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a b s t r a c t

Distillery spent wash is the unwanted residual liquid waste generated during alcohol production and
pollution caused by it is one of the most critical environmental issue. Despite standards imposed on efflu-
ent quality, untreated or partially treated effluent very often finds access to watercourses. The distillery
wastewater with its characteristic unpleasant odor poses a serious threat to the water quality in several
regions around the globe. The ever-increasing generation of distillery spent wash on the one hand and
stringent legislative regulations of its disposal on the other has stimulated the need for developing new
technologies to process this effluent efficiently and economically. A number of clean up technologies have
istillery spent wash
elanoidin

hysicochemical treatment
ollution

been put into practice and novel bioremediation approaches for treatment of distillery spent wash are
being worked out. Potential microbial (anaerobic and aerobic) as well as physicochemical processes as fea-
sible remediation technologies to combat environmental pollution are being explored. An emerging field
in distillery waste management is exploiting its nutritive potential for production of various high value
compounds. This review presents an overview of the pollution problems caused by distillery spent wash,
the technologies employed globally for its treatment and its alternative use in various biotechnological

sectors.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Distillery spent wash refers to the effluent generated from alco-
ol distilleries. On an average 8–15 L of effluent is generated for
very liter of alcohol produced [1]. The alcohol distilleries are exten-
ively growing due to widespread industrial applications of alcohol
uch as in pharmaceuticals, food, perfumery, etc. It is also used as
n alternate fuel. There are 319 distilleries in India alone, produc-
ng 3.25 billion liters of alcohol and generating 40.4 billion liters of
astewaters annually [2]. As per the Ministry of Environment and

orests (MoEF), alcohol distilleries are listed at the top in the “Red
ategory” industries [3].

Alcohol production in distilleries consists of four main steps
iz. feed preparation, fermentation, distillation and packaging [4].
thanol can be prepared from various biomass materials but the
otential for their use as feedstock depends on the cost, availability,
arbohydrate contents and the ease by which they can be con-
erted to alcohol [5]. Nearly 61% of world’s ethanol production is
rom sugar crops [6]. Most Indian distilleries exclusively use cane

olasses as raw material for fermentation [7]. Molasses is suit-
bly diluted in order to have desired sucrose level in it. It is then
upplemented with assimilable nitrogen source like ammonium
ulphate or urea. It is also supplemented with phosphate if neces-
ary. The pH of the fermentation broth is adjusted to below 5 using
ulphuric acid. Fermentation is carried out for about 50 h by using
% active culture of Saccharomyces cerevisiae. Ethanol accumulates
p to 8–10% in the fermented mash. The fermented mash is then
istilled, fractionated and rectified after the removal of yeast sludge
8]. Apart from yeasts, a bacterial strain, Zymomonas mobilis, has
een demonstrated as a potential candidate for ethanol production
9]. The residue of the fermented mash which comes out as liquid
aste is termed as spent wash [8,10,11].

The wastewater generated from distillation of fermented mash
s in the temperature range of 70–80 ◦C, deep brown in color, acidic
n nature (low pH), and has high concentration of organic materi-
ls and solids. It is a very complex, caramelized and cumbersome
gro industrial waste. However, the pollution load of the distillery
ffluent depends on the quality of molasses, unit operations for
rocessing of molasses and process recovery of alcohols [12].

With government policies on pollution control becoming more
nd more stringent, distillery industries have been forced to look
or more effective treatment technologies. Such technologies would
ot only be beneficial to environment, but also be cost effective. In
003, Central Pollution Control Board (CPCB), the national agency
esponsible for environmental compliance stipulated that, distil-
eries should achieve zero discharge in inland surface watercourses
y the end of 2005 [3]. Consequently, the wastewater needs to
ndergo extensive treatment in order to meet the stipulated envi-
onmental demands.

This review aims to disseminate information about the pollution

2. Environmental hazards of distillery spent wash

The production and the characteristics of the spent wash are
highly variable and dependent on the raw material used and various
aspects of the ethanol production process [2,4]. Wash water used to
clean the fermenters, cooling water blow down and broiler water
blow down further contribute to its variability [2]. Distillery spent
wash has very high biological oxygen demand (BOD), chemical
oxygen demand (COD) and high BOD/COD ratio. The amount of inor-
ganic substances such as nitrogen, potassium, phosphates, calcium,
sulphates is also very high (Table 1). Its recalcitrant nature is due to
presence of the brown polymers, melanoidins, which are formed by
Maillard amino carbonyl reaction. These compounds have antioxi-
dant properties, which render them toxic to many microorganisms
such as those typically present in wastewater treatment processes
[15]. The defiance of melanoidins to degradation is apparent from
the fact that these compounds escape various stages of wastewa-
ter treatment plants and finally enters into the environment. Apart
from melanoidins, the other recalcitrant compounds present in
the waste are caramel, variety of sugar decomposition products,
anthocyanins, tannins and different xenobiotic compounds [12].
The unpleasant odor of the effluent is due to the presence of ska-
tole, indole and other sulphur compounds, which are not effectively
decomposed by yeast during distillation [16]. Spent wash disposal
into the environment is hazardous and has high pollution potential.
High COD, total nitrogen and total phosphate content of the effluent
may result in eutrophication of natural water bodies [15]. The highly
colored components of the spent wash reduce sunlight penetration
in rivers, lakes or lagoons which in turn decrease both photosyn-
thetic activity and dissolved oxygen concentration affecting aquatic
life. Kumar et al. [17] evaluated the toxic effect of distillery effluent
on common guppy, Lesbistes reticulates and observed remarkable
behavioural changes with varying effluent concentration. Kumar
and Gopal [18] reported hematological alterations in fresh water
catfish, Channa punctatus, exposed to distillery effluents. Saxena
and Chauhan [19] investigated the influence of distillery effluent on
oxygen consumption in fresh water fish, Labeo rohita and observed
that the presence of inorganic and organic salts in the effluent
interfered with the respiration in the fish. The coagulation of gill
mucous decreased dissolved oxygen consumption causing asphyxi-
ation. Matkar and Gangotri [20] observed concentration dependent
toxicity of distillery effluent on the fresh water crab, Barythephusa
guerini. Impact of distillery effluent on carbohydrate metabolism of
Cyprinus carpio, a freshwater fish was studied by Ramakritinan et
al. [21]. Stress due to distillery effluent caused defunct respiratory
processes in the fish resulting in anaerobiosis at organ level during
sublethal intoxication.

Disposal of distillery spent wash on land is equally hazardous
to the vegetation. It is reported to reduce soil alkalinity and man-
ganese availability, thus inhibiting seed germination [15]. Kannan
otential and the strategies implemented for treatment of distillery
pent wash. The experiences gained so far and the state of the art
echnologies are discussed. The potential application of distillery
ffluent in diverse agro industrial sectors to produce various value
dded byproducts is also reviewed.

a
e
l
d
e

nd Upreti [22] reported highly toxic effects of raw distillery efflu-

nt on the growth and germination of Vigna radiata seeds even at
ow concentration of 5% (v/v). Leaching of protein and carbohy-
rates from the seeds as well as decrease in activities of important
nzymes like alkaline phosphatase and ATPase was also observed.
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Table 1
Characteristics of untreated and anaerobically treated distillery effluent [13,14]

