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9.1 Introduction

Pollution of communal water bodies by waste dyestuff released from textile
plants and dyehouses represents a major environmental concern. Although
presently a wide range of physical and chemical methods is available to
decolorize dye-contaminated effluents (Hao et al., 2000), alternative processes
based on biotechnological principles are attracting increasing interest
(Kandelbauer and Gübitz, 2005) since they often avoid consumption of high
quantities of additional chemicals and energy. In this chapter, a short overview
is given of such biotechnological approaches. Their advantages and
disadvantages and hence their range of applicability are outlined.

In Section 9.2.1, there is a discussion of biological treatment processes
based on living and proliferating cell populations. These may consist either
of well-defined species of special micro-organisms or of various kinds of
different micro-organisms that have established an ecosystem suitable for
dye elimination. One major advantage of such systems is the complete
mineralization often achieved due to synergistic action of different organisms
(Stolz, 2001). However, the actual biodegradation is always a stepwise chemical
transformation consecutively catalyzed by different enzymes. Therefore,
enzymes may be used as such for the treatment process in some cases. Some
key information on enzyme remediation is given in Section 9.2.2.

Finally, some conclusions are drawn about potential future applications of
bioremediation techniques in the treatment of textile effluent and partial
process streams contaminated with residual dyestuff.

9.2 Biotechnology and dye effluent treatment

9.2.1 Microbial processes

General aspects

Most biotreatment systems are based on living micro-organisms. The common
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method for the treatment of wastewater in the textile finishing industry is
physicochemical flocculation in combination with subsequent biological
treatment (Krull et al., 1998). Like most organic materials of animal and
vegetable origin, dyes can be degraded into simpler compounds and are
finally mineralized to water and carbon dioxide by a wide variety of aerobic
or anaerobic organisms (Binkley and Kandelbauer, 2003; McMullan et al.,
2001). Biodegradation can take place in the presence of oxygen (aerobic
degradation) or in the absence of oxygen (anaerobic degradation).

Biological treatment can be carried out directly at the site of an industrial
plant or in a communal sewage treatment plant. In both cases, living whole
cell systems are typically used in mixed cultures of various types of micro-
organisms. Mixed populations are much more commonly applied than
isolated cultures of single organisms because of their relative robustness and
versatility against xenobiotic compounds. They are more resistant towards
unexpected or sudden changes in environmental conditions. They are self-
establishing little ecosystems and adapt continuously via natural selection.
In particular, industrial on-site effluent plants develop very specialized
micro-organism populations that are very powerful in the degradation of the
specific waste produced at the plant. Usually the plants simply benefits from
their presence.

However, studies have been published where such naturally evolved strains
have been isolated and optimized further under chemostat conditions in the
laboratory in order to create even more powerful species (Zimmermann
et al., 1984, Nigam et al., 1996). The complete mineralization of specific
xenobiotic compounds upon action of single organisms has been reported
(Blümel et al., 1998) but this is, however, not a typical result and thus is of
limited use. Furthermore, by conventional methods this is very time-consuming
and may take up to a year or more. By applying genetic methods, however,
such super strains may be developed much faster in future and may be
returned to the mixed culture again as a boosting inoculum assisting the
overall biotreatment system.

In order to yield successful biotreatment, some requirements must be met.
The micro-organisms must be kept healthy and active. It is important to keep
type and concentration of potentially toxic substances at a level that does not
cause any serious damage to the micro-organism population. Since dye
degradation is attributed to secondary metabolic pathways, appropriate growth
conditions have to be accomplished by addition of a nutritional supply.
Sufficient amounts of nitrogen- and phosphorus-containing nutrients must
be present in the effluent. Typical conditions necessary to ensure reliable
performance of a biological mixed culture system are pH between 6.5 and 9,
temperature at around 35 ∞C (or higher in the case of anaerobic systems),
ratio of the biological oxygen demand (BOD) to nitrogen and BOD to
phosphorus of approximately 17:1 and 100:1, respectively (Binkley and
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Kandelbauer, 2003). At sewage treatment plants where domestic effluent is
mixed with industrial effluents, C, N and P sources typically appear in quantities
high enough to maintain the micro-organism population. Industrial on-site
treatment plants on the other hand are limited to effluents containing the
rather small range of solutes corresponding to the product range. It may thus
be necessary to add supplemental N and P sources to a dye house on-site
facility. This leads to additional loads of the effluent with chemicals.

