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a b s t r a c t

In the present study, a wastewater treatment system for the ethanol fermentation industry was devel-
oped by recycling distillery wastewater. The waste was able to be recycled for the next fermentation after
being treated with bio-flocculation process. The bio-flocculation process contains three steps: screening,
treatment with polyaspartic acid and filtration. When the filtrate from this process was recycled, the
average ethanol production yield was very close to that in the conventional process using tap water. In
eywords:
thanol
istillery wastewater
iological flocculation

nhibitory
ecirculation

contrast, the recycle of wastewater without flocculation and with chemical flocculation showed nega-
tive effects on ethanol yield as recycling was repeated. This new process was confirmed to have stable
operation over ten recycles. Hazardous materials influencing distillery wastewater recycles on fermen-
tation were also considered. It was found that the content of suspended solids (SS), volatile acid and
Fe ions inhibited fermentation and resulted in a decreased ethanol yield. Bio-flocculation was shown to
be an effective way to diminish the content of inhibitory compounds drastically when the waste was

recirculated.

. Introduction

As a clean and renewable source of energy in the future, ethanol
s a promising alternative to fossil fuels. Especially lignocelluloses
s raw materials for ethanol production have gained interest dur-
ng these years. Production of bio-ethanol will help to cope with
he over consumption of fossil fuels and further work for the
eduction of carbon dioxide emissions. However, ethanol manu-
acture from different raw materials generates large volumes of
igh strength wastewater that is of serious environmental concern
1]. The production and characteristics of wastewater are highly
ariable and dependent on feedstocks and various aspects of the
thanol production process [1,2]. But these wastes are always with
igh concentration of organic materials (CODcr > 30,000 mg/l) and

ow pH (3.5–4.5).
Several methods have been proposed for the treatment of

istillery wastewater such as anaerobic fermentation [3] includ-
ng Up-flow anaerobic sludge blanket (UASB) technology [4] and
equencing Batch Reactor Activated Sludge Process (SBR) method

5], membrane filtration process [6], adsorption process [7], elec-
rolysis [8], evaporation process [9], coagulation [10], aerobic
reatment [11,12], fermentation hydrogen production process [13],
nzymatic treatment [14], catalytic wet oxidation process [15],
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and Dry Distilled Grain Soluble (DDGS) process [16]. The bio-
logical treatment of distillery wastewater (aerobic or anaerobic)
always can result in 70–90% COD reduction [1,17]. Meanwhile the
physicochemical methods are employed generally after the pri-
mary anaerobic treatment in order to further reduce the COD and
color [1,2,17].

In China, the most widely used raw materials for ethanol pro-
duction are grain. The commonly used treatment method of the
wastewater from grain materials is anaerobic/aerobic biochemical
process which needs a strict pretreatment. In contrast, the method
DDGS which has been used in large-scale ethanol plants of China
seems to be a good choice. The distillery wastewater was firstly
separated into two parts—solid and liquid. The liquid fraction was
further processed through an evaporator and concentrated. Then
it was mixed with the solid fraction and finally concentrated to
produce DDGS. DDGS can become a very popular feedstuff which
is easy in storage and transport. DDGS process is very efficient for
the treatment of ethanol distillery wastewater which contains high
concentration of organic matters. However, the major drawbacks of
this process are high energy consumption and significant difference
in treatment efficiency with other raw materials (lignocellulose
materials) used for the ethanol fermentation. This process is suit-

able for the treatment of wastewater from grain materials but not
for the treatment of wastewater from other materials.

In the production of ethanol, large quantities of water are
demanded in various process steps. Distillery waste recycle is one of
the best methods and has bright future in practice. Although there

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:rongchunxiong@163.com
dx.doi.org/10.1016/j.jhazmat.2009.07.150
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Table 1
Characteristics of distillery wastewater accompanied by their stan