Parameters Values of distillery effluent Values of anaerobically treated effluent

pH 3.0–4.5 7.5–8
BOD5 (mg L−1) 50,000–60,000 8000–10,000
COD (mg L−1) 110,000–190,000 45,000–52,000
Total solid (TS) (mg L−1) 110,000–190,000 70,000–75,000
Total volatile solid (TVS) (mg L−1) 80,000–120,000 68,000–70,000
Total suspended solid (TSS) (mg L−1) 13,000–15,000 38,000–42,000
Total dissolved solids (TDS) (mg L−1) 90,000–150,000 30,000–32,000
Chlorides (mg L−1) 8000–8500 7000–9000
P −1 00
S 0
P 0
T 0
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henols (mg L ) 8000–10,0
ulphate (mg L−1) 7500–900
hosphate (mg L−1) 2500–270
otal nitrogen (mg L−1) 5000–700

pplication of distillery effluent to soil without proper monitoring,
erilously affects the groundwater quality by altering its physico-
hemical properties such as color, pH, electrical conductivity (EC),
tc. due to leaching down of the organic and inorganic ions [23].
n a study carried out by Dhembare and Amin [24], indices indi-
ating soil quality like Sodium Absorption Ratio (SAR), Soluble
odium Percentage (SSP) and Kelly’s ratio were reported to be
dversely affected in the soil amended with distillery effluent.
onstant disposal/irrigation of the soil with the effluent led to
eleterious effect on the soil properties. Soil microorganisms are
n essential component of the soil ecosystem and are involved
n regulating the various processes of nutrient recycling in soil.
ny type of interference with their activity may affect soil produc-

ivity as they are the indices of soil fertility. Juwarkar and Dutta
25] evaluated the impact of application of distillery effluent on
oil microflora. Irrigation with raw distillery effluent resulted in
ow overall bacterial and actinomycetes count. However, popu-
ation of fungi increased. Nitrogen fixing bacteria Rhizobium and
zotobacter also reduced considerably. Anaerobically treated efflu-
nt also showed similar results but not as much as that of the raw
ffluent.

. Treatment technologies for distillery spent wash

A number of technologies have been explored for reducing the
ollution load of distillery effluent. Biological treatment of distillery
pent wash is either aerobic or anaerobic but in most cases a combi-
ation of both is used. A typical COD/BOD ratio of 1.8–1.9 indicates
he suitability of the effluent for biological treatment [10]. Aero-
ic treatment of wastes with high organic load such as molasses is
ssociated with operational difficulties of sludge bulking, inability
f the system to treat high BOD or COD loads economically, rela-
ively high biomass production and high operational cost in terms of
nergy requirements [26]. More over a BOD:N:P ratio of 100:2.4:0.3
uggests that anaerobic treatment methods at the primary stage
ill be more effective than aerobic treatment methods for reducing

he pollution potential of distillery effluent. Anaerobic treatment
f distillery effluent is an accepted practice and various high rate
eactor designs have been tried at pilot and full scale operations
27]. Aerobic treatment of anaerobically treated effluent using dif-
erent microbes has also been explored. Various physicochemical

ethods such as adsorption, coagulation–flocculation, and oxida-
ion processes like Fenton’s oxidation, ozonation, electrochemical
xidation using various electrodes and electrolytes, nanofiltration,
everse osmosis, ultrasound and different combinations of these

ethods have also been practiced for the treatment of distillery

ffluent. These processes are employed generally after the primary
naerobic treatment in order to further reduce the COD and color.
ajority of these methods decolorize the effluent by either concen-

rating the color into the sludge or by breaking down the colored

3

p
f
t

7000–8000
3000–5000
1500–1700
4000–4200

olecules. These treatment technologies are discussed in detail in
he following section.

.1. Anaerobic systems

Anaerobic digestion is viewed as a complex ecosystem in which
hysiologically diverse groups of microorganisms operate and

nteract with each other in a symbiotic, synergistic, competitive
nd antagonistic association. In the process methane and carbon
ioxide are generated. The anaerobic microbial food chain consists
f mainly three functionally different groups of organism, namely
ydrolytic fermentative, syntrophic acetogenic and methanogenic
acteria [28].

Methanogens possess very limited metabolic repertoire, using
nly acetate or C1 compounds (H2 and CO2, formate, methanol,
ethylamines or CO), with methane being end product of the

eaction. Methanosarcina sp. and Methanosaeta sp. belonging to
he methanogenic genera produce methane by the aceticlas-
ic reaction. Fast growing Methanosarcina sp. is predominant in
igh rate, shorter retention digesters where in acetate concentra-
ion is higher. Methanosaeta sp. is predominant in low rate slow
urn over digesters. Both carbon dioxide reducing and aceticlastic

ethanogens play an important role in maintaining the stability of
he digester. The failure in an anaerobic digester can occur if car-
on dioxide reducing methanogens fail to keep pace with hydrogen
roduction [29].

Waste water treatment using anaerobic process is a very promis-
ng re-emerging technology which presents interesting advantages
s compared to classical aerobic treatment. It has high capacity of
egrading concentrated and resilient substances. It produces very

ittle sludge, requires less energy and can become profitable by
ogeneration of useful biogas [30]. However, these processes have
een sensitive to organic shock loadings, low pH and show slow
rowth rate of anaerobic microbes resulting in longer hydraulic
etention times (HRT). This often results in poor performance of
onventional mixed reactors. In order to solve these problems,
everal high rate configurations have been developed for treating
oluble wastewater at relatively shorter HRTs [31].

Realizing the importance of minimum cell residence time
MCRT) as a process control factor, a number of anaerobic pro-
esses are available today depending on the way microbial biomass
s retained in the reactor. Attempts to overcome the disadvantages
f treating different industrial wastes have led to development of
arious kinds of anaerobic processes [32].
.1.1. Single-phasic and biphasic anaerobic systems
Anaerobic systems can be operated as single-phase or two-

hase systems. Single-phase systems involve only one reactor
or the microorganisms to digest the organic matter, whereas
wo-phase systems separate the acidogenic and methanogenic
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rganisms into two separate reactors. A biphasic system is capable
f optimizing the fermentation steps of each stage in separate fer-
enters. As a result the overall process efficiency and kinetics are

igher than those of conventional single stage processes in which
ll primary and secondary organisms and associated fermentations
re conducted under the same identical environmental conditions.
n the primary phase of the fermentation, the end products are for-

ate, acetate, lactate, ethanol, carbon dioxide, hydrogen and C3 and
igher volatile fatty acids. It is basically acid fermentation phase.
he secondary phase constitutes acetotrophic methane fermenta-
ion where the end products are methane and carbon dioxide [33].
iomethanation using biphasic system is most appropriate treat-
ent method for high strength waste water because of its multiple

dvantages viz., possibility of maintaining optimal conditions for
uffering of imbalances between organic acid production and con-
umption, stable performance and higher methane concentration
n the biogas produced [34].

.1.2. Anaerobic lagooning
Anaerobic lagoons are the simplest choice for anaerobic treat-

ent of distillery waste. Rao [35] carried out the pioneering
esearch work in the field of distillery waste management by study-
ng the application of anaerobic lagoon treatment in two pilot-scale
agoons in series, with overall BOD removal ranging from 82 to 92%.
owever, the lagoon systems are seldom operational, souring being
frequent phenomenon. The ground water contamination cannot
e prevented as these lagoons are generally unlined. They require
ast area to treat large volumes of the wastes and also lead to odor
uisance [7,10].

.1.3. Conventional anaerobic systems
The conventional digesters such as continuous stirred tank

eactors (CSTR) are the simplest form of closed reactors with pro-
ision of gas collection. Treatment of distillery effluent in CSTR has
een reported in single as well as biphasic operations, resulting

n 80–90% COD reduction within a period of 10–15 days [8]. The
RT in CSTR-type reactor is determined by the specific growth rate
f the slowest growing microorganism in the system. This gener-
lly means that very high HRT values are required to achieve an
cceptable level of degradation. The high HRT values make the
STR concept less feasible and unattractive for treatment of the
astewaters [36].

