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bstract

Distillery effluent is a contaminated stream with high chemical oxygen demand (COD) varying from 45,000 to 75,000 mg/l and low pH values
f between 4.3 and 5.3. Different processes covering aerobic, anaerobic as well as physico-chemical methods which have been employed to this
ffluent has been given in this review paper. Among the different methods available, it was found that “An Inverse Anaerobic Fluidization” to
e a better choice for treating effluent from molasses-based distillery industries using an inverse anaerobic fluidized-bed reactor (IAFBR). This
echnology has been widely applied as an effective step in removing 80–85% of the COD in the effluent stream. Therefore, in this review, attentionTED

as been paid to highlight in respect of fluidization phenomena, process performance, stability of the system, operating parameters, configuration
f inverse anaerobic fluidization and suitable carrier material employed in an inverse anaerobic fluidized-bed reactor especially for treating this
ffluent.

2007 Elsevier B.V. All rights reserved. C
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. Introduction
In India, there are a number of large-scale distilleries inte-
rated with sugar mills. The waste products from sugar mill com-
rise bagasse (residue from sugarcane crushing), pressmud (mud

mailto:sowmeyanr@yahoo.co.uk
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nd dirt residue from juice clarification) and molasses (final
esidue from sugar crystallization). Bagasse is used in paper
anufacturing and also as a fuel in boilers. Molasses is utilized

s a raw material in distillery for ethanol production. Pressmud
as no direct industrial application. Ethanol manufactured from
olasses has large volumes of high strength wastewater that is of

erious environmental concern. The effluent is characterized by
xtremely high COD (80,000–100,000 mg/l) and biochemical
xygen demand (BOD) (40,000–50,000 mg/l), apart from low
H, strong odor and dark brown color (Central Pollution Con-
rol Board (CPCB) 1994, 2003, India). India is the second largest
roducer of ethanol in Asia with a projected annual production
f about 2300 million litres in 2006–2007 [1], alcohol distilleries
ave been rated as one of the 17 most polluting industries. Apart
rom high organic content, distillery wastewater also contains
utrients in the form of nitrogen (1660–4200 mg/l), phospho-
ous (225–3038 mg/l) and potassium (9600–17,475 mg/l) [2]
hat could lead to eutrophication of water bodies. Further, its dark
olor hinders photosynthesis by blocking sunlight and there-
ore deleterious to aquatic life [3]. The population equivalent
f distillery wastewater based on BOD has been reported to be
s high as 6.2 billion which means that the contribution of dis-
illery waste in India to organic pollution is approximately seven
imes more than the entire Indian population. The wastewater
rom distilleries, major portion of which is spentwash, is nearly
5 times the total alcohol production. This massive quantity,
pproximately 40 billion liters of effluent, if disposed untreated
ould cause considerable stress on the watercourses leading

o widespread damage to aquatic life. Adequate treatment is
herefore imperative before the effluent is discharged. In the
resent day context stringent statutory requirements have made
he distilleries to improve the quality level of their effluents by
xploring viable alternatives. For instance, Indian distilleries
ere stipulated to achieve zero discharge of spentwash to inland

urface water by December 2005 [4].
Production of ethyl alcohol in distilleries based on cane sugar

olasses constitutes a major industry in Asia and South Amer-
ca. The world’s total production of alcohol from cane molasses
s more than 13 million m3/annum. The aqueous distillery efflu-
nt stream known as spentwash is a dark brown, highly organic
ffluent and is approximately 12–15 times by volume of the
roduct alcohol. It is one of the most complex, troublesome

TR

nd strongest organic industrial effluents, having extremely high
OD and BOD values. Because of the high concentration of
rganic load, distillery spentwash is a potential source of renew-
ble energy.

f
a
p
s

able 1
ample quantities and characteristics of wastewater streams generated in an Indian d

arameter Specific wastewater generation (kl/kl alcohol) Color

pentwash 14.4 Dark bro
ermenter cleaning 0.6 Yellow
ermenter cooling 0.4 Colorles
ondenser cooling 2.88 Colorles
loor wash 0.8 Colorles
ottling plant 14 Hazy
ther 0.8 Pale yel

RE
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The wastewater from distilleries, major portion of which
s spentwash, is nearly 15 times the total alcohol production.
his massive quantity, approximately 40 billion liters of efflu-
nt, if disposed untreated could cause considerable stress on the
atercourses leading to widespread damage to aquatic life.
In an earlier review on this subject [5], discussed treatment

ptions practised in the 1970s and more recently [6], have
escribed the characteristics and anaerobic treatment of effluent
btained from different feedstock used for ethanol production.
he wastewater characterization and salient features of the exist-

ng treatment options and the recent advancement in the field of
n inverse anaerobic fluidization [7] have been discussed in the
ollowing sections.

