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Abstract

Fermentation distilleries produce a considerable volume of high-strength wastewater, known as stillage, having unconvertible
organic fractions, lower pH and high percentage of dissolved organic and inorganic matters. Molasses stillage comprises
higher level of chemical oxygen demand of 80-140 g/I, biochemical oxygen demand of 40—65 g/1, inorganic impurities
and dark brown colour. Grain stillage contains comparatively lower chemical oxygen demand of 40—-60 g/1. This stillage is
acidic in nature (pH of 3.4—4.1) and exhibits considerable pollution potential upon discharge of untreated or partially treated
wastewater into water body. Physical, chemical, biological and integrated processes for treatment of distillery stillage, which
have been established by several researchers, are discussed in this review article. These treatment methods are discussed
with focus on process details and current challenges, prospect and opportunities of future research and development. By
utilizing distillery stillage as substrate in microbial fuel cell or integrated or combined fungal aerobic treatment followed by
microbial fuel cell system, encouraging observations are demonstrated recently in terms of achieving the required treatment
efficiency to meet the discharge standards, simultaneous bioelectricity generation and value-added products recovery. Such
treatment system can offer a suitable solution for treatment of distillery wastewater in coming days.

Keywords Biodegradation - Distillery wastewater treatment - Microbial fuel cell - Physico-chemical processes - Organic
matter removal - Up-flow anaerobic sludge blanket reactor - Zero-discharge system

Introduction

Agro-processing industries contribute a potential thrive
to the economic growth and human development generat-
ing a significant impact on industrial expansion and pov-
erty reduction by providing various income opportunities,
trade and employment. Despite of providing ample scope
and prospects to overall agricultural development, the agro-
processing industries generate organic waste that causes
potential environmental pollution, if disposed untreated.
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Organic pollutants provide suitable substrate for bacterial
proliferation, which induces threats by lowering the oxygen
availability in the water body and due to increased turbid-
ity and colour decreases photo-synthetic growth of stream
biota. Wastewater generated by agro-processing industries
is the major contributors of organic pollutants and contrib-
utes about 65-70% of the total industrial organic wastewater
generated in India (Pachauri and Sridharan 1998) (Fig. 1).
Among these, maximum pollution occurs from fermenta-
tion industries followed by pulp and paper industry as per
NEERI ENVIS newsletter, January—March, 2016, Vol. 11,
No. 1-3 (http://neerienvis.nic.in/). Most of the countries
have stringent regulation and rigorous discharge norms for
the disposal of agro-based industrial wastewaters. However,
implementation of such norms is quite challenging in few
cases, which insists to a steady infusion of cost-effective
and innovative technologies with steady research efforts that
could be adopted even by small treatment facilities.
Fermentation industry generates the major volume of
wastewater and contributes to highest pollution load among
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Fig. 1 Water consumption,
wastewater generation and
organic pollution load in agro-
based industries (Pachauri and 500
Sridharan 1998)

all agro-processing industries. Since 1980s, the technolo-
gies that have been developed and majorly practised by dis-
tilleries to treat such large volume of wastewater (12 m?/
kilo litre of alcohol produced) comprise anaerobic diges-
tion (biomethanation), composting and incineration. Around
70% removal and utilization of organic matter occur dur-
ing biomethanation; however, overall three to four stages of
cost-intensive wastewater treatment processes are practised
by ethanol-producing industries to reduce down the level of
organic load and achieve the effluent discharge limit. Hence,
it is necessary to develop treatment processes that can dem-
onstrate higher treatment efficiency, requiring lesser energy
and footprint. Furthermore, in spite of quite a few efforts
on knowledge contribution regarding high-strength ethanol
distillery wastewater treatment, the present perspectives on
complete bioremediation, wastewater recycling and zero
discharge with multiple optimized process steps, to achieve
maximum removal of organic pollutants, have never been
discussed before. This review reports on recent develop-
ment and advancement of distillery wastewater treatment,
as different research groups started exploring possibilities
of effective mineralization of highly concentrated organic
matter present in distillery wastewater by physical, chemical,
biological and integrated processes. Most of the case studies
are reported although in laboratory scale, few technologies
could demonstrate a proof of concept successfully and are
certainly having potentials for field-scale applications.

Agro-industrial wastewater management

The major problem with agro-based industries is the higher
demand of water consumption during the manufactur-
ing processes, consequently generating a large volume of
wastewater. This wastewater is predominantly loaded with
organic matter, proteins, sugars, oils and grease, which upon
disposal will increase the chemical oxygen demand (COD)
of surface and ground water resulting in contaminating these
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water bodies and inviting human and animal health risks by
severe environmental pollution. This type of wastewater is
not readily biodegradable due to its high chemical stability
and accumulation of bacterial end products of metabolism
and sometimes requires extensive multiple-stage anaero-
bic—aerobic treatment process to generate effluent meeting
required disposal standards, which reduces the economic
feasibility of the overall process.

Conventional practice of multi-stage treatment process
of high-strength agro-industrial wastewater includes pre-
treatment in anaerobic digester or up-flow anaerobic sludge
blanket (UASB) reactor for biogas recovery followed by
aerobic oxidation processes for further removal of COD
and volatile-suspended solids (VSS). Anaerobic treatment is
not always effective for wastewater containing high level of
organic pollutants. Lower efficiency of anaerobic reactors at
such higher organic loading rates results in producing anaer-
obic effluent with much higher COD concentration. Aerobic
post-treatment in stabilization ponds, lagoons and natural/
artificial wetlands requires typically low organic loading
rate (OLR, 0.01 kg of biochemical oxygen demand (BOD)/
(m? day)), higher retention time (few days to 100 days), large
volume of reactors and more land area (Wang et al. 2005).
The attractiveness of conventional anaerobic—aerobic treat-
ment is decreased eventually due to reduced process effi-
ciencies, large surplus sludge production and high energy
consumption (Chan et al. 2009).

Characteristics of ethanol distillery wastewater

The level of pollutants and characteristics of distillery
wastewater vary significantly depending on feedstock raw
material used as substrate for ethanol production, its pro-
cess efficiency and wastewater handling. The feedstock
characteristics are largely dependent on availability of
naturally occurring sugars, starch and cellulose (Table 1).
Sugarcane or beet molasses fermentation produces alde-
hydes and ketones, which imparts distinct flavour (Sheehan
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Table 1 Physico-chemical

R Parameters® Feedstock

characteristics of ethanol

stillage from various feedstocks Sugarcane® Corn® Rice? Potato®  Winery®
Total COD 92-100 85 56 51.7 3.1-40
Soluble COD - 57 - - 7.6-16
BOD; 52-58 - 26-31 - 12.3
TSS 2.0-2.2 26.2 25-30 - 2.4-5
TDS 89-91 334 - - 9-27
Total Kjeldahl nitrogen (TKN)  1.6-1.8 34 22 1 0.1-6.4
Phenol 04 - - - 0.5
VFA (total) 23-24 9.7 10.8 24.5 1-6
Acetic acid 1.34 0.4 0.1 2.1 0.75
Propionic acid 0.09 0.2 0.6 2.6 -
Butyric acid 0.29 - - - -
Phosphate (ppm) 3038 363 4 165 130-350
Sulphate (ppm) 3800 527.6 - - 3640
Chloride (ppm) 2800 - - - 1340
Calcium (ppm) 1400 27.3 - - 1340
Magnesium (ppm) 800 586.4 - - 2350
Potassium (ppm) 3900 22137 - - -
Sodium (ppm) 100 402.6 - - 1340
Ammoniacal nitrogen 0.2-0.3 0.2 - 0.31 0.1
Acidity (total) 7.4-8.1 - - - -
Conductivity (mS/m) 5100-5380 - - - -
pH 4243 3.7 3.1 3.8 3.9-45
Colour Dark brown  Yellow  Yellowish white ~ White Reddish brown