.2. High rate anaerobic reactors

.2.1. Anaerobic fixed film reactors
In fixed film reactors, the reactor has a biofilm support struc-

ure (media) for the biomass attachment. Fig. 1 modified from
ansal et al. [37] shows the schematic representation of an anaer-
bic fixed film reactor. Fixed film reactor offers the advantages of
implicity of construction, elimination of mechanical mixing, bet-
er stability even at higher loading rates and capability to withstand
oxic shock loads. The reactors can recover very quickly after a
eriod of starvation [38]. Amongst numerous anaerobic reactors
eveloped for biomethanation, anaerobic fixed film reactors (AFFR)
ave emerged as the most popular one compared to other reactors
ue to availability of large biomass in the reactor [39]. The colo-
ization process proceeds in three consecutive phases: lag phase
primary cellular attachment), biofilm production phase (bacterial
ccumulation with production of biopolymer matrix) and steady

tate establishment phase (establishment of a mature biofilm) [40].
he nature of the media used for biofilm attachment has a signif-
cant effect on reactor performance. A wide variety of materials
ike glass bead, red drain clay, sand and a number of different
lastics and porous materials such as needle punched polyesters,

T
a
t
o
i

Fig. 1. Schematic diagram of anaerobic fixed film reactor.

olyureathane foam and sintered glass [41], waste tyre rubber [42],
oly(acrylonitrile–acrylamide) [43], corrugated plastic [44], etc.,
ave been used as non-porous support media at laboratory as well
s pilot-scale.

Jhung and Choi [45] performed a comparative study of UASB and
naerobic fixed film reactors for treatment of molasses waste. The
xed film reactor was fabricated with a total volume of 5.4 L, filled
ith Kock plastic media having a porosity of 93–95%, a diameter of

.6 cm and a specific area of 345 m2 m−3 and the total volume of the
ASB reactor was 4.4 L. The fixed film reactor was found to be more
fficient than the UASB reactor as it could be operated at higher OLR
19 kg COD m−3 d−1) than UASB (12.5 kg COD m−3 d−1) and brought
bout higher COD removal efficiencies at OLR of 10 kg COD m−3 d−1.
he better performance of the fixed film reactor was attributed to
ts ability to retain higher biomass even at higher OLR. Seth et al.
34] carried out comparative studies on the performance of two
ifferent support material, namely granular activated carbon (GAC)
nd clay brick granules (CBG) on biomethanation of distillery spent
ash in a biphasic fixed film reactor. The maximum OLR achieved
ith GAC was 21.3 kg COD m−3 d−1, corresponding to a HRT of 4
ays with COD and total volatile fatty acids (TVA) reductions of
7% and 82%, respectively, where as OLR achieved with CBG was
2 kg COD m−3 d−1, corresponding to a HRT of 3 days with COD and
VA reductions of 71.8% and 88.5%, respectively. The enhanced per-
ormance of CBG over GAC as support material was attributed to
he better support characteristics of the former as confirmed by
canning electron microscopy analysis.

Thermophilic stability of the fixed film reactors was investi-
ated by Perez et al. [41] using anaerobic fixed film reactor packed
ith porous sintered-glass support. This carrier termed as SIRAN,
as produced by sintering of a mixture of glass and salt pow-
er. The resulting sponge had a well defined pore size distribution
double pore structure) which resulted in 80% COD reduction at

COD loading rate 3.81 kg COD m−3 d−1 in 75 days. This study
evealed that under thermophilic anaerobic conditions the sup-
ort material enabled faster attachment of the microorganisms
esulting in shorter start up and stable operation. In another study,
erez-Garcia et al. [44] studied the influent pH conditions in fixed
lm reactors for anaerobic thermophilic treatment of wine dis-
illery wastewaters. The results obtained showed that the pH of the
nfluent influenced the performance of the biodegradation process
nd the depurative efficiency was higher with alkaline influent.
he operation with acidic influent allowed the reactor to oper-

te at OLR around 5.6 kg COD m−3 d−1 (HRT: 1.5 days), maintaining
otal Chemical Oxygen Demand removals (CODr) of 77.2%; the
peration with alkaline influent allowed total CODr of 76.8% work-
ng at OLR around 10.5 kg COD m−3 d−1. The greatest efficiency of
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bination of UASB and an anaerobic baffled reactor for treatment of
Fig. 2. Schematic diagram of anaerobic UASB reactor.

ubstrate removal was 87.5% for OLR 3.2 kg COD m−3 d−1 and HRT
f 4 days operating with alkaline influent. Therefore, the operation
ith alkaline influent implicates higher levels of purifying effi-

iency for similar organic load rate. Acharya et al. [14] performed
comparative study of low cost packing materials for the treat-
ent of distillery spent wash using anaerobic fixed film reactors.

oconut coir was found to be the best supporting material, as the
ystem supported the treatment at very high organic loading rate
f 31 kg COD m−3 d−1 with 50% COD reduction. Charcoal and Nylon
bers were other packing materials used in the study. Charcoal was
ble to retain the active biomass at the OLR of 15.5 kg COD m−3 d−1

esulting in more than 60% COD reduction whereas nylon fibers
ailed to support the biofilm development even at higher HRT and
ower OLR.

.2.2. Upflow anaerobic sludge blanket (UASB) reactors
In the recent years, the UASB process has been successfully used

or the treatment of various types of wastewaters [46]. UASB reactor
ystems belong to the category of high rate anaerobic wastewater
reatment and hence it is one of the most popular and exten-
ively used reactor designs for treatment of distillery wastewaters
lobally. The success of UASB depends on the formation of active
nd settleable granules [47]. These granules consist of aggregation
f anaerobic bacteria, self immobilized into compact forms. This
nhances the settelability of biomass and leads to an effective reten-
ion of bacteria in the reactor [48]. Particularly attractive features of
he UASB reactor design includes its independence from mechani-
al mixing of digester contents, recycling of sludge biomass [49] and
bility to cope up with perturbances caused by high loading rates
nd temperature fluctuations [50]. Fig. 2 modified from Kansal et
l. [37] shows the schematic representation of an upflow anaerobic
ludge blanket (UASB) reactor. The UASB technology is well suited
or high strength distillery wastewaters only when the process has
een successfully started up and is in stable operation. To achieve
uccessful startups, the reactors must be operated at a low loading
ate of 4–8 kg COD m−3 d−1 and the COD removal efficiency must
e monitored carefully. The loading rate can be increased, when
he COD removal efficiencies are above 90% [51]. Malt whisky dis-
illery potale, a liquid waste product from the malt whisky industry,
reated in a laboratory scale UASB reactor showed the effect of
ilution and pH control in attaining a high COD reduction [52].
here is normally a rise in the pH due to ammonia production

uring the process of digestion. The maximum loading rate for
stable operation was 15 kg COD m−3 d−1 at a retention time of

.1 days. Florencio et al. [53] investigated the environmental fac-
ors that are of importance in the predominance of methylotrophic

