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ABSTRACT

Worldwide environment regulatory authorities are becoming more and more stringent in set-
ting norms for discharge of wastewaters from industries. Distillery wastewaters are highly
polluted and their pollution potential is one of the most critical environmental issues of
today. For these reasons, distillery industries are forced to look for more effective technolo-
gies for wastewater treatment. In recent years, membrane processes have been widely used
for various applications, especially for wastewater treatment. The usage of membrane tech-
nologies is reflected in high removal efficiency, optimal costs and simple handling with
devices. This review presents these membrane processes in the sense of their application on
distillery wastewater purification.
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1. Introduction

Under the influence of several factors, such as the
increasing demand for limited non-renewable energy
resources, fast exhausting of reserves of these
resources, the rising oil prices and concern about
greenhouse gasses, the interest in biofuels has been
increasing worldwide in recent decades. Bioethanol is
the most employed liquid biofuel and as a clean and
renewable combustible, it is considered as a good
alternative for oil replacement [1–4].

Currently, the conventional feedstocks for bioetha-
nol production are sugar-based (mainly sugarcane,
sugar beet and sweet sorghum) and starch-based feed-
stocks (mainly wheat, corn and cassava) [5,6]. Some
intermediate products from sugar production can be
used for fermentative bioethanol production, and

these are: extraction juice, thin juice and thick juice.
However, the relatively high market price of sugar
limits a direct conversion of these juices to ethanol.
Instead, ethanol is often produced from molasses, a
by-product of sugar production from sugar beet and
sugarcane (remains after concentration and precipita-
tion of sugar from juice). In recent years, in addition
to these feedstocks based on sugar and starch, a lot of
effort has been invested worldwide in the investiga-
tions of lignocellulosic biomass (woody material [7],
straws [8,9], agricultural waste [10] and crop residues
[11]) as a raw material for bioethanol production. A
disadvantage of this type of feedstock is the fact that
it requires a pretreatment in order to reduce cellulose
crystallinity and improve the digestibility of the
biomass, so that the fermentable sugars can be
released from polysaccharides present in lignocellu-
losic materials (cellulose and hemicellulose) in the
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step of hydrolysis. For the pretreatment, several
physical, physico-chemical, chemical and biological
processes have been developed [6].

After fermentation, ethanol is isolated from the fer-
mented mash by distillation. The liquid residue of the
fermented mash is termed spent wash, distillery
wastewater or stillage. The production and character-
istics of spent wash are dependent on raw materials
used and the bioethanol production technology. Dis-
tillery effluent is approximately 8–20 times greater
than the volume of the ethanol produced. Distillery
wastewaters are highly polluted—they have very high
biological oxygen demand (BOD), chemical oxygen
demand (COD) and high BOD/COD ratio. They also
contain high amounts of inorganic substances such as
potassium (sugar-based stillages), phosphates, nitro-
gen, calcium and sulphates [12,13].

As can be seen from the paper of Krzywonos et al.
[14], starch-based stillages have high organic matter
content, so they should not be discharged directly to
the sewage system or into a watercourse or soil. The
COD of starch-based stillages ranges from 12.1 g O2/L
to 122.3 g O2/L [14]. They contain total and phosphate
phosphorus, as well as the large amounts of total
nitrogen (TN) that can be explained by the high pro-
tein proportion in the feedstock from which the stil-
lage comes [15].

Distillery stillage from starch-based feedstock con-
tains many components characterised by a high nutri-

tive value—they contain vitamins (with large amounts
of those classified as group B), proteins rich in exoge-
nous amino acids and mineral components (Table 1)
[14]. Thus, it could be a benefit if these components
are isolated during the process of stillage purification.

Upon comparing the proportions of particular
mineral compounds in barley and wheat stillage, it
can be seen that barley stillage contains more calcium,
iron and sodium than wheat-based stillage. Chemical
composition of dry matter content of stillage from
starch-based feedstock is given in Table 2. As can be
seen from this table, starch-based stillages can be con-
sidered valuable fodder. Unprocessed warm stillage
has the highest feeding value, but it cannot be stored
over a longer period of time because of its tendency
towards souring and mould growth [14]. This fact
presents a problem since the animals should be fed
shortly after the stillage is produced. Also, the utilisa-
tion of unprocessed stillage as an animal feed is cost-
effective only if the distillery is integrated in the ani-
mal farm or the farm is in the close proximity of the
distillery, since the transport of the stillage over long
distances is expensive because of the high water con-
tent. Above-mentioned facts lead to the conclusion
that stillage must be processed. Another method of
utilizing stillage is recirculation of liquid part of the
stillage, which also requires previous stillage process-
ing in order to separate solids and to decrease or, if
possible, remove compounds that inhibit the activity
of the yeast cells.

