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ABSTRACT

Enzymatic processes fall between the two traditional categories of chemical and
biological treatment systems since they involve chemical reactionsbased onthe action
of biological catalysts. A variety of enzymes from plants and microorganisms have
been reported to play important roles in an array of waste treatment applications.
Before the full potential of enzymes may be realized, a number of significant issues
remain to be addressed. Theseinclude: devel opment of low-cost sourcesof enzymesin
quantities that are required at the industrial scale; demonstration of the feasibility of
utilizing the enzymes efficiently under the conditions 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, among others.

. INTRODUCTION

Extensive research and devel opment work has been conducted in recent yearsto
enable industrial, agricultural, municipal, and commercial facilities to reduce their
impacts on the environment. In particular, theimplementation of increasingly stringent
standards for the discharge of wastes into the environment has necessitated the need
for the development of alternative processes for the production of goods and for the
treatment and disposal of wastes. Ultimately, the objectives of these processesare: (1)
toimprovetheefficiency of utilization of raw materials, thereby conserving resources
and reducing costs; (2) to recycle waste streamswithin agiven facility to minimizethe
need for effluent disposal; (3) to reduce the quantity and maximize the quality of
effluent waste streams (air, water, and solids) that are created during production of
goods; and (4) to transform the waste compoundsinto materialsthat may be recovered
as fuels or that can be used in the production of new goods. These methods all fall
under the environmental strategy represented by the widely accepted hierarchy of the
4R’s: i.e, Reduce, Reuse, Recycle and Recover. Thereisamultitude of waysin which
the transformation of process components and waste streams can be carried out. Most
of these methods may be classified as being chemical and biological in nature.

Chemical transformations involve the application of reagents and reaction
conditionsto chemically alter speciesthrough achain of eventsresultingin theyield of
a desired product. Such processes involve a string of events that are usually well
defined and can be controlled to maximize efficiency. However, such processes often
requirethe presence of excess quantities of reagentsto accomplish the transformation



to the desired extent. In addition, particularly harsh conditions (e.g., high temperature
or extremes of pH) are often required in order to facilitate the chemica

transformations. This can present aproblem once the desired transformation hastaken
place sincethe resulting stream may be alow quality mixture that cannot be disposed
into the environment or reused without subsequent treatment. And, finally, many

chemical treatment processes are not highly selectiveinterms of thetypes of pollutants
that are transformed during treatment. Consequently, such processes are usually more
economical for the treatment of dilute wastewaters and are often used as a polishing
step prior to waste discharge into the environment (Aitken, 1993).

Biological processes have been used with much successfor many decades. These
processes are designed to take advantage of the biochemical reactionsthat are carried
out in living cells. Such processes make use of the natural metabolism of cells to
accomplish the transformation or production of chemical species. The metabolic
processes occur as aresult of asequence of reactions conducted inside the cell that are
catalyzed by proteins called enzymes. Animportant advantage of biological systemsis
that they can be used to carry out processes for which no efficient chemical
transformations have been devised. In addition, biological processes can often be
conducted without the harsh conditions that are necessary during chemica
transformations. However, dueto the sensitivity of microorganismsto changesin their
environment (e.g. pH, salinity, temperature, and the presence of toxic or inhibitory
compounds), these processes can be difficult to control over thelong term, and may be
subject to frequent upsets. They also require asupply of macro- and micronutrientsfor
the support of microorganism growth, and often result in the formation of large
quantities of biomass that ultimately must be discarded into the environment. In
addition, the biochemical reactionsoccur at aratethat islimited by the metabolism of
the microorganism and, thus, are often slower than chemical processes. Moreover,
while biological systems are commonly used to remove the bulk organic load in
wastewaters, these systems often have difficulty in removing toxic pollutants to
consistently low levels. Therefore, conventional biological processes may not be able
to improve water quality sufficiently to meet wastewater discharge criteria.

In an attempt to overcome some of the problems associated with chemica and
biologica systems, recent research has focused on the environmental applications of
pure enzymesthat have been isolated from their parent organisms. The reasonsfor this
recent interest are fourfold: (1) the rate of introduction of recalcitrant organic
pollutantsinto the environment ison therise, and it isbecoming increasingly difficult
to achieve an acceptable degree of removal of these pollutants using conventional
chemical and biologica processes; (2) there is a need for the development of
alternative treatment methods that are faster, cheaper, more reliable, and smpler to
implement than current processes; (3) thereisagrowing recognition that enzymescan
be used to target specific pollutants for treatment; and (4) recent biotechnological
advances are expected to enable the production of cheaper and morereadily available
enzymes through genetic manipulation of microbial and plant cells and through
improved efficiency of isolation and purification procedures. Much of this work
remains very new and substantial hurdles must be overcome before full-scale
industrial application of enzymes can become a reality. Thus, the objectives of this



paper are: (1) to provide an introduction to enzymes, their advantages and their
limitations; (2) to summarize some of the applications that have been the subject of
recent research; and (3) to identify the obstacles that must be overcome before such
enzymatic processes can be implemented at the full-scale.

[I.ENZYMATIC PROCESSES

Enzymatic systems fall between the two traditional categories of chemica and
biologica processes, since they involve chemical reactions based on the action of
biological catalysts. Specifically, enzymes are biologica catalysts that regulate the
multitude of chemical reactionsthat occur in aliving cell, whether it be plant, animal
or microbial. They carry out such cellular processes as energy conversion, food
digestion and biosynthesis. Enzymes that have been isolated from their parent
organismsare often preferred over intact organisms containing the enzyme because the
isolated enzymes act with greater specificity, their activity can be better standardized,
they are easier to handle and store, and enzyme concentration is not dependent on
bacterial growth rates.

This can lead to some important advantages of enzymatic processes over
biological systems such as: their application to compounds that resist biodegradation;
their high selectivity alowing for the treatment of targeted pollutants; their action on,
or in the presence of, many substances which are toxic to microbes; their operation
over relatively wide temperature, pH and salinity ranges compared to cultures of
microorganism; their operation both at high and low concentrations of contaminants;
their high reaction rate compared to biological processes which enables the use of
smaller systems of lower cost; the absence of shock loading effects associated with
changesin contaminant concentrationsthat overwhelm the microorganism’sability to
adapt; the absence of delays associated with shutdown/startup periods that are
normally required to acclimatize biomass to waste streams; the lower quantity of
dludge production since biomassis not generated; and a high system stability allowing
for smpler process control.

Enzymes can aso offer a number of advantages over conventional chemical
processes. Such advantagesinclude: ahigh degree of specificity that allows enzymes
to remove target pollutants selectively, which precludes undesirable or unnecessary
reactions which would otherwiseincrease reactant consumption and, correspondingly,
increase the cost of treatment; operation on compounds that are present in trace
quantities (i.e., micropollutants) or that cannot removed by existing chemica/physical
processes; operation in a catalytic manner resulting in a high reaction velocity and
efficient use of chemical reagents; operation under low temperature conditions,
thereby reducing energy requirements for processes normally conducted at elevated
temperatures; and operation under mild pH conditions, thereby reducing theimpact of
corrosion on reaction vessels and avoiding the need for waste neutralization.