COD chemical oxygen demand, BOD; biological oxygen demand (5 days), 7SS total suspended solids,
TDS total dissolved solids, VFA volatile fatty acids
#All units are in g/1, except stated otherwise

bNandy et al. (2002), Bories et al. (1988), “Wicher et al. (2013), Alkan-Ozkaynak and Karthikeyan (2011),
Douskova et al. (2010), dTang et al. (2007), °Cibis et al. (2006), 'Melamane et al. (2007b), Shechan and

Greenfield (1980)

and Greenfield 1980). Grain fermentation has economic
advantages over using cellulose-based substrate as the
spent grain can be utilized as feed for livestock; moreover,
the generated wastewater is easily amenable to aerobic or
anaerobic treatment processes; however, higher organic
matter concentration still poses a challenge for treatment
of this wastewater. Molasses and grain distillery waste-
waters are comprised of high level of organic matter with
biodegradable dissolved organic fractions, high nutrient
content (sulphate, chloride, calcium, magnesium, potas-
sium) and low pH (Nandy et al. 2002; Alkan-Ozkaynak
and Karthikeyan 2011; Tang et al. 2007). This wastewa-
ter creates detrimental effect upon disposal in water body
to human kind and aquatic life, causing severe land and
water pollution. Winery wastewater typically consists of
comparatively lower concentration of organic matter, but
contains high amount of nutrients and poly-phenolic com-
pounds (Melamane et al. 2007b).

Presently adopted practices for distillery
wastewater treatment

The aqueous by-product of ethanol industries using starch-
based raw materials (e.g. rice, barley, wheat, maize,
potato) or cellulose-based raw material (sugarcane molas-
ses) as substrates, contains higher percentage of less rap-
idly degrading organic matter. After ethanol recovery, the
yeast-fermented slurry, also known as distillery stillage,
comprises high concentration of organic matter, nutrient
and suspended particles, which exhibit considerable pol-
lution potential (Sheehan and Greenfield 1980; Kanimozhi
and Vasudevan 2009). Methods to minimize the organic
load achieved by Indian industries are (Fig. 2): (I) multi-
stage anaerobic—aerobic treatment, (II) concentration and
incineration and (III) zero-discharge system.
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Fig.2 Conventional multi-stage
methods for distillery wastewa-
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Multi-stage anaerobic-aerobic treatment

This is the most popular process for treatment of distill-
ery wastewater, where the raw stillage is subjected first to
decanter centrifuge for separating around 15-20% total
suspended solids (TSS). The efficiency of solid separation
can be increased; however, it has become one of the major
challenges faced by industries due to its higher demand of
energy consumption. The decanted thin stillage is sent to
thermophilic UASB digester for biomethanation, a process
of anaerobic conversion of organic compounds to methane
and carbon dioxide, resulting in reduction of 85% of BOD
and about 65% reduction in COD in the effluent, when oper-
ated under OLR of 49.3 kg COD/(m? day) within a period
of 92 days (Rajeshwari et al. 2000). During anaerobic treat-
ment, it is difficult for micro-organisms to break down the
composite structure of non-starchy polysaccharides (NSPs)
present in distillery stillage, and hence, the COD reduction
cannot be achieved by more than 70%. The generated biogas
can be used in boiler as fuel, making this technology eco-
nomically profitable. Biomethanation is followed by three-
stage aeration treatment technology with clarifier for sludge
recycling and finally after treatment in aerated lagoons or
extended aeration, the final effluent can be used for ferti-
irrigation (Wyman et al. 1992).

The limitations of this multi-stage anaerobic—aerobic
treatment process are high power consumption for diffused
aeration, huge land requirement for lagoon disposal, dilu-
tion required for disposal of final effluent to meet irrigation
standards and pollution of groundwater and surrounding
lands, which is associated with pollutants leaching while
long-term storage in lagoons (Pant and Adholeya 2007a).

Concentration and incineration
Evaporation of distillery thin stillage recovers water, con-

centrating the wastewater and increasing the solid con-
tent to 55-60%. The concentrated mass is burnt in boiler
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to generate steam, which can be used to run turbine and
generate electricity or used as fuel for evaporation. Ash
produced from stillage mass in boiler is rich in pure inor-
ganic salts such as phosphates, potassium and sulphates in
high concentrations with moderately high level of calcium,
nitrogen, iron, sodium and chlorides including other trace
elements that can be applied as fertilizer or as a filler mate-
rial in cement manufacturing. The process proposes zero
effluent discharge, and the condensate from evaporation
system can be recycled back to ethanol fermentation pro-
cess. However, the process being highly energy intensive,
it is not been widely adopted by distillery industries for
wastewater treatment (Saha et al. 2005; Nandy et al. 2002).

Zero-discharge system

Grain stillage is introduced to decanter centrifuge to sepa-
rate suspended particles and thin liquor. The thin liquor is
concentrated in multiple effect evaporators (MEE) under
vacuum pressure to recover maximum water per kg of
steam energy supplied, and the recovered water is recycled
to the fermentation process. Mixed solids, separated from
decanter and MEE concentrate, are known as distiller’s
wet grain stillage (DWGS), and they are rich in proteins
and other nutrients, which can be used as animal feed. The
moisture content of DWGS can be reduced further to less
than 10% to produce distiller’s dry grain stillage (DDGS)
(Thakur 2006). Zero-discharge limits can be achieved by
this method through concentrating distillery thin liquor.
The MEE process can be adopted only for treatment of
grain distillery wastewater; however, biogas cannot be pro-
duced by this process, and hence, due to higher demand of
steam energy for evaporation in MEE, the process is yet to
be proved economical (Kahsay and Gabbiye 2015).
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Recent advances in distillery wastewater
treatment processes

Due to the presence of recalcitrant compounds in distillery
effluents and their toxic effect on both human and environ-
ment, the wastewater treatment has become the most chal-
lenging issue. Such compounds are not effectively removed
by conventional biological treatment processes. Hence, sev-
eral physico-chemical, biological and integrated treatment
processes for effective degradation of organic matter have
been explored by scientists (Table 2) and described in the
next section.

Physico-chemical treatment

Physico-chemical methods of distillery wastewater treatment
combine physical and chemical processes, where the former
process aids in removal of suspended materials and reduc-
tion of soluble COD can be achieved by the later process.
Such processes involve coagulation or flocculation, adsorp-
tion, electrocoagulation, advanced oxidation processes,
catalysis, radiation and membrane processes (Prajapati and
Chaudhari 2015).