h
B
w
g
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ethanogens over acetogens in a natural mixed culture during
naerobic treatment in UASB reactors. An increased growth rate of
he methanogens at higher temperatures makes the thermophilic
naerobic digestion process a suitable alternative to mesophilic
igestion [38]. Harada et al. [54] investigated the feasibility of UASB
eactors at thermophilic temperatures. A 140 L UASB reactor was
tudied for a period of 430 days. The organic loading rate up to
8 kg COD m−3 d−1 was applied by reducing HRT at a fixed influ-
nt concentration of 10 kg COD m−3 d−1. The removal of COD was
bout 67% while BOD removal was more significant (more than
0%). Successful operation of the UASB reactors for treating dis-
illery waste at psychrophilic temperatures (4–10 ◦C) was studied
y operating one and two-stage UASB reactors. The organic loading
ate varied from 4.7 to 1.3 g COD at HRT of 6–7 days for one-stage
eactor and 2 days for the two-stage reactor. The average total COD
emoval for vinasses waste waters was 60% in the one-stage reactor
nd 70% in the two-stage reactor. In situ determinations of kinetic
ludge characteristics (apparent Vm and Km) revealed the existence
f substantial mass transfer limitations for the soluble substrates
nside the reactor sludge bed. Therefore, application of higher recy-
le ratios is essential for enhancement of UASB pretreatment under
sychrophilic conditions [55]. The conventional UASB reactors con-
ept showed severe limitations mainly owing to problems related
o mass transfer resistance or the appearance of concentration gra-
ients inside the systems [56]. Some of the other disadvantages of
he process are slow primary startup requiring several weeks, diffi-
ulty in controlling granulation process which depends upon a large
umber of parameters. As the organic loading increases, the process
eeds to be properly monitored to maintain required alkalinity to
alance excessive acid accumulation [57]. In last decades, the sys-
em specific parameters of UASB reactors have been modified to
ncrease the loading potentials and/or to widen the applicability of
naerobic reactor systems for various types of waste waters [56].
y making use of the high settleability of the methanogenic sludge
ranules (40–60 mh−1), Expanded Granuler Sludge Bed (EGSB) sys-
ems have been developed. These are operated at up flow velocities
xceeding 8 mh−1, which is brought about by an increased height
iameter ratio and external circulation pump. In contrast to the con-
entional UASB reactors the EGSB systems are not equipped with an
nternal settler but with an advanced gas–liquid–solid separation
evice [56]. As a result of the excellent contact between wastewa-
er and the sludge these systems can handle higher organic loading
ates. As compared to conventional UASB systems, they are less sen-
itive to negative effects of suspended solids present in wastewater
58].

Anaerobic treatment of low-strength brewery wastewater, with
nfluent total chemical oxygen demand (CODin) concentrations
anging from 550 to 825 mg L−1, was investigated in a pilot-scale
25.5 L expanded granular sludge bed (EGSB) reactor. At 20 ◦C, COD
emoval efficiencies exceeding 80% were obtained at an OLR up to
2.6 kg COD m−3 d−1, with CODin between 630 and 715 mg L−1. The
alues of HRT and liquid upflow velocity applied were 2.1–1.2 h, and
.4–7.2 mh−1, respectively. The acidified fraction of the CODin was
bove 90%, but sludge washout was not significant. These results
ndicate that the potentials of EGSB reactors can be further explored
or the anaerobic treatment of low-strength brewery wastewater,
ven at lower temperatures [59].

A significant improvement in UASB system was achieved by
odifying the reactor and operating these modules in series.
kunna and Clark [48] proposed a hybrid reactor, which was a com-
igh strength wastewaters, referred to as Granular Bed Anaerobic
affled Reactor (GRABBR). Up to 80% of COD and 90% of BOD removal
as observed for organic loading rate of 4.75 kg COD m−3 d−1. Bio-

as production increased with increasing loading rates from 10
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Fig. 3. Schematic diagram of anaerobic fluidized bed reactor.

o 22 L d−1 for loading rates 0.99 and 4.75 kg COD m−3 d−1, with
0–70% methane content. The effectiveness of the reactor stemmed
rom the process stability created by the phase separation pro-
ided in the reactor configuration. The system also showed very
igh solids retention with effluent suspended solids concentration
f about 80 mg L−1 for all organic and hydraulic conditions. This
as attributed to the occurrence of granular methanogens in the
ownstream of zone occupied by non-granular acidogens.

Upon realizing the potential advantages of biphasic biometha-
ation, Uzal et al. [60] investigated the anaerobic treatment of
hisky distillery waste in two-stage UASB reactors and con-

luded that the system worked efficiently even at OLRs as high as
9 kg COD m−3 d−1 resulting in 95–96% COD reduction.

.2.3. Anaerobic fluidized bed reactors
In the anaerobic fluidized bed reactor (AFB) the medium for bac-

erial attachment and growth is kept in the fluid state by drag forces
xerted by the up flowing wastewater. The media used are small
article size sand, activated carbon, etc. In the fluidized state, each
edium provides a large surface area for biofilm formation and

rowth. It enables the attainment of high reactor biomass hold-
p and promotes system efficiency and stability. Fluidized bed
echnology is an effective anaerobic technology for treatment of
igh strength waste waters as it favors the transport of microbial
ells from the bulk to the surface and thus enhances the con-
act between the microorganisms and the substrate [61]. Fig. 3

odified from Kansal et al. [37] shows the schematic representa-
ion of an anaerobic fluidized bed reactor. Kida et al. [62] studied
he biological treatment of Shochu distillery wastewater using an
naerobic fluidized bed reactor. By the addition of nickel, cobalt
nd diluting the waste, maximum loading rate of 22 kg TOC m−3 d−1

ould be achieved. This resulted in 70% TOC (total organic car-
on) reduction. Ability of anaerobic fluidized bed reactor to treat
igh strength wastewaters like distillery waste under thermophilic
emperatures was studied by Perez et al. [41]. It was confirmed
hat AFB systems can achieve >82.5% COD reduction at a COD
oading rate of 32.3 kg COD m−3 d−1 corresponding to HRT of 0.46
ay. The greatest efficiency of substrate removal was 97% for an
rganic loading rate of 5.9 kg COD m−3 d−1 and HRT of 2.5 days.
he food-to-microorganism (F:M) ratio can be used as a param-
ter for performance evaluation of AFB. For the effluent, excellent
OD reduction and methane production were achievable at the F:M

atio of 0.55 kg COD kg−1 VSatt d−1. At this F:M ratio, more than 80%
f feed COD was removed and 9 m3 m−3 d−1 of methane was pro-
uced. Perez-Garcia et al. [44] compared the performance of two
igh rate technologies viz. upflow anaerobic fixed film reactor and
naerobic fluidized bed reactor. They concluded that the fluidized
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ed reactor, operating on open pore sintered-glass media, gives
otal COD removal of 96% at OLR0 of 5.88 kg COD m−3 d−1.

Fundamentally, the anaerobic fluidized bed technology is
ore effective than the upflow anaerobic fixed film technol-

gy, as this favors the transport of microbial cells from the
ulk to the surface and thus enhancing the contact between the
icroorganism–substrate phases. In principle, application of flu-

dized bed reactor overcomes mass transfer limitations. However,
hese systems are difficult to manage because of problems of
iofilm stability due to shear stresses or to bed segregation from
he inert support material. Moreover, to obtain complete fluidiza-
ion, the energy requirement of fluidized bed reactors is relatively
ery high [56].

.2.4. Anaerobic batch reactors
Treatment of distillery waste using batch reactors has not been

idely attempted. Reactor potential, operational feasibility and
cale up of such reactors needs to be explored. Treatment of
inery wastewater was investigated using an anaerobic sequenc-

ng batch reactor (ASBR). The reactor was operated at an OLR of
.6 kg COD m−3 d−1 with soluble COD removal efficiency greater
han 98%, HRT of 2.2 days [63]. Banerjee and Biswas [64] designed

semi continuous batch digester to investigate biomethanation
f distillery waste in mesophilic and thermophilic range of tem-
eratures. The study revealed that there is an enormous effect of
igestion temperature and substrate concentration in terms of BOD
nd COD loading on the yield of biogas as well as its methane con-
ent. Maximum BOD reduction (86.01%), total gas production and

ethane production (73.23%) occurred at a BOD loading rate of
.74 kg m−3 at 50 ◦C digestion temperature.