While the above advantages are indeed significant, it should be noted that the
majority of chemical and biological processes are not candidates for replacement by
enzymatic processes. That is, biological processes and some chemical processes (e.g.,
oxidation) have afundamental advantage over enzymatic systems: i.e., their ability to



simultaneously transform abroad range of compounds. For example, many municipal,
agricultural, and industrial wastes consist of amixture of organic compounds usually
classified under the broad categories of biologica oxygen demand (BOD) or chemical
oxygen demand (COD). Once released into receiving water bodies, these collections
of organic compounds result in the depl etion of dissolved oxygen in the water column
as aresult of natural microbial processes. In many instances, the majority of these
compounds can be efficiently degraded through the combined action of mixed cultures
of microorganisms. In contrast, enzymes are biological catalysts whose actions are
tailored to exclusively act upon specific chemical species. Thus, enzymatic treatment
will not result in the removal of abroad range of compounds from awaste stream, but
will only accomplish the transformation of an individual compound or class of
compounds. Thislimitsthe application of enzymesto accomplish the transformation of
target species that are either problematic due to their toxicity or that have been
identified asthe raw materialsfrom which enzymes can produce val ue-added products.

[11. POTENTIAL APPLICATIONSOF ENZYMES

In recognition of the above, recent research has focused on the development of
enzymatic processes for the treatment of wastewaters, solid wastes, hazardous wastes
and soils. The environmental applications that have been discussed in the literature
may be classified according to their specific objectives. For example, some processes
are specifically designed to accomplish the transformation of target pollutants in
wastewater streamsto reducetoxicity. Alternatively, the conversion of waste materias
can sometimes be achieved in a manner that results in a product with commercial
value. Some applications that have been recently reported will be outlined below.

Enzymatic Treatment to | mprove Waste Quality

Due to their high specificity to individual species or classes of compounds,
enzymatic processes can be designed to specifically target selected compoundsthat are
detrimental to the environment. Compounds that are candidates for this type of
treatment are usually those that cannot be treated effectively or reliably using
traditional techniques. 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 of the organic materia could be
treated biologicaly, thereby minimizing the cost of treatment. Dueto the susceptibility
of enzymes to inactivation by the presence of other chemicals, it is likely that
enzymatic treatment will be most effective in those streams that have the highest
concentration of the target contaminant and the lowest concentration of other
contaminants that may tend to interfere with enzymatic treatment. Aitken (1993)
suggested the following situations where the use of enzymes might be most beneficial:

removal of specific chemicalsfrom acomplex industrial waste mixture prior
to on-site or off-site biological treatment;



removal of specific chemicals from dilute mixtures, for which conventional
mixed culture biological treatment might not be feasible;

polishing of a treated wastewater or groundwater to meet limitations on
specific pollutants or to meet whole effluent toxicity criteria;

treatment of wastes generated infrequently or inisolated locations, including
spill sites and abandoned waste disposal sites;

treatment of low volume, high concentration wastewater at the point of
generation in amanufacturing facility to permit re-use of the treated process
wastewaters, to facilitate recovery of soluble products, or to remove
pollutants known to cause problems downstream when mixed with other
wastes from the plant.

Some potential applications of enzymes that have been identified for the
improvement of waste quality include the transformation of aromatic compounds,
cyanide, color-causing compounds, pesticides, surfactants and heavy metas. In
addition, some physical modifications in waste characteristics have been achieved
through the mixing of solid wastes with enzymes. These applications are summarized
in Table 1 and are described below.

(a) Aromatic Pollutants

Aromatic compounds, including phenols and aromatic amines, congtitute one of
the major classes of pollutants and are heavily regulated in many countries. They are
found in the wastes of a wide variety of industries including coal conversion,
petroleum refining, resins and plastics, wood preservation, metal coating, dyes and
other chemicals, textiles, mining and dressing, and pulp and paper. Most aromatic
compounds are toxic and must be removed from wastes before they are discharged
into the environment. Several methods of enzymatic treatment have been proposed as
potential alternatives to conventional methods.

Peroxidase enzymes are produced in the cells of many microorganismsand plants.
They catalyze a variety of reactions, but al require the presence of oxidants such as
hydrogen peroxide (H,O,) to activate them. Hydrogen peroxide first oxidizes the
enzyme, which in turn oxidizes the substrate. The reaction products are subsequently
polymerized through a non-enzymatic process leading to the formation of water
insoluble precipitates that can be removed from the aqueous phase by sedimentation or
filtration. Peroxidases can catalyze the oxidation of awide variety of toxic aromatic
compounds including phenols, biphenols, anilines, benzidines and related
heteroaromatic compounds. Peroxidases that have been used for the laboratory-scale
treatment of agueous aromatic contaminantsinclude horseradish peroxidase, soybean
peroxidase, chloroperoxidase, manganese peroxidase, and lignin peroxidase. Of these,
horseradish peroxidase (HRP) is undoubtedly one of the most studied enzymesin the
relatively new area of enzymatic waste treatment. It is particularly suitable for
wastewater treatment because it retains its activity over a broad range of pH and
temperature (Nicell et al, 1993a).



Table 1: Enzymes that can accomplish the transformation of pollutants.

Enzyme Proposed Applications

Alcalase Hydrolysis of tannery waste for chrome recovery
Alkylsulfatase | Surfactant degradation
Chloroperoxid | Oxidation of phenolic compounds

ase

Cyanidase Cyanide decomposition

Cyanide Cyanide hydrolysis

hydratase

Laccase Removal of phenals, decolorization of Kraft bleaching
effluents, binding of phenols and aromatic amines with humic
materials

Lignin Removal of phenols and aromatic compounds, decolorization

peroxidase of Kraft bleaching effluents

Lipase Improved sludge dewatering (in combination with
carbohydrase and protease)

Lyzozyme Improved sludge dewatering

Mn-peroxidase | Oxidation of monoaromatic phenols and aromatic dyes
Muramidase Dewater of pulp and paper sludges

Parathion Hydrolyzation of organophosphate pesticides
hydrolase
Peroxidase Removal of phenols and aromatic amines, decol orization of

Kraft bleaching effluents, dewatering of phosphate dimes
Perma-Zyme Improve the strength and stability of pure clayey soils and

(commercia soil-fly ash mixtures
product)

Phosphatase Precipitation of heavy metals
Proteases Improving sludge dewatering
Tyrosinase Removal of phenols

Most research has focused on the treatment of avariety of phenolic contaminants
(Klibanov, 1982; Klibanov et al, 1980). However, the use of HRPfor the treatment of
contaminantsincluding anilines, hydroxyquinoline and arylamine carcinogens such as
benzidines and naphthylamines has also been demonstrated in the laboratory
(Klibanov et a, 1980, Klibanov and Morris, 1981). In addition, it has been shown that
HRP hasthe ability to induce the formation of mixed polymersresulting intheremoval
of some compounds that are not directly acted upon by peroxidase (Klibanov et al,
1980). This phenomenon has an important practical implication for wastewaters that
usually contain many different pollutants. This principle was demonstrated when it



was observed that polychlorinated biphenyls (PCBs) could be removed from solution
through co-precipitation with phenols (Klibanov, 1983). However, this particular
application of HRP does not appear to have been pursued in any subsequent research.
Considerable efforts have aimed at optimizing the HRP-catalyzed removal of phenols
from agueous solutions. Improvementsin the useful life of the enzyme, and thereby a
reduction in treatment cost, have been accomplished through: selection of an
appropriate reactor configuration (Nicell et al, 1993b); the use of additives such as
polyethyleneglycoal to protect the enzyme from premature inactivation (Nakamoto and
Machida, 1992); the addition of absorbents such astal c which protect the enzymefrom
inhibition by reaction products (Arseguel and Babouléne, 1994); and the
immobilization of the enzyme on solid supports (Bodzek et a, 1994). In particular,
the advantages of immobilization for enzymes can include the preservation of enzyme
activity (Coppellaet a, 1990), the potential for continuous flow treatment (Caldwell
and Raushel, 1991) and the possibility of enzymereuse (Munnecke, 1977). Thus, this
methodology has been pursued during the development of many different types of
enzymatic processes, as will be seen below.