A summary of stillage characterisation for beet
molasses, cane juice, cane molasses and cellulosic feed-
stocks is given in Table 3, and characteristics of stillag-
es obtained after bioethanol production on different
substrates (sugar beet extraction juice, thin juice, thick
juice and molasses) are presented in Table 4.

Based on presented data (Table 3), it is obvious that
beet and cane molasses wastewaters exhibit the highest
levels of COD, BOD, COD/BOD ratio, phosphorous,
potassium and sulphates, while cane juice wastewater
demonstrates the lowest levels of COD and BOD. The
explanation is that evaporation of cane and beet juice
and sugar crystallisation increases the content of non-
fermentable organics which remain in molasses and in
the stillage after fermentation. High levels of sulphates
are a result of sulfiting process applied in sugar
production. Data shown in Table 4, obtained from
Prodanović et al. [16] for different stillages, are similar
to that from Table 3. Organic load of beet molasses
wastewater is very high, with COD of 126,170mg O2/L
and COD/BOD of 5.3. TN content is also very high
(several times higher than in other stillages).

The main low molecular weight organics of distill-
ery wastewaters are lactic and acetic acid, glycerol,

Table 1
Group B vitamins (mg/kg dm) in potato stillage and rye
stillage, and mineral compounds (g/kg dm) in barley and
wheat stillage [14]

Vitamins of group B Potato stillage Rye stillage

Vitamin B1 7.8 15

Vitamin B2 18.6 14.4

Vitamin B6 18.8 4.0

Vitamin B12 0.0088 0.118

Biotin 0.014 0.56

Nicotinic acid 212 54.9

Pantotenic acid 71.2 60.0

Folic acid 0.78 2.4

Mineral compounds Barley stillage Wheat stillage

Ca 5.3 4.2

P 11.3 12.1

Mg 5.4 5.9

K 0.0016 0.0016

Mn 0.0522 0.1101

Na 0.0006 0.0002

Fe 0.4932 0.4191

Cu 0.0054 0.0057
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Table 2
Chemical composition of dry matter content for starch stillage of choice (%) [14]

Stillage Dry matter Crude protein Fat Crude fibre Sugars Starch Ash

Grain sorghum 5.8 1.7 nd 1.51 2.6 1.01 3.77

Barley 5.97 2.21 0.76 2.35 2.14 0.04 0.58

Maize 6.2 1.3 1.3 0.1a 2.8 0.5 0.8

Maize 3.7 1.44 nd 1.81 0.97 0.56 0.27

Maize 7.5 2.3 nd nd 0.5 nd 2.1

Potato 6.0 1.45 0.05 0.7 3.1 nd 0.7

Wheat 8.4 3.8 1.14 2.86 2.67 0.185 0.7

Wheat 12 3.8 2.3 0.12 6 nd 0.156

Notes: nd—no data available.
aAcid detergent fibre.

Table 4
Results of analysis of wastewaters obtained after bioethanol production on different substrates [16]

EJWa TNJWb TKJWc MWd

Total solids (mg/L) 34,543 28,258 32,132 109,078

Fixed solids (mg/L) 5,052 3,994 4,140 26,946

Volatile solids (mg/L) 29,491 24,264 27,992 82,132

% of organic dry matter 85.37 85.86 87.11 75.30

TN (mg/L) 1,326 1,015 983 5,675

Settleable matter (ml/L) 31.7 8.5 2.1 nd⁄

COD (mg O2/L) 66,850 60,730 96,960 126,170

BOD5 (mg O2/L) 41,000 12,000 26,700 23,800

(BOD5/COD) � 100 (%) 61.33 19.76 27.54 18.86

Permanganate demand (mg KMnO4/L) 53,190 37,800 51,510 92,900

pH 4.23 4.40 4.24 5.40

SS (mg/L) 12,550 8,698 9,215 10,164

⁄Not determined.
aEJW—sugar beet extraction juice wastewater.
bTNJW—sugar beet thin juice wastewater.
cTKJW—sugar beet thick juice wastewater.
dMW—sugar beet molasses wastewater.

