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Abstract

Distilleries are one of the most polluting industries generating enormous
amount of wastewater from which an average of 10—15 L of effluent is
released with the production of 1 L of alcohol. The distillery wastewater
known as spent wash is characterized by its dark brown color, high tem-
perature, low pH, and high percentage of dissolved organic and inorganic
matter. It also contains nearly 2 % of the dark brown recalcitrant pigment
called melanoidin which imparts dark brown color to the effluent. Various
physical, chemical, and alternate treatment methods have been adopted for
the removal of color from this wastewater. But these methods only change
the form of contaminants rather than degrading them completely.

Biological methods produce relatively little amount of product after
treatment by resolving a large amount of organism elements into carbon
dioxide to be stabilized, or by removing organic matters contained in
wastewater with the generation of methane gas. In the biological treat-
ment methods, pollutants in wastewater can be resolved, detoxified, and
separated by using mainly microorganisms. Due to the relatively low cost
and the variations of work progress, the biological methods have been
most widely used all over the world. A number of fungi, bacteria, yeast,
and algae have been reported to have effluent treatment capabilities by the
process of absorption, adsorption, and enzymatic degradation techniques.
Toxicity studies of the biologically treated wastewaters also suggested that
the process is efficient enough to reduce the toxicity of the spent wash by
around 80 %. Hence, compared to the common and expensive physical or
chemical ways for decolorization, an efficient bioremediation system has
been found successful through biosorption and enzymatic ways of decol-
orization.
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Fig. 2.1 Detailed process
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eries are an agro-based industry with around 300
units located mainly in rural, sugarcane-growing
regions. The total installed capacity is 3250 mil-
lion L alcohol per annum with an estimated
production of 2300.4 million L in 2006-2007
(Ethanol India 2007). Bioethanol is produced
worldwide for beverage, industrial, chemical,
and some fuel use, by fermenting agricultural
products such as molasses, sucrose-containing
juices from sugarcane or sugarbeets, potatoes,
fruits, and grains (notably maize, wheat, grain
sorghum, barley, and rye). With growing popula-
tion, industrialization, and energy consumption,
coupled with an increasing reliance on fossil
fuels, the energy security needs of the world con-
tinue to escalate.

2.2 Critical Review

2.2.1 Process of Ethanol Production
Alcohol manufacture in distilleries consists of
four main steps, viz., feed preparation, fermenta-
tion, distillation, and packaging (Fig. 2.1).

:
(Molex ulaw sieve)
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a. Feed Preparation
Ethanol can be produced from a wide range
of feedstock. These include sugar-based (cane
and beet molasses, cane juice), starch-based
(corn, wheat, cassava, rice, barley), and cellu-
losic (crop residues, sugarcane bagasse, wood,
municipal solid wastes) materials. In gen-
eral, sugar-based feedstock containing read-
ily available fermentable sugars are preferred
while Indian distilleries almost exclusively
use sugarcane molasses The composition of
molasses varies with the variety of cane, the
agroclimatic conditions of the region, sugar
manufacturing process, and handling and stor-
age (Godbole 2002).
b. Fermentation

Yeast culture is prepared in the laboratory and
propagated in a series of fermenters. The feed
is inoculated with about 10% by volume of
yeast (Saccharomyces cerevisiae) inoculum.
This is an anaerobic process carried out under
controlled conditions of temperature and pH
wherein reducing sugars are broken down to
ethyl alcohol and carbon dioxide. The reaction
is exothermic. To maintain the temperature be-
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tween 25 and 32 °C, plate heat exchangers are
used; alternatively some units spray cooling
water on the fermenter walls. Fermentation
can be carried out in either batch or continu-
ous mode. Fermentation time for batch opera-
tion is typically 24-36 h with an efficiency
of about 95%. The resulting broth contains
6—8 % alcohol. The sludge (mainly yeast cells)
is separated by settling and discharged from
the bottom, while the cell free fermentation
broth is sent for distillation.
c. Distillation
Distillation is a two-stage process and is typi-
cally carried out in a series of bubble cap frac-
tionating columns. The first stage consists of
the analyzer column and is followed by rec-
tification columns. The cell free fermentation
broth (wash) is preheated to about 90°C by
heat exchange with the effluent (spent wash)
and then sent to the degasifying section of the
analyzer column. Here, the liquor is heated
by live steam and fractionated to give about
40—45 % alcohol. The bottom discharge from
the analyzer column is the spent wash. The
alcohol vapors are led to the rectification col-
umn where by reflux action, 96 % alcohol is
tapped, cooled, and collected. The condensed
water from this stage, known as spent lees is
usually pumped back to the analyzer column.
d. Packaging