The effect of structural parameters of the dye on bioelimination is generally
linked to the mechanism of the treatment process. For example, in adsorption
processes, where biomass – dead or alive – is basically used as a filter
material, a large molecular size is typically of advantage for satisfactory
decolorization (Cooper, 1993). Since, in this case, poor solubility is of
advantage, functional groups that confer high water solubility, such as, for
example, sulfonic acid groups, are unfavourable. On the other hand, for
biodegradation processes involving bacteria where intracellular digestion
takes place, solubility and suitable polarity seem to be of advantage.
Furthermore, it is important that the dye molecule is able to penetrate the cell
wall and thus it should be of relatively smaller size. Large functional groups
such as, for example, sulfonic acid groups may again prove unfavourable if
too many are present. In general, sufficient bioavailability must be guaranteed
in order to efficiently eliminate dye molecules.

Aerobic treatment

Activated sludge

Aerobic treatment is carried out in stabilization ponds, aerated lagoons,
activated sludge or percolating filters. In aerobic treatment, micro-organisms
in the activated sludge utilize dissolved oxygen to convert the wastes into
more biomass and carbon dioxide. Organic matter is partially oxidized and
some of the energy produced is used for generating new living cells under
the formation of flocs. The flocs are allowed to settle and are then removed
as sludge. A proportion of the sludge removed is recycled back to the aeration
tank to maintain the micro-organism population. The remainder of the sludge
can be fed back in a subsequent anaerobic treatment. Combinations of
anaerobic/aerobic pilot plant for the treatment of coloured textile effluents
are very powerful (for instance, Sarsour et al., 2001), especially for the
elimination of azo dyes (Stolz, 2001).

Aerobic bacteria have been described that oxidatively decolorize many
dyes from several classes, among which azo dyes always turned out to be the
most recalcitrant compounds (Kandelbauer and Gübitz, 2005). The ease of
elimination of a dye is strongly related to its solubility. The more sulfonic
acid groups are present in the dye structure, the more soluble and, therefore,
the less responsive to treatment is the dye to the activated sludge process.
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Insoluble vat and disperse dyes can be removed in quite high proportions by
primary settlement. Basic and direct dyes respond well to treatment in the
activated sludge process. However, reactive dyes and some acid dyes seem
to cause more of a problem. It is generally considered that the activated
sludge process removes only low levels of these dyes.

If only aerobic treatment is performed, the sludge can be disposed of in
landfill or by drying and incineration. Disposal through agricultural use as a
fertilizer is mostly prohibited by law in many countries because of the presence
of heavy metals from dye residues.

Fungi

In nature, the class of white-rot fungi is able to degrade complex substrates
like lignin via oxidative radical pathways. They can also degrade textile dyes
due to the unspecific nature of their lignin degrading enzymatic system. The
enzymes responsible for this action are peroxidases and laccases. The enzymes
show broad substrate specificities (see Section 9.2.2) and are excreted by the
fungi. Since extracellular digestion of dyestuff takes place, physical separation
of living organism and toxic waste can be accomplished. This makes fungi
especially interesting for bioremediation. One drawback with fungal cultures
is that they require rather long growth phases before actually producing high
amounts of active enzymes.

A huge number of scientific papers show the versatility of white-rot fungi
for decolorization (Fu and Viraraghavan, 2001) and consequently, much is
known about their potential in treating dye contaminated (model) waste
water and their resistance towards dye toxicity under more or less native
conditions. The list of white-rot fungi known to degrade the various types of
dyes is long: amongst others, various Trametes sp. (Abadulla et al., 2000,
Campos et al., 2001, Kandelbauer et al. 2004a, b, and 2006, Shin and Kim,
1998b), Trametes versicolor (Swamy and Ramsey, 1999a,b), Irpex lacteus

(Novotny et al., 2001), Pleurotus ostreatus (Shin and Kim, 1998a), Pycnoporus

sanguineus (Pointing and Vrijmoed, 2000), Pycnoporus cinnabarinus

(Schliephake et al., 2000), Phlebia tremellosa (Kirby et al., 2000), Geotrichum

candidum (Kim et al., 1995), or Neurospora crassa (Corso et al., 1981), and
Phanerochaete chrysosporium (Martins et al., 2001; Tatarko and Bumpus,
1998) seem to be the most extensively investigated fungi for dye decolorization
working on dyes of all classes. The genus of Penicillium has been shown to
degrade various polymeric dyes (Zheng et al., 1999). Trametes versicolor,