Lignin peroxidase (LiP), also known as ligninase, was first reported in 1983
(Aitken et a, 1994). It is produced by the white-rot fungus Phanerochaete
chrysosporium (Aitken and Irvine, 1989; VVenkatadri and Irvine, 1993). In contrast to
other peroxidases, LiP was shown to be capable of minerdizing a variety of
recacitrant aromatic compounds (i.e., breaking them down into smaller molecules
rather than achieving their polymerization) and to oxidize a number of polycyclic
aromatic and phenolic compounds (Aitken et al, 1994). LiP'srole in breaking down
lignin has al so been confirmed (Hammel, 1989; Cornwell et al, 1990). Cornwell et al
(1990) reported that immobilization of LiP on porous ceramic supports did not
adversdy affect LiP's stability and showed a good potential for degradation of
environmentally persistent aromatics. Immobilization can greatly enhance the
feasibility of the process because the enzymeisretained in the reactor system and does
not have to be supplied continuously to the wastewater stream.

The Kraft process that iswidely used in wood pulping leaves behind 5 to 8% by
weight of residual modified lignin in the pulp. This residual is responsible for the
characteristic brown color of the pulp and is commercialy removed by the use of
bleaching agents such as chlorine and chlorine oxides (Kirk and Yang, 1979).
Bleaching operations produce dark-brown colored effluents that contain toxic and
mutagenic chlorinated products that congtitute an environmental hazard (Royer et a,
1991). A number of studies have focused on the use of microorganisms in the
treatment of bleaching effluents and lately there has been an interest in the potential
use of enzymes such as peroxidases and laccaseto perform the sametask. Ferrer et a
(1991) reported the use of horseradish peroxidase and lignin peroxidase (LiP) in the
color removal of Kraft mill effluents. Both enzymeswere found to have considerable
potential and it was also observed that theimmobilized form of the enzymeswasin all
cases more efficient than the free form. LiP from P. chrysosporiumwas aso found to
play apositive rolein color removal of bleaching effluents and it was explained that
LiP was thought to degrade lignin by catalyzing the oxidation of aromatic units to
cation radicals that can spontaneously decompose (Pellinen et al, 1988).



Other peroxidases from fungal sources have also been investigated. A fungal
peroxidase from Coprinus macrorhizus was used by Al-Kassim et al (1994) to treat
aqueous phenolsin batch reactors. Chloroperoxidase from the fungus Caldariomyces
fumago has been reported to oxidize several phenolic compounds. In addition, it has
been shown to catalyze certain oxygen transfer reactions such as the oxidation of
ethanol to acetaldehyde or the oxidation of chloride ions. This latter reaction might
lead to the formation of adifferent range of products (which may be moretoxic) when
chlorideions are added to reaction mixtures containing chloroperoxidase (Aitken et a,
1994). Manganese peroxidase, produced by Phanerochaete chrysosporium has also
been observed to catalyze the oxidation of several phenols, and aromatic dyes, but
these reactions depend on the presence of both manganese and certain types of buffers
(Aitken and Irvine, 1989). Unfortunately, the enzyme's requirement for high
concentrations of manganese makes its feasbility for wastewater treatment
applications doubtful (Aitken et al, 1994).

Polyphenol oxidases represent another family of enzymes that have aso been
shown to catalyze oxidation reactions of phenolic compounds. They are subdivided
into two subclasses: tyrosinases and laccases. In contrast to peroxidase enzymes that
require the presence of hydrogen peroxide to accomplish the transformation of
aromatic pollutants, both of these enzymes use oxygen to carry out their reactions
(Bollag, 1992). This represents an important advantage over peroxidases due to the
difficulty in safely transporting and handling hydrogen peroxide, and the ready
availability and low cost of oxygen.

Tyrosinase catalyzes reactions with phenols resulting in the formation of o-
quinones. Quinones are mostly unstable and undergo non-enzymatic polymerization to
yield substances of low solubility (Atlow et al, 1984; Wada et al, 1993; Sun et a,
1992). Since a precipitate did not form spontaneoudly asin the case of peroxidases,
Wada et a (1993) resorted to the use of chitin and chitosan to adsorb the reaction
productsformed. Chitinisan abundant and cheap polysaccharide available as shellfish
waste, while chitosan isaproduct derived from chitin. Although chitosan was better at
removing the colored reaction products than chitin, both adsorbed the products
quickly. One advantage to using such an approach isthe conversion of awaste product
from the shellfish industry to auseful product. However, if chitosanisto be stripped of
adsorbed material and reused, the cost of such an operation might be high in view of
the strong adsorption of quinones to chitosan (Sun et al, 1992). Ikehata and Nicell
(2000) reported that the use of chitosan in combination with tyrosinase accomplished
very good detoxification of solutions of aqueous phenols. Wadaet al (1993) also used
immobilized tyrosinase along with chitosan to treat phenols and observed 100%
phenol removal within two hours. Theimmobilization of tyrosinase hasthe advantage
of retaining enzymesin the reactor and protecting them from inactivation by reaction
with quinones (Wadaet a, 1992; 1993). It should be noted, however, that despite the
savings associated with using oxygen as an oxidant, the cost of mushroom tyrosinaseis
currently very high.

Laccaseis produced by several fungi and seems capable of decreasing thetoxicity
of phenolic compounds through a polymerization process (Bollag et al, 1988). Also,
because of its relative non-specificity, it can induce the cross-coupling of pollutant



phenols with naturally occurring phenols. In fact, laccase can oxidize phenolic
compounds to their corresponding anionic free radicals that are highly reactive
(Bollag, 1992). In a study performed on laccase from the fungus Rhizoctonia
praticola, Bollag et d (1988) demonstrated the ability of the enzymeto detoxify some
of the phenolic compoundstested. Detoxification of aparticular phenol appeared to be
dependent on the ability of the enzymeto transform the compound, as demonstrated by
the disappearance of the parent phenol. However, the reaction products were not
identified. Bollag et d (1988) concluded that the ability of laccase to detoxify a
solution containing phenols appears to be function of the compound being treated, the
source of the enzyme and other environmental factors. Laccase hasalso been cited asa
possible candidate for the treatment of bleaching plant effluent (Milstein et a, 1988;
Lankinen et a, 1991). In a study on the removal of chlorophenols and chlorolignins
from bleaching effluents by precipitation, Milstein et a (1988) reported that laccase
could polymerize low-molecular-mass phenals, thereby facilitating their removal by
reaction and precipitation with polyethyleneimine. Royer et al (1991) noted that
intracellular enzymes (not identified) of the fungus Coriolus versicolor had some
effect on effluent decolorization. Whereas enzymes in their free form caused some
decol orization, immobilized enzymes had a more pronounced result.