Rectified spirit (~96% ethanol by volume)
is marketed directly for the manufacture of
chemicals such as acetic acid, acetone, oxalic
acid, and absolute alcohol. Denatured etha-
nol for industrial and laboratory use typically
contains 60-95% ethanol as well as between
1-5% each of methanol, isopropanol, methyl

Table 2.1 Wastewater generation in various operations
in distillery unit. (Tewari et al. 2007)

Distillery operations Average waste- Specific waste-

water gen- water generation
eration® (kLD/ (kL wastewater/
distillery) kL alcohol)

Spent wash 491.9 11.9

(distillation)

Fermenter cleaning ~ 98.2 1.6

Fermenter cooling  355.1 2.0

Condenser cooling  864.4 7.9

Floor wash 30.8 0.5

Bottling plant 113.8 1.3

Others® 141.6 1.2

@ Data based on 36 distilleries, with average installed
capacity of 53.5 kLD

® Domestic wastewater in sugar-distillery complex,
boiler-blow down, leakages, and laboratory

isobutyl ketone (MIBK), ethyl acetate, etc.
(Skerratt 2004). For beverages, the alcohol is
matured and blended with malt alcohol (for
manufacture of whisky) and diluted to requi-
site strength to obtain the desired type of li-
quor. This is bottled appropriately in a bottling
plant. Anhydrous ethanol for fuel-blending
applications (power alcohol) requires concen-
tration of the ethanol to >99.5 wt% purity.
The quantum and characteristics of wastewater
generated at various stages in the manufactur-
ing process are provided in Tables 2.1 and 2.2,
respectively. The main source of wastewater
generation is the distillation step wherein large
volumes of dark brown effluent (termed as spent
wash, stillage, slop, or vinasse) is generated in
the temperature range of 71-81°C (Yeoh 1997;
Nandy et al. 2002; Patil et al. 2003). The charac-
teristics of the spent wash depend on the raw ma-
terial used (Mall and Kumar 1997), and also it is

Table 2.2 Typical characteristics of distillery wastewater streams. (Tewari et al. 2007)

Parameter Spent wash Fermenter Fermenter Condenser Fermenter  Bottling plant
cooling cleaning cooling wash

Color Dark brown Colorless Colorless Colorless Faint Colorless

pH 4-4.5 6.26 5.0-5.5 6.8-7.8 6 7.45

Total solids 100,000 1000-1300  1000-1500 700-900 550 400

(mg/L)

Suspended 10,000 220 400-600 180-200 300 100

solids (mg/L)

BOD (mg/L) 45,000-60,000 100-110 500-600 70-80 15 5

COD (mg/L) 80,000-120,000  500-1000 1200-1600 200-300 25 15

BOD biochemical oxygen demand, COD chemical oxygen demand
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estimated that 88 % of the molasses constituents
end up as waste (Jain et al. 2002).

The spent wash is the most polluting stream
and contains practically all unfermentable sol-
uble matter present in the molasses. Apart from
the extremely high chemical oxygen demand
(COD) and biochemical oxygen demand (BOD)
load, the dark color is also a key concern. This
dark color is mainly imparted by melanoidins
that are low and high molecular weight polymers
formed as one of the final products of Maillard
reaction, which is a nonenzymatic browning re-
action resulting from the reaction of reducing
sugars and amino compounds (Martins and van
Boekel 2004). This reaction proceeds effectively
at temperatures above 50°C and pH 4-7. These
are complex organic compounds, when released
in environment without treatment, react with a
wide variety of other chemicals in presence of
light and heat to form highly toxic and recalci-
trant compounds (Kinae et al. 1981; Zacharewski
et al. 1995). Thus, it is obligatory to treat the ef-
fluent before disposal into the environment.