Pleurotus ostreatus, Phanerochaete chrysosporium, Piptoporus betulinus,

Laetiporus sulphureus and several Cyathus species) have been described in
literature to degrade triphenylmethane dyes (Azmi et al., 1998). For an
informative compendium of recent literature describing fungi able to decolorize
dyes, see Fu and Viraraghavan (2001).
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Living fungi can decolorize dye solutions by means of real biodegradation
(Chagas and Durrant, 2001; Swamy and Ramsay, 1999b). Typically, dyestuff
is added to either a more or less purified enzyme solution, culture filtrate or
fermentation broth, which may still contain the living organism. The cultivation
can be optimized with respect to dye decolorization by stimulation with
inducing substances, which induce increased formation of active enzymes
(Robinson et al., 2001; Tekere et al., 2001; Bakshi et al., 1999).

Various types of reactor systems based on fungi have been described (Fu
and Viraraghavan, 2001; Nicolella et al., 2000) such as static biofilms on
rotating discs (Kapdan and Kargi, 2002) and drum reactors (Dominguez
et al., 2001), biological aerated filter cascades (Basibuyuk and Forster, 1997),
packed-bed bioreactors (Schliephake et al., 1996), or fed-batch and continuous
fluidized bed reactors (Zhang et al., 1999).

Many methods use the adsorption of dye contaminants on biomass which
is commonly referred to as biosorption. Such processes take place, for example,
in the course of activated sludge treatment (see Section 9.2.1 General aspects).
Cells of white-rot fungi are preferably used for biosorption on both growing
cells and on dead biomass (Fu and Viraraghavan, 2001). Decolorization
without any transformation readily takes place only physically via adsorption
onto their mycelia (Assadi and Jahangiri, 2001; Robinson et al., 2001). With
living fungi, adsorption may be accompanied by concomitant biodegradation
(Aretxaga et al., 2001, Sumathi and Manju, 2000). Pellets consisting of
activated carbon and mycelium of Trametes versicolor were used for effective
textile dye decolorization (Zhang and Yu, 2000). Azo dyes have been shown
to quickly bind onto the mycelium of active Aspergillus niger resulting in
extensive colour removal higher than 95% (Sumathi and Manju, 2000).
Evidently, decolorization with active biomass is highly effective. High
decolorization rates were also achieved with a combination of biodegradation
by bacteria and adsorption using carbon black as a carrier material (Walker
and Weatherly, 1999).

Coloured substances may be adsorbed onto many materials like sawdust
(Khattri and Singh, 1999), charcoals, activated carbon, clays, soils,
diatomaceous earth, activated sludge, compost, living plant communities,
synthetic polymers, or inorganic salt coagulants (Slokar and Marechal, 1998).
When biodegradable materials which provide good growth substrates for
white rot fungi such as agricultural residues are used for biosorption, the
physical adsorption can be used to rapidly decolorize the effluent and
preconcentrate the dye stuff in a first step. Subsequently, for complete
mineralization of dyes solid state fermentation can be performed on the
dried adsorbent using white rot fungi. (Robinson et al., 2001, Nigam et al.,
2000).

The removal of acid dyes by biosorption onto the biomass rather than
biodegradation was found to be related not to the number of sulfonic groups
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(and thereby the solubility), but to the size of the molecule. It is thought
that the greater the molecular size, the greater the degree of adsorption
(Cooper, 1993).

Anaerobic treatment

Anaerobic treatment occurs in sealed tanks and converts the waste into
methane and carbon dioxide. Where nitrogenous and sulfide-containing
pollutants are present, ammoniacal substances and hydrogen sulfide are
produced. At some municipal sewage treatment plants, the sludge formed by
the aerobic treatment process passes into tanks for anaerobic treatment.
Considerable heat is produced from anaerobic treatment. By using heat
exchangers to extract the heat, the bioenergy can be utilized to heat buildings.
The methane produced is collected, compressed and then used in generators
to produce electricity. The electricity produced can power site processes and
the surplus is sold to the national grid. The production of this power not only
reduces the running costs of the treatment plant but also provides a welcome
income, thus reducing the costs further.