Coagulation, adsorption and absorption

Coagulation is a process of agglomeration of suspended
particles present in wastewater under the effect of inorganic
coagulants, such as CuSO,-5H,0, Alum, FeCl;, AICl; and
FeSO,-7H,0, poly-aluminium chloride (PAC) or biofloccu-
lants. Maximum 91 and 85% of respective COD and colour
reduction was reported for treatment of grain distillery efflu-
ent using CuSO,-5H,0 with 60 mM Cu?" at optimum pH of
6, among all inorganic coagulants explored (Prajapati et al.
2015a). While treating molasses distillery effluent, coagula-
tion/flocculation resulted in COD reductions of 55, 60 and
72% and colour reductions of 83, 86 and 92%, using 60 mM
AICl;, 60 mM FeCl; and 30 ml/l PAC as coagulant, respec-
tively, at their optimum initial pH. Chemical coagulation is
a pH-dependent process, and for FeCl;, the optimum reac-
tion pH is 3, whereas for both AICl; and PAC the optimum
pH is 5.5; under such condition maximum COD and col-
our reduction of the biodigester effluent has been reported
(Chaudhari et al. 2007). Ferrous sulphate (FeSO,-7H,0) in
combination with lime was found to remove 78.5% COD
with efficient colour removal (Pandey et al. 2003); how-
ever, during application of polyelectrolyte aid, Percol 47,
the requirement of such coagulant was found to be reduced.
Zhang et al. (2009) studied a novel bioflocculant poly-aspar-
tic acid (PASP), extracted from marine algae with molecu-
lar formula: C;H,NO; (C,H;NO;3) m C,H¢NO,, molecular

weight: 1000-5000 Da and pH of 10-11 with 1% aqueous
solution, for coagulation of wastewater derived from ethanol
fermentation industry and the filtrate was aimed to recycle
to the fermentation process. The ethanol production yield
was comparable with the use of recycled wastewater to that
of conventional process using tap water.

Investigation for the treatment of distillery vinasse in
hybrid reactor combining ozone oxidation and adsorption
by granular activated carbon (GAC) ensued 74.23 and 68%
respective COD and colour removal at pH of 2 (Hadavi-
far et al. 2016); whereas, using low-cost activated carbon,
prepared from coconut shell, the adsorption efficiency was
increased, resulting in COD removal of around 95% (Loke-
shwari and Joshi 2015). Organic—inorganic nanocomposite
like chitosan-immobilized bentonite (CIB) as absorbent was
studied for remediation of distillery wastewater, resulting in
83% of COD and 78% of colour removal with strong sorp-
tion capacity of clay minerals (El-Dib et al. 2016).

Electrocoagulation

Electrocoagulation is considered to be an in-expensive and
effective alternate oxidation process of chemical coagulation
for treatment of real wastewater loaded with electroactive
pollutants, where, due to application of direct current, in situ
metal coagulation is achieved (Kabdasl et al. 2012; Krishna
et al. 2011). Up to 97% colour reduction with 54% COD
removal and 70% combined NH,-N and NO;-N removal
were achieved by Tsioptsias et al. 2015, while further treat-
ing biologically treated molasses distillery wastewater with
iron/copper electrochemical reactions at optimized retention
time of 3.5 h and current density of 33 mA/cm?, respectively,
whereas, using aluminium plates as electrodes, the COD
removal was found to be 72.3% (Krishna et al. 2010) and
using iron electrodes for decolourization at 5 A of current
input and 2 h of electrolysis time, 79% of colour reduction
was achieved (David et al. 2015). COD and colour reduc-
tion from distillery wastewater of 89.62 and 92.24% were
reported using titanium sponge anode and Ti/RuO, cath-
ode, respectively (Piya-Areetham et al. 2006). Around 50.5%
COD removal and 97.3% average decolourization efficiency
were achieved in another study at 44.65 A/m? current density
and 2.5 h of electrolysis time, while using iron electrodes
(Kumar et al. 2009).

The major drawback of electrochemical coagulation is
the production of chemical sludge, which requires additional
measures for effective sludge handling, storage and utiliza-
tion or disposal. Hence, an integrated treatment technology
of distillery wastewater was developed, where the electro-
coagulation process was combined with micro-filtration to
remove the generated chemical sludge (Basu et al. 2015).
Still the problem of chemical sludge thus removed remains,
which will demand additional processing.
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Table 2 (continued)

References

Treatment description Organic matter removal (%)

Mode of treatment

Colour

COD

Pant and Adholeya (2010)

65.4

61.5

P. pinophilum,

A. gaisen
A. flavus

Fungi

F. verticillioides

A. niger

P. florida

Hossain (2007)
Strong (2010)

88

83

Phanerochaete chrysosporium

71-77

T. pubescens

C. subvermispora
P. cinnabarinus
P. chrysosporium

Ling et al. (2013)

86

R. toruloides

Solovchenko et al. (2014)
Travieso et al. (2008)

92.5
83

Chlorella sp.

Algae

Mixed micro-algae pond (HRT

11 days)

PAC poly-aluminium chloride, GAC granular activated carbon, AOP advanced oxidation process, NF nanofiltration, SBR sequential batch reactor, UASB up-flow anaerobic sludge blanket, MBR

membrane bioreactor

Advanced oxidation processes

Fenton’s oxidation, ozonation and wet oxidation are
advanced oxidation processes that can be used to treat dis-
tillery wastewater. Fenton process is based on generation
of hydroxyl radicals (-OH) with extremely high oxidation
potential, through catalysis of H,0, by Fe”" ion under acidic
conditions. A series of oxidation reactions occur when elec-
trochemically active organic compounds are radicalized and
react with oxygen, which consequently leads to mineraliza-
tion of colour components and bioresistant fractions pre-
sent in distillery and winery wastewater (Mishra et al. 1995;
Beltran-de-Heredia et al. 2005a; Prajapati and Chaudhari
2015). Solar photo-Fenton’s oxidation process showed a sig-
nificant removal of COD, dissolved organic carbon (DOC)
and colour by 70+ 3.3, 53 +3.7 and 75 +2.2%, respectively,
and photo-Fenton process has been proved to be more effec-
tive as the polishing treatment step for winery wastewater
(Ioannou and Fatta-Kassinos 2013; Ioannou et al. 2013;
Hadavifar et al. 2010). In an electro-Fenton treatment pro-
cess using iron electrodes for treatment of alcohol distillery
wastewater as studied by Yavuz (2007), respective COD and
total organic carbon (TOC) removal efficiencies of 92.6 and
88.7% were reported.

Ozone oxidation is a promising technology, where the
direct oxidation with powerful oxidants like molecular
ozone-generated secondary radicals and hydroxyl radi-
cals seem effective for the treatment of molasses distillery
wastewater. Pre-ozonation showed more than 99.5% set-
tling ability of TSS, present in highly viscous wheat and
sweet potato distillery wastewater (Tateda et al. 2004). It
was also observed that ozone oxidation after aerobic treat-
ment of wine distillery wastewater eliminates most of the
biodegradable organic matter. The refractory and un-decom-
posed phenolic compounds and organic matter remaining
after the aerobic treatment can be completely oxidized by
ozone (Benitez et al. 1999; Beltran et al. 1999). Few studies
also explored the possibilities of complex wastewater treat-
ment by wet-air oxidation process, which can be followed
as a pre-treatment step to enhance the biodegradability and
facilitate biogas generation in subsequent biological treat-
ment processes (Padoley et al. 2012; Goto et al. 1998).

Catalytic thermolysis

Hydrothermal processes are proved to be effective for
destruction of organic compounds and colour present
in complex wastewater. Treatment of high-strength dis-
tillery wastewater with catalytic sub- and supercriti-
cal water in the presence of different homogeneous
(MnSO,-7H,0, ZnSO,-7H,0) and heterogeneous (TiO,,
CuO, MnO,) catalysts has been reported, where the initial
pH of the reaction was found to have profound impact on
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mineralization (Chaudhari et al. 2008). Using CuO (10 wt%)
and MnO, (10 wt%) as catalyst at 400 °C with reaction time
of 30 min, maximum COD removal efficiencies of 74.4 and
75.1% were achieved, respectively. However, using CuO cat-
alyst, highest COD and colour removal efficiency of around
80% (with 5 wt% catalyst loading at 400 °C for 120 min)
(Kazemi et al. 2015) and 72% (Prajapati et al. 2015b; Chaud-
hari et al. 2010), respectively, can be obtained.