2.3 Bioremediation

Generally, methods of treating wastewater in-
clude physical-chemical methods and biological
methods. Methods such as sedimentation, flota-
tion, screening, adsorption, coagulation, oxida-
tion, ozonation, electrolysis, reverse osmosis, ul-
trafiltration, and nanofiltration technologies have
been used for treatment of suspended solids, col-
loidal particles, floating matters, colors, and toxic
compounds (Pokhrel and Viraraghavan 2004).
The drawbacks of the physical-chemical meth-
ods include high costs and the need to re-treat
the products, which further increases the cost
of treatment. Biological method produces rela-
tively little amount of product after treatment by
resolving a large amount of organism elements
into carbon dioxide to be stabilized, or by remov-
ing organic matters contained in wastewater with
the generation of methane gas. In the biological
treatment method, pollutants in wastewater can
be resolved, detoxified, and separated by using
mainly microorganisms. Due to the relatively

low cost and the variations of work progress, the
biological methods have been most widely used
all over the world.

2.4 Treatment of Distillery Spent
Wash

Biological treatment can be divided into aero-
bic and anaerobic depending on the availability
of oxygen. Aerobic treatment involves activated
sludge treatment, aerated lagoons, and aero-
bic biological reactors. Anaerobic filter, upflow
sludge blanket (UASB), fluidized bed, anaerobic
lagoon, and anaerobic contact reactors are anaer-
obic processes, that are commonly used to treat
distillery mill effluents. Among these treatments
one thing is common, use of microbes (Pokhrel
and Viraraghavan 2004). A number of fungi, bac-
teria, yeast, and algae have been reported to have
effluent-treatment capabilities.

Decolorization of Effluent
by Fungi

2.4.1

In recent years, several basidiomycetes and as-
comycetes type fungi have been used in the de-
colorization of wastewaters from distilleries.
Filamentous fungi have lower sensitivity to vari-
ations in temperature, pH, nutrients, and aera-
tion, and have lower nucleic acid content in the
biomass (Knapp et al. 2001). Coriolus sp. no. 20,
in class basidiomycetes, was the first strain for
the application of its ability to remove melanoi-
dins from molasses wastewater (Watanabe et al.
1982). Published papers report the use of wide
variety of fungi like Aspergillus fumigatus G-2-6
(Ohmomo et al. 1987), Emericella nidulans var.
lata (Kaushik and Thakur 2009a), Geotrichum
candidum (Kim and Shoda 1999), Trametes sp.
(Gonzélez et al. 2000), Aspergillus niger (Patil
et al. 2003), Citeromyces sp. (Sirianuntapiboon
et al. 2003), Flavodon flavus (Raghukumar et al.
2004), and Phanerochaete chrysosporium (Thak-
kar et al. 2006) for decolorization of distillery
mill effluent.
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White rot fungi is another group of widely
exploited microorganism in distillery effluent
bioremediation. White rot fungi produce vari-
ous isoforms of extracellular oxidases including
laccases, manganese peroxidases and lignin per-
oxidase, which are involved in the degradation of
various xenobiotic compounds and dyes. Another
important mechanism involved in decolorization
of the distillery mill effluent by fungi is adsorp-
tion.

2.4.2 Decolorization of Effluent
by Bacteria

Different bacterial cultures capable of both bio-
remediation and decolorization of distillery spent
wash have been isolated. Different research-
ers have reported isolation of various bacterial
strains acclimatized on higher concentrations
of distillery mill effluent. These are Lactobacil-
lus hilgardii (Ohmomo et al. 1988), Bacillus sp.
(Kambe et al. 1999; Kaushik and Thakur 2009b),
Pseudomonas putida (Ghosh et al. 2002), Bacil-
lus thuringiensis (Kumar and Chandra 2006),
and Pseudomonas aeruginosa (Mohana et al.
2007). Some researchers carried out melanoidin
decolorization by using immobilized whole cells.
These strains were able to reduce significant lev-
els of BOD and COD. The major products left
after treatment were biomass, carbon dioxide,
and volatile acids.