Bollag (1992) suggested that it is possible to enhance the natural process of the
binding and incorporation of xenobiotics into humus by adding enzymes such as
laccase to contaminated soils. Laccases from Trametes versicolor, Rhizoctonia
praticola and other fungi have been used to enhance the binding through oxidative
coupling of various chlorinated phenols and aromatic amines with phenolic humic
constituents. The advantages of such a process would be to immobilize and detoxify
hazardous compounds. Binding of pollutants to humic material would decrease the
amount of pollutant availableto interact with thefloraand fauna, reducethetoxicity of
the pollutants through the coupling process, and prevent chemicals leaching through
the formation of insoluble precipitates. The xenobiotics seem to be stable once
incorporated into the soil. They are released minimally and gradually, which should
not congtitute any health hazard, and the released compounds can be mineralized or
bound again to humus by natural processes.

(b) Pesticide Residues

Pesticides, which include herbicides, insecticides and fungicides, arewidely used
throughout the world today for crop protection and it is expected that this use will
continue to grow (Smith et al, 1982). The potential adverse effects that the pesticide
industry can have on the environment arise from the disposal of wastesformed during
production and formulation of pesticides, detoxification of pesticide containers and
spray tanks and the pollution of surface and groundwater by pesticide runoff
(Munnecke, 1977; 1978). Common treatment methods include incineration, chemical
methods and landfilling. However, these systems have serious limitations including
high cost, production of hazardous byproducts, disposal of chemical reagents, and the
susceptibility of senditive biological treatment systems to sudden changes in
contaminant concentrations (Caldwell and Raushel, 1991).



It has been proposed that parathion hydrolase enzyme be used for pesticide
detoxification as an alternative to more common treatment methods. Parathion
hydrolase is produced by a number of bacteria including Pseudomonas sp.,
Flavobacterium sp. and a recombinant Streptomyces (Smith et al, 1982; Coppella et
al, 1990). It has been shown to hydrolyze a number of the most widely used
organophosphate pesticides such as methyl and ethyl parathion, diazinon,
fensulfothion, dursban and coumaphos (Munnecke, 1977; Caldwell and Raushel,
1991). It should be noted that organophosphate pesticides constitute the major
proportion of agricultural pesticides used at present and areimplicated in an estimated
800 000 pesticide poisoning cases every year (Caldwell and Raushel, 1991). Severa
researchers have studied the hydrolysis of theinsecticide “ coumaphos’ by parathion
hydrolase. Coumaphosisused to kill acattle disease-causing tick by dipping the cattle
inlarge vats of the pesticide. When anaerobic dechlorination of coumaphos occurs (as
isthe casein the dip vats used), a product called potasan isformed. Since potasan is
toxic to cattle, the contents of the vats used for cattle dipping have to be renewed
frequently thus generating a large volume of coumaphos-based waste (Smith et al,
1982). The hydrolysis products of coumaphos and potasan are chlorferon and 4-
methylumbelliferon, respectively (Smith et al, 1982). These hydrolysis products are
much more solublethan theinitial substrates and can be treated using ultraviolet light
in combination with ozonation. Parathion hydrolase has been shown to successfully
hydrolyze coumaphos much more rapidly than chemical hydrolysisand it was further
shown to selectively hydrolyze potasan while preserving coumaphos, when specific
amounts of enzymeswereinvolved (Coppellaet a, 1990). The advantage of thislatter
process is the prolongation of coumaphos’ useful life and the resulting decrease in
coumaphoswaste generation. In laboratory experiments, free parathion hydrolase was
stable at temperatures up to 45-50°C, and over the pH range 5.5 to 10.0. Munnecke
(1977) reported the successful hydrolysis of organophosphate insecticides with
parathion hydrolase immobilized on glass.

(c) Cyanide Wastes

It isestimated that 3 million tons of cyanide are used yearly throughout the world
in different industrial processes including the production of chemical intermediates,
synthetic fibers, rubber and pharmaceuticals, as well as in ore leaching, coa
processing and metal plating (Basheer et a, 1992). Also, many plants, microbes and
insects can release hydrogen cyanide from the enzymatic hydrolysis of certain
compounds they produce (Basheer et a, 1993). Findly, effluents of food and feed
production aso contain substantial amounts of cyanide whose sourceisthe cyanogenic
glycosides of various crop materials (Basheer et al, 1992). Since cyanide is a
metabolic inhibitor and can belethal to humansand other organisms, it isessential that
it be removed from effluents prior to discharge (Basheer et al, 1992; 1993).

Cyanidase is an enzyme preparation capable of converting cyanide in industrial
wastewaters to anmonia and formate in what appears to be a single-step reaction
(Basheer et a, 1993). Cyanidaseis based on certain gram-negative bacterial isolates
from the genus Al caligenes denitrificansand it is prepared by proprietary methods. It



is characterized by a high affinity and a high stability toward cyanide and is able to
removethelatter downtovery low levels,i.e. <0.02mg/L CN" (Basheer et a, 1992).
Cyanidase activity was neither affected by the common ions normally present in
wastewaters (e.g., Fe*", Zn** and Ni?*), nor by organic substrates such as acetate,
formamide, acetamide and acetonitrile. In a study done on the detoxification by
cyanidase of a cyanide-containing extract from debittering apricot seeds in the food
industry, Basheer et al (1993) developed a diffusional-type flat membrane reactor
(FMR) and noted its superior performance relativeto stirred tank reactor and fixed bed
reactor configurations. The advantages of an FMR include the protection of the
enzyme from interfering particles and large molecules to avoid attrition and shear
damage to the immobilization support. Cyanide diffuses through a semi-permeable
membrane to react with the entrapped enzyme behind the membrane and reaction
products diffuse back across the membrane to the solution.

Cyanide hydratase, also known as formamide hydrolyase, has been reported to
hydrolyze cyanide to formamide (Basheer et a, 1993; Nazly et a, 1983). Cyanide
hydratase is produced by avariety of fungi and isinducible upon pre-exposure of the
fungi tolow concentrations of cyanide. Nazly et d (1983) noted that cyanide hydratase
was more stable when immobilized and that the enzyme from Gloeocer cospora sorghi
was much more stable than that from Stemphylium loti. They concluded that
immobilized fungal cyanide hydrataseis suited for the trestment of industrial effluents
containing cyanide.