Under anaerobic conditions, the decolorization of many azo dyes via
reduction of the azo bond has long been shown for anaerobic (e.g. Bacteroides

sp., Eubacterium sp., and Clostridium sp.) and facultative anaerobic (e.g.
Proteus vulgaris and Streptococcus faecalis) bacteria (Bragger et al., 1997;
Rafii et al., 1990; Wuhrmann et al., 1980; Gingell et al., 1971). The main
interest in this field has been focused on bacteria from the human intestine
that are involved in the metabolism of azo dyes ingested as food additives
(Chung et al., 1992). The fecal enzyme activity of azoreductase is commonly
considered a marker for procarcinogenic activity (Haberer et al., 2003). The
nonspecificity of the azoreductase reaction is demonstrated by many reports
on the decolorization of azo dyes by sewage sludge under anaerobic conditions
(Carliell et al., 1994; Pagga and Brown, 1986). It seems that almost all azo
compounds tested are biologically reduced under anaerobic conditions, although
there are some indications that metal-ion-containing dyes sometimes have
reduced decolorization rates (Chung and Stevens, 1993).

The conventional treatment of coloured effluents produces a lot of sludge,
but does not remove all dyes, thus preventing recycling of the treated
wastewater. In activated sludge treatments, dyeing effluents, e.g. reactive
azo dyes and naphthalene-sulfonic acids as well as aromatic amino derivatives,
represent an extensive nonbiodegradable class of compounds (Krull et al.,
1998) and can even inhibit activated sludge organisms. Such dyes often will
respond better to anaerobic conditions than aerobic conditions. Many dyes
are not biodegraded but only adsorbed under aerobic conditions. Studies
have found that many azo dyes can be degraded under anaerobic conditions
by reductive cleavage of the N=N double bond yielding the corresponding



Environmental aspects of textile dyeing218

aromatic amines. Some of these amines are carcinogenic and thus pose a
considerable potential health risk when released into the environment. However,
as shown already, aromatic amines are most likely to be further degraded
under anaerobic conditions (Laing, 1991). Specialized strains of micro-
organisms can be conditioned to fully degrade azo dyes (Razo-Flores et al.,
1997a, b).

9.2.2 Enzymic processes

General aspects

The concept of using isolated and partly purified enzyme preparations has
several advantages over whole cell approaches. The expression of the enzymes
involved in dye degradation is not constant with time but dependent on the
growth phase of the population when living organisms are used. This can be
circumvented by using isolated enzymes. Instead of maintaining living cultures
of micro-organisms at the site of pollution, the production, downstreaming
and preparation of stabilized biocatalysts or enzyme cocktails is provided
off-site by specialized production technologies. Enzymes are easier to handle
than living organisms and can be regarded more as speciality chemicals.
Enzymes can be produced on a large scale and may already be applied in
crude form (Moreira et al., 1998; Linko, 1988; Fahreus and Reinhammar,
1967) in order to keep the costs considerably low. For industrial applications,
immobilization of enzymes allows the reuse of the enzyme and thus further
reduces the cost for such a process.

Tailor-made enzymes can be optimized independently by exploring induction
reagents or using genetic engineering methods. This results in specialized
biocatalysts, which may be superior to their naturally evolved counterparts.
Efficiency may be increased upon combination with suitable additives and
stabilizers and their application in much higher concentrations and in clearly
defined quantities is possible unlike with naturally grown systems, which
are much more susceptible towards variations. Thus, constant performance
may be easier achieved.

Since isolated enzymes are protein molecules, they do not metabolize
dyes like living whole cell organisms do. They only catalyze a specific type
of transformation. Mineralization of dyes can therefore never be achieved by
only using enzymes. However, enzymatic modification of dyes may often be
sufficient at a certain stage in the process. Decolorization may be readily
achieved by enzymatic destruction of the chromophoric centre of the dye.
Detoxification may already be achieved after enzyme treatment by the
transformation of the functional group conferring toxicity.

The major potential for enzyme reactors lies in special treatments of
specific partial process streams of relatively constant and known composition.
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In such cases, biological processes other than defined enzymatic systems
may not be applicable at all. For example, the selective biological removal
of hydrogen peroxide at high pHs and temperatures from partial process
streams within the plant is only possible by using an immobilized catalase
enzyme system specifically designed for this purpose. Such a reactor system
has already been successfully tested in industry (Paar et al., 2001).