Besides fungi and bacteria, yeast (Moriya
et al. 1990; Sirianuntapiboon et al. 2003) and
algae (Valderrama et al. 2002; Kumar and
Chandra 2004) have also been utilized widely
since long back for biodegradation of complex,
toxic, and recalcitrant compounds present in dis-
tillery spent wash.

2.4.3 Decolorization of Effluent by
Algae

Cyanobacteria are considered ideal for treatment
of distillery effluent as they apart from degrading
the polymers also oxygenate water bodies, thus
reduce the BOD and COD levels. Kalavathi et al.

(2001) explored the possibility of using a marine
cyanobacterium for decolorization of distillery
spent wash and its ability to use melanoidins as
carbon and nitrogen source. A marine filamen-
tous, nonheterocystous form Oscillatoria bory-
ana BDU 92181 used the recalcitrant biopolymer
melanoidin as nitrogen and carbon source lead-
ing to decolorization. The mechanism of color
removal is postulated to be due to the production
of hydrogen peroxide, hydroxyl anions, and mo-
lecular oxygen, released by the cyanobacterium
during photosynthesis.

2.5 Role of Bioreactors in Effluent
Treatment

a. Anaerobic Reactors
Wastewater treatment using anaerobic process
is a very promising reemerging technology,
produces very little sludge, requires less en-
ergy, and can become profitable by cogenera-
tion of useful biogas (Mailleret et al. 2003).
However, these processes have been sensi-
tive to organic shock loadings, low pH, and
show slow growth rate of anaerobic microbes
resulting in longer hydraulic retention times
(HRT). This often results in poor performance
of conventional mixed reactors. Biomethana-
tion using biphasic system is most appropriate
treatment method for high strength wastewa-
ter because of its multiple advantages viz.,
possibility of maintaining optimal conditions
for buffering of imbalances between organic
acid production and consumption, stable per-
formance, and higher methane concentration
in the biogas produced (Seth et al. 1995). In
recent years, the UASB process has been suc-
cessfully used for the treatment of various
types of wastewaters (Lettinga and Hulshoff
Pol 1991). Jhung and Choi (1995) performed
a comparative study of UASB and anaerobic
fixed film reactors for treatment of molasses
wastewater. The UASB technology is well
suited for high strength distillery wastewaters
only when the process has been successfully
started up and is in stable operation. How-
ever, the conventional UASB reactors showed
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severe limitations mainly related to mass
transfer resistance or the appearance of con-
centration gradients inside the systems, slow
primary startup requiring several weeks, and
difficulty in controlling granulation process
which depends upon a large number of param-
eters.

b. Aerobic reactors

Anaerobically treated distillery spent wash
still contains high concentrations of organic
pollutants and as such cannot be discharged
directly. Aerobic treatment of anaerobically
treated distillery spent wash has been attempt-
ed for the decolorization of the major colo-
rant, melanoidin and for further reduction of
the COD and BOD. A large number of micro-
organisms such as bacteria (pure and mixed
culture), cyanobacteria, yeast, fungi, etc. have
been isolated in recent years that are capable
of degrading melanoidin and ultimately decol-
orizing the wastewater.