Table 3
The summary of stillage characterisation for beet molasses, cane juice, cane molasses and cellulosic feedstocks [15]

Feedstock COD
(g/L)

BOD
(g/L)

COD/
BOD

N (total)
(mg/L)

P (total)
(mg/L)

K
(mg/L)

Total S (as SO4)
(mg/L)

pH

Beet molasses Average 91.1 44.9 1.95 3,569 163 10,030 3,716 5.35

SD 38.9 21.7 0.21 2,694 66 6,322 2,015 1.02

n 5 3 3 5 3 2 4 4

Cane juice Average 30.4 16.7 1.96 628 130 1,952 1,356 4.04

SD 8.2 3.4 0.35 316 110 1,151 1,396 0.49

n 6 5 4 6 6 5 5 7

Cane molasses Average 84.9 39.0 2.49 1,229 187 5,124 3,478 4.46

SD 30.6 10.8 0.57 639 350 3,102 2,517 0.35

n 22 19 16 20 17 12 16 25

Cellulosics
feedstock

Average 61.3 27.6 2.49 2,787 28 39 651 5.35

SD 40.0 15.2 0.54 4,554 30 nd 122 0.53

n 15 11 10 8 5 1 6 7

Notes: nd—no data; SD—standard deviation; n—number of literature values used.
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ethanol, lactose, glucose, arabinitol, ribitol and trace
amounts of amino acids [15]. Heavy metals
(chromium, copper, nickel and zinc) can be detected
in distillery wastewaters, too [15].

Compared to other distillery wastewaters, molas-
ses spent wash is more polluted and its treatment is
more complicated, since it contains dark brown poly-
mers called melanoidins (formed in Maillard reaction
of sugars with proteins), which are hardly degraded
in conventional treatment processes. They are toxic to
aquatic organisms [17] and many micro-organisms
[15,18]. Other components that contribute to the col-
our of the effluent are phenolics (tannic and humic
acids), caramels from overheated sugars and furfurals
from acid hydrolysis [19]. The highly coloured com-
pounds of the distillery wastewater block out sunlight
penetration in rivers, lakes or lagoons, hence decreas-
ing both photosynthetic activity and dissolved oxygen
concentration and affecting aquatic life. High organic
load and high nutrients content of the effluent lead to
eutrophication of natural waters [18]. The unpleasant
odour of effluent is a result of organics such as ska-
tole, indole and other sulphur compounds [12]. Spent
wash also leads to significant levels of soil pollution
and acidification (because of low pH of wastewaters)
in the cases of inappropriate land disposal [12] and
affects the groundwater quality.

Different biological and physico-chemical treat-
ment processes have been explored for the treatment
of distillery wastewaters. This review aims to present
an overview of the membrane technologies employed
for distillery wastewater treatment.

2. Membrane processes

Considering the above-presented composition com-
plexity of distillery wastewaters, special care must be
put in their treatment. Membrane processes are being
used in various technologies, especially for water and
wastewaters purification. The paper will review mem-
brane opportunities for distillery wastewaters treatment.

A conventional stillage treatment consists of pre-
treatment in terms of suspended solids (SS) removal
followed by anaerobic and aerobic treatment. The bio-
logical treatment process has some advantages such
as an easy access and a large-scale operation. How-
ever, the main disadvantages of this treatment are
high-energy consumption and large variations of the
process efficiency with the change in feedstocks used
for ethanol production—as it was presented in the
work of Vasić et al. [20], the composition of stillages
obtained from two batches (where different feedstocks
based on starch were used for ethanol production)

varied significantly. Even if the stillage comes from
the same feedstocks, it differs considerably in its
chemical properties; that should be attributed to the
fact that the COD is influenced not only by the feed-
stock but by the technology of alcohol production and
the method of feedstock and stillage storage as well
[14]. Also, it is difficult and sometimes impossible to
achieve standards from effluent discharge regulations
with this kind of treatment. Membrane technologies
offer a possibility to improve the quality of treated
water and to meet the environmental standards.

Contrary to another conventional treatment of
wastewaters by coagulation with alum, when difficul-
ties with sludge treatment or discharge appear
(because of the alum present in the sludge), a reten-
tate obtained after membranes application can be used
(after additional analyses) as an addition to fertilizers
or feed, for biogas production, or it can be disposed
into nature without any adverse effects. Besides, dis-
tillery wastewaters contain high amount of dead yeast
cells, as well as yeast metabolites (amino acids, vita-
mins and proteins), which have high nutritive value
and can be recycled by use of membranes. Many
investigations reported usefulness of membrane sepa-
ration techniques for distillery wastewater treatment.