. Wastewater characterization

Table 1 lists out the major wastewater streams generated at
ifferent stages in the alcohol manufacturing process. Table 2
ummarizes the typical characteristics of spentwash generated in
ndian distilleries using sugarcane molasses. Table 3 describes
he ISI standards of distillery effluent. Values for beet molasses-
ased effluent have been given for comparison. The main source
f wastewater generation was the distillation step wherein large
olumes of dark brown effluent (termed as spentwash, stillage,
lop or vinasse) were generated in the temperature range of
1–81 ◦C [8–10]. The characteristics of the spentwash depended
n the raw material used [11]; also, it has been estimated that
8% of the molasses constituents end up as waste [12]. Molasses
pentwash has had very high levels of BOD, COD, COD/BOD
atio as well as high potassium, phosphorus and sulfate con-
ent (Table 2). In addition, cane molasses spentwash contains
ow molecular weight compounds such as lactic acid, glyc-
rol, ethanol and acetic acid [6]. Cane molasses also contained
round 2% of a dark brown pigment called melanoidins that
mparted color to the spentwash [13]. This reaction proceeded
ffectively at temperatures above 50 ◦C and pH 4–7. The struc-
ure of melanoidins was still not well known [14]. Only 6–7%
egradation of the melanoidins has been achieved in the conven-
ional anaerobic–aerobic effluent treatment process [15]. Due to
heir antioxidant properties, melanoidins were toxic to many
icroorganisms involved in wastewater treatment [16]. Apart

CTED
rom melanoidins, spentwash contained other colorants such
s phenolics, caramel and melanin. Phenolics have been more
ronounced in cane molasses wastewater whereas melanin was
ignificant in beet molasses [17].

istillery (S. Majumdar, personal communication)

pH Suspended solids (mg/l) BOD (mg/l) COD (mg/l)

wn 4.6 615 36,500 82,080
3.5 3000 4000 16,500

s 6.3 220 105 750
s 9.2 400 45 425
s 7.3 175 100 200

7.6 150 10 250
low 8.1 100 30 250
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Table 2
Characteristics of spentwash generated from various feedstock [18,6,2]

Characteristics Feedstock

Cane molasses Beet molasses

Pathade [18] Mahimairaja and Bolan [2] Wilkie et al. [6]

COD (mg/l) 65,000–130,000 104,000–134,400 91,100
BOD (mg/l) 30,000–70,000 46,100–96,000 44,900
COD/BOD ratio 2.49 1.95
Total solids (mg/l) 30,000–100,000
Total suspended solids (mg/l) 350
Total dissolved solids (mg/l) 80,000 79,000–87,990
Total nitrogen (mg/l) 1000–2000 1660–4200 3569
Total phosphorus (mg/l) 800–1200 225–3038 163
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otassium (mg/l) 8000–12,000
ulfur as SO4 (mg/l) 2000–6000
H 3–5.4

. Treatment methods

There are various technologies for treatment of raw spent-
ash which utilize resource recovery and disposal. The

econdary and tertiary treatments on their own are not tech-
ically and economically viable options for mitigating the
roblems associated with treatment and disposal of high-
trength spentwash. Post-anaerobic effluent has had high COD,
OD and suspended solids (SS). Solar evaporation required a

arge land area and was non-functional during the rainy seasons
9]. Two-stage aerobic treatment has high-energy requirements.
artially treated spentwash has had a high (carbon: nitrogen) C:N
atio (>20). It could reduce the availability of important mineral
utrients by trapping them into immobile organic forms, and
ight produce phytotoxic substances during decomposition. It

as been unsuitable for irrigation. Tertiary treatment, comprising
hysico-chemical methods, adsorption and advanced chemical
xidation processes, basically adopted for removal of color in
ddition to trace organics, involved high operational cost. Strin-
ent regulations on the discharge of colored effluent impeded
irect discharge of secondary treated effluent. Evaporation and
ncineration have not been widely adopted due to their being
ighly energy intensive. Distillery spentwash also contained
igh nitrogen, phosphorus and organic content. Its use has been
urther reported to increase sugarcane productivity; furthermore
nder controlled conditions, the effluent was capable of replac-
ng application of inorganic fertilizers [19,20]. However, for theETR

igh strength molasses-based spentwash, the odor, putrefaction
nd unpleasant landscape due to unsystematic disposal are con-
erned in land application. In addition, this option was subject
o land availability in the vicinity of the distillery; also, it was

d
p
p
t

able 3
SI Standards (IS: 506–1980) for limits of composition of distillery effluent

haracteristics For discharge into water course

H 5.5–9.0
OD5 (mg/l) 100
otal suspended solids (mg/l) 100
il and grease (mg/l) 10
emperature ◦C Shall not exceed 40 ◦C in any section of