2.6 Enzymatic Processes
for Decolorization

A large number of enzymes (e.g., peroxidases,
oxidoreductases, cellulolytic enzymes, proteases
amylases, etc.) from a variety of different sources
have been reported to play an important role in
an array of waste treatment applications (Ferrer
et al. 1991; Dec and Bollag 1994). Paper and
pulp mills, textiles and dye-making industries, al-
cohol distilleries, and leather industries are some
of the industries that discharge highly colored ef-
fluents. The ligninolytic system consists of two
main groups of enzymes: peroxidases (lignin per-
oxidases and manganese peroxidases) and lac-
cases (Leonowicz et al. 2001; Arana et al. 2004;
Baldrian 2006). Although the enzymatic system
associated with decolorization of melanoidin
containing wastewater appears to be related to
the presence and activity of fungal ligninolytic
mechanisms, this relation is as yet not completely
understood. Laccase is a multicopper blue oxi-
dase capable of oxidizing ortho- and para diphe-
nols and aromatic amines by removing an elec-
tron and proton from a hydroxyl group to form a
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free radical. These enzymes lack substrate speci-
ficity and are thus capable of degrading a wide
range of xenobiotics including industrial colored
wastewaters. The mechanism of action of these
enzymes is as follows:
a. Lignin Peroxidase (LiP)
LiP is a heme-containing glycoprotein, which
requires hydrogen peroxide as an oxidant. LiP
from different sources was shown to miner-
alize a variety of recalcitrant aromatic com-
pounds and to oxidize a number of polycyclic
aromatic and phenolic compounds (Karam
and Nicell 1997).
Fungi secrete several isoenzymes into their cul-
tivation medium, although the enzymes may
also be cell wall-bound (Lackner et al. 1991).
LiP oxidizes nonphenolic lignin substructures
by abstracting one electron and generating cat-
ion radicals, which are then decomposed chemi-
cally (Fig. 2.2). LiP is secreted during secondary
metabolism as a response to nitrogen limitation.
They are strong oxidizers capable of catalyzing
the oxidation of phenols, aromatic amines, aro-
matic ethers, and polycyclic aromatic hydrocar-
bons (Breen and Singleton 1999).
b. Manganese Peroxidase (MnP)
MnP is also a heme-containing glycoprotein
which requires hydrogen peroxide as an oxi-
dant. MnP oxidizes Mn(II) to Mn(IIl) which
then oxidizes phenol rings to phenoxy radi-
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Fig. 2.3 Mechanism of
action for manganese
peroxidase (MnP). ox
oxidized state of enzyme. "'.'\ /f
(Breen and Singleton \
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cals, which lead to decomposition of com-
pounds (Fig. 2.3). MnP catalyzes the oxida-
tion of several monoaromatic phenols and
aromatic dyes, but depends on both divalent
manganese and certain types of buffers. The
enzyme requirement for high concentrations
of Mn(III) makes its feasibility for wastewa-
ter treatment application doubtful (Karam and
Nicell 1997). Evidence for the crucial role of
MnP in lignin biodegradation are accumulat-
ing, e.g., in depolymerization of lignin (Warii-
shi et al. 1991) and chlorolignin (Lackner
et al. 1991), in demethylation of lignin and
delignification and bleaching of pulp (Paice
et al. 1993), and in mediating initial steps in
the degradation of high-molecular mass lignin
(Perez and Jeffries 1992).

¢. Laccase
Laccase (EC 1.10.3.2, benzenediol:oxygen
oxidoreductase) is a multicopper blue oxidase
capable of oxidizing ortho- and para-diphe-
nols and aromatic amines by removing an
electron and proton from a hydroxyl group to
form a free radical. Laccase in nature can be
found in eukaryotes as fungi (principally by
basidiomycetes), plants, and insects. Howev-
er, in recent years, there is an increasing evi-
dence for the existence in prokaryotes (Claus
2003). Corresponding genes have been found
in gram-negative and gram-positive bacteria
Azospirillum lipoferum (Bally et al. 1983),
Marinomonas mediterranea (Sanchez-Amat
and Solano 1997), and Bacillus subtilis (Mar-
tins et al. 2002).