Arora et al. [21] reported study for ultrafiltration
(UF) of thin stillage obtained from conventional and
E-Mill dry-grind processes (enzymatic dry-grind pro-
cess). The objectives of this work were to compare fil-
tration characteristics of two stillages, evaluate solids
separation and composition of permeates obtained
after UF. Two regenerated cellulose membranes
(YM10 and YM100) with pore sizes of 10 and 100 kDa
and effective membrane area of 41.8 cm2 were used
for filtration. Filtrations were performed with each
membrane using five replicates. Results were
expressed as yield means and standard deviations. In
order to compare yield means of conventional and E-
Mill processes for both membranes, an analysis of var-
iance procedure was performed. Composition of thin
stillage and membrane filtered streams for two UF
membranes are presented in Table 5.

Presented results showed that there were no differ-
ences detected in composition of permeate streams
between YM10 and YM100 membranes. Total solids
content of retentate streams obtained from
conventional thin stillage fractionation were higher
(27.6–27.8%) compared to E-Mill process (22.2–23.4%).
Permeate flux rates were higher for YM10 membrane
than for YM100 membrane. Results presented in this
work showed that the removal efficiency was the
same for membranes with different pore sizes. On the
other hand, permeate flux was higher for the mem-
brane with smaller pore size. These results are unex-
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pected and can be explained by accumulation of parti-
cles and foulants inside larger pores of the membrane.
Therefore, pores can be clogged with components of
large molecular weights. Our unpublished work
showed similar results for microfiltration (MF) of stil-
lage with membranes of different pore sizes (200, 450
and 800nm), where the membrane with pore size of
800 nm had the lowest permeate flux, while the
removal efficiency was similar for all membranes.

Considering a pore size of membranes for MF and
UF, it cannot be expected to remove all organic pollu-
tion from wastewater, just to reduce it. Various combi-
nations of membrane processes may result in higher
efficiency of distillery wastewater purification. Murthy
and Chaudhari [22] evaluated the distillery wastewater
purification with combined use of UF and reverse
osmosis (RO) processes. The experiments were carried
out at the pressure range of 2–10 atm (2.03–10.13 bar).
In the first stage, UF experiments are carried out for
concentration of effluent by removing SS. Experimental
results showed that the removal of SS and COD was
high, with percentage rejection of 95.5 and 63%, respec-
tively. Also, the removal efficiencies of BOD, colour
and potassium were satisfactory. The reduction of total
dissolved solids (TDS) was marginal. In the second

stage, permeate obtained from UF unit was used as a
feed for RO experiments. Percentage rejections of TDS,
BOD, colour, chlorides, sulphates and potassium were
97.9, 97.9, 93.2, 99.8, 99.7 and 94.65%, respectively.

Nataray et al. [23] reported results for TDS
removal from distillery wastewater by its purification
with combined use of nanofiltration (NF) and RO
hybrid processes. Their analyses showed that, at the
optimal pressure range of 30–50 bar, TDS in permeate
were reduced from 51,500 to 9,050mg/L, conductivity
from 346 to 15.06mS/cm and chloride concentration
from 4,900 to 2,650mg/L.

Separation of potato stillage by using combinations
of three-channel ceramic membranes with the pore
diameter ranging from 0.2lm to 300 kDa was consid-
ered by Lapišova et al. [24]. The separation unit was
fitted with one membrane module and trials were car-
ried out in batch mode (after the usage of one mem-
brane, it was replaced with the next one). At first, the
separation processes were carried out in five-, three-
and two-step membrane arrangements in order to
experience and confirm the course of the separation
process. Since two membrane arrangement proved
more convenient, due to the operational costs reduc-
tion at the same separation efficiency, it was applied

Table 5
Composition of thin stillages and membrane filtered streams for YM10 and YM100 membranes (mean± standard
deviation) [21]

Parameter Composition Conventional E-Mill

YM10 YM100 YM10 YM100

Total solids (%) Initial material 5.2 ± 0.6ax 5.2 ± 0.7ax 4.9 ± 0.3ax 4.9 ± 0.3ax