(d) Heavy Metals

Heavy metals such as arsenic, copper, cadmium, lead and chromium, among
others, are hazardous contaminants found in anumber of industrial and mining waste
streams as well as in solid wastes, municipal sewage sludges and landfill leachate
(Pradham and Levine, 1992). Cadmium, for instance, is present in wastes from the
mixing, smelting, electroplating and pigment manufacture while other metalsare used
in the nuclear power, defense and fuel reprocessing industries (Macaskie and Dean,
1984; Macaskie et al, 1987). In view of the high toxicity of these heavy metals, they
must be prevented from being discharged into receiving water bodies. Macaskie and
Dean (1984) reported the use of a technique to remove heavy metals from liquid
electroplating and other industrial wastes. They claimed that removal of cadmium,
lead, copper, uranium and strontium was thus successfully achieved. The process
involves the use of Citrobacter sp. cellsimmobilized in polyacrylamide gel, through
which metal-containing solutions are passed. A cell-bound phosphatase enzyme,
induced during pre-growth by providing the substrate glycerol 2-phosphate as a sole
phosphorus source, liberatesinorgani c phosphate in excess of that needed for growth.
Thelatter, in turn, combineswith the metal to form an insoluble metal phosphate at the
cell surface. It wasreported that more than 90% metal removal was observed and that
the metal could be recovered from the immobilized cells that could be reused
(Macaskie et al, 1987). The optimal temperature for the cells was found to be 30°C
while phosphatase was relatively stable over the pH range 5 to 9. Although
phosphatase waslargely unaffected by the presence of high amounts of chloride (CI"),



cyanide (CN’) concentrations in excess of 5 mM severely hampered cadmium
accumulation by the cells. These species are often found in electroplating wastes. It
was suggested that polyacrylamide gel was not suited for full-scale applications asan
immobilizing agent, and that glass and other inert supports seemed to offer better
alternatives (Macaskie et al, 1987). Kimuraet al (1999) demonstrated the use of an
enzyme called Alcalaseto treat and recover the chromium from chrome shavingsthat
are an important waste of tannery industries. The treatment reduced the chromium
concentration in the wastes from a starting concentration of 26.6 g/Kg to a fina
concentration of 4 mg/Kg.

(e) Solid Wastes

Enzymes have also been used to improve the dewatering of sludges that are
produced as aby-product of wastewater treatment. Dewatering is essential to reduce
the mass of water contained in sudges that are to be incinerated or discarded into
landfills. Thomaset d (1993) used an enzyme product containing carbohydrase, lipase
and protease activitiesto improve the dewaterability of sewage sludge and to incresse
the quantity of water released during pressing in order to achieve areduction in sludge
volume. The effect of enzyme addition wasto cause the cleavage of the water-binding
macromolecules. However, whereas an enzyme dose of 2.5 to 5 mg/L gave good
results, an increased dose led to the creation of more hydrophilic end groups that
negatively affected the dewatering process. Attempts to dewater phosphate slimes
were reported by Anazia and Misra (1989). Phosphatic slimes contain considerable
amounts of swelling clay-likematerial and their fine particle size, along with their dow
settling behavior, makes them particularly difficult to dewater. Anazia and Misra
(1989) proposed the use of peroxidase to improve the dewatering of these slimes.
They reported that peroxidase pretreatment of the dimesinduced a higher mechanical
binding among dime particles and that peroxidase significantly promoted the growth
of algae and mold with the beneficial effect of enhanced aggregation of the particles
and very high viscosity and gel strength. Such high viscosity and gel strength would
help in post-sedimentation handling. Hakulinen (1988) reported on theuse of cellulase
and the bacteria enzyme lyzozyme, or muramidase, for dudge dewatering. While
cellulase was used with penicillin and gave rather poor results, lyzozymewas alegedly
ableto dter floc matrices and to cause adramatic increase in dewatering rates.

Khan and Sarker (1993) experimented with the effect of enzyme addition on the
strength and stability of pure clayey soil and soil-fly ash mixtures. The results obtained
were encouraging. The addition of enzymeto afly-ash-kaolinite soil mixture (5% fly
ash) continuoudly increased the strength of the mixture and a 10% enzyme
concentration (when enzyme addition was stopped) the unconfined compressive
strength of the mixture had increased by about 53%. The advantages of using enzymes
in soil-fly ash stabilization isto help avoid the necessity for the disposal of fly ashes
while at the same time increasing the strength of the soil. Fly ash congtitutes around
90% of coal-combustion residues and it is estimated that around 65 million tons are
produced yearly in the United States alone. In this context, enzymatic stabilization of
fly ash compares well to other stabilization processes and may actually be cheaper



(Khan and Sarker, 1993). The enzyme that was used was a commercial enzyme
product known as "Perma-Zyme". The authors mentioned that it was a product of
fermentation and that it had no corrosive or toxic effects but they did not identify the
specific enzyme activities it contained.

(f) Surfactants

Surfactants or “surface active” agents are organic substancesthat have rather large
polar molecules and are basic ingredients of detergents. Surfactants may cause
significant pollution problems when high concentrations from shampoo formulation
factories, for instance, enter municipal sewerage systems and generate undesirable
conditions such as foaming (Thomas and White, 1991). Thomas and White (1991)
reported that immobilized alkylsulfatase from Pseudomonas C12B could efficiently
degrade surfactants up to a concentration of 750 mg/L. The enzyme, which was
observed to be specific to primary akyl sulfates, was able to completely degrade akyl
sulfate and akyl ethoxy sulfate surfactants in pure and commercial forms and had
some effect on aryl sulfonates. However, the enzyme was practicaly incapable of
attacking alkane sulfonates. Overall, akylsulfatase showed promise for future usein
the treatment of arange of surfactants found in shampoo formulation waste streams.

Enzymatic Treatment for the Production of Value-added M aterials

Waste treatment processes can be a significant financia burden to those
companies or communities who operate them. Therefore, growing emphasisisbeing
placed on the development of waste valorization strategies based on the recognition
that waste products can be used as a source of raw materials for the production of
goods. Such strategies have some important advantages. First, by replacing
conventional sources of raw materia s with awaste source, resources are conserved.
Secondly, the conversion of wastes results in a decrease in the quantity of materials
that must be discarded. And, thirdly, this strategy can be used to produce new
meaterialsthat can be a source of profit or can be used to offset waste treatment costs.
Recent research has shown how enzymes can fit into a waste val orization strategy by
chemically converting target components of various waste matricesinto food products,
sugars, ethanol, commodity chemicals, or degradable plastics. These types of
applications are summarized in Table 2 and are discussed below.

(a) Food Processing Wastes

The food processing industry produces extremely large quantities of wastes.
However, whereas the wastes generated by other industries are generally deleterious
and must be rendered innocuous by appropriate treatment schemes, food wastes have
the advantage of being amenable to conversion into food, feed or non-food products
with added value. Recently, the potentia for using enzymesin food waste handling has
been suggested (Blasheck, 1992). Enzymes could be used to decrease food wastesvia
enzymatic processing to yield higher-value by-products (Shoemaker, 1986).



Table 2: Enzymes that can convert wastes to value-added products.

Enzyme Proposed Applications

Amylases. &amylase, Starch hydrolysis to produce glucose, lactic acid

glucoamylase and biodegradable plastics

Cellulolytic enzymes: Hydrolysis of cellulosic materias from pulp and

cellulase, cellobio-hydrolase, | paper and municipal solid wastes to produce

cellobiase, exo-1,4-&D- sugars and alcohol

glucosidase

Chitinase Bioconversion of shellfish waste to N-acetyl
glucosamine

L-gaactono-lactone oxidase | Conversion of galactose from whey hydrolysisto
L-ascorbic acid

Pectinesteras, pectine lyase Degradation of pectin to produce butanol

Lactases Dairy waste processing and production of value-
added products
Proteases Solubilization of fish and mest remains

Proteases are a group of hydrolases that are widely used in the food industry in
processing fish and meat waste. Proteases can solubilize proteins in waste streams,
resulting in recoverableliquid concentrates or dry solidsof nutritional valuefor fish or
livestock (Shoemaker, 1986). Dalev (1994) reported the use of akaline protease from
Bacillus subtilis in the processing of waste feathers from poultry slaughterhouses.
Feathers congtitute 5% of the body weight of poultry and can be considered asahigh
protein source for food and feed provided their rigid keratin structure is completely
destroyed. Total solubilization of the feathers was achieved after pretreatment with
sodium hydroxide, mechanical disintegration and enzyme hydrolysis. Theend product
was a heavy, grayish powder with a very high protein content that could be used
mainly as feed constituent. Venugopal et al (1989) immobilized cells from Bacillus
megaterium, Pseudomonas marinogl utinosa and Acromonas hydrophila in cacium
alginate. The proteases secreted by these cells were used to solubilize fish meat.