Laccases not only catalyze the removal of a

hydrogen atom from the hydroxyl group of
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methoxy-substituted monophenols, ortho- and
para-diphenols, but can also oxidize other sub-
strates such as aromatic amines, syringaldazine,
and nonphenolic compounds to form free radi-
cals (Bourbonnais et al. 1997; Li et al. 1999).
After long reaction times there can be coupling
reactions between the reaction products and even
polymerization. It is known that laccases can cat-
alyze the polymerization of various phenols and
halogen, alkyl- and alkoxy-substituted anilines
(Hoffetal. 1985). The laccase molecule, as an ac-
tive holoenzyme form, is a dimeric or tetradimer-
ic glycoprotein, usually containing four copper
atoms per monomer, bound to three redox sites
(Fig. 2.4). The molecular mass of the monomer
ranges from about 50-100 kDa. Typical fungal
laccase is a protein of approximately 60—70 kDa
with acidic isoelectric point around pH 4.0. Sev-
eral laccase isoenzymes have been detected in
many fungal species. Several laccases, however,
exhibit a homodimeric structure, the enzyme
being composed of two identical subunits with a
molecular weight typical for monomeric laccase.

Application of Laccases The interest in laccases
as potential industrial biocatalysts has particu-
larly increased after the discovery of their abil-
ity to oxidize recalcitrant nonphenolic lignin
compounds (Li et al. 1999). This capability has
later been shown to be generally applicable to
a number of biotechnological problems; all of
them are related to the degradation or chemi-
cal modification of structurally diverse com-
pounds, being either xenobiotic or naturally
occurring aromatic compounds. Laccase is cur-
rently being investigated by a number of research
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Fig. 2.4 Copper centers of
the laccase. (Adapted from
Claus 2004)
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groups, e.g., with respect to litter mineralization
(Dedeyan et al. 2000), dye detoxification, and
decolorization (Abadulla et al. 2000; Kaushik
and Thakur 2013). Laccases in both free and
immobilized form as well as in organic solvents
have found various biotechnological applica-
tions such as analytical tools—biosensors for
phenols, development of oxygen cathodes in
biofuel cells, organic synthesis, immunoassays
labeling, delignification, demethylation, and
thereby bleaching of craft pulp (Bourbonnais and
Paice 1992; Bourbonnais et al. 1995) In addition,
laccases have also shown to be useful for the
removal of toxic compounds through oxidative
enzymatic coupling of the contaminants, lead-
ing to insoluble complex structures (Wang et al.
2002). Laccase was found to be responsible for
the transformation of 2,4,6-trichlorophenol to
2,6-dichloro-1,4-hydroquinol and 2,6-dichloro-

1,4-benzoquinone (Leontievsky et al. 2000).
Laccases from white rot fungi have been also
used to oxidize alkenes, carbazole, N-ethyl-
carbazole, fluorene, and dibenzothiophene in
the presence of hydroxybenzotriole (HBT) and
2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) as mediators (Niku-Paavola and
Viikari 2000; Bressler et al. 2000). An isolate of
the fungus Flavodon flavus was shown to be able
to decolorize the effluent from a Kraft paper mill
bleach plant. F. flavus decolorized several syn-
thetic dyes like azure B, brilliant green, congo
red, crystal violet, and Remazol brilliant blue R
in low nitrogen medium (Raghukumar 2000).
Partial decolorization of two azo dyes (orange
G and amaranth) and complete decolorization of
two triphenylmethane dyes (bromophenol blue
and malachite green) was achieved by cultures of
Pycnoporus sanguineus producing laccase as the
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sole phenoloxidase (Pointing et al. 2000). Lac-
case purified from Trametes hirsuta, was able to
degrade triarylmethane, indigoid, azo, and athra-
quinonic dyes used in dyeing textiles (Abadulla
et al. 2000) as well as 23 industrial dyes (Rodri-
guez et al. 1999).

2.7 Adsorption-Assisted
Decolorization

Several methods for the treatment of colored
wastewaters have been proposed in the literature.
These include physicochemical treatment pro-
cesses, chemical oxidation, and biological deg-
radation. Among various physicochemical treat-
ment processes, adsorption has been found to be
an attractive technique for the removal of most
organic compounds in wastewaters, especially at
lower concentrations. Activated carbon has been
the most commonly used adsorbent. However,
high cost of activation, regeneration, and the dis-
posal of the concentrate from the cleaning cycles
pose problems in the use of activated carbon.
Hence, the search of new low cost adsorbents
has attracted a number of investigators. Several
low cost adsorbents like wood, coir pith, coal fly
ash, bagasse fly ash (BFA), and coal-fired boiler
bottom ash have been used for the treatment of a
wide variety of wastewaters.