Although the enzymes used for dye remediation display broad substrate
specificities and practically all the different structural patterns such as the
triphenylmethane, anthraquinonoid, indigoid, and azodyes can be degraded,
the molecular structure of the waste dyestuff plays a considerable role on the
rate and extent of transformation. Dyes are generally designed to exhibit
high stability. They must resist irradiation with UV light, they must survive
numerous washing processes and, of course, they have to resist microbial
attack while in use on a textile fabric.

Various structural parameters of the dye molecule are to be taken into
consideration when its potential degradation in bioremediation processes is
discussed. No single model is currently available that would describe all the
observations of structural effects on biodegradability since too many different
aspects are to be taken into consideration. With redox active enzymes, the
redox potential of the dye plays a central role (Xu, 1996; Xu and Salmon,
1999). While electron-withdrawing substituents enhance the reductive
biodegradation of azo dyes (Maier et al., 2004), the opposite trend was
observed for the oxidative pathway (Kandelbauer et al., 2004a, b and 2006).
The redox potentials of textile dyes were successfully used for the quantitative
prediction of the biodegradability of a wide structural variety of different
textile dyes (Zille et al., 2004). For a more detailed discussion of substrate
specifities and various observations on structural effects with dyes of very
different molecular structure, see, for instance, Kandelbauer et al. (2004a, b,
and 2006) Knackmus (1996) and the references given therein.

Oxidative enzyme remediation

In general, there are two kinds of classes of oxido-reductases that are involved
in dye degradation: electron transferring enzymes and hydroxy-group inserting
enzymes. Peroxidases and laccases act via electron transfer and yield an
oxidized dye species. They are the most important types of enzymes involved
in enzymatic dye degradation. Both are secreted by lignolytic fungi (Mester
and Tien, 2000; Duran and Esposito, 2000).

The second type of oxido-reductive enzymes is the oxygenases. They
insert hydroxy-groups into a substrate. Depending on the number of hydroxy-
groups transferred by the enzymes they are classified as mono- or dioxygenases.
Oxygenases rely on complicated organic cofactors such FAD(H), NAD(P)(H)
or cytochrome P450. For efficient regeneration of the catalytic system, living
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organisms are needed and, thus they are not used for enzyme reactors as
such. Oxygenases are not only present in whole cell systems and mixed
cultures used for dye degradation, but are ubiquitously found within the cell
walls of every living organism. They play a vital role in the breakdown of
aromatic ring systems. Upon hydroxylation, the subsequent cleavage of the
aromatic ring yields carboxylic acids, which are further metabolized.

Laccases (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) catalyze the
removal of one hydrogen atom from the hydroxyl group of ortho- and para-

substituted mono- and polyphenolic substances and from aromatic amines
by one-electron abstraction. Thereby, free radicals are formed which are
capable of undergoing further degradation or coupling reactions, demethylation
or quinone formation (Thurston 1994, Yaropolov et al., 1994). In contrast to
other types of enzymes, such as hydrolytic enzymes like cellulases or lipases,
laccases exhibit very broad substrate specificities. By using additional low
molecular compounds such as ABTS, HBT and TEMPO which act as redox
mediators (Fabbrini et al., 2002; Almansa et al., 2004), polyoxometalates
(Tavares et al., 2004) or osmium-based redox polymers, their substrate
specificity can further be expanded. Redox mediating compounds are also
secreted by lignolytic fungi in order to assist the extracellular digestion
process (Eggert et al., 1996; Johannes and Majcherczyk, 2000a, b). Laccases
contain active copper centres. Hence, traces of copper may be introduced
into the effluent upon excessive addition of laccase.

Peroxidases (e.g. EC 1.11.1.9) are enzymes that catalyze the transfer of
two electrons from a donor molecule to hydogen peroxide or organic peroxides.
The oxidized substrate may be a textile dye. Peroxidases are a much more
diverse group of enzymes than laccases and the structure of the electron
donor may limit the choice of peroxidases. Most commonly, manganese
peroxidases and lignin peroxidases from ligninolytic fungi are employed in
the degradation of textile dyes (Mester and Tien, 2000). The presence of low
molecular substances may enhance the performance of peroxidases as well.
Thus, the addition of veratryl alcohol was shown to positively influence
decolorization of azo and anthraquinone dyes catalyzed by lignin peroxidase.
However, this effect may either be attributed to the protection of the enzyme
against being inactivated by hydrogen peroxide or to the completion of the
oxidation-reduction cycle of the lignin peroxidase rather than to redox-
mediation (Young and Yu, 1997).