Membrane separation processes

Membrane technology can be applied at different stages of
distillery wastewater treatment to concentrate small organic
solutes through reverse osmosis (RO), ultra-filtration (UF)
or nanofiltration (NF) membrane module and recycle the
treated effluent into the fermentation step. In order to pro-
duce reusable quality effluent, RO treatment could achieve
85% of COD removal, 91% of salinity removal and elimina-
tion of the anti-fermentation molecules, such as short-chain
volatile fatty acids (VFA), hexanoic acids, 2,3-butanediol,
furfural and phenyl-2-ethyl-alcohol (Thirugnanasamband-
ham et al. 2016; Sagne et al. 2010; Couallier et al. 2006).

To achieve zero-discharge status, tertiary treatment of
biologically treated distillery wastewater by membrane
separation is proved as a promising technology. By employ-
ing NF membrane module, removal efficiencies of COD,
total dissolved solids (TDS) and colour were in the range
of 96-99.5%, 85-95 and 98-99.5%, respectively (Rai et al.
2008), whereas, ultra-filtration membrane separation could
successfully achieve complete removal of SS from distill-
ery effluent. Distillery condensate is generated in thin still-
age evaporation process, containing low molecular weight
volatile organic compounds, such as VFA, imparting much
higher COD of around 3-3.5 g/l of condensate, which can-
not be disposed off without further treatment. The water
recovery process is expensive, while using RO or NF mem-
branes, and this higher operating cost poses major challenge
to wastewater processing plants to generate reusable quality
effluent. For purification of condensate, application of MBR
technology equipped with micro- or ultra-filtration mem-
brane might be useful for large volume of permeate genera-
tion, which can be reused as dilution water in fermentation
step (Fig. 3) (Prodanovié¢ and Vasi¢ 2013; Satyawali and
Balakrishnan 2008b; Vasic et al. 2013).

Biodegradation of distillery wastewater

Bioremediation of distillery wastewater includes degrada-
tion of organic pollutants in biological and natural pathways,
where micro-organisms play a vital role in the process of
biodegradation. Enzymes secreted by bacteria, fungi and
algae individually or in symbiotic manner support the cataly-
sis of toxic pollutants to less harmful reduced form.

* @ Springer

Advanced bacterial metabolism

Anaerobic digestion Anaerobic digestion is a widely applied
technology for the treatment of alcohol distillery and winery
wastewater. The organic compounds present in wastewater
are finally utilized by methanogens, following the acidogen-
esis and acetogenesis, reducing around 70% of COD and
80-90% of BOD with 85-90% recovery of biogas (around
60% CH, and 40% CO,) in industrial scale (Sankaran et al.
2014). Anaerobic biodigestion process of winery waste-
water could demonstrate around 56% of COD removal
(Olvera et al. 2007), whereas more than 80% removal of
soluble COD and 90-95% removal of total COD have been
reported adopting high-rate anaerobic digestion technol-
ogy (Melamane et al. 2007a; Thanikal et al. 2007; Moletta
2005). Anaerobic treatment of vinasses by a sequentially
mixed moving bed biofilm reactor was followed, and the
soluble COD removal efficiency was reported as 81.3-89.2%
at an OLR of 29.6 g soluble COD/(1 day) (Sheli and Moletta
2007); whereas, in another study using winery vinasses,
the COD removal efficiency varied in the range of 70-92%
in anaerobic inverse turbulent bed bioreactor at an OLR of
30.6 kg COD/(m? day) with hydraulic retention time (HRT)
of 11.1 h (Arnaiz et al. 2005).

Researchers proposed an appropriate treatment process
for high-strength distillery wastewater adopting di-phasic
anaerobic treatment technology with two anaerobic reac-
tor configuration, where anaerobic contact filters were
used in series and overall 73% COD removal was achieved
(Vijayaraghavan and Ramanujam 2000; Ke et al. 2005). In
a laboratory two-stage anaerobic digestion (AD) of corn
bioethanol distillery wastewater, specific methane genera-
tion of 1092 1/(m> day) was achieved at an OLR of 6.5 g
total COD/(1 day) with higher rate of methane yield dur-
ing the second stage (Raduly et al. 2016; Asha and Kumar
2007). Treatment of high-strength distillery spent wash was
reported in continuously fed up-flow fixed-film column reac-
tor under varying HRT and OLR and using different support
materials such as charcoal, coconut coir and nylon fibres,
out of which coconut coir was reported to give maximum of
64% COD reduction at an OLR of 23.25 kg COD/(m? day)
and 8 days of HRT with simultaneous biogas production of
7.2 m*/(m’ day) (Acharya et al. 2008; Bories et al. 1988).

Granular and fluidized bed anaerobic reactors Performance
evaluation of granular-bed anaerobic baffled reactor, which
combines the advantages of both baffled reactor systems and
UASB reactor, was carried out for treating high-strength
whisky distillery wastewater, which resulted in up to 80% of
COD and 90% of BOD removal at an OLR of 4.75 kg COD/
(m3 day) (Akunna and Clark 2000). The reactor showed
high solid retention efficiency, achieving about 80 mg/l of
effluent SS concentration for all applied OLRs. Anaerobic
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Fig.3 Schematic of MBR pro-
cess to generate reusable quality
effluent from distillery stillage
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fluidized bed reactor (AFBR), where high biomass concen-
tration can be retained using small, porous and fluidized
media, enables an operation at significantly reduced HRT.
The process of fluidization aids in overcoming operating
problems such as bed clogging and high pressure drop. This
process demonstrates a feasible treatment process in vari-
ous studies for treating high-strength industrial wastewater
(Fernandez et al. 2008; Sowmeyan and Swaminathan 2008;
Garcia-Morales et al. 2003).

Up-flow anaerobic sludge blanket reactor Among all the
different reactor configurations and treatment technology,
the UASB reactor holds a significant effectiveness for con-
tinuous treatment of high-strength and non-diluted waste-
waters, performing typically at higher OLRs and relatively
shorter HRTs. The effectiveness lies in designing the gas—
liquid—solid (GLS) separator, which enables proper settle-
ment of sludge into the blanket, providing escape route for
biogas and clear supernatant near to the top. UASB reactor
requires lesser area and less input of external energy, where
the required mixing can be achieved by the up-flowing of
wastewater and the rising gas bubbles. The wastewater and
the sludge residue can be well digested compared to other
anaerobic reactors, thus requiring reduced sludge volume
handling. The generated biogas is rich in methane, a valua-
ble by-product (Laubscher et al. 2001; Goodwin et al. 2001).
Study with UASB reactor for treating high-strength distill-
ery wastewater at mesophilic temperature achieved maxi-
mum of around 70 and 90% of respective COD and BOD
removals at HRT of 2 days and OLR of 15.34 kg COD/
(m® day) with rate of methane production within the range
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of 0.25-0.40 m® CH,/ (kg COD removed) (Saner et al. 2016;
Ince et al. 2005; Wolmarans and De Villiers 2002).

Anaerobic thermophilic digestion (50-55 °C) has also
been investigated for treatment of distillery spent wash
resulting in accelerated stabilization of the organic matter at
lower HRT and higher OLRs, which leads to achieve higher
BOD reduction and more efficient biogas production with
higher percentage of methane present in it, than for meso-
philic range of treatment. Thermophilic anaerobic diges-
tion of wastewater from alcohol industries, having COD of
60 g/1, resulted the conversion of organic solids to CH, by
70% at an OLR of around 6 kg COD/(m? day) and HRT of
11 days, yielding 0.4 m® methane/kg COD removed (Vlis-
sidis and Zouboulis 1993; Perez-Garcia et al. 2005; Banu
et al. 2007, 2006).