An efficient, cost-effective, and environmen-
tally friendly technique; biosorption is mainly
a physicochemical process involving the use of
biological material-live or nonviable, can be used
to concentrate and recover or eliminate the pol-
lutants from aqueous solutions. Various work-
ers have investigated the biosorption of various
organic pollutants and color from wastewaters
(Tsezos and Bell 1989; Fu and Viraraghavan
2001). Biomass of some natural microbial spe-
cies, including bacteria, fungi, and algae, is ca-
pable of removing the different textile dyes by
biosorption, biodegradation, or mineralization
(Carliell et al. 1995). Some low-cost fungal bio-
mass has been used as biosorbent for the removal
of dye and metal ions from or wastewater, which
included Trametes versicolor (Bayramoglu et al.

2003), and Corynebacterium glutamicum (Won
et al. 2004).
a. Mechanism of Biosorption

According to the dependence on the cell’s

metabolism, biosorption mechanisms can be

divided into:

1. Metabolism-dependent

2. Nonmetabolism-dependent

According to the location where the sorbate

removed from solution is found, biosorption

can be classified as

1. Extracellular accumulation/precipitation

2. Cell surface sorption/precipitation and

3. Intracellular accumulation
Microbial biomass consists of small particles
with low density, poor mechanical strength, and
little rigidity. This phenomenon is generally
based on a set of chemical and physical mecha-
nisms (involving physicochemical interactions
such as electrostatic interactions, ion exchange,
complexation, chelation, and precipitation) lead-
ing to the immobilization of a solute component
on the microbial cell wall components. The com-
plexity of the microbial structure implies that
there are many ways for the pollutant to be cap-
tured by the cells. Biosorption mechanisms are
therefore various (physical adsorption, chemical
binding of ionic groups, ion exchange, etc.) and
in some cases they are still not very well under-
stood (Veglio and Beolchini 1997). Cell surface
sorption is a physicochemical interaction, which
is not dependent on metabolism. Cell walls of
microbial biomass mainly composed of poly-
saccharides, proteins, and lipids, offer abundant
functional groups such as carboxyl, hydroxyl,
phosphate, and amino groups, as well as hydro-
phobic adsorption sites such as aliphatic carbon
chains and aromatic rings (Ringot et al. 2005).
This physicochemical phenomenon is quick and
can be reversible.

Physical Adsorption If the attraction between
the solid surface and the adsorbed molecules is
physical in nature, the adsorption is referred to
as physical adsorption (physiosorption). Gener-
ally, in physical adsorption the attractive forces
between adsorbed molecules and the solid surface
are van der Waals forces and they being weak in
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nature result in reversible adsorption. Electro-
static interactions have been demonstrated to be
responsible for copper biosorption by bacterium
Zoogloea ramigera and alga Chlorella vulgaris
(Aksu et al. 1992), and for chromium biosorption
by fungi Ganoderma Ilucidum and Aspergillus
niger (Srivastava and Thakur 2006).

Chemical Adsorption 1f the attraction forces are
due to chemical bonding, the adsorption process
is called chemisorption. In view of the higher
strength of the bonding in chemisorption, it is
difficult to remove chemisorbed species from the
solid surface. Aksu et al. (1992) hypothesized
that biosorption of copper by C. vulgaris and Z.
ramigera takes place through both adsorption
and formation of coordination bonds between
metals and amino and carboxyl groups of cell
wall polysaccharides. Microorganisms may also
produce organic acids (e.g., citric, oxalic, glu-
onic, fumaric, lactic, and malic acids), which may
chelate toxic metals resulting in the formation of
metalloorganic molecules. These organic acids
help in the solubilization of metal compounds
and their leaching from the surfaces.