.2.5. Novel anaerobic reactors

Innovative research into bioreactor designs for treatment of
igh strength waste like distillery effluent, has led to the develop-
ent of novel bioreactors. To overcome the difficulties of substrate

eeding during the start up and to prevent excessive accumula-
ion of volatile fatty acids, Uyanik [65] developed the Split Fed
naerobic Baffled Reactor (SFABR). The potential advantage of the
FABR over the normally fed ABR includes reduction in the severity
f conditions (toxicity) in the initial compartments. Split feeding
rompted balanced gas production between compartments and

mproved mixing pattern in the reactor. Distillery effluent was fed
nto the reactor at an OLR of 10.5 kg COD m−3 d−1 and after 70
ays of operation, 90% COD reduction was observed. Arnaiz et al.
66] designed an inverted turbulent bed reactor for treatment of
ine distillery waste using pre-colonized bioparticles. The reactor
as a modification of inverse fluidized bed showing advantages in

erms of higher sludge recovery, higher liquid recycling, reduced
logging problems and lower energy requirements due to low flu-
dization rates. The maximum OLR achieved by the reactor was
8.2 kg COD m−3 d−1 corresponding to an HRT of 11.2 h resulting

n about 92% COD reduction. Kumar et al. [67] carried out the
iomethanation of distillery spent wash in an anaerobic hybrid
eactor (combining sludge blanket and filter) in a continuous mode.
he study demonstrated that at optimum HRT of 5 days and at an
LR of 8.7 kg COD m−3 d−1, the COD removal efficiency of the reac-

or was 79% and concluded that anaerobic hybrid reactor could be
uccessfully employed for treatment of distillery spent wash. Fig. 4
odified from Kansal et al. [37] shows the schematic representa-
ion of an anaerobic hybrid reactor. Sowmeyan and Swaminathan
68] recently designed an inverse anaerobic fluidized bed reac-
or containing perilite as the carrier material and found it to be
better choice among the different anaerobic methods available

or treatment of distillery effluent. The system when operated at
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Fig. 4. Schematic diagram of anaerobic hybrid reactor.
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Table 2
White rot fungi employed for treatment of distillery effluent

Culture Treatment CO

Coriolus sp. No. 20 Synthetic melanoidin solution was
decolorized by the fungus

NR

Phanerochaete chrysosporium Free cells as well as Ca alginate
immobilized cells decolorized the
distillery effluent.

NR

Trametes versicolor Anaerobically treated distillery
effluent supplemented with
sucrose and inorganic N sources
was decolorize by the culture in
shake flask studies

75

Phanerochaete chrysosporium Both the cultures decolorized to
reduced the COD of effluent in
presence of (3–5%) glucose and
0.1% yeast extract

73

Coriolus versicolor 70
Coriolus hirsutus Synthetic as well as wastewater

melanoidin was decolorized by the
fungus in a medium containing
glucose and peptone.

NR

Coriolus hirsutus IF044917 The fungal culture was
immobilized on PUF and used for
decolorization of melanoidins
present in heat treated liquor

NR

Flavodon flavus Distillery effluent was decolorized
using this marine basidiomycetes
in presence of 5% glucose.

NR

Coriolus versicolor The cultures were incubated along
with cotton stalks in vinasses,
media in static condition. No
synthetic carbon or nitrogen
sources were used.

49

Funalia trogii 62
Phanerochaete chrysosporium 57
Pluereotus pulmonaris 34
Phanerochaete chrysosporium 1557 Effect of Veratryl alcohol and Mn

(II) on decolorization of distillery
effluent was studied.

NR

Phanerochaete chrysosporium ATCC 24725 The fungus was immobilized on
different support materials such as
PUF and scouring wet and the
decolorization was carried out in a
RBC

48

P. chrysosporium NCIM 1073 The cultures were employed to
study the decolorization of
molasses in medium containing 2%
w/w glucose in static as well as
submerged conditions.

Ni

NCIM 1106 NR
NCIM 1197 NR
Marine basidiomycetes NIOCC Experiments were carried out with

10% (v/v) diluted effluent
NR

NR: Not reported.
s Materials 163 (2009) 12–25

5 kg COD m−3 d−1 and HRT of 0.19 day resulted in 84% COD reduc-
ion.

.3. Aerobic systems

Anaerobically treated distillery spent wash still contains high
oncentrations of organic pollutants and as such cannot be dis-
harged directly. The partially treated spent wash has high BOD,
OD and suspended solids. It has high C:N ratio (>20). It can reduce
he availability of important mineral nutrients by trapping them
nto immobile organic forms, and may produce phytotoxic sub-
tances during decomposition. It is thus unsuitable for irrigation.

tringent regulations on discharge of colored effluent impede direct
ischarge of anaerobically treated effluent [11]. Colorants encoun-
ered in sugarcane processing are normally biopolymeric colloidal

aterials that are negatively charged. All colorants, except caramel
ontain phenolics groups which contribute to the formation of

D removal Color removal Enzymes Reference

80% Sorbose oxidase [79]

85% (free) 59%
(immobilized)

NR [80]

% 80% NR [81]

% 53.5% NR [71]

% 71.5% NR
80% MiP and MnP and presence of

extracellular H2O2

[82,83]

45% NR [84]

80% Glucose oxidase accompanied
with hydrogen peroxide

[85,86]

63 NR [87]

57
37
43
75% LiP and MnP [88]

% 55% NR [89]

l Nil NR [90]

82% LiP and MnP
76% LiP and MnP
100% Laccase and exoploysaccharide

produced by the fungus
[91]
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olorants. IR spectra of alkaline degradative products indicate the
resence of ionisable, high molecular weight amino acids. It has
een suggested that most of the phenolic colorants are derived from
enzoic and cinnamic acid that are precursors of flavanoids, the yel-

ow plant pigments responsible for color formation. The phenolics
cids which form colored complexes with iron or get oxidized to
olymeric colorants are o-hydroxy or o-dihydroxy acids [69]. Dur-

ng heat treatment, the Maillard reaction takes place resulting in
ormation of melanoidins, one of the final products of the Maillard
eaction [2,10,13,15].

Aerobic treatment of anaerobically treated distillery spent wash
as been attempted for the decolorization of the major colorant,
elanoidins and for further reduction of the COD and BOD. A large

umber of microorganisms such as bacteria (pure and mixed cul-
ure), cyanobacteria, yeast, fungi, etc. have been isolated in recent
ears that are capable of degrading melanoidins and thus decol-
rizing the waste.

.3.1. Fungal systems
Fungi are recognized by their superior aptitude to produce

large variety of extracellular proteins, organic acids and other
etabolites and for their capacity to adapt to severe environmen-

al constraints [70]. Increasing attention has been directed towards
tilizing microbial activity for decolorization of molasses spent
ash. Several reports have indicated that some fungi in particular
ave such a potential [71]. One of the most studied fungus having
bility to degrade and decolorize distillery effluent is Aspergillus
ps. Aspergillus fumigatus G-2-6, Aspergillus niger, A. niveus, A. fumi-
atus UB260 brought about an average of 69–75% decolorization
long with 70–90% COD reduction [72,73,26,74–76]. Treatment of
istillery spent wash with ascomycetes group of fungi such as Peni-
illium spp., Penicillium decumbens, Penicillium lignorum resulted in
bout 50% reduction in color and COD, and 70% phenol removal
26]. Sirianuntapiboon et al. [77] reported an absorption mecha-
ism for decolorization of melanoidins by Rhizoctonia sps. D-90.
he pigments were accumulated in the cytoplasm and around the
ell membrane as melanoidin complex, which was then gradually
ecolorized by intracellular enzymes.

White rot fungi is another group of widely exploited microor-
anism in distillery effluent bioremediation. White rot fungi
roduce various isoforms of extracellular oxidases including lac-
ases, manganese peroxidases and lignin peroxidase, which are
nvolved in the degradation of lignin in their natural lignocellu-
osic substrate. This ligninolytic system of white rot fungi is directly
nvolved in the degradation of various xenobiotic compounds and
yes [78]. Table 2 gives details about different white rot fungi
mployed in decolorization of distillery effluent and the role of
ifferent enzymes in the process.