the stream within 15 m from effluent outlet

R

9600–17,475 10,030
3240–3425 3716
3.9–4.3 5.35

ssential that the disposal site be located in a low-medium rain-
all area [5]. More recent investigations have indicated that land
isposal of distillery effluent could lead to groundwater contam-
nation [21]. Deep well disposal was another option but limited
nderground storage and specific geological location limit this
lternative. Other disposal methods like evaporation of spent-
ash to produce animal feed and incineration of spentwash for
otash recovery have also been practised [5,6]. Considering the
roblems in the treatment and disposal of distillery spentwash
n land or into surface water, waste management option with
ecourse to zero effluent discharge would appear to be more
romising. Fig. 1 presents the options currently employed for
olasses spentwash treatment.

.1. Biological treatment methods

.1.1. Aerobic process
Post-anaerobic effluent has had high BOD, COD and SS.

olar evaporation required a large land area and also needed to
ake into consideration the weather conditions prevailing in the
egion. It was also non-functional during the monsoon [9]. The
ther aerobic methods have been described below.

.1.1.1. Biocomposting process. Biocomposting is a method
f activated bioconversion through the aerobic route, whereby
eterotrophic microorganisms act on carbonaceous materials

CTED
epending on the availability of the organic source and the
resence of inorganic material essential for their growth. Com-
osting is particularly effective in converting the wet materials
o a usable form thereby stabilizing the organics and destroy-

For discharge into public sewers For discharge on land

5.5–9.0 5.5–9.0
500 500
600 –
100 6–10
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Fig. 1. Spentwash treatment options.

ng the pathogenic organisms in addition to significant drying
f the wet substrate. In the composting process, under aero-
ic conditions, thermophilic biodegradation of organic wastes
t 40 ± 60% moisture content occurs to form relatively stable,
umus-like material [22]. The process is expressed as:

rganic matter + O2 + microorganisms → CO2+ H2O + Heat

he process steps followed during active composting are as
ollows:

(1) Windrow making.
(2) Drying to reduce moisture content to 50 ± 60%.
(3) Trimming for breaking of lumps.
(4) Aerotilling to loosen the pressmud substrate.
(5) Inoculating with microbial cultures for faster decomposi-

tion and stabilization of organic materials.
(6) Aerotilling for proper mixing, distribution and oxygena-

tion.
(7) Maintaining inoculum by addition of small doses at regular

intervals for better performance.
(8) Efficient concentrated spentwash spraying.
(9) Temperature maintained between 50 and 70 ◦C.
10) Moisture content maintained in the range of 40 ± 60%.
11) Aeration carried out after each concentrated spent-

wash application in the following sequence: concentrated
spraying → trimming → aerotilling to attain the oxygen
concentration of more than 10%.

12) Climatic conditions including temperature, wind velocity
and rainfall taken into the consideration.

13) Improper composting encourages breeding of flies, which
became a nuisance. Fly control achieved through grinding,
turning and heating effect in proper decomposing condi-
tions.

RETR
14) Nitrogen loss in the form of ammonia in anaerobic con-
ditions prevented by maintaining proper initial C:N ratio
(range 38 ± 40), pH, moisture content and oxygen concen-
tration.
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t
s
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.1.1.2. Activated sludge process. The most common post-
iomethanation step is the activated sludge process wherein
esearch efforts are targeted at improvements in the reactor con-
guration and performance. For instance, aerobic sequencing
atch reactor (SBR) is reported to be a promising solution for
he treatment of effluents originating from small wineries [23].
he treatment system consisted of a primary settling tank, an

ntermediate retention trough, two storage tanks and an aerobic
reatment tank. A start up period of 7 days was given to the aer-
bic reactor and the system resulted in 93% COD and 97.5%
OD removal.

The activated sludge process and its variations utilize mixed
ultures. To enhance the efficiency of aerobics systems, several
orkers have focused on the treatment by pure cultures. Fur-

her, aerobic treatment has also been examined as a precursor
o anaerobic treatment. In studies on both beet spentwash and

olasses, aerobic pre-treatment of beet spentwash with Penicil-
ium decumbens resulted in about 74% reduction in phenolics
ontent and 40% reduction in color [24]. Anaerobic digestion
ithout aerobic pre-treatment resulted in a sharp drop in COD

emoval efficiencies with decreasing hydraulic retention time
HRT). The organic matter removal was marginally higher for
eet molasses previously fermented with P. decumbens. The
naerobic reaction followed first-order kinetics and the rate con-
tant decreased on increasing the organic loading with untreated
olasses; however, it remained almost constant with pre-treated
olasses [24,25]. Geotrichum candidum is another species that

esulted in partial elimination of phenolic inhibitors such as gen-
isic acid, gallic acid, quercetin, p-coumaric acid, etc., thereby
nhancing the effectiveness of anaerobic process [26].