Ion Exchange lon exchange is basically a
reversible chemical process wherein an ion from
solution is exchanged for a similarly charged
ion attached to an immobile solid particle. Ton
exchange shares various common features along
with adsorption, in regard to application in
batch and fixed-bed processes and they can be
grouped together as ““sorption processes” for a
unified treatment to have high water quality. lon
exchange has been fruitfully used too for the
removal of colors. By far the largest application
ofion exchange (Clifford 1999) to drinking water
treatment is in the area of softening that is the
removal of calcium, magnesium, and other poly-
valent cations in exchange for sodium. Various
studies have been carried out using ion exchange
for the removal of dyes (Liu et al. 2007; Wu et al.
2008). Delval et al. (2005) prepared starch-based
polymers by a crosslinking reaction of starch-
enriched flour using epichlorohydrin as a cross-
linking agent in the presence of NH,OH.

b. Factors Affecting Biosorption

The following factors affect the biosorption

process:

1. Temperature seems not to influence the
biosorption performances in the range of
20-35°C (Aksu et al. 1992).

2. pH seems to be the most important param-
eter in the biosorptive process: it affects the
solution chemistry of the metals, the activ-
ity of the functional groups in the biomass
(Galun et al. 1987).

3. Biomass concentration in solution seems
to influence the specific uptake: for lower
values of biomass concentrations there is
an increase in the specific uptake. Interfer-
ence in between the binding sites due to
increased biomass was suggested as a pos-
sible reason (Gadd et al. 1988).

c. Biosorption Equilibrium Models

One of the most important characteristics of
an adsorbent is the quantity of adsorbate it can
accumulate which is usually calculated from
the adsorption isotherms. The adsorption iso-
therms are constant-temperature equilibrium
relationship between the quantity of adsorbate
per unit of adsorbent (q.) and its equilibrium
solution concentration (C,). Several equa-
tions or models are available that describe this
function like the Freundlich and the Langmuir
equations.

2.8 Future Prospects

The present status described in the chapter has al-
lowed important information on the types of spe-
cies involved in decolorization and degradation
of distillery spent wash in the various lab scale to
pilot scale studies but their interaction with the
native microbial communities is still being ques-
tioned. Future studies should, therefore, focus
not only on identification of other communities
as observed in denaturing gradient gel electro-
phoresis (DGGE) band pattern but also their
quantification using reliable quantitative meth-
ods. Assessment of activity and the interactions
between the introduced organisms will also be
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important for the design and control of biological
reactors. Another area of study scope lies with
isolated and purified microbial enzymes and the
focus lie on investigation of production strate-
gies such as recombinant expression in another
organism.

2.9 Conclusion

Ethanol manufacture from molasses based in-
dustries generates large volumes of high strength
wastewater, which is of serious environmental
concern. It is estimated that in a large scale unit
approximately 0.2 million L of molasses spent
wash (MSW) is generated each day. The main
source of wastewater generation is the distilla-
tion step wherein large volumes of dark brown
effluent (termed as spent wash) is generated in
the temperature range of 71-81°C. This spent
wash is dark brown colored polluting stream and
contains practically all unfermentable soluble
matter apart from the extremely high COD and
BOD load. This dark color is mainly imparted
by melanoidin, that are low and high molecu-
lar weight polymers formed as one of the final
products of Maillard reaction. This colored
waste stream contains highly toxic and recalci-
trant compounds and when released untreated in
any nearby water stream causes eutrophication
and blocks the sunlight (due to color), ultimately
creating a toxic environment to the aquatic biota.
Therefore, a comprehensive treatment strategy
is required for decolorization and detoxification
of distillery spent wash before its disposal into
the environment. Compared to the common and
expensive physical or chemical ways for decol-
orization, an efficient bioremediation system has
been found successful through biosorption and
enzymatic ways of decolorization. However,
pollution from distillery effluents is a complex
environmental problem; its permanent solution
will require comprehensive system consider-
ations as well as multidisciplinary and holistic
approaches.
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