

Aleboyeh et al. (2005;
Muthukumar et al. (2005)

Frank et al. (2002) and
Mutlu et al. (2002)
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Table 5 continued

Methods Merits Demerits Reference

Photocatalysis Process carried at ambient Effective for small amount of Grzechulska and Morowski
conditions, inputs are atoxic and colorants, expensive process (2002) and Dominguez
inexpensive, complete et al. (2005)
mineralization in shorter times

Sonication Highly effective for integrated Relatively new method, awaiting Ince and Tezcanli (2001)
systems full scale application

Enzymatic Effective for specific compounds,  Cost of enzymes, enzyme stability, ~ Husain (2006) and Husain

treatment unaffected by shock loadings, product inhibition et al. (2009)

Redox mediators

Engineered
wetland systems

required shorter contact times

Easily available, enhance the
process by increasing electron
transfer efficiency

Cost effective technology,
applicable for huge volume of
wastewater

Mediator may give antagonistic
effect, depends on biological
activity of the system

High installation cost, requires
expertise, difficult management
during monsoon

Husain and Husain (2008)

Mbuligwe (2005) and Bulc
and Ojstrsek (2008)

10 Conclusion

The advantages and disadvantages of various chem-
ical, physical, biological and enzymatic methods used
for the treatment of dyes have been compared in
Table 5. This study finally emphasized that an
enzymatic approach based on peroxidase activity
has attracted much interest in the remediation/
decolorization of various dyes present in wastewa-
ter/industrial effluent. The treatment of such pollu-
tants by peroxidases sometimes caused problems due
to inactivation of enzyme by its own product/products
and recalcitrant nature of the dye compounds. The
inactivation effect of the enzyme can be prevented by
adding some adsorbents during reaction. Recalcitrant
dyes could be successfully decolorized by peroxi-
dases in the presence of some suitable redox medi-
ators. Immobilized peroxidases have shown their
superiority over the free enzymes in the remediation
of synthetic dyes. Immobilized enzymes could be
successfully used in the reactors for continuous
decolorization of dyes from wastewater. Treatment
of recalcitrant pollutants by using enzyme-redox
mediator system will be significantly useful proce-
dure for targeting a number of dyes of diversified
structures. The viability of developing commercial
scale treatment processes by using peroxidases and
their potential deactivation and slow process kinetics
can be improved by adding an adsorbent in the
reaction mixture or by developing a two reactor
systems for decolorization/degradation of dyes where

@ Springer

one reactor containing immobilized enzyme and
second reactor filled with the adsorbent. The acti-
vated product created by peroxidase would bind to
the adsorbent in the second reactor and pollutant free
water will move out of second reactor. Indeed, the
described system has to be developed with a cheaper
biocatalyst and adsorbent that would be cost effec-
tive. Thus, peroxidase based dyes treatment will
provide a reasonable basis for the development of
biotechnological processes for continuous color and
aromatic compounds removal from various industrial
effluents at large scale.
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