Advanced aerobic treatment Although anaerobic digestion
has gained much importance by the researchers to explore
more efficient treatment processes for molasses distillery
wastewater, aerobic biodegradation with thermo- and mes-
ophilic bacteria is equally efficient for treatment of starch
stillage (Krzywonos et al. 2009a). The effect of temperature
during aerobic batch biodegradation of high-strength potato
stillage has been investigated for temperature ranging from
20 to 65 °C using a mixed culture of genus Bacillus, result-
ing in around 90% COD reduction at the thermophilic range
of temperature over 80 h of retention time (Krzywonos et al.
2008, 2010, 2009b). For anaerobically digested distillery
wastewater, the treatment performance and influence of dif-
ferent OLRs for operating aerobic sequencing batch reactor
(SBR) was investigated showing decrease in reactor per-

a
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formance when OLR was increased from 1.8 to 9 kg COD/
(m® day) for constant HRT of 24 h. The respective COD
and BOD removal efficiency of 74 and 96% was achieved
at 3.6 kg COD/(m3 day), which decreased to 43 and 84%,
respectively, when OLR was increased to 9.0 kg COD/
(m’ day) (Kanimozhi and Vasudevan 2014). It was also
suggested that there are remote possibilities to reach safe
disposal limits of distillery effluent by adopting presently
adopted high-rate anaerobic treatment processes. Thus, an
enriched culture of Pseudomonas sp. was tested to further
degrade the organic compounds from anaerobically digested
distillery wastewater resulting in 26.05% COD reduction
further (Sankaran et al. 2014).

Aerobic membrane bioreactor (MBR) has developed quite
a lot of interest among the researchers, as well as the indus-
tries. Compared to the old biofiltration processes, MBR pro-
cess offers distinct advantages of reliable and efficient treat-
ment performance with smaller footprint, reduced sludge
generation and high treatability of distillery wastewater,
recovering high-quality effluent (Robinson 2009; Satyawali
and Balakrishnan 2008a; Melamane et al. 2007b). Effluent
from UASB reactor treating distillery wastewater was treated
further in a laboratory-scale MBR and found to achieve 92%
of decolourization and 95% of COD reduction (Sundarara-
man et al. 2015). In another study for treatment of distill-
ery spent wash with continuously fed MBR, equipped with
submerged 30-pm nylon mesh filters and operated at OLR
ranging from 3 to 5.7 kg COD/(m? day), up to 41% COD
removal was achieved (Satyawali and Balakrishnan 2008b);
whereas, in the same reactor configuration with 2—8 micron
submerged membrane made from waste fly ash, around 36
and 60% of COD and phenol removal were obtained, respec-
tively (Gupta et al. 2008).

Biodegradation by filamentous fungi and recovery
of valuable by-products

Technologies adopted for distillery wastewater treatment and
resource recovery enable to minimize contaminants present
in wastewater and generation of value-added by-products
such as fungal mycelia, enzymes and lipids by fungal inter-
vention (Mohana et al. 2013).

Distillery wastewater treatment Novel mixed consortium
with six fungal strains, comprising Penicillium pinophi-
lum, Alternaria gaisen, Aspergillus flavus, Fusarium ver-
ticillioides, Aspergillus niger and Pleurotus florida, was
developed for undiluted molasses distillery wastewater treat-
ment, resulting in 61.5% colour and 65.4% of COD removal
(Pant and Adholeya 2010; Ravikumar et al. 2011); whereas
using white-rot fungi Phanerochaete chrysosporium, much
effective aerobic degradation with higher removal efficiency
of organic matter in terms of COD, BOD and colour was

* @ Springer

observed as 83.15, 85.70 and 88.25%, respectively (Hossain
2007). The fungal biodegradation technology was also sug-
gested as an inexpensive process, where wastewater dilution
was not required. For kinetic model equations for fungal
biodegradation of distillery wastewater, pseudo-second-
order rate expression has been obtained in the past studies
(Mullai et al. 2007; Potentini and Rodriguez-Malaver 2006).
Treatment with Aspergillus awamori resulted in total COD
removal of 70.4% and soluble COD removal of 39.3% from
grain-based distillery stillage (Ghosh Ray and Ghangrekar
2015). Hence, it is evident from the prior studies with dis-
tillery wastewater that depending upon the used yeast and
fungal strain, batch aerobic fungal treatment processes are
very effective and observed to remove more than 85% COD
in single stage, although a cultivation time of 7-10 days is
required to be given to achieve better removal of organic
matter (Hossain 2007; Raghukumar et al. 2004; Moriya
et al. 1990).

Biolipids and mycelia production Around 17.3 U/ml of xyla-
nase production was reported by using phyllosphere yeast
Pseudozyma antarctica and bioethanol distillery wastewater
as substrate and inexpensive source for production of bio-
materials with simultaneous removal of DOC by 63% from
wastewater (Watanabe et al. 2015). Another study with four
white-rot fungi of Trametes pubescens, Ceriporiopsis sub-
vermispora, Pycnoporus cinnabarinus and Phanerochaete
chrysosporium at pH 5.0 demonstrated 71-77% COD and
87-92% phenolic compounds removal efficiencies with
higher laccase activity of 1063 26 U/l (Strong 2010). Fungi
cultivation and corresponding laccase production by using it
for enzymatic hydrolysis of winery wastewater were found
to be an effective process for removal of COD, colour and
phenolic compounds (Strong and Burgess 2008a; Gonzilez
et al. 2000; Strong and Burgess 2008b). Biolipid production
has been studied by using oleaginous yeast Rhodosporidium
toruloides for biodegradation of culture medium comprising
of distillery wastewater, and 43.65 + 1.74% of lipid content
and 3.54+0.04 g/l of lipid yield were achieved, associated
with 86.11+0.41% reduction of COD in the effluent (Ling
et al. 2013). This work was further extended by reutilizing
the spent culture medium, showing a significant and simi-
lar biomass and lipid production (Ling et al. 2016). Lipid
productivity of mixed culture of Rhodosporidium toruloides
and Chlorella pyrenoidosa achieved significantly increased
lipid yield of 4.60+0.36 g/1 (lipid content of 63.45 +2.58%)
with soluble COD removal efficiency of 95.344+0.07% over
5 days of cultivation time (Ling et al. 2014).

Calvatia gigantea can be used as a source of food or tra-
ditional medicine, and hence, mycelia was cultivated using
raw distillery wastewater as culture medium for 4.5 days at
26 °C operating temperature, which resulted in maximum
mycelia biomass yield of 2.75 g/100 ml under optimized
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fermentation condition (Zhu et al. 2015). Another study
reported biomass production of Candida utilis utilizing
shochu wastewater with 62.9% removal of DOC (Watan-
abe et al. 2013). Intracellular enzymes can be recovered
from fungal biomass, which can also be used as a source of
protein-rich cattle feed, and biopolymer can also be recov-
ered from the cell wall of fungal mycelia (Ghosh Ray and
Ghangrekar 2016).

Algal bioremediation

Chlorella sorokiniana strain has been cultivated and used
for phyco-remediation of distillery wastewater achieving
increased rate of pollutant removal under short HRT of four
days, and COD, nitrate, phosphate and sulphate removal
efficiencies of 92.5%, more than 95, 77 and 35%, respec-
tively, were reported (Solovchenko et al. 2014). Distillery
wastewater after treatment in anaerobic filter was further
treated in microalgae pond with HRT of 11 days and found
to minimize COD and BOD; by 83.2 and 88%, respectively
(Travieso et al. 2008). Further assessment and determination
of chlorophyll recovery were also done from the cultivated
algal biomass.