Permeate 2.1 ± 0.2ay 2.3 ± 0.2ay 2.3 ± 0.3ay 2.4 ± 0.3ay

Retentate 27.8 ± 2.6az 27.6 ± 1.8az 23.4 ± 3.5abz 22.20 ± 1.5bz

Protein (%db) Initial material 33.3 ± 2.8ax 33.3 ± 2.8ax 39.5 ± 0.6bx 39.5 ± 0.6bx

Permeate 15.5 ± 2.3ay 15.6 ± 3.1ay 22.8 ± 2.6by 31.1 ± 2.4by

Retentate 38.1 ± 4.2abz 36.9 ± 2.3ax 45.2 ± 2.6bz 42.7 ± 2.9bx

Fat (%db) Initial material 9.7 ± 1.6ax 9.7 ± 1.6ax 3.1 ± 0.8bx 3.1 ± 0.8bx

Permeate ND ND ND ND

Retentate (measured) 21.5 ± 2.5ay 21.3 ± 1.2ay 5.1 ± 2.0bx 4.36 ± 1.4bx

Retentate (calculated) 17.5 ± 2.5aya 16.3 ± 1.2aya

Ash (%db) Initial material 6.3 ± 0.7ax 6.3 ± 0.7ax 6.7 ± 1.1ax 6.7 ± 1.2ax

Permeatea 14.4 ± 1.2ay 14.4 ± 1.2ay 12.6 ± 0.9ay 12.6 ± 0.9ay

Retentate 1.7 ± 0.4az 1.8 ± 0.3az 2.6 ± 0.6az 2.6 ± 0.6az

NDF (%db) Initial material 15.7 ± 2.5ax 15.7 ± 2.5ax 15.3 ± 2.2ax 15.3 ± 2.2ax

Permeate ND ND ND ND

Retentate 39.8 ± 3.7ay 41.8 ± 6.5ay 35.7 ± 4.5ay 40.8 ± 12.2ay

Notes: Means in same row (abc) and composition stream differ (p<0.05). Means in same column (xyz) and same composition stream

differ (p<0.05).

NDF—neutral detergent fibre.

ND—insufficient material to conduct analyses.
aData calculated from mass balance based on composition of initial total solids and solid contents of retentates.
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in the next experiments. The best results were
achieved with 0.2lm MF membrane supplemented
with 50 kDa membrane—removal efficiency was more
than 50% for all analites (solids, COD, nitrogen and
reducing components).

Many researchers used the combination of mem-
branes with other separation processes for stillage
purification. Madaeni and Mansourpanah [25] used
various RO membranes for treatment of biologically
treated wastewater from alcohol production plant.
The polyethylene terephtalate, polysulfone and poly-
amide RO membrane were used. The polyethylene
terephtalate (Polyvinyl Derivative (PVD)—from
Hydraunatics) membrane showed outstanding perfor-
mance with 100% COD removal. Also, other mem-
branes showed a high degree of COD removal.

Rai et al. [26] investigated tertiary treatment of aer-
obically treated wastewater by using NF membranes.
Results showed that the method can be successfully
used for the separation of contamination in the waste-
water. The membrane used in the experiment was
composite polyamide membrane in spiral-wounded
module. The separation of organic and inorganic com-
pounds was quite high, with COD and TDS reduction
in the range of 96–99.5% and 85–95%, respectively.
The separation of inorganic compounds was found to
be in the range of 25–90%.

Application of membrane and natural coagulants
for stillage treatment was evaluated by Vasić et al.
[27]. In this work, natural coagulants extracted from
common bean were added in stillage in order to
increase the efficiency of MF. After MF COD reduc-
tion was 35%, while after the combined use of natural
coagulants and MF COD reduction, compared to ini-
tial value, was 50%. Although the efficiency of stillage
purification got higher with addition of natural coagu-
lants, the question is whether and how costs of the
process increased.

Research of Ryan et al. [28] considers viable dis-
posal and options for tertiary treatment of distillery
stillage. Among the various processes (chemical floc-
culation, electrocoagulation, evaporation, membranes,
etc.) that can be used for tertiary treatment of stil-
lage, membrane technologies are one of the most
suitable for meeting the effluent discharge standards.
All four classes of membranes (MF, UF, NF and
RO) can be used for distillery wastewaters treat-
ment, while NF and RO appear to be the most
promising methods for stillage purification with abil-
ity to produce high-quality water. Also, the study
shows how the secondary and tertiary treatment
stages can be energy integrated via power from the
anaerobic digester, which is important from the eco-
nomic point of view.