Amylases are polysaccharide hydrol ases that have been used in the smultaneous
saccharification and fermentation of starch (Blashek, 1992) and the treatment of
starch-containing food wastewaters (Shoemaker, 1986). Shoemaker (1986) reported
that amylases could be used to produce acohol from rice processing wastewater. It
was also reported that amylases seemed to enhance activated dudge wastewater
treatment by reducing the treatment time. Coleman (1990) reported avery interesting
application of &amylase and glucoamylase enzymes in the production of
photodegradable and biodegradable plastics. The process used involvesthe conversion
of the starchy material contained in cheese whey or potato waste from commercia
food processing to truly biodegradable plastics. & Amylase is firstly used to break



down the long starch moleculeinto smaller fragments. The latter are then attacked by
glucoamylaseto produce glucose through saccharification. During this process more
than 90% of the starch is converted to glucose. The glucose isthen fermented to lactic
acid that isrecovered, purified and used in the production of photo- and biodegradable
plastics whose rate of decay can be controlled by judicious mixing of various lactic
acid isomers and other compounds. The end product is 95% lactic acid and 5% of an
environmentally safe product. Besides reducing starchy food wastes and producing a
valuable product, photo- and biodegradable plastics can be used in the preparation of
mulch films and compost bags and can aso be used as programmable fertilizer and
pesticide delivery systems thus offering a possible solution to pesticide runoff that
result from the excessive quantities applied (Coleman, 1990).

Pectinesterase from Clostridium thermosulfurogenes and pectin lyase from
Clostridiumbeijerinckii has been reported to degrade pectin, which isawater-soluble
substance that binds adjacent cell wallsin plants. It has been shown that apple pomace
(a food processing waste) can be degraded using pectinesterase to yield butanol
(Blasheck, 1992). The enzyme L -galactonolactone oxidase, from the yeast Candida
norvegensis can be used to bioconvert galactose resulting from the hydrolysis of the
lactose contained in whey to L-ascorbic acid which is avaluable commodity chemical
(Shoemaker, 1986). L actases have al so been used in dairy wastes' processing, mainly
to produce value-added products (Blasheck, 1992; Shoemaker, 1986). Whey protein
concentrate can be separated from permeate solidswhich contain high levels of lactose
whose degradation and transformation is sought through enzymatic action (Blasheck,
1992). Billions of kilograms of whey are produced yearly (Blasheck, 1992) and
therefore any beneficial treatment of whey could have asignificant positiveimpact on
the environment. Chitinase from Serratia marcescens QM B 1466 has al so been cited
for its ability to induce chitin degradation. In fact, the bioconversion of chitin to yeast
single-cell protein has been proposed as an aternative to the disposa of shellfish
wastes that have high chitin contents (Cosio et al, 1982). The process consists of
pretreating shrimp waste by size reduction, deproteination and demineralization to
produce achitin material that can be converted by chitinase to the monomer N-acetyl
glucosamine. The latter serves as a substrate for the single-cell protein production.

Bajzaand Markovic (1999) used an unspecified enzymeto treat |eather wastes.
The degradation of leather wastes yielded a water-soluble hydrolysate that could be
concentrated and dried to produce fine-grained flour that they claimed can be used for
avariety of commercia purposes.

(b) Solid Wastes

For the past decade, there has been an increasing interest in the enzymatic
hydrolysisof cellulose, amajor component of paper (Clanet et al, 1988). Thisinterest
stems from the advantages that such a processwould offer; namely, the conversion of
lignocellulosic and cellulosic wastesto auseful energy source through the production
of sugars, ethanol, biogas or other energetic end products (Coughlan, 1992; Lagerkvist
and Chen, 1993). However, theindustria production of sugarsfrom cellulose hasbeen
plagued with a number of constraints pertaining to enzyme production and cost and



substrate preparation, among others. Still, there have been numerous reports on the
possible ways of improving the hydrolysis of the cellulose contained in the organic
fraction of municipa solid wastes (MSW) in order to produce sugars and eventually
ethanol or butanol. Clanet et al (1988) have used cellulases from Trichoder ma reesei
CL847, penicillium strain CLD20 and the thermophilic fungus CL240 to obtain
hydrolysates from the organic fraction of MSW that would be directly used asbasefor
fermentation media. Sugar concentrations as high as 45 g/L were produced in a
packed-column reactor and the hydrolysates obtained could reportedly be used in
anaerobic fermentations such as acetone-butanol or organic acid production.

Rivers and Emert (1988) studied the effects of a number of parameters on the
yields of enzymatic hydrolysisfor two major MSW components; namely, newspaper
and corrugated cardboard. Their primary aim wasto try to determine the modifications
of MSW that would lead to increased conversions to ethanol. A full complement
cellulase system from Trichoderma reesei QM 9414G was used. The enzyme system
consisted of endoglucanase, cellobiohydrolase and cellobiase. Another study involving
the fungal enzyme preparation "Econase" was conducted to investigate the effect of
cellulolytic enzymes on MSW degradation (Lagerkvist and Chen, 1993). Econase
consists mainly of endo-1,4-&D-glucanase, cellobiohydrolase and exo-1,4-&D-
glucosidase in addition to a number of other enzymes. The use of Econase seemed to
enhance the degradation of MSW as well as cellulose degradation.

There have aso been some reports on the use of cellulolytic enzymes in the
treatment of sludges from pulping and deinking operations. Duff et a (1994)
performed studies investigating the possibility of hydrolyzing the highly cellulosic
dudgesthat result from pul p and paper operationsto produce an energy source such as
ethanol. Since an average of 60 kg of primary sludge are generated per tonne of pulp
produced, ethanol production is evidently an attractive way of decreasing the amount
of dudgesthat have to be handled and disposed while producing amarketable product.
The enzymes used included ablend of cellobiohydrolase, cellulase and &-glucosidase.
In another study, Duff et al (1995) focused on the conversion of low-value cellulosic
substrates from fiber recycling and deinking operations to fermentable sugars. The
enzymes used were not inhibited by high ink content and it was observed that the
presence of surfactants enhanced the rate of enzymatic hydrolysis especialy in the
early stages of the reaction.