.1.1.3. Constructed wetlands (CWs). Billore et al. [27] have
emonstrated a four-celled horizontal subsurface flow (HSF)
W for the treatment of distillery effluent after anaerobic treat-
ent. The post-anaerobic treated effluent had a BOD of about

500 mg/l and a COD of nearly14,000 mg/l. A pre-treatment
hamber filled with gravel was used to capture the suspended
olids. All the cells were filled with gravel up to varying heights
nd cells three and four supported the plants Typha latipho-
ia and Phragmites karka, respectively. The overall retention
ime was 14.4 days and the treatment resulted in 64% COD,
5% BOD, 42% total solids and 79% phosphorus content reduc-
ion. In another study, a distillery in northern India is presently
mploying CW for polishing the effluent prior to land discharge
or irrigation in the surrounding paddy fields. The effluent was
nitially subjected to primary treatment which included settling
nd anaerobic digestion in a structured media attached growth
SMAG)-type anaerobic reactor. The primary treated effluent,
ith a COD of 28,000–35,000 mg/l, is subjected to two-stage

eration to bring down the COD to 400 mg/l. Thereafter, it is
irected to a CW before final discharge.

.1.2. Anaerobic process

CTED
The high organic content of molasses spentwash makes
naerobic treatment attractive in comparison to direct aerobic
reatment. Therefore, biomethanation is the primary treatment
tep and is often followed by two-stage aerobic treatment before
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Table 4
Performance of various anaerobic fluidized-bed reactor for treating molasses distillery wastewater

Name of the Reactor OLR (Kg COD/m3/day) HRT (days) COD removal (%) References

Down-flow anaerobic fluidized-bed reactor 3.27–5.75 1.35–O.87 70–81 [41]
Inverse turbulent bed reactor 15 75 – 85 [43]
Inverse fluidized-bed reactor 10–12 60–3 >90 [44]
Anaerobic fixed film reactor 10 60–70 [45]
Granular-bed anaerobic bed reactor 4.75 80 [46]
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naerobic contact filer 14
luidized-bed reactor 2.55–0.37
nverse anaerobic fluidized-bed reactor 34.05

ischarge into a water body or on land for irrigation [9]. Aerobic
reatment alone is not feasible due to the high-energy consump-
ion for aeration, cooling, etc. Moreover, 50% of the COD is
onverted to sludge after aerobic treatment [28]. In contrast,
naerobic treatment converts over half of the effluent COD into
iogas [6]. Anaerobic treatment could be successfully operated
t high organic loading rates; also, the biogas thus generated can
e utilized for steam generation in the boilers, thereby meeting
he energy demands of the unit [9].

The performance and treatment efficiency of anaerobic pro-
ess could be influenced both by inoculums source and feed
re-treatment. In particular, thermal treatment of wastewaters
ould result in rapid degradation of organic matter leading to
ower HRT, higher loading rate and BOD reduction. Moreover,
he methane content and calorific value of biogas produced from
hermophilic systems were higher [29]. Significant improve-

ent was observed using inoculums from anaerobic lagoon with
7.2% COD reduction with thermally pre-treated wastewater
nd 51% reduction with untreated wastewater. Further, the tem-
erature of thermal pre-treatment was also to be considered as
n important one. After 150 days adaptation period, wastew-
ter treated at lower temperature (17 ◦C) showed 66% COD
eduction [30]. This was nearly twice the removal obtained with
reatment at 23 ◦C. Further, addition of micronutrients (iron,
oron and molybdenum) eliminated the long adaptation peri-
ds. Anaerobic lagoons are the simplest option for the anaerobic
reatment of distillery spentwash. Though anaerobic lagoons are
till employed in Indian distilleries, high rate anaerobic reactors
re more popular [31]. These reactors offer the advantage of sep-
rating the HRT from solids retention time (SRT) so that slow
rowing anaerobic microorganisms can remain in the reactor
ndependent of wastewater flow.

.1.2.1. Fixed bed reactor. This involves immobilization of
icroorganisms on some inert support to limit the loss of

iomass and enhance the bacterial activity per unit of reactor vol-
me. Moreover, it provides higher COD removal at low HRT and
etter tolerance to toxic and organic shock loadings. In anaero-
ic contact filters, various packing materials, viz. polyurethane,
lay brick, granular activated carbon (GAC), polyvinyl chloride
PVC) plastic media have been employed resulting in 67–98%

RETR
eduction in COD [32–35]. GAC as support media is relatively
xpensive, but because of its adsorptive properties, it contributes
owards improved process stability. The interference by sul-
ate, unionized sulfate and total hydrogen sulfide is anaerobic.