Recently, Pant and Adholeya [92] isolated three fungal cul-
ures and identified them by molecular methods as Penicillium
inophilum TERI DB1, Alternaria gaisen TERI DB6 and Pleurotus
orida EM 1303. These cultures were found to produce ligninolytic
nzymes and decolorized the effluent up to 50%, 47% and 86%,
espectively.

.3.2. Bacterial systems
Different bacterial cultures capable of both bioremediation and

ecolorization of anaerobically treated distillery spent wash have
een isolated. Kumar and Viswanathan [93] isolated bacterial
trains from sewage and these strains were able to reduce the COD

f the distillery effluent by 80% after 4–5 days. Kumar et al. [15]
solated a facultative anaerobic pure bacterial culture L-2, a gram
ositive non-motile rod belonging to Genus Lactobacilli. The cul-
ure was able to decolorize the effluent by 31% and remove 57%
OD of 12.5% diluted waste water supplemented with 10 g L−1 glu-
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a
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ose in 7 days. Nakajima et al. [94] isolated a Bacillus sp. which
ecolorized molasses waste water up to 35.5% within 20 days at
5 ◦C (thermophilic conditions) under anaerobic conditions. The
olecular weight distribution as determination by gel permeation

hromatography revealed that there was decrease in color con-
ributing small molecules as well as large molecules.

Some researchers carried out melanoidin decolorization by
sing immobilized whole cells. Ohmomo et al. [95] used calcium
lginate immobilized cells of Lactobacillus hilgardi to decol-
rize melanoidin solution which resulted in 40% decolorization.
ecolorization of molasses wastewater by immobilized cells
f Pseudomonas fluorescence on porous cellulose carrier was
ttempted achieving 76% decolorization in 24 h at 30 ◦C. Cellulose
arrier coated with collagen was found to be most efficient carrier,
hich could be reused with 50% decolorization activity retained
ntil the seventh day [96]. Jain et al. [97] isolated three bacterial
ultures from the activated sludge of a distillery waste water plant
dentified as Xanthomonas fragairae, B. megaterium and B. cereus

hich were found to remove COD and color from the distillery
ffluent in the range of 55–68% and 38–58%, respectively. Two bac-
erial strains Pseudomonas putida U and Aeromonas strain Ema were
sed to bioremediate anaerobically treated distillery spent wash

n a two-stage bioreactor. In the first stage, P. putida reduced the
OD and color by 44.4% and 60%, respectively. The Aeromonas strain
ma, in the second stage, reduced the COD by 44%. Algal bioassay
as used to evaluate the quality of the spent wash before and after

reatment. The spent wash was eutrophic before the experimental
reatment, but, after treatment, it showed poor algal growth [98]. In
nother study, Ghosh et al. [99] isolated, identified and elucidated
he phylogenetic relationship of a number of bacterial strains capa-
le of using recalcitrant compounds of molasses spent wash as sole
arbon source and thus reducing the COD of the waste. Six strains,
amely Pseudomonas, Enterobacter, Aeromonas, Stenotrophomonas,
cienatobacter and Klebsiella brought about 44% COD reduction of
he distillery effluent. However, no decolorization was observed.
irianuntapiboon et al. [100] isolated an acetogenic strain from veg-
table and juice samples which decolorized the molasses pigment
edium and anaerobically treated distillery effluent to 73–76%
ithin 5 days when supplemented with glucose and nitrogen

ources. In replacement culture system involving six replacements,
he strain showed constant decolorization and decrease in BOD and
OD values of 58.5–82.2% and 35.5–71.2%, respectively.

Sangave and Pandit [101] proposed a combined treatment tech-
ique consisting of enzymatic hydrolysis by cellulases followed by
erobic oxidation with a gram positive culture ASN 6. The rate of
erobic oxidation was enhanced by 2.3-fold for pretreated sample
s compared to untreated sample. In another study, Sangave and
andit [102] used a combination of irradiation with ultrasound and
ydrolysis with cellulase prior to aerobic oxidation of the effluent
ith the culture ASN 6. This resulted in a 4-fold increase in the

nitial oxidation rate over the untreated batch of effluent.
Mixed culture studies have been carried out by several

esearchers for degradation of different effluents such as textile
ffluents. As the catabolic activities of microorganisms in a mixed
onsortium complement each other, obviously the syntrophic
nteractions present in mixed communities lead to complete min-
ralization of the effluent [103]. The decolorization of four synthetic
elanoidins (i.e., GGA, GAA, SGA, and SAA) by three Bacillus isolates,

amely Bacillus thuringiensis (MTCC 4714), Bacillus brevis (MTCC
716) and Bacillus sp. (MTCC 6506) was studied by Kumar and

handra [104]. A mixed culture comprising of these three strains
rought about significant reduction in the values of physicochem-

cal parameters along with the decolorization of all four types
f melanoidins (10%, v/v). The medium that contained glucose
s a sole carbon source showed 15% more decolorization than
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Table 3
Summary of various physicochemical treatments used for the treatment of distillery spent wash and their efficiency

Treatment %COD removal %Color removal Reference

Adsorption
Chitosan, a biopolymer was used as anion exchanger 99 98 [113]

Chemically modified bagasse
DEAE bagasse 40 51 [69]
CHPTAC bagasse 25 50

Activated carbon prepared from agro industrial waste
Phosphoric acid carbonized bagasse was used 23 50 [114]

Commercially available activated carbon
AC (ME) 76 93
AC (LB) 88 95

Coagulation–flocculation
Flocculation of synthetic melanoidins was carried out by various inorganic ions

Polyferric hydroxysulphate (PFS) NR 95

[115]

Ferric chloride (FeCl3) NR 96
Ferric sulphate (Fe2(SO4)3) NR 95
Aluminium sulphate (Al2(SO4)3) NR 83
Calcium oxide (CaO) NR 77
Calcium chloride (CaCl2) NR 46

Different inorganic ions and waste water from Iron pickling and Titanium process industry were used as coagulants. Addition of polyelectrolyte
Percol 47 reduced their dosage

Ferrous sulphate (FeSO4) 78 98

[12]
Ferric sulphate (Fe2(SO4)3) 77 96
Alum 64 95
Iron pickling waste water 86 99
Titanium processing waste water 67 99

Iron chloride coagulation 38 47 [116]
Iron chloride 65 69
Aluminium chloride 61.3 74.4 [117]
Calcium oxide 39.8 80.2

Ferric chloride (FeCl3) 55 83 [118]
Aluminium chloride (AlCl3) 60 86

Polyaluminium chloride (PAC) 72 92

Oxidation processes
Fenton’s oxidation 88 99 [119]
Ozonation 15–25 80 [112]

Electrochemical oxidation
Graphite electrodes 80.6 95.6
Lead dioxide coated on titanium 90.8 98.5 [120]
Ruthedium dioxide coated on titanium 92.1 99.5
Electrocoagulation and electro Fenton 92.6 – [121]

Membrane technologies
–
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Reverse osmosis 99.9
Nanofiltration 97.1

R: Not reported.

hat containing both carbon and nitrogen sources. The addition
f 1% glucose as a supplementary carbon source was essential for
o-metabolism of melanoidin complex. The toxicity of synthetic
elanoidin to tubificid worm (Tubifex tubifex, Müller), was sig-

ificantly reduced upon decolorization by the three Bacillus sp.
haturvedi et al. [105] isolated and characterized fifteen culturable
hizosphere bacteria of Phragmites australis growing in distillery
ffluent contaminated sites. These fifteen cultures were Microbac-
erium hydrocarbonoxydans, Achromobacter xylosoxidans, Bacillus
ubtilis, B. megaterium, B. anthracis, B. licheniformis, A. xylosoxi-
ans, Achromobacter sp., B. thuringiensis, B. licheniformis, B. subtilis,
taphylococcus epidermidis, Pseudomonas migulae, Alcaligens fae-
alis, B. cereus which collectively brought about 76% decolorization

nd 85–86% BOD and COD reduction of the effluent within 30 days.
novel bacterial consortium comprising of Pseudomonas aerugi-

osa PAO1, Stenotrophomonas maltophila and Proteus mirabilis has
een isolated from distillery effluent contaminated sites follow-

ng enrichment culture by Mohana et al. [13]. This consortium

b
s
u
i
b

[122]

xhibited rapid degradation of the effluent resulting in 67% decol-
rization and 51% COD reduction within 72 h in presence of very
ow nutrient medium.