V. DISCUSSION

Enzymes have undoubtedly stimulated the scientific community’s interest and
have been investigated for their potential use in many types of applications.
Applications have been demonstrated that (1) aid in the efficient use of raw materials,
(2) improve the quality and reduce the quantities of wastes for disposal, and (3)
catalyze the transformation of waste compounds into value-added products. Other
applications, not discussed here, include the use of enzymesto replace processes that
have significant environmental impacts. For example, paper manufacturers have
investigated the use of enzymes as means of reducing energy consumption during
deinking operations (Brenner, 1998). Alternatively, in an approach that has already



been adopted by industry, enzymes such as xylanase have been used to reduce or
replacethe use of chlorinein bleaching systems (Brenner,1998). In asimilar manner,
enzymes are now used in many household detergents. Also, Grasshoff (1999) reported
the use of enzymatic cleaning solutionsfor the cleaning of milk heatersin Germany. It
was estimated that this could eliminate the need for the disposal of approximately
1000 tons of non-biodegradable cleaning chemicals per year. All these approaches
demonstrate the application of enzymes as a means of pollution prevention.
However, despite the number of proposed applications of enzymes, few of them
have been devel oped sufficiently for full-scale application dueto some very important
issues that remain to be resolved. For example, Aitken (1993) pointed out some
important criteria that must be met before an enzyme can be considered for any
particular waste treatment application. These criteriaincluded the following: (1) the
reaction products must be less toxic, more biodegradable or more amenable to
subsequent treatment than the targeted pollutant; (2) the ability of the enzyme to
selectively act upon the target pollutant must be confirmed; (3) the enzyme must
exhibit areasonable amount of catalytic activity under typical treatment conditions; (4)
the reactor systemsthat are used to implement enzymatic reactions must be relatively
simplein order to be accepted by potential users of the technology; (5) the enzyme
must be relatively stable under the required reaction conditions; and (6) the enzymes
must be available commercially. These criteria represent major barriers to the
devel opment of enzymatic systems. Some of the most significant hurdlesthat must be
addressed before the full potential of enzymes may be realized are discussed below.

Enzyme Cost

While many authors have recognized the potentia for enzymatic treatment
systems, the development of these processes from an engineering perspective is
conspicuoudly lacking. The primary reason for this appearsto be the cost of enzymes
that have traditionally been very expensive to produce in the quantities that are
required at an industrial scale. Enzymes are expensive because of the cost of their
isolation, purification and production. Some recent research hasfocused onimproving
the economics of enzymatic systemsthrough the direct use of plantsor plant materials
that contain enzymes, the use of crude enzyme extracts, the development of cloned
cells that can be stimulated to produce enzymes efficiently in reactor systems, and
transgenic manipulation of plantsto stimulate enzyme production. Specific examples
of some of these efforts are described below.

Dec and Bollag (1994) reported the successful use of plant materia to
decontaminate water polluted with phenolic compounds through enzymatic reactions.
Peroxidases from minced horseradish, potato and white radish were used to remove
2,4-dichlorophenol up to concentrations of 850 mg/L and the removal rates achieved
were comparable to those of purified HRP. Cooper and Nicell (1996) successfully
used a crude extract of juice from horseradish roots to treat a foundry waste. The
degree and efficiency of trestment were similar when comparing the performance of
the crude extract and a purified stock of HRP. A number of other plants such as
potatoes, cauliflower, cherries, soybeans and several fungi may also be used assources



of peroxidase enzymes. Soybeans, in particular, may represent a valuable source of
peroxidase since the enzyme isfound in the seed coat, which is awaste product from
soybean-based industries (Wright and Nicell, 1999). Inthiscase, it may bepossibleto
use the solid waste from the soybean industry to treat the wastewaters of various
chemical industries. In fact, the direct use of raw soybean hulls to accomplish the
removal of phenol and 2-chlorophenol has been demonstrated (Flock et al, 1999).
However, it should be noted that this type of approach would result in an increasein
the amount of solid residues that must be disposed following treatment. Adler et a
(1994) used peroxidases extracted from tomato and waterhyacinth plants to
polymerize phenolic substrates. They also used the actua plant roots for in vivo
experiments of pollutant removal. The peroxidases studied accomplished good
removal of the test substrate guaiacol and the plant roots precipitated the phenolic
pollutants at theroots' surface. The authors suggested the use of plant roots as natural
immobilized enzyme systems to remove phenolic compounds from aquatic systems
and soils. The direct use of plant material as an enzyme source represents a very
interesting aternative to the use of purified enzymes dueto its potentially lower cost.
However, further studies are needed to confirm the feasibility of such a process.
Genetic engineering techniques are also expected to play a significant role in
enzyme production. Tayaet al (1989) reported the successful development of ahairy
root clone from horseradishes and the development of culturesin abioreactor. These
cultures had peroxidase activity comparable to that of the origina plant. This
development of a peroxidase production system independent of field-grown
horseradish is extremely advantageous in terms of the commercia production of
peroxidase. Very recently, the development of molecular farming techniques has
dramatically improved the potential for application of these enzymes at theindustrial
scale. For example, new techniques that involve transgenic manipulation of plants
have opened up the possibility of using plants as factories for the production of
enzymesin bulk quantities. Transgenic techniquesinvolve the genetic engineering of
plant material aimed at improving the productivity of the crop and to increase the
levels of natura or foreign enzymes in the plant cells. In comparison to typical
fermentation techniques, plants offer lower unit production costs, a better safety
profile, shorter development time, ssimpler commercial scale-up, relative genetic
stability, convenient storage, and potentially easier purification. For products where
large volumes are wanted but a high degree of purificationis not required (such asin
waste treatment operations), plants appear to offer a clear advantage. It is expected
that the use of transgenic plants could reduce the price of bulk enzyme production by
as much as 2 to 4 orders of magnitude below that of current techniques based on
animal cell culture and microbial fermentation technologies (Davies, 1998). Tobacco
has recently been identified asavery suitable plant that can be manipulated to produce
rich sources of industrial enzymes (Worley, 1998). For example, peanut (Arachis
hypogaea) peroxidase was expressed in transgenic tobacco plants and represented
about 0.3% of the total soluble proteins (Lige et al, 1998). In addition, peroxidases
derived from sweet potatoes were expressed in high levels in tobacco (Huh et a,
1998). Young fully expanded |leaves of transgenic plants showed higher peroxidase
activity than those of non-transgenic plants. Severa different enzymes have aready



been produced in the tobacco and, as such, researchers are launching into an extensive
program to develop this aternate use of tobacco (Davies, 1998). This could have
profound implications for tobacco farmers who have been experiencing adeclinein
income. Other plants can also be manipulated to produce enzymes. These
devel opments foreshadow the production inexpensive sources of enzymes.

The current high cost of enzymes should by no means hamper the effortsto carry
out more extensive research to identify the most promising enzymesand determinethe
optimal conditionsfor their use. In fact, the results of such research would providethe
incentive for commercia development to eventually achieve large-scale production of
the enzymes at amuch lower cost.

Effectiveness Under Waste Treatment Conditions

Numerous studies have shown that the enzymatic process can be used for the
treatment of synthetic wastewaters consisting of aromatic compounds dissolved in
aqueous solutions. However, the composition of real wastewatersvary agreat deal in
terms of aromatic pollutant concentrations, suspended solids, oil and grease, pH, bulk
organic concentration (BOD, COD), and concentrations of specific chemicalsthat may
interfere in the polymerization process. Despite this, little information has been
collected with respect to the performance of enzymes under actual waste conditions.