Laccases and peroxidases may exhibit different substrate specificities.
For example, the laccase treatment of the three different triphenylmethane
dyes malachite green, crystal violet and bromophenol blue resulted in overall
decolorizations of 100, 20, and 98%, respectively (Pointing and Vrijmoed,
2000). In contrast, an analogous experiment using the same dyes in a treatment
with a peroxidase yielded a different ratio of reactivities of 46, 74, and 98%,
respectively (Shin and Kim, 1998a).
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The major advantage in using laccases lies in that they just require molecular
oxygen as a co-substrate. Such treatment systems therefore only require
sufficient aeration of the system and are therefore relatively simple. Peroxidases
require hydrogen peroxide as a co-substrate in order to oxidize the dye
molecules and catalyze degradation. Thus, here additional chemical load is
required in order to gain catalytic transformation. Consequently, in the past
decade, the focus on designing enzyme reactors for dye decolorization has
been on laccase systems.

Laccases decolorize a wide range of industrial dyes (Rodriguez et al.,
1999; Reyes et al., 1999; Campos et al., 2001; Kandelbauer et al., 2004 a, b).
In the presence of redox mediators, this range was extended (Reyes et al.,
1999; Soares et al., 2001a, b; Almansa et al., 2004) or the extent of
decolorization of degradable dyes was significantly enhanced (Abadulla
et al., 2000). The presence of low molecular weight compounds like 2,2¢-
azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was in some cases
necessary to initiate the actual electron transfer steps of laccases (Wong and
Yu, 1999). Dye degradation intermediates may have an enhancing effect on
decolorization due to redox mediation. Anthraquinonoid dyes act as redox
mediators (Kandelbauer et al., 2004) and they may assist in the laccase
catalyzed remediation of dye mixtures.

For technical applications, enzymes are immobilized. Various applications
of laccases immobilized on different types of supports have been reviewed
recently (Duran et al., 2002). Immobilization of fungal laccases on various
carrier materials such as activated carbon (Davis and Burns, 1992), sepharose
(Milstein et al., 1993), or porosity glass (Rogalski et al., 1995 and 1999) has
been shown to increase stabilities of the enzyme at higher pH and tolerance
to elevated temperatures and to make the enzyme less vulnerable to inhibitors
such as Cu chelators. Membrane enzyme reactors containing laccases from
Neurospora crassa (Luke and Burton, 2001) or Pyricularia oryzae (Lante
et al., 2000) have been employed for the bioremediation of phenols. Laccase
bound to Eupergit (Hublik and Schinner, 2000; D’Annibale et al., 2000) has
also been used for this purpose. Reyes et al. (1999) reported the application
of a bioreactor based on Coriolopsis gallica laccase immobilized on activated
agarose. A laccase from Lentinula edodes was immobilized on a chitosan
solid support (D’Annibale et al., 1999).

An important issue for the industrial application is the long-term stability
of biocatalytic systems. The application of Trametes hirsuta laccase upon
covalent immobilisation to a g-Al2O3-carrier was described for the efficient
use in the detoxification and degradation of structurally diverse dyes. Reactors
containing such laccase preparations were run in ten repeated batch
decolorizations for about 15 h while still retaining 85% of their initial activity
(Abadulla et al., 2000). Model dye house effluents containing a wide variety
of structurally different textile dyes such as triphenyl methane dyes, heterocyclic
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azo dyes, anthraquinonoid dyes and Indigo Carmine were successfully
decolorized by using a similarly immobilized enzyme reactor based on a
laccase from Trametes modesta (Kandelbauer et al., 2003 and 2004b). Here,
the simulated effluent was pumped continuously through a reaction cell and
dye loads were added in regular intervals yielding dye concentrations of
50 mg l–1 and more. Mainly due to mechanical abrasion of the enzyme from
the support, the reactor had lost 50% of its activity after 10 h and within five
decolorization cycles. Other experiments with an authentic textile effluent
caused a loss in laccase activity resulting in 14% retained activity (Reyes
et al., 1999). The authors investigated all known components of the effluent
like salts, soap, and dispersant and their mixtures for laccase inactivation but
none of them was identified as detrimental to the enzyme.