In the work of Vasić et al. [20], efficiency of use of
MF membranes for distillery wastewater purification
was compared with efficiency of conventional tech-
nique for wastewater treatment—centrifugation.
Obtained results showed that about 85% of both, COD
and TN were removed from stillage by use of MF
membrane with pore size of 200 nm, while 88% of
COD and only 20% of TN were removed by centrifu-
gation at 3,000 rpm for 10min. Also, it was concluded
in the same work that significantly lower energy con-
sumption would be required for filtration than for
centrifugation, since low pressures were applied for
MF.

In recent years, composite membranes prepared by
surface modification of ceramic supports using a thin
polymer coating have resulted in improved barrier
performances in terms of flux and selectivity over the
nascent membrane modules [29]. Nataraj et al. [29]
developed a novel method to reduce the pore size of
microporous ceramic tubular membranes by coating
their inner surfaces using cellulose acetate (CA) solu-
tion forming a thin coating of �35 lm. The original
ceramic membrane pore size was reduced from 1.2
± 0.1 lm to 10–20 nm. Three tubular membrane config-
urations (hollow 1-channel, 7-channel array and 19-
channel array) were used for CA coating trials and
further testing for the treatment of effluents collected
from various industrial sources (distillery wastes,
paper and pulp wastes and sugar industry wastes).
The main objective of this work was to examine and
compare the efficiency of the coated membranes in
the treatment of model contaminated water and vari-
ous industrial effluents with higher organic contents.
Hollow tubular modules have shown the most signifi-
cant rejections for TDS and conductivity as well as
flux that decreased by about 2–3-fold compared to
nascent ceramic module. For distillery spent wash,
flux was nearly 10 times smaller than that of pure
water, tap water and sugar industry wastewater. The
characteristics of composite membranes make them
less susceptible to membrane fouling and provide a
great potential for wastewater purification.

Other membrane processes, such as membrane
bioreactors (MBRs), have been introduced a long time
ago and since then they have increasingly been used
for wastewater treatment. There are many published
works about application, characteristics and efficiency
of MBR, but only a few of them study the possibility
of MBR application for stillage purification. In the
work of Satyawali and Balakrishnan [30], the opera-
tion of a laboratory scale MBR (Fig. 1) for distillery
wastewater purification was investigated. The aim of
this research was to investigate continuous operation
of MBR, with focus on COD removal and biomass

3330 J.M. Prodanović and V.M. Vasić / Desalination and Water Treatment 51 (2013) 3325–3334



growth in the reactor. Nylon mesh filter with a pore
size of 30 lm was used for the experiment. Anaerobi-
cally treated effluent was collected from molasses-
based distillery and used as a feed. Municipal acti-
vated sludge was used as an inoculum, which was
acclimatised in a fed-batch reactor before starting con-
tinuous operation. Results showed that removal of
COD ranged from 23 to 41%, with a maximum at a
COD loading rate of 3.4 kg COD/m3 d. SS retention
was 87% at a mixed liquor suspended solids (MLSS)
of 10–12 g/L (MLSS concentration represents the bio-
mass concentration in the reactor). Also, it was found
that the system could operate up to two weeks with-
out significant flux decrease.

Zhang et al. [31] reported aerobic treatment of sim-
ulated distillery wastewater (Table 6) using metallic
membrane bioreactor.

In this study, a flat stainless-steel membrane with
a 0.2 lm pore size was used in aerobic MBR.
The experiment was carried out at temperatures of
30–45˚C (in 5˚C gradients) in terms of short-term
activities for about 10 days at each temperature.
According to obtained results, it was found that at a

given conditions mean COD and mean TN removal
efficiencies were 94.7 and 84.4%, respectively. Also, it
was determined that although soluble COD (SCOD)
and soluble TN (STN) in the supernatant increased
with temperature, permeate quality was uniform
which indicates that the metallic membrane had an
excellent retention ability for soluble organic com-
pounds and SS.

After the alcohol production, stillage may be con-
centrated by evaporation in order to reduce its vol-
ume. The condensates which are formed during this
concentration process represent a large volume of
water (320,000 t/y for an average distillery producing
45,000 t/y alcohol) [32], which could be reused as
dilution water in the fermentation step. However, con-
densates contain volatile organic compounds which
are inhibitors of fermentation process. Also, it cannot
be discharged without previous treatment because of
its high organic compounds content. Hence, the water
recovering from effluent streams is a major challenge
for many process plants, as it would lead to simulta-
neous reduction of the volume of effluents rejected
and the fresh water consumption [33]. There are some
published works on membrane application for the
condensate purification [32–34], with focus on remov-
ing compounds that inhibit yeast growth and metabo-
lism. Also, there is the possibility of water recycling
after direct treatment of stillage by membranes, but
the lack of works that investigate presence and distri-
bution of inhibiting compounds in permeates is
apparent.