3
a
r
m

4 73–97 [35]
5.88 96.5 [47]
0.19 84 [7]

t was observed that the percentage sulfate removal increased
ith increasing HRT from 2 to 5 days. This might be due to the
tilization of sulfate as a nutrient by microorganisms present
n anaerobic contact and alter their conversion to sulfide by
ulfate reducing bacteria (SRB) under anaerobic conditions.
owever, at higher sulfate concentration (426 mg/l), the removal
ecreased, possibly due to low SRB population in comparison to
ethanogens. Also the removal of sulfide was explained by strip-

ing of hydrogen sulfide from liquid to vapor phase by carbon
ioxide and methane generated during the anaerobic process. In
nother study [36], anaerobic treatment of undiluted whisky pot
le using an up flow anaerobic filter (UAF) packed with special
upport type resulted in 76% COD removal. The pilot system
lso consisted of a decanter, dephosphatation or magnesium
mmonium phosphate (MAP) (MgNH4PO4) reactor, denitrifi-
ation reactor, nitrification reactor and sedimentation tank for
he reduction of nitrogen and phosphate. Down-flow filter using
lastic PVC as support material has been employed for the treat-
ent of beet molasses wastewater [37]. The system resulted in

5–85% reduction in COD. Also, though high sulfide concen-
ration (4250 mg) was inhibitory to the system, it was not toxic
t higher loadings (44 kg COD/m3/day) probably due to high
tripping of H2S.

.1.2.2. Anaerobic fluidized-bed reactor. An anaerobic
uidized-bed reactor (AFBR) consists of a vertical vessel
ontaining an inorganic media (e.g. rock, sand, activated
arbon, anion and cation exchange resins) [38]. Anaerobic
uidized-bed reactor utilizes small fluidized media particles to

nduce extensive cell immobilization thereby achieving a high
eactor biomass hold-up and a long mean cell residence time
39]. The fluidized-bed technology presented a series of advan-
ages compared to other kinds of anaerobic processes [40], like
igh organic loading rates and short hydraulic retention times.
herefore, a number of design modifications have been tested
r adopted in order to improve the performance of the system.
n the classic case of fluidized systems, the solid particles have
ad a higher density than the fluid. Performance of various
naerobic fluidized-bed reactors for treating molasses distillery
astewater is given in Table 4.

CTED
.1.2.3. Inverse anaerobic fluidized-bed reactor. In the field of
naerobic treatment process, an inverse anaerobic fluidized-bed
eactor (IAFBR) has emerged as a good alternative for the treat-
ent of spentwash from distilleries. In an inverse fluidization,
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he liquid specific density was found to be higher than the specific
ensity of the particle, and the bed has been expanded down-
ard by the liquid flow. The down-flow fluidized-bed reactor or

nverse fluidized-bed reactor has been described for application
n the anaerobic treatment of wastewater [41]. In their descrip-
ion, of down-flow fluidization, particles with a specific gravity
maller than the liquid are fluidized downward by a concurrent
ow of liquid. The biofilm formation and its effect on hydrody-
amics of the reverse fluidized-bed reactor have been described
41]. The application of inverse fluidization in wastewater treat-
ent from laboratory to full-scale bioreactors has been described

42]. The biofilm, growing on the surface of support particles,
ncreased the overall bioparticle (support particle plus biofilm)
iameter. It resulted in bed expansion and very slow movement
f the lower bed level downward until the lower bed level reached
he lower draft tube opening and some of the bioparticles entered
he draft tube with the liquid flow. The inverse fluidized-bed
iofilm reactor designed in such a way that the biofilm thickness
an be controlled to avoid the intrabiofilm diffusion limitations.

Perlite was an interesting carrier material when compared to
thers like cork, polyethylene or polypropylene [41]. The car-
ier particles chosen in a particular study [7] were perlite. Before
tarting up the reactor, physical properties of the carrier material
ere determined. 1 mm diameter perlite particle was found to
ave a wet specific density of 295 kg/m3 with specific surface
rea of 7.010 m2/g and low energy requirements for fluidization.
t was used for the treatment of distillery waste and performance
tudies were carried out for 65 days. Once the down-flow anaer-
bic fluidized-bed system reached the steady state, the organic
oad was increased stepwise by reducing HRT from 2 to 0.19
ays, while maintaining the constant feed of COD concentra-
ion. Most particles have been covered with a thin biofilm of
niform thickness. This system achieved 84% COD removal at
n organic loading rate (OLR) of 35 kg COD/m3/d [7].

.2. Physico-chemical treatment

Sugarcane molasses spentwash after biological treatment
y both anaerobic and aerobic method can still have a BOD
f 250–500 mg/l [11]. Also, even though biological treatment
esults in significant COD removal, the effluent still retains the
ark color [48]. The color imparting melanoidins are barely
ffected by conventional biological treatment such as methane
ermentation and the activated sludge process [49]. Further,
ultistage biological treatment reduces the organic load but

ntensifies the color due to re-polymerization of colored com-
ounds [50]. In this context, various physico-chemical treatment
ptions have been explored.