Thus, one major problem with enzyme reactors is currently their limited
lifetime under harsh conditions. Especially when real-life effluent streams
are approached, enzyme reactors seem currently no useful solution for end
of pipe operations. Here, whole cell populations with mixed cultures will
always perform much more reliably.

However, within partial process streams at more defined loads and reaction
conditions, promising results have been presented with enzymes. After treatment
with immobilized enzyme, decolorized dyeing water was recycled within the
dyeing process (Abadulla et al., 2000). This is not possible with effluents
treated with micro-organisms since they require additional components to
support growth, which cause substantial changes in the process water
composition. Both nutrients added to the effluent and metabolites secreted
by micro-organisms can cause problems in the recycling of effluents (Abadulla
et al., 2000).

The lifetime and resistance of enzyme reactors can possibly significantly
be enhanced by applying enzymes from other sources. Currently, practically
all laccases used for dye remediation are derived from white-rot fungi.
Despite promising efficiency in dye decolorization in general, with
these enzymes, one is typically restricted to reaction conditions which
correspond to the natural environment of the fungi in which they are formed.
Thus, no decolorization activities at all are observed at values higher than 7
and temperatures well above 45 ∞C (e.g. Kandelbauer et al., 2004b
and 2006).

A very potent candidate for future high-performance enzyme sources is
therefore the class of extremophilic micro-organisms. Since they live under
extreme heat and pH conditions such as on the sea bottom or in hot sulfate-
containing springs, their enzymatic systems are more likely to withstand
extreme environmental conditions. Consequently, screening for suitable
enzymes expressed by thermo-alkalophilic organisms is of special interest
with respect to their potential applicability at elevated temperatures and pHs.
Organisms of this kind are impossible to cultivate using conventional
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fermentation protocols. However, this is not required. The enzymes of interest
could be cloned, genetically transferred and expressed by organisms for
which efficient standard production methods are already well established
(Kruus et al., 2001).

However, it might not even be necessary to go for extremophiles in the
first place. The universally present class of bacteria might still hold unexplored
potential that is more readily available. One example for the extension of the
range of reaction conditions is the bacterial laccase from a Bacillus species
(Held et al., 2004 and 2005).

In contrast to fungal laccases, which have been known for many years,
laccase activity in bacteria was only discovered in 1993 for Azospirillum

lipoferum and was only recently characterized in more detail (Diamantidis
et al., 2000). Interestingly, the spore coat protein CotA of Bacillus subtilis

was identified as a laccase (Hullo et al., 2001). Bacterial laccases seem to be
involved in pigment formation with some bacterial spores (Solano et al.,
2001) and, in this function, they are assumed to be widespread among that
class of bacteria (Alexandre and Zhulin, 2000). Since spores serve micro-
organisms to survive drastic conditions, spore coat enzymes are likely also
to withstand high temperatures or extreme pH values, which would be
advantageous for industrial applications.

When using preparations of bacterial laccase immobilized on spores for
the treatment of 50 mg l–1 of Indigo Carmine, Diamond Black PV 200 or
Diamond Fast Brown (Held et al., 2005), complete decolorization was achieved
at pH 9 within two hours. While with fungal laccases, the optimum temperature
for dye decolorization was never above 40 ∞C, the best results with bacterial
laccase were found at 60 ∞C. Within a pH range of 5.0–7.0 the half-life was
more than 120 h, compared with a half-life of 13 h under similar conditions
as previously measured for a laccase from Trametes hirsuta (Abadulla, 2000);
this is a ten-fold increase in stability.

Most studies in the past decade have been focused on the laccase-catalysed
degradation of dye molecules. However, since laccases are primarily involved
in the initial formation of reactive radicals, the same enzymes could also
advantageously be used to increase the molecular weight of waste dyestuff.

In a recent study, it was found that, upon laccase catalysis, the acid dye
Indigo Carmine was either completely degraded or transformed to another
product of higher molecular weight. Which pathway the reaction followed
depended strongly on the reaction conditions, especially on the pH: at higher
pHs (pH 5–6), the predominant product formed was that of higher molecular
weight (Kandelbauer et al., 2006).