In a recent study, Arora et al. [35] evaluated nutri-
ent recovery and the permeate streams for potential
water recycling (based on organic acid contents),
using MF and UF membranes. They filtered thin corn
stillage through various membranes in two phases. In
the phase I, thin stillage was filtered through one of
the next membranes—stainless steel MF membrane
with 0.1 lm pore size, and regenerated cellulosic UF
membranes YM1, YM10 and YM100 with 1, 10 and
100 kDa molecular weight cut-off, respectively. In
phase II, permeates obtained from MF runs were fil-
tered using YM100, YM10 and YM1 membranes.
Results of retentates analyses from various mem-
branes (after phase I) showed that total solids in reten-
tate were similar among MF and UF membranes.
Also, protein contents of MF, YM 100 and YM 10
membrane streams were similar. Ash contents were
reduced by more than 50% in retentates of all mem-
branes. This can be explained by the solubility of min-
eral compounds in the stillage stream, which allows
them to pass through the membranes. The highest
protein recovery was achieved in YM 1 retentate com-
pared to other membranes. Lactic acid and glycerol

Fig. 1. Schematic diagram of continuous reactor [30].

Table 6
Feed and operating conditions [31]

Item Value

Feed COD (mg/L) 700–1,500

Feed TN (mg/L) 7–21

Feed pH 4–5

Effective volume (L) 17

Effective filter area (m2) 0.12

Aeration rate (m3/h) 0.5

Dissolved oxygen in descending
region (mg O2/L)

2–4

MLSS (SS) (mg/L) 3,000–8,000

Hydraulic retention time (h) 10–30

COD-volume load rate (kg COD/m3d) 0.6–2.8

COD-sludge load rate (kg COD/kg VSSd) 0.2–1.2
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concentrations of thin stillage and permeate were sim-
ilar. This indicates that permeates obtained after MF,
UF and MF+UF would require additional treatment
in order to affect the amount of water recycling within
the plant.

Although the above-mentioned results proved very
good in terms of selectivity and efficiency of purifica-
tion, there are some limitations for the use of mem-
branes. Fouling, which forms on the surface of
membranes, can be considered the main disadvantage
of these techniques, which leads to reduction of effi-
ciency of filtration (decline of flux, loss of product
quality, shortening lifetime of the membranes). The
understanding of fouling formation on the membrane
surface is complicated due to the fact that the stillage
is a mixture of many different components with very
variable sizes and shapes of particles. This phenome-
non causes problems in obtaining an economical flux.
To overcome this problem, many researchers reported
studies about membrane fouling [36–38] in an attempt
to find a solution for reduction of its impact on mem-
branes. The most efficient solution is the usage of
appropriate pretreatment that would eliminate most
of the foulants from feed solution [39–41] or control-
ling the hydrodynamic conditions of the feed using
turbulent promoters [42]. Also, cleaning of membranes
is a very important part of the process that should
provide regeneration of membranes and high flux
recovery. Cleaning efficiency, energy consumption
and amounts of water and chemicals required for
cleaning process are dependent on fouling. Cleaning
process requires the use of various chemicals (NaOH,
H2O2, EDTA, HNO3, bleach) whose amounts need to
be optimised for minimising the environmental impact
[24].

The pressure driven membrane processes, espe-
cially RO, are very effective in meeting strict effluent
discharged standards. However, besides fouling, the
main “drawback” of this kind of purification and
recovery is extremely high operating pressures, which
can affect investment and operational costs of the pro-
cess (price of the pumps for achieving required pres-
sures and electricity consumption for the pump).
Therefore, the main task for distilleries is to find the
most suitable membrane system which will ensure
optimal permeate flux rate, maximal solute rejection
and minimal costs. For this reasons, it is necessary to
optimise the filtration process for distillery stillage
treatment, as it was presented in the work of Arora
et al. [43].