In the case of peroxidases, brief studies by Klibanov (1983) demonstrated that
industrial  effluents including coal-gasification wastewater (2000 mg/L phenol,
pH 9.0), flushing liquor from a coke plant (400 mg/L phenol, pH 8.6) and effluent
from a triarylphosphate plant (100 mg/L total phenols, pH 7.8) could be treated
successfully. Schmidt and Joyce (1981) used horseradish peroxidase and H,0, to
increase remova of low molecular mass color bodies (lignin fragments and
derivatives) from biologically treated pul p mill effluents by 50% above that achieved
using lime precipitation alone. Treatment conditions were not optimized in the above
studies and, consequently, the amount of enzyme required was excessive. Foundry
wastewater (330 mg/L total phenols, pH 6.5) was successfully treated resulting in
more than 99% remova of tota phenols (Cooper and Nicell, 1996). Enzyme
requirements were significantly reduced through optimization of treatment conditions
and the use of polyethylene glycol as an additive. The phenol content of petroleum
refinery wastewater (45 mg/L total phenols, pH 8.6, 300 mg/L COD, 90 mg/L BOD,
17 mg/L suspended solids) wasreduced bel ow the discharge limit following trestment
with HRP (Wagner and Nicell, 2001). Approximately 58% of COD, 78% of BODs,
and 95% of toxicity were removed along with the phenols. During treatment, phenols
were transformed into less-biodegradable compounds that could be removed by
coagulation. Optimization of the peroxide dose led to 20% enzyme savings. The use of
polyethylene glycol and chitosan as protective additives resulted in 4- and 25-fold
reductionsin enzyme requirements, respectively. Phenol removal did not appear to be
affected adversely by the presence of hydrocarbons that are frequently present in
refinery wastewaters. Wagner and Nicell (2000) treated afoul condensate from aKraft
mill (15 mg/L total phenols, pH 9.4, 1600 mg/L COD, 200 mg/L suspended solids)
with HRP resulted in the removal of phenols below discharge limits and a substantial



toxicity drop. However, only margina COD removal was achieved, thereby indicating
that trestment selectively targeted phenols in the waste. PEG was not effective as a
protective additive in this waste matrix but results indicated that the condensate
already contained species that protect the enzyme from inactivation by reaction
products. These species were identified as lignin derivatives. Unexpectedly,
peroxidase has consistently performed more efficiently in the foundry, petroleum, and
Kraft mill wastes than when used to treat pure sol utions of agueous phenols (Wagner
and Nicell, 2000; 2001). However, due to the fragility of most enzymes, thisis not
expected to be the case for many of the enzymes that have been identified as
candidates for environmental applications.

Reaction Products

The main objective of using enzymes in waste treatment is to act on specific
pollutants to transform them into innocuous products. Complete mineralization of
contaminantsis preferred to other transformations but the production of ammoniaand
formate from cyanide wastes or the conversion of organophosphate pesticidesto easily
removable productsis also acceptable. However, it must be recognized that in certain
cases the products of enzymatic action might be more toxic than the parent
compounds, thereby defeating the purpose of enzyme use. Ultimately, it is desirable
that the reaction products be less toxic or more biodegradable than the original
pollutant, or otherwise more amenable to subsequent treatment. However, no single
enzyme can be expected to catalyze very extensive transformations of pollutants and,
thus, reaction products are likely to retain some of the characteristics of the parent
compound (Aitken, 1993). Therefore, it is necessary to characterize reaction products
to assesstheir impact on downstream processes or on the environment into which they
are released. Unfortunately, only a few studies have been done to investigate this
matter mainly because of the difficulty of identifying the products of enzymatic
reactions and the difficult task of ng their toxicity. For example, some studies
have been performed to examine the toxicity of trace quantities of soluble products
that remain after the trestment of phenolswith peroxidases. Ghioureliotisand Nicell
(1999) demonstrated that thereis a gradual accumulation of dissolved toxic soluble
products during the treatment of phenol. However, these products could be easily
removed using activated carbon as a polishing step. In addition, when mixtures of
phenols were treated in combination, the resulting toxicity was significantly lower
(Ghioureliotis and Nicell, 2000). This is of practical importance given that many
wastewaters are contaminated with a variety of phenols. Aitken et a (1994) and
Massey et a (1994) have studied the mutagenicity of reaction products resulting from
the oxidation of phenols by enzymes. Massey et al (1994) tested 17 reaction products
from the oxidation of phenols by chloroperoxidase, horseradish peroxidase, lignin
peroxidase and polyphenol oxidase. They reported that, in general, they did not
observe the formation of mutagenic products. However, the oxidation of nitrophenol
by lignin peroxidase did result in the formation of mutagenic products.
Chloroperoxidase might also form sometoxic productsin the presence of chlorideions
because of its capacity to oxidize the latter (Aitken et al, 1994). Hence, it would be



advisable to use chloroperoxidase only in the absence of chloride ions. Ikehata and
Nicell (2000) demonstrated that all solutions of phenols and chlorophenolsthat were
treated with tyrosinase followed by the addition of chitosan had substantially lower
toxicities. These results and those of Massey et a (1994) are encouraging but similar
studies should be performed for other enzymes considered for usein waste treatment.

Disposal of Solid Residues

One of the common products of waste treatment processesis solid waste that must
be disposed of safely. Enzymatic treatment is no exception. For example, while
enzymatic treatment may not produce aslarge aquantity of solid productsasbiological
treatment, some solid residues may remain at the end of the reaction; e.g., the polymer
preci pitates formed while treating phenol s with peroxidases, spent adsorbents such as
talc, chitin or activated carbon that are used to eliminate the soluble products of
enzymatic reactions, residues of plant materials such as raw soybean hulls when they
are used in place of purified enzymes during treatment, or metal complexes formed
when using phosphatase to treat heavy metals. Perhaps, the polymers and adsorbents
could beincinerated to recover some energy if the emission of dangerous combustion
by-products can be controlled or prevented. The residues of plant materials could
potentially be composted and used as soil conditioners, provided pollutants do not
leach from them at substantial rates. The heavy metal complexes might be more
difficult to handle because of potential leaching from landfills. However, attempts at
recuperating the metals for industrial reuse might prove feasible and could alleviate
the problem. To-date, none of these disposal problems has been addressed adequately.

V.CONCLUSION

A variety of enzymesfrom plants and microorganisms have been reported to play
an important role in an array of waste treatment applications. Enzymes can act on
specific recacitrant pollutants to remove them by precipitation or transformation to
other innocuous products. They also can change the characteristics of agiven wasteto
render it more amenable to treatment or to aid in converting waste material to value-
added products. Overall, there appears to be a great potential for enzymesin alarge
number of waste treatment areas. Particularly notable is the possibility of using
enzymes to convert wastes from the food processing industry, the pulp and paper
industry or simply municipal solid wastes. This has the double advantage of reducing
the amount of waste materialsthat must be discarded, while at the same time creating
valuable products such as fuels, feeds and commodity chemicals. However, before
their full potential can be realized, some major issues remain to be addressed. These
include, but are not limited to, devel opment of low-cost enzymesin quantitiesthat are
required at an industrial scale, demonstration of the feasibility of the enzymes under
conditions experienced during wastewater treatment, characterization of reaction
products and assessment of their impact on downstream processes or the environment,
and identification of methods for disposal of solid residues.
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