Integrated or combined treatment processes

Single-stage anaerobic digestion processes are insufficient
to achieve higher removal of organic matter; hence, it can
be combined with single- or multi-stage aerobic or chemical
oxidation treatment (Latif et al. 2011). Coupling of treat-
ment processes can achieve improved efficiency of distill-
ery wastewater treatment with improved COD and colour
removal (Table 3). Sequential anaerobic—aerobic treatment
was adopted comprising of microbial fuel cell (MFC) fol-
lowed by rotating biological contactor (RBC). In the first
stage of treatment in MFC, 64 and 61.2% of respective COD
and BOD; removal were observed with average current of
0.27 mA and power density of 18.35 mW/m? with an influ-
ent feed COD concentration of 6.1 g/l. The COD and BODj4
were further reduced in the second-stage RBC by 84 and
81%, respectively (Anupama et al. 2013; Iscen and Ilhan
2008). In an experiment while treating malt whisky distillery
wastewater using UASB reactor followed by batch aerobic
degradation, in the first stage not more than 52% of COD and
BOD removal was achieved, which was further reduced by
55 and 70%, respectively, in aerobic second stage (Uzal et al.
2003). A process was adopted for corn stover-based high-
strength distillery wastewater treatment in combined ther-
mophilic AFBR, comprising of aerobic airlift loop reactor
(ALR) and biological aerated filter (BAF),which demon-
strated overall more than 99% COD and BOD removal in
three-stage process (Qiu et al. 2011; Kanhe et al. 2003).
Another study of first-stage anaerobic digestion followed

by ultraviolet (UV) photo-degradation achieved overall high
COD removal efficiency of above 85% for molasses distill-
ery wastewater and 88% colour removal from post-anaerobi-
cally digested distillery effluent in photo-degradation stage
(Apollo et al. 2013).

Combination of fungal pre-treatment with Trametes
pubescens followed by anaerobic digestion was adopted for
removal of COD and phenolic compounds from wine dis-
tillery wastewater, where the fungal pre-treatment process
achieved 53.3 and 72.5% reduction of COD and poly-phe-
nolic compounds, respectively. Fungal pre-treated effluent of
winery, supplemented with carbon and nutrient media, was
further treated in anaerobic digester at HRT of 2 days, and
the overall two-stage process was proved to reduce COD by
99.5% (Melamane et al. 2007¢).

Ozone has higher potential for oxidation of organic and
inorganic compounds, removal of suspended particles and
disinfection and, hence, the combined pre- and post-ozo-
nation with conventional aerobic oxidation (0zone-aerobic
oxidation-ozone) of distillery wastewater achieved 79%
COD reduction along with almost complete decolouriza-
tion of effluent sample (Martins and Quinta-Ferreira 2014;
Sangave et al. 2007a). Pre-ozonation was also found effec-
tive not only for the reduction of COD and TOC but also for
enhancing the nitrogen removal and settling properties of
sludge during subsequent aerobic biological process (Beltran
et al. 2000). Post-ozonation followed by aerobic treatment at
HRT of 2 days of thermal pre-treated distillery wastewater
could achieve 45.6% of COD reduction, where better oxida-
tion was achieved during ozonation compared to ultra-sound
(US) treatment (Sangave et al. 2007b).

Addition of powdered activated carbon (PAC) during
MBR operation for treatment of high-strength distillery
wastewater observed to offer several operational advantages,
where PAC facilitated adsorption of recalcitrant compo-
nents increasing the efficiency of aerobic biodegradation
and membrane filtration of MBR and subsequent higher
removal of colour and COD (Basu et al. 2015; Satyawali
and Balakrishnan 2008a, 2009). A study with wine distill-
ery wastewater combining fungal pre-treatment, submerged
MBR and secondary digester, the fungal pre-treatment
process not only reduced COD by 86 +4% but also aids to
achieve higher soluble COD removal in the later process
stages, achieving around 0.4 g/ of effluent COD concentra-
tion (Melamane et al. 2007d). Combined fungal biodegra-
dation of grain-based distillery stillage with exo-enzymes
of Aspergillus sp. followed by further treatment of fungal
pre-treated effluent in anaerobic digester reduced overall
94% of total COD, whereas much higher efficiency of COD
removal was observed by combining fungal biodegradation
process with MFC technology, achieving around 99% reduc-
tion in COD and suspended solids and two times improve-
ment in power production of MFC is reported using fungal
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Table 3 Integrated and combined processes for treatment of thin stillage

Wastewater type Treatment description Organic matter removal (%) References
COD BODs Colour Phenolics
Molasses distillery MFC-RBC 94.24 92.63 - - Anupama et al. (2013), Iscen and
Ilhan (2008)
Malt whisky distillery UASB-batch aerobic degradation ~ 78.40 85.60 - - Uzal et al. (2003)
Corn stover-based distillery Thermophilic AFBR-aerobic >99 - - Qiu et al. (2011), Kanhe et al.
ALR-BAF (2003)
Molasses distillery Anaerobic digestion-UV photo- 85 - 88 - Apollo et al. (2013)
degradation
Winery Trametes pubescens fungal pre- 99.5 - 72.5 Melamane et al. (2007c)
treatment-anaerobic digester
Molasses distillery Ozone-aerobic oxidation-ozone 79 - >99 - Martins and Quinta-Ferreira
(2014), Sangave et al. (2007a)
Thermal pre-treated molasses Aerobic treatment-post-ozonation  45.6  — - - Sangave et al. (2007b)
distillery
Molasses distillery Hybrid NF-RO 99 - - - Nataraj et al. (2006)
Molasses distillery Biological oxidation ozonation 82 95 - - Beltran et al. (2001)

pre-treated wastewater as feed (Ghosh Ray and Ghangrekar
2015, 2016) (Fig. 4).

Combination of different physico-chemical processes as
stand-alone technology or clubbing it with advanced oxida-
tion process has also proven to be an effective option for
organic matter removal from distillery wastewater. Although
processes based on membrane separation are quite expen-
sive, hybrid NF-RO showed complete removal of colour
from distillery spent wash by NF, which was followed by
99.9 and 99.8% removal of COD and TDS, respectively,
during RO treatment. Nonetheless, the process could suc-
cessfully achieve the effluent discharge specification as per
the guidelines of World Health Organization (WHO) and
Central Pollution Control Board (CPCB), India (Nataraj
et al. 2006). Likewise, a combination of flocculation—ozo-
nation—Fenton’s process established an effective alternative
for treating distillery effluent (Martins et al. 2011); however,
these processes are very expensive to operate.

The combined process of ultra-sound, enzymatic hydroly-
sis and aerobic biological oxidation was found to increase
biodegradation efficiency of distillery wastewater (Sangave
et al. 2007a, b). Two-stage process of aerobic biological oxi-
dation followed by oxidation by Fenton’s reagent has shown
better removal for polyphenolic and aromatic compounds
(Beltran-de-Heredia et al. 2005b), whereas biological oxi-
dation followed by ozonation resulted in 95 and 82% of
respective BOD and COD removal, with lower degradation
efficiency of polyphenols (Beltran et al. 2001).