Design optimisation and operation of a continuous
MF system for the corn dry-grind process was consid-
ered in this work. The objectives of the study were to
simulate a multistage MF system, optimise area

requirement and number of stages required for a mul-
tistage system to achieve minimum costs and evaluate
the design under varying final concentration factors
(CF) and input flow rates (FF). Two CF values (8 and
15) and three input stream flow rates 450,000, 550,000
and 760,000 gal/day (1.54� 106, 2.1� 106 and
2.89� 106 L/day) were chosen for analyses. The sys-
tem includes an N stage membrane module system
where each membrane unit is connected in series, and
retentate collected from one membrane is an input
stream for the next membrane, etc. (Fig. 2). A tubular
stainless steel MF module with 0.1 lm pore size and
area of 0.28m2 was used for MF experiment. Five
stage membrane system was found to be optimum for
CF= 15, with area requirement of 655m2 for minimum
cost. Also, it was found that input feed flow rate had
the greatest effect on the total capital costs of the sys-
tem. Increase in the input stream flow rate from
450,000 to 760,000 gal/day (1.54� 106–2.89� 106 L/
day) increased total capital costs by 47%. Compared
to a single stage system, an optimal system had a
reduction of 50% in operating costs.

Considering composition complexity of stillage
and required quality of treated water, the selection of
the membrane is very important for the successful
implementation of the filtration process from both, the
economic standpoint and the standpoint of environ-
mental protection.

3. Conclusions

• Although a conventional biological treatment of
stillage has some advantages, it is difficult and
sometime even impossible to meet standards from
effluent discharge regulations with this kind of
treatment. Thus, the alternative treatment methods
should be researched.

Fig. 2. Multistage system for thin stillage filtration [43].
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• As it was presented through this review, mem-
brane separation processes are promising tech-
niques for distillery stillage purification.
Advantages of these processes are: high efficiency;
a retentate obtained after membranes application
can be used as an addition to fertilizers or feed, for
biogas production, or it can be disposed in the nat-
ure without any adverse influence; the high nutri-
tive value compounds can be recycled from stillage
by use of membranes; and some percentage of
water can be recycled from stillage to fermentation
process, leading on the one hand to decrease of
effluent volume and on the other hand to decrease
of water consumption. The main drawback of
membrane processes in stillage purification is mem-
brane fouling which can be controlled by appropri-
ate pretreatment of stillage.

• Among membrane processes, RO processes are the
most effective with a high percentage of COD and
other analytes removal. The drawback of this kind
of purification is extremely high operating pres-
sures, which affect costs of the process. MF and UF
membranes operate at lower pressures but they
cannot remove all organic pollution from
wastewater.

• Also, combinations of membrane techniques may
result in high efficiency for distillery wastewater
treatment. All four classes of membrane processes
(MF, UF, NF and RO) can be utilized in various
combinations. MF and UF can be used successfully
in preventing fouling for RO and NF processes.

• Combination of membranes with other separation
processes, such as biological treatment processes,
evaporation, coagulation and flocculation, can
increase efficiency of stillage purification.

• Likewise, there are studies about membrane appli-
cation for purification of condensate obtained after
concentration of stillage (in terms of yeast inhibitor
removal), but presence and distribution of inhibit-
ing compounds in permeate, obtained after mem-
brane filtration, are not sufficiently explored
considering the importance of water recycling dur-
ing the production of bioethanol.

• Other membrane processes such as MBR are also
used for wastewater purification. Although there
are many published works about application of
MBR for wastewater treatment only a few of them
discussed their application for stillage purification.

• Due to expansion of bioethanol production in the
world and more stringent regulations on
environmental protection and discharge of
wastewaters into nature, it is necessary to develop
techniques that will enable maximum efficiency in
terms of wastewaters reuse. Application of mem-

brane processes for recycling of valuable matters
from stillage as well as utilisation of retentate as
animal feed, for biogas production and cultivation
of some micro-organisms are crucial from an eco-
nomic standpoint. Hence, it can be concluded that
stillage purification and utilisation remains a con-
siderable challenge for distilleries all over the
world.
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[40] A.I. Schäfer, A.G. Fare, T.D. Waite, Cost factors and chemi-
cal pretreatment effects in membrane filtration of waters
containing natural organic matter, Water Res. 35 (2001)
1509–1517.

[41] Y. Soffer, R.B. Aim, A. Adin, Membrane for water reuse:
Effect of pre-coagulation on fouling and selectivity, Water Sci.
Technol. 42 (2000) 367–372.
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