.2.1. Adsorption
Activated carbon is a widely used adsorbent for the removal

f organic pollutants from wastewater but the relatively high
ost restricts its usage. Decolorization of synthetic melanoidin

RETR
sing commercially available activated carbon as well as acti-
ated carbon produced from sugarcane bagasse was investigated
y [51]. The adsorptive capacity of the different activated car-
ons was found to be quite comparable. Chemically modified

r
r
C
m
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agasse using 2-diethylaminoethyl-chloride hydrochloride and
-chloro-2-hydroxypropyltrimethylammonium chloride was
apable of decolorizing diluted spentwash [52]. Significant
ecolorization was observed in packed bed studies on anaer-
bically treated spentwash using commercial activated charcoal
ith a surface area of 1400 m2/g [53]. Almost complete decol-
rization (>99%) was obtained with 70% of the diluted sample,
hich also displayed over 90% BOD and COD removal. In con-

rast, other workers have reported adsorption by activated carbon
o be ineffective in the treatment of distillery effluent [54,55].
dsorption by commercially available powdered activated car-
ons resulted in only 18% color removal, however, combined
reatment using coagulation–flocculation with polyelectrolyte
ollowed by adsorption resulted in almost complete decoloriza-
ion [54,56] reported color removal up to 98% with pyorchar.
et another adsorbent that has been examined is the natural
arbohydrate polymer chitosan derived from the exoskeleton
f crustaceans [57] studied during the treatment of distillery
astewater using chitosan as an anion exchanger. At an opti-
um dosage of 10 g/l and 30 min contact time, 98% color and

9% COD removal was observed.

.2.2. Coagulation and flocculation
Inanc et al. [48] reported that coagulation with alum and

ron salts was not effective for color removal. They explored
ime and ozone treatment with anaerobically digested effluent.
he optimum dosage of lime was found to be 10 g/l result-

ng in 82.5% COD removal and 67.6% reduction in color in
30 min period. These findings have been in disagreement
ith those of [49] who used a commercial inorganic floccu-

ent, a polymer of ferric hydroxysulfate with a chemical formula
Fe2(OH)n·(SO4)3−n/2]m for the treatment of molasses wastew-
ter. The treatment resulted in around 87% decolorization for
iodigested effluents; however an excess of flocculent hindered
he process due to an increase in turbidity and TOC content.
eCl3 and AlCl3 were also tested for decolorization of biodi-
ested effluent and showed similar removal efficiencies. About
3% reduction in color and 76% reduction in Total Organic
arbon (TOC) were achieved when either FeCl3 or AlCl3
as used alone. The process was independent of chloride and

ulfate ion concentration but was adversely affected by high
uoride concentration. However, in the presence of high floc-
ulent concentration (40 g/l), addition of 30 g/l CaO enhanced
he decolorization process resulting in 93% color removal. This
as attributed to the ability of calcium ions to destabilize

he negatively charged melanoidins; further, formation of cal-
ium fluoride (CaF2) also precipitated the fluoride ions. Almost
omplete color removal (98%) of biologically treated distillery
ffluent has been reported with conventional coagulants such
s ferrous sulfate, ferric sulfate and alum under alkaline con-
itions [58]. The best results were obtained using Percol 47,
commercial organic anionic polyelectrolyte, in combination
ith ferrous sulfate and lime. The combination resulted in 99%

CTED
eduction in color and 87 and 92% reduction in COD and BOD,
espectively. Similar findings have also been reported by [55].
oagulation studies on spentwash after anaerobic–aerobic treat-
ent have also been conducted using bleaching powder followed
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y aluminum sulfate [59]. The optimum dosage was 5 g/l bleach-
ng powder followed by 3 g/l of aluminum sulfate that resulted
n 96% removal in color, accompanied by up to 97% reduc-
ion in BOD and COD. Non-conventional coagulants namely
astewater from an iron pickling industry which is rich in iron

nd chloride ions and titanium ore processing industry con-
aining significant amounts of iron and sulfate ions have also
een examined [58]. The iron pickling wastewater gave better
esults with 92% COD removal, combined with over 98% color
emoval. Though the titanium processing wastewater exhibited
imilar color removal levels, the COD and BOD reductions were
erceptibly lower.