In an earlier study using a peroxidase in the Indigo Carmine transformation,
the observation of an unidentified by-product in small quantities was reported
that might also have been formed by an polymerization pathway as well
(Podgorny et al., 2001). This might indicate that the strategy of increasing
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the molecular weight is not limited only to laccase reactors. And it is certainly
not limited to indigoid dyes. By-products of higher molecular weight than
the starting material were observed in the laccase-catalyzed transformation
of the azo dye Diamond Black PV 200 and various structurally related azo
dyes (Kandelbauer et al., 2004a). Trametes villosa laccase in solution was
used for the degradation of azodyes over a period of 72 h of oxidative
conditions, demonstrating not only degradation of the dyes but also
polymerization to some degree (Zille et al., 2005).

The consequent application of this idea would lead to a strategy opposite
to the one pursued so far. Instead of aiming at biodegradation, polymerized
dye stuff of high enough molecular weight could be produced and subsequently
readily removed from the effluent by filtration. Thereby, the chance of producing
potentially toxic residual by products as in the degradation process would be
minimized.

Laccases are already used industrially in hair dyeing formulations, as
described in various patents for the dyeing of keratinous fibres (Lang and
Cotteret, 2002; Onuki et al., 2000; Aaslyng et al., 1999) and a number of
publications have been published on laccase-catalyzed coupling reactions
meaning that much useful knowledge may be already available from other
research fields.

Reductive enzymes

Unlike the oxidative enzymes laccase and peroxidase, the application of
reductases or oxidases requires cofactors like NAD(H), NADP(H), or FAD(H),
which are extremely expensive compounds. Enzyme remediation systems
based upon such enzymes is therefore economically not feasible and industrially
very difficult to implement. Most decolorizations in connection with reductive
enzymes usually take place in whole cell applications. Bacterial degradation
of azo dyes may be attributed to unspecific reduction of dyes (Yoo, 2002;
Nam and Renganathan, 2000) or the action of azoreductase activity (Ramalho
et al., 2005; Maier et al., 2004; Zimmermann et al., 1984).

9.3 Future trends

Although enzyme remediation of dyestuff successfully removes its colour, a
potentially harmful organic load may remain in the process waters. Thus, an
interesting future perspective in the application of laccases for the treatment
of process waters containing waste dyestuffs is the coupling of phenolic dye
fragments rather than their oxidative breakdown. If such polymerized fragments
were of sufficiently increased molecular weight, they could readily be removed
by a subsequent filtration step (laccase-assisted dye precipitation).
Consequently, future research activities should focus on optimization of the
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reaction conditions in order to achieve maximum oxidative coupling of
primarily formed dye fragments.

Exploring the potential of different or newly discovered organisms such
as various species of extremophiles or bacteria will lead to more powerful
organismic and enzymatic treatment systems. Genetic methods will be of
increasing interest in designing and tailoring new super-enzymes with expanded
potential not only in effluent treatment but in all fields of industrial
microbiology. They will also help to optimize fermentation technology in
order to further reduce the costs and increase availability of enzymes.

Application of the present knowledge about the relationships between the
chemical structure and its influence on biodegradability could possibly lead
to the design of novel dyes that are perfectly stable while in use on the textile
but that provide sufficient affinity towards bioremediation systems to be
completely biodegradable.

Intelligent combination of different treatment techniques will provide more
powerful integrated tools. For instance, the adsorption of dyestuff on living
material paired with subsequent enzymatic degradation is not new, but is a
very good illustration of the concept for using the advantages and avoiding
the disadvantages of two different methods. Another example is the combination
of laccase systems with ultrasound (Rehorek et al., in press) in order to
enhance the biodegradation process. The use of peroxidases depends on the
availability of hydrogen peroxide as a second substrate. Here, a combination
of enzyme remediation with conventional chemical regeneration processes
relying on a combination of UV and hydrogen peroxide could prove beneficial
in the future. In both cases, the enzymes have to be protected against too
high an energy input since they easily may be destroyed. Therefore, sequential
application of the different techniques may provide an industrially feasible
solution. Physicochemical pretreatment of waste loads in order to facilitate
subsequent biological treatments is presently well established.
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