Alternative treatment processes

Distillery wastewater is typically characterized to contain
high organic COD, low N/C and P/C ratio with higher

]
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concentration of recalcitrant constituents like polyphenol
and lignin, which are difficult to degrade in single-stage
process. Constructed wetland (CW) can offer an efficient
low-cost and low energy-consuming treatment alternative
to distillery and winery wastewater, which requires less
maintenance during operation (Vymazal 2009). Although
the process achieves high treatment efficiency, more area is
required for this treatment plant comprising of CW. Continu-
ous treatment of winery wastewater in full-scale subsurface
flow CW with COD concentration of 14 g/l and having flow
rate of 0.009 m?/(m? of surface area day) resulted in more
than 90% reduction of COD, producing effluent with COD
concentration of 0.5 g/l. It was also reported that the treated
effluent can be utilized for cash crop production (Mulidzi
2007; Grismer et al. 2003).

Pre-treated molasses distillery effluent, containing less
BOD of 2.54 g/l and COD of 13.87 g/l, was further treated
in four-celled horizontal subsurface flow CW, having effec-
tive surface area of 41.82 m* and water retention capacity of
18 m? showing considerable reduction of organic matter and
nutrients as 64, 84, 59 and 79% for COD, BODs, TKN and
total phosphorus (TP), respectively, over 14.4 days of HRT,
thus offering a potential technology for tertiary treatment
of many high-strength industrial wastewater (Billore et al.
2001). Application of water hyacinth (Eichhomia crassipes)
for treatment of highly acidic distillery effluent or wastewa-
ter from tanneries, pulp and paper industries and oil mills
was found to be suitable for phyto-remediation (Jafari et al.
2006; Suppadit et al. 2009; Singhal and Rai 2003).

Chemical fertilizers are detrimental and often get
washed out with storm water runoff and enter water body,
and hence, biocompost made from the organic matter pre-
sent in the distillery wastewater provides a healthy and
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Fig.4 Schematic diagram of utilization and treatment of hydrolytically disintegrated starch molecule of distillery wastewater in MFC

environmental-friendly option for agriculture use (Ghosh
et al. 2003; Chandra et al. 2009). Chitosan biopolymer was
used to achieve effective adsorption of VFAs present in high
amount in distillery wastewater and condensates, showing
93% decrease of COD in the effluent (Lalov et al. 2000).

Distillery wastewater remediation using
bioelectrochemical systems

Bioelectrochemical processes are capable of converting the
chemical energy stored in biodegradable organic materials
to direct electrical current with catalytic activity of micro-
organisms. Bioelectrochemical devices, with two major vari-
ants: MFC and microbial electrolysis cell (MEC), consist
of anodic (oxidative) and cathodic (reductive) half cells,
which consume electricity to facilitate recovery of chemi-
cally derived products by integrating the biochemical and
electrochemical processes or produce electricity (Table 4).
MEC utilizes electrochemically active bacteria (EAB) to cat-
alyse the oxidation of organic electron donors in the anodic
chamber and deliver electrons to the anode (Fig. 4). These
electrons can be captured directly for bioelectricity genera-
tion, or value-added chemicals can be produced by supply-
ing external power. In the last two decades, BES has drawn
significant attention of the researchers due to its promising
applications in scientific fields such as renewable energy
recovery, bioremediation, by-products recovery and waste-
water treatment (Rabaey et al. 2010; Kharayat 2012; Huang
et al. 2011).

A study with distillery wastewater as substrate and per-
manganate as cathodic electron acceptor demonstrated 57%

of COD removal and 36% of melanoidins decolourization in
MEC with voltage generation of 1.165 V (5.40 mA) (Geetha
and Raj 2015). While treating distillery wastewater, perfor-
mance of MFC has been found to be maximum in terms
of power generation as 202 +6 mW/m? and COD removal
as 63.5+1.5%, at feed pH of 8 and with increased waste-
water COD concentration, conductivity and area of pro-
ton exchange membrane (PEM) (Samsudeen et al. 2015a);
whereas, under acidophilic (pH of 6) condition, enhanced
COD degradation by 72.84% and colour reduction by
31.67% were achieved in fed-batch mode (Mohanakrishna
et al. 2010). The reactor design can be attributed as one of
the significant factors to enhance power generation in MFC
using distillery wastewater.

A triple-chamber MFC was fabricated with two anodic
and single cathodic compartments separated by PEM, exhib-
iting increase in power generation from 168 to 428 mW/
m?, when the COD concentration of feed distillery waste-
water was increased from 3.2 to 9.6 g/l (Samsudeen et al.
2015b). Working with a MFC having higher surface area
of anode, which is made up of interlacing carbon yarn with
stainless steel and arranged in a double-air cathode MFC
configuration, it was observed to generate power density of
364 + 11 mW/m? from distillery wastewater and 58% reduc-
tion of COD concentration in the effluent (Sonawane et al.
2014). Authors also suggested that the complex chemical
composition of distillery wastewater does not support the
growth of electrochemically active bacterial community,
imposing limitations to achieve higher power output, cation
transport across PEM and COD removal in MFC.

]
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Multiple anodes acting as baffles in MFC were found to
achieve higher performance, and maximum power density
of 597 mW/m? was observed under recirculation mode with
COD removal efficiency of 43% and Coulombic efficiency
(CE) of 23%, while treating distillery wastewater (Sonawane
et al. 2013). Carbon-based anodic surface impregnated with
multi-walled nanotubes (MWCNT) and nanopowder (CNP)
in single-chambered MFC treating distillery wastewater
exhibited higher electrogenic activity with power genera-
tion of 267.77 mW/m? for MWCNT-modified MFC and
168.45 mW/m? for CNP-modified MFC (Mohanakrishna
et al. 2012).

Using catalytic anode with ruthenium oxide modification
in BES, optimal removal efficiencies for colour and COD of
83.31 and 39.66% with current density of 14.285 mA/cm?
were achieved, while treating 10% distillery spent wash at
acidic pH of 5.5 (Prasad and Srivastava 2009). Like other
thermophilic anaerobic treatment processes, thermophilic
MEFC exhibited higher current density of 2.3 A/m? and power
density of 1.0 W/m?2, while treating distillery wastewater,
achieving significantly high CE of 89% (Ha et al. 2012).
Adopting cell-immobilization technology, it could achieve
a significant increase in COD removal by 98% and power
production of around 73 mW/m? in MFC, which is 2.6 times
higher than the control MFC, while treating high-strength
distillery wastewater with COD concentration of 3.6 g/l (Lin
et al. 2015).

Utilization of distillery wastewater and generation
of value-added products

Distillery wastewater can be utilized as substrate and as
sole source of carbon for cultivation of high-quality pro-
tein biomass of yeast, biodegradable polymer like poly-p-
hydroxybutyrate (PHB) or fungal chitosan, fungal enzymes,
algal lipids and biosurfactants, which are having high-end
industrial applications. For fodder yeast production, residual
ethanol, glycerol and reducing sugar in stillage were utilized
as alternative substrate for biomass cultivation of yeast strain
like Candida utilis (Martinez et al. 2004) and reduction of
around 75% organic matter was reported (Rambla et al.
2008). Poly-p-hydroxybutyric acid has properties similar to
chemically derived synthetic polymers, and it can be pro-
duced using grain distillery wastewater. From raw-rice grain-
based spent wash 67% PHB yield was reported (Khardenavis
et al. 2007).