.3.3. Cyanobacterial/algal systems
Cyanobacteria are considered ideal for treatment of distillery

ffluent as they, apart from degrading the polymers also oxy-
enate waterbodies, thus reduce the BOD and COD levels. Kalavathi
t al. [106] explored the possibility of using a marine cyanobac-
erium for decolorization of distillery spent wash and its ability
o use melanoidins as carbon and nitrogen source. A marine fila-

entous, non-heterocystous form Oscillatoria boryana BDU 92181
sed the recalcitrant biopolymer melanoidin as nitrogen and car-

on source leading to decolorization. Indirect evidence through the
tudy of nitrogen assimilating enzymes as well as direct evidence of
sing 14C radiolabeled synthetic melanoidins confirmed this abil-

ty. The organism decolorized pure melanoidin pigment (0.1%, w/v)
y about 75% and crude pigment in the distillery effluent (5%, v/v)
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y about 60% in 30 days. The mechanism of color removal is pos-
ulated to be due to the production of hydrogen peroxide, hydroxyl
nions and molecular oxygen, released by the cyanobacterium dur-
ng photosynthesis. Valderrama et al. [107] studied the feasibility
f combining microalgae, Chlorella vulgaris and macrophyte Lemna
inuscule for bioremediation of wastewater from ethanol produc-

ng units. This combination resulted in 61% COD reduction and 52%
olor reduction. First, the microalgal treatment led to removal of
rganic matter and further treatment with macrophytes removed
ther organic matter, color and precipitated the microalgae.

.3.4. Phytoremediation/constructed wetlands
Phytoremediation of effluents is an emerging low cost technique

or removal of toxicants including metals from industrial effluents
nd is still in an experimental stage. Aquatic plants have excel-
ent capacity to reduce the level of toxic metals, BOD and total
olids from the wastewaters [108]. Billore et al. [109] carried out
he treatment of distillery effluent in a constructed wetland which
omprised of four cells. After a pretreatment in the cells one and
wo the effluent was channeled to cells three and four which con-
ained plants Typha latipholia and Phragmites karka. This treatment
ventually led to 64% COD, 85% BOD, 42% total solids and 79%
hosphorus content reduction. An aquatic macrophyte Potamoge-
on pectinatus was found to bioaccumulate metals (Fe, Cu, Zn and

n) and efficiently cleanup the effluent [110]. Kumar and Chandra
108] successfully treated distillery effluent in a two-stage process
nvolving transformation of recalcitrant coloring components of the
ffluent by a bacterium Bacillus thuringienesis followed by subse-
uent reduction of remaining load of pollutants by a macrophyte
pirodela polyrrhiza. A similar biphasic treatment of the effluent
as carried out in a constructed wetland with B. thuringienesis and

ypha angustata by Chandra et al. [111] which resulted in 98–99%
OD, COD and color reduction after 7 days.

.4. Treatments based on physicochemical methods

After a multistage biological treatment of distillery spent wash,
ost of the organic load is removed. However, the brown color

oes not disappear and may even increase due to repolymeriza-
ion of the colored components, melanoidins [112]. Conventional
naerobic and aerobic treatment can accomplish degradation of
he melanoidins up to only about 6–7%. Therefore, it is necessary to
tudy about additional treatments required to decolorize distillery
ffluent [112]. Melanoidins have been reported to be decolorized by
arious physiochemical methods which are summarized in Table 3.
ajority of these methods remove color by either concentrating the

olor into sludge or by partial or complete breakdown of the color
olecules.

.4.1. Adsorption
Among the physicochemical treatment methods, adsorption on

ctivated carbon (AC) is widely employed for removal of color and
pecific organic pollutants. Activated carbon is a well known adsor-
ent due to its extended surface area, microporus structure, high
dsorption capacity and high degree of surface reactivity. Previous
tudies on decolorization of distillery spent wash include adsorp-
ion on commercial as well as indigenously prepared activated
arbons [4].

.4.2. Coagulation and flocculation

Coagulation is the destabilization of colloids by neutralizing the

orces that keep them apart. Cationic coagulants provide positive
lectric charges to reduce the negative charge (zeta potential) of
he colloids. As a result, the particles collide to form larger parti-
les (flocs). Flocculation is the action of polymers to form bridges

w
O
s
e
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etween the flocs, and bind the particles into large agglomerates
r clumps. Bridging occurs when segments of the polymer chain
dsorb on different particles and help particles aggregate. Gener-
lly coagulation seems to be an expensive step taking into account
xpenses of chemicals and sludge disposal. Thus, there is a need
or development of low cost alternatives for post biomethanated
ffluent [123].

.4.3. Oxidation processes
Ozone is a powerful oxidant for water and waste water treat-

ent. Once dissolved in water, ozone reacts with a great number
f organic compounds in two different ways: by direct oxidation as
olecular ozone or by indirect reaction through formation of sec-

ndary oxidants like free radical species, in particular the hydroxyl
adicals. Both ozone and hydroxyl radicals are strong oxidants and
re capable of oxidizing a number of compounds [124].

The Fenton’s oxidation technology is based on the production
f hydroxyl radicals •OH, which have an extremely high oxidation
otential. Fenton’s reagent, which involves homogeneous reaction
nd is environmentally acceptable, is a mixture of hydrogen perox-
de and iron salts (Fe2+ or Fe3+) which produces hydroxyl radicals

hich ultimately leads to decolorization of the effluent [119].

.4.4. Other treatments
Pikaev [125] applied radiation technology for treatment of dis-

illery waste. The study involved a combined treatment of electron
eam (dose 20 kGy) and coagulation using Fe2(SO)3 which resulted

n a decrease in optical absorption in the uv region by 65–70% in
he treated effluent. Ultrasound technology was also applied for
he treatment of distillery effluent. Studies were carried out to find
ut the efficacy of the ultrasonic irradiation as a pretreatment step
nd the results indicated that ultrasound treatment enhanced the
iodegradability of the distillery waste water [126]. Chaudhari et
l. [127] proposed a novel catalytic thermal pretreatment or cat-
lytic thermolysis (CT) to recover the majority of its energy content
ith consequent COD and BOD removal. They found that the initial
H (pH0) had profound impact on the efficiency of thermolysis in
OD removal. At 140 ◦C with 3 kg m−3 catalyst loading and pH0 2
optimum value), they observed a maximum of 60% COD removal.
he CT process resulted in the formation of settleable solid residue
nd the slurry obtained after the thermolysis exhibited very good
ltration characteristics. At 140 ◦C and pH0 2, the solid residue had
C:H atomic ratio of 1:1.08 with a heating value of 21.77 MJ kg−1.
he residue can be used as a fuel in the combustion furnaces and
he ash obtained can be blended with organic manure and used in
griculture/horticulture. Kannan et al. [128] adopted electrocoagu-
ation technique with addition of indigenously prepared areca nut
arbon (AAC) for treatment of distillery effluent. This study, for a
eriod of 1 h, resulted in almost colorless effluent with 89.7% BOD
nd 80% COD removal.