.2.3. Oxidation process
Ozone destroys hazardous organic contaminants and that

ave been applied for the treatment of dyes, phenolics, pes-
icides, etc. [50]. Oxidation by ozone could achieve 80%
ecolorization for biologically treated spentwash with simul-
aneous 15–25% COD reduction. It also resulted in improved
iodegradability of the effluent. However, ozone only transforms
he chromophore groups but does not degrade the dark colored
olymeric compounds in the effluent [60,50]. Similarly, oxida-
ion of the effluent with chlorine resulted in >97% color removal
ut the color reappeared after a few days [55]. Ozone in combina-
ion with UV radiation enhanced spentwash degradation in terms
f COD; however, ozone with hydrogen peroxide showed only
arginal reduction even on a very dilute effluent [61]. Samples

xposed to 2 h ultrasound pre-treatment displayed 44% COD
emoval after 72 h of aerobic oxidation compared to 25% COD
eduction shown by untreated samples. These results are con-
rary to those of [55] who concluded ultrasonic treatment to be
neffective for distillery spentwash treatment. A combination
f wet air oxidation and adsorption has been successfully used
o demonstrate the removal of sulfates from distillery wastew-
ter. Studies were done in a counter current reactor containing
5 cm base of small crushed stones supporting a 20 cm column
f bagasse ash as an adsorbent [62]. The wastewater was applied
rom the top of the reactor and air was supplied at the rate of
.0 l/min. The treatment removed 57% COD, 72% BOD, 83%
OC and 94% sulfates. Wet air oxidation has been recommended
s part of a combined process scheme for treating anaerobically
igested spentwash [63]. The post-anaerobic effluent was ther-
ally pre-treated at 150 ◦C under pressure in the absence of air.
his was followed by soda-lime treatment, after which the efflu-
nt underwent a 2 h wet oxidation at 225 ◦C. 95% color removal
as obtained in this scheme. Another option is photo catalytic
xidation that has been studied using solar radiation and TiO2
s the photo catalyst [64]. Use of TiO2 was found to be very
ffective as the destructive oxidation process leads to complete
ineralization of effluent to CO2 and H2O. Up to 97% degrada-

ion of organic contaminants was achieved in 90 min [65] studied
ombined electron beam and coagulation treatment of distillery
lops from distilleries processing grain, potato, beet and some

RETR
ther plant materials. Humic compounds and lignin derivatives
onstitute the major portion of this dark brown wastewater. The
istillery wastewater was diluted with municipal wastewater in
he ratio of 3:4, irradiated with electron beam and then coagu-
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ated with Fe2(SO4)3. The optical absorption in UV region was
ecreased by 65–70% after this treatment.

.2.4. Membrane treatment
Pre-treatment of spentwash with ceramic membranes prior to

naerobic digestion is reported to halve the COD from 36,000
o 18,000 mg/l [66]. The total membrane area was 0.2 m2 and
he system was operated at a fluid velocity of 6.08 m/s and
.5 bar transmembrane pressure. In addition to COD reduction,
he pre-treatment also improved the efficiency of the anaero-
ic process possibly due to the removal of inhibiting substances
67] employed emulsion liquid membrane (ELM) technique in a
atch process for spentwash treatment. Water–oil–water type of
mulsion was used to separate and concentrate the solutes result-
ng in 86% and 97% decrease in COD and BOD, respectively.
lectro dialysis has been explored for desalting spentwash using
ation and anion exchange membranes resulting in 50–60%
eduction in potassium content [68]. In another study [69],
eported the treatment of vinasse from beet molasses by electro
ialysis using a stainless steel cathode, titanium alloy anode and
% w/v NaCl as electrolytic agent. Up to 88% COD reduction
t pH 9.5 was obtained; however, the COD removal percentage
ecreased at higher wastewater feeding rates. In addition, reverse
smosis (RO) has also been employed for distillery wastewater
reatment. A unit in western India is currently processing efflu-
nt obtained after anaerobic digestion, followed by hold-up in
tank maintained under aerobic conditions, in a RO system

B. P. Agrawal, personal communication). 290 m3/day of RO
reated effluent is mixed with 300 m3/day of fresh water and
sed in the process for various operations like molasses dilution
290 m3/day), make-up water for cooling tower (178 m3/day),
ermenter washing (45 m3/day), etc. Yet another unit in southern
ndia is employing disc and tube RO modules for direct treatment
f the anaerobically digested spentwash (M. Prabhakar Rao, per-
onal communication). The permeate is discharged while the
oncentrate is used for biocomposting with sugarcane press mud.
n a recent study [70], reported pilot trials on distillery spent-
ash using a hybrid nano filtration (NF) and RO process. Both

he NF and RO stages employed thin film composite (TFC) mem-
ranes in spiral wound configuration with module dimensions of
.5 in. diameter and 21 in. length. NF was primarily effective in
emoving the color and colloidal particles accompanied by 80,
5 and 45% reduction in total dissolved solids (TDS), conduc-
ivity and chloride concentration, respectively, at an optimum
eed pressure of 30–50 bar. The subsequent RO operation at a
eed pressure of 50 bar resulted in 99% reduction each in COD,
otassium and residual TDS.

.2.5. Evaporation/combustion
Molasses spentwash containing 4% solids can be concen-

rated to a maximum of 40% solids in a quintuple-effect
vaporation system with thermal vapor recompression [71,72].
he condensate with a COD of 280 mg/l can be used in fer-

CTED
enters. The concentrated mother liquor is spray dried using
ot air at 180 ◦C to obtain a desiccated powder with a calorific
alue of around 3200 kcal/kg. The powder is typically mixed
ith 20% agricultural waste and burnt in a boiler. The use of
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ecirculating fluidized-bed (RCFB) incinerator is recommended
o overcome the constraints due to stickiness of spentwash and its
igh sulfate content [73]. Combustion is also an effective method
f on-site vinasse disposal as it is accompanied by production
f potassium-rich ash [19] that can be used for land application.

. Discussion

The various biological and physico-chemical treatment meth-
ds have been identified for the treatment of wastewater from
olasses-based distilleries. Due to the high COD of raw spent-
ash, application of anaerobic treatment technology (involving
iogas recovery) has been reported to be highly effective which
s considered as the first step. [74–77,33]. The treatment with
naerobic lagoon and conventional digesters are applied to some
xtent in the field. However, most distilleries in India employ
igh rate digesters wherein the HRT is decoupled from the bio-
ogical/solids retention time (BRT/SRT) thereby retaining the
low growing anaerobic microbes in the reactor even at high
astewater flow.
Biological treatment using aerobic processes like activated

ludge, biocomposting, etc. is presently practised by various
olasses-based distilleries. Due to the large volumes generated,

nly a part of the total spentwash gets consumed in biocom-
osting. Biocomposting utilizes sugarcane pressmud as the filler
aterial; thus it is typically employed by distilleries attached to

ugar mills. Since sugar manufacturing is a seasonal operation,
ressmud availability is often a constraint. Further, biocompost-
ng requires a large amount of land; also, it cannot be carried out
uring the rainy season. Though aerobic treatment like the con-
entional activated sludge process leads to significant reduction
n COD, the process is energy intensive and the color removal is
till inadequate. Anaerobic reactor, particularly an inverse anaer-
bic fluidized-bed reactor [7] appears to be the only choice for
he reduction in pollutional strength of distilleries when com-
ared to other reactors. However, process design and control
riteria for full exploitation of these reactors are yet to be devel-
ped.

In general physico-chemical treatment has met with
ittle success. The techniques such as adsorption, coagula-
ion/flocculation, oxidation processes, and membrane treatment
re more effective in removal of color as well as reduction in
rganic loading, sludge production and disposal is a constraint
n coagulation/flocculation and adsorption. Settling is found to
e unsatisfactory even with the addition of coagulants and other
dditives such as alum, lime, ferric chloride, other aluminum
alts, iron salts, etc. in the coagulation/flocculation process.
lso, the cost of chemicals, adsorbents and membranes is deter-

ent to the adoption of these methods [78]. Membrane operations
ike microfiltration/ultrafiltration for spentwash treatment are
haracterized by significant membrane fouling that limits its
pplicability [79].

RETR
. Conclusion

This review article examined the extent of pollution created
y distilleries and the different methods available for the treat-

[

zardous Materials 152 (2008) 453–462

ent and disposal of distillery wastewater. Physico-chemical
ethods are capable of reducing organic load, consequently, in

pite of cost; the advanced methods like membrane filtration,
xidation by ozone are being field trials. Biological treatment
ethods appear to be only choice for the removal of color and

rganic content; however, some of the questions are yet to be
nswered on its process efficiency. This is because of the lack of
nformation on various aspects such as desirable influent COD,
ptimal level of volatile fatty acids (VFA) concentration in the
eactor, the reliable estimates of the bio kinetics constants and
heir dependence on the substrate levels (COD or VFA).

This review has showed, the reactor namely, an inverse
naerobic fluidized-bed technology has been found to be more
ffective than anaerobic filter technology as it favored the trans-
ort of microbial cells from the bulk to the surface and thus
nhanced the contact between microorganisms and the substrate
or the treatment of high strength wastewater from molasses-
ased distilleries. The review also indicated the real evidence
bout excellent physical characteristics and adequate environ-
ent of perlite as an anaerobic microorganism immobilizer in

n inverse anaerobic fluidized-bed reactor and presented series
f advantages of an inverse anaerobic fluidized-bed technology
ompared to other kinds of anaerobic processes interms of high
rganic loading rates and short hydraulic retention times. The
pplication of this reactor to the treatment of molasses-based
istillery wastewater would give satisfactory results compared
o other biological reactors.
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