Chitosan (poly-glucosamine) has wide industrial applica-
tion as viscosity control agents, adhesives, paper-strength-
ening agents, flocculant, food additive, medicines and cos-
metics. Industrial production of chitosan is carried out by
deacetylation of shell-fish chitin; however, the process is
restricted with seasonal supply of raw materials, high pro-
duction cost and generation of highly toxic chemical sludge.
It was proposed that high-quality chitosan can be produced
from fungal strain, and in a study, Absidia atrospora, Gong-
ronella butleri and G. Butleri fungal strains were cultivated
using inexpensive substrate like barley-buckwheat-shochu
distillery wastewater and sweet potato-shochu wastewater,

Table 4 Distillery wastewater remediation using bioelectrochemical systems

Wastewater type Treatment description Electrical performance Removal (%) References
COD Colour
Molasses MEC (cathodic e™ acceptor: Voltage: 1.165 V (5.40 mA) 57.0 36.0 Geetha and Raj (2015)
permanganate)
Molasses (pH 8) MFC PD: 202 + 6 mW/m? 63.5 - Samsudeen et al. (2015a)
Molasses Triple-chamber MFC (feed PD: 428 mW/m? - - Samsudeen et al. (2015b)
COD: 9.6 g/l)

Molasses (COD: 3.6 g/l)

Molasses

Molasses

Molasses

Molasses

Molasses (pH 6)

MEC (bacterial cell-immobili-
zation)

Double-air cathode MFC

Multiple anodes (baffled) in
MFC

Single-chambered MFC, anodic
surface impregnated with
MWCNT and CNP

Thermophilic MFC

MFC

Molasses (10%, acidic pH 5.5) BES (catalytic anode with

ruthenium oxide)

PD: 73 mW/m? 98.0 - Lin et al. (2015)

PD: 364 + 11 mW/m? 58.0 - Sonawane et al. (2014)

PD: 597 mW/m? 430 - Sonawane et al. (2013)

CE: 23%

PD gMWCNT) =267.77TmW/ - - Mohanakrishna et al. (2012)
m

PD (CNP)=168.45 mW/m?

CD: 2.3 A/m? - - Haet al. (2012)

PD: 1.0 W/m?

CE: 89%

- 72.8 31.7 Mohanakrishna et al. (2010)

CD: 14.285 mA/cm? 39.6 83.3 Prasad and Srivastava (2009)
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which resulted in yielding fungal biomass and simultaneous
treatment of the wastewater. Around 730 mg/l of chitosan
was produced from the biomass, and 49% reduction of COD
concentration in effluent was reported (Yokoi et al. 1998). In
another study addressing simultaneous biodegradation and
generation of biomass of fungi Aspergillus awamori in dis-
tillery thin stillage supernatant and recovery of chitosan by
extraction from cell wall of the cultivated fungi, fungal bio-
mass of 11.5 g/l and chitosan of 72—78 mg/g of dry mycelia
were produced (Ghosh Ray and Ghangrekar 2016).

Shochu distillery wastewater was also used for produc-
tion of valuable lipids polyunsaturated fatty acids (PUFA)
like docosa-hexaenoic acid (DHA) and astaxanthin and pig-
ments like xanthophylls from algal strain Schizochytrium sp.,
and 35% reduction of COD was observed (Yamasaki et al.
2006; Douskova et al. 2010). Production of fungal ligno-
lytic enzymes was documented under solid-state fermenta-
tion using wheat straw and corncob with molasses distillery
wastewater as moisturizing agent (Pant and Adholeya 2007b;
Pant et al. 2006). Oyster mushroom was cultivated using
solid substrate (wheat straw and bagasse) with anaerobically
pre-treated distillery effluent. Pseudomonas aeruginosa was
used for recovery of biosurfactant with improved surface-
active properties from distillery wastewater (Dubey et al.
2005).

Discussion

Several methods and processes for treating alcohol distill-
ery wastewater, containing high organic matter, dissolved
and suspended solids and acidic pH are explored and imple-
mented extensively in bench scale as well as in pilot scale.
Among all advanced oxidation processes, ozonation is
observed to be the most effective process for resulting in
complete removal of suspended solids and biodegradation
of un-decomposed polyphenols and other refractory com-
pounds present in distillery wastewater. In zero-discharge
system, membrane separation processes are found to be
effective as tertiary treatment process for biologically treated
distillery wastewater, resulting in more than 95% removal
of COD, TDS and colour. However, these processes are
expensive and energy intensive in terms of operation and
maintenance for long-term applications and commercial
implementation. Many of the biological treatment strategies
need larger environmental footprints, skilled management,
and moreover, the generated effluent cannot meet the inland
disposal standards even after following three to four stages
of combined physico-chemical and biological treatment pro-
cesses such as anaerobic digestion-UV photodegradation,
pre-ozonation-aerobic oxidation-post-ozonation, MFC-RBC
combined reactor, UASB-aerobic batch degradation process,
AFBR-ALR-BAF. Hybrid assembly of modified anaerobic

process followed by two-stage aerobic processes can achieve
considerable removal of organic matter and can achieve the
disposal standards; however, higher energy consumption
during the aerobic post-treatment makes this combined
process economically infeasible and the robustness of the
process is yet to be tested to make it ready for field-scale
application. Fungal pre-treatment followed by anaerobic
digestion is also found to be effective in considerable reduc-
tion of suspended solids and organic matter. Though fungal
pre-treatment might lead to reduction in methane genera-
tion in anaerobic post-treatment, it will facilitate production
of fungi-derived commercially valuable products, such as
chitosan. From the perspective of treatment efficiency, this
combination can also provide option for effective treatment
of distillery wastewater.

Recent advancement in the bioelectrochemical pro-
cesses provides another alternative, and it is worth invest-
ing research efforts on treatment of anaerobically treated
distillery effluent to be further processed in bioelectrochemi-
cal systems. Implementation of such treatment process may
render either energy recovery in the form of electricity
or recovery of other value-added products in the form of
organic chemicals. As demonstrated by the researchers,
these bioelectrochemical processes offer advantages of phe-
nolic compounds and lignin degradation from wastewater.
Hence, these bioelectrochemical processes are expected to
give superior performance as compared to other biological
treatment (aerobic/anaerobic) processes. However, the proof
of concept of application of bioelectrochemical processes
like MFC or MEC, for treatment of distillery wastewater, has
been formulated only for the study in laboratory-scale reac-
tor. Therefore, further efforts are required for piloting these
technologies to truly evaluate advantages and drawbacks of
these systems in real-life applications. Reliability of such
processes for assured treatment of the wastewater in long run
to meet stipulated discharge norms also needs to be assessed.

Conclusion and outlook

MEFC technology has been adopted as a single-stage treat-
ment process with raw distillery wastewater or with anaero-
bically digested distillery effluent; however, the process
failed to achieve more than 60% efficiency of COD removal,
when operated under normal conditions without posing any
modification in operating conditions and reactor design.
Multi-stage processes involving pre-treatment with selec-
tive bacterial or fungal species have been followed by further
treatment of pre-treated effluent in MFC. It could achieve
almost complete removal of organic matter by demonstrat-
ing up to 99% COD removal, producing effluent having
COD of less than 500 mg/l, which can meet the inland dis-
posal quality standards. However, limited studies have been
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performed combining aerobic/anaerobic technologies with
MEC technology. The major disadvantage of this bioelec-
trochemical process is the need of dilution water to reduce
the organic matter present in the fungal pre-treated efflu-
ent, before further treatment in MFC. This effluent dilution
may possibly be eliminated by following two repeated fun-
gal co-cultivation process followed by treatment in MFC or
by recycling the treated effluent. Hence, the future research
should be focussed to develop such eco-friendly and eco-
nomical treatment strategies in order to achieve higher treat-
ment efficiency, effluent standards with lesser environmental
footprints and reduce cost of overall treatment. Most impor-
tantly, apart from reducing suspended solids and organic
matter, the possibility of recovering single cell protein,
biopolymers, enzymes and many other derivatives from fer-
mentation broth makes the fungal fermentation technology
profitable for industrial implementation.
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