. Potential applications of distillery spent wash

Distillery effluent after anaerobic treatment still contains con-
iderable plant nutrients in terms of potassium, sulphur, nitrogen
nd phosphorus. Moreover, it contains large amount of micronu-
rients like Ca, S, Cu, Mn and Zn. Various researchers have reported
hat irrigation with distillery effluent increased crop yield, dry mat-
er, leaf area, total chlorophyll, etc. [129–131].
Pathak et al. [129] performed a field study in which soil amended
ith diluted distillery effluent increased the yield of wheat and rice.
rganic carbon and available potassium content of post harvest

oils had also increased. Ramana et al. [130] studied the relative
fficacy of different distillery effluents (raw, biomethanated and
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agoon sludge) on growth, nitrogen fixation and yield of ground-
ut. Among the three effluents, biomethanated effluent supported
ighest seed yield (619 kg ha−1) followed by raw distillery effluent
557 kg ha−1) and lagoon sludge (472 kg ha−1). However, with con-
rol (water) the seed yield was only 310 kg ha−1. Parallel study was
erformed using maize which gave similar results [132]. Orhue et
l. [133] also reported the positive effect of distillery effluent on
he growth of maize. In another study Ramana et al. [134] assessed
he effect of distillery effluent on seed germination in some crops
uch as cucumber, chilli, onion, bottle gourd and tomato. They con-
luded that higher effluent concentration inhibited germination
nd the effect of effluent was also found to be crop specific. In order
o overcome the negative effects of long term application of dis-
illery effluent on soil, the effluent was applied to the sodiac soil in
ombination with bioamendments like farmyard manure, brassica
esidues and rice husk in a study conducted by Kaushik et al. [135].
his resulted in significant increase of TOC, TKN (total Kjeldhal
itrogen), potassium, phosphorus and soil enzymatic activity and
lso favored successful germination and improved seedling growth
f pearl millet, but with researchers reporting beneficial as well
s detrimental effects, the use of distillery effluent in agriculture
emains controversial [129].

One of the procedures followed for the disposal of distillery
ffluent is using it for production of microbial biomass. Conver-
ion of large part of the organic loadings of the distillery effluent
o microbial biomass has special relevance to countries where
upplementation of food and feeds is an urgent necessity. The uti-
ization of distillery effluent for microbial biomass production has
een reported by several researchers. The growth of Geotricum can-
idum, Candida krusei and Hansenula anomala either as single or
ixed cultures on whisky distillery effluent resulted in about 54.9%

OD reduction of the effluent along with good biomass generation
136]. SivaRaman et al. [137] isolated a Candida utilis culture and
sed it for production of single cell protein from distillery effluent.
he culture also reduced the BOD of the effluent by 83%. Various
rganisms such as Sccharomyces cerevisiae, Brevibacterium flavum,
aecilomyces variothi, A. niger, Rhizopus nigricans, etc., have been
rown in the effluent to get protein rich feed [8].

Interest in microbial surfactants has been steadily increasing
n recent years due to their diversity, eco friendly nature and the
ossibility of their production through fermentation. Their poten-
ial applications in crude oil recovery, health care, food processing
ndustries and in environmental protection like bioremediation
f sites contaminated with poly-chlorinated biphenyls and heavy
etals has further increased their scope [138]. Sudhakar Babu et al.

139] performed batch kinetic studies on rhamnolipid biosurfac-
ant production from a Pseudomonas strain using distillery waste
s substrate. Dubey and Juwarkar [140] demonstrated the pro-
uction of an effective biosurfactant from P. aeruginosa strain BS2
sing distillery effluent as a substitute for nonrenewable resources.
he isolated biosurfactant possessed potent surface active prop-
rties, as it effectively reduced the surface tension of water from
2 to 27 mN m−1 and formed 100% stable emulsions of a variety
f water-insoluble compounds. The effectiveness of the biosurfac-
ant was also evident from its low critical miceller concentration
0.028 g L−1). Current world wide dependence on fossil fuels for
lastics manufacture, scarcity of space for disposal and growing
nvironmental concerns over non-biodegradable synthetic plastic
ave fuelled research towards development of eco friendly biopoly-
er material [141]. Hence, attention has been laid on production
f poly-�-hydroxybutyric acid (PHB), one of the most extensively
tudied PHA, produced by bacteria as storage granules providing
ood energy and reducing power. Son et al. [142] reported the
rowth associated production of poly-�-hydroxybutyrate from dis-
illery effluent by Actinobacillus sp. The enzyme treated distillery
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ffluent enhanced the PHB content. The culture was also found to
educe the COD of the effluent by 60%. In another study conducted
y Khardenavis et al. [141] jowar grain based distillery spent wash
ielded 42.3% PHB while diammonium hydrogen phosphate sup-
lemented rice grain based distillery spent wash yielded 67% (w/w)
HB, thus proving the potential of using distillery spent wash as car-
on source in microbial polymer production. Yamasaki et al. [143]
tilized Shochu distillery waste for production of polyunsaturated

atty acids like docosahexaenoic acid and astaxanthin which have
mportant applications in nutraceutical, cosmetic, food and feed
ndustries. A marine thraustochytrid Schizochyterium sp. strain KH
05 utilized the wastewater as nutrient source and accumulated
alue added lipids as well as reduced COD of the wastewater by
5%. Pant et al. [144] investigated the efficacy of distillery efflu-
nt amendment for edible mushroom production. Three species of
yster mushroom, namely P. florida, P. pulmonarins and P. sajor-caju
ere grown on wheat straw and sugarcane bagasse amended with
iomethanated distillery spent wash. Wheat straw was found to be
better substrate than bagasse as it supported high yield. Among

he three fungal cultures, P. florida gave the highest yield of 238.6%
t 50% (v/v) effluent concentration. Enzymes are among the most
mportant products obtained for human needs through microbial
ources [145]. Mohana et al. [145] tried to exploit the potential
f anaerobically treated distillery spent wash for the production
f an important enzyme which has application in the industrial,
nvironmental and food biotechnological sector at some stage or
he other. Mohana et al. [145] utilized anaerobically treated dis-
illery effluent for xylanase production by a newly isolated strain
f Burkholderia spp. under solid state fermentation using wheat
ran as the lignocellulosic substrate. This is the first ever report
n xylanase production using distillery effluent. Xylanase (cellulase
ree) production was in the range of 5200–5600 U g−1 at optimized
onditions.

. Conclusion

This review indicates that a wide range of biological as well
s physicochemical treatments have been investigated over the
ears for the treatment of distillery spent wash. Biomethanation
f distillery spent wash is a well established technology; however
esearch on advance anaerobic treatment technologies has been
oing on for many years. This research has produced many patented
ystems that provide a variety of advantages in terms of system
fficiency, size, capital cost, treatment flexibility, process stability
nd operating costs. The research into anaerobic digestion contin-
es with efforts to bring into practice outstanding techniques for
cological restoration.

Biological aerobic treatment employing fungi and bacteria has
een investigated essentially to decolorize the distillery spent
ash. In all instances, it is found necessary to supplement with

dditional nutrients as well as diluting the effluent for obtaining
ptimal microbial activity and eventually optimal results. Conse-
uently there is a need to explore more efficient microbes that
an decolorize the effluent using it as the sole source of nutrients
ithout much dilution. Physicochemical treatment methods are

ffective in both color and COD removal. Nevertheless the disadvan-
ages associated with these methods are excess use of chemicals,
ludge generation with subsequent disposal problems, high opera-
ional costs and sensitivity to variable water input. Considering the

dvantages and the disadvantages of different treatment technolo-
ies, no single technology can be employed for absolute treatment
f distillery spent wash. Hence, there is a need to establish a
omprehensive treatment approach involving all the technolo-
ies sequentially. A delve into the various methods employed for
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reatment of distillery spent wash, it is felt that the ideal cost
ffective and commercial treatment scheme should comprise of
iomethanation as the primary step followed by physicochemical
reatment and concluding with aerobic treatment. Developing such
n extensive and effective treatment will give the triple benefit of
nvironmental protection, energy conservation and production of
igh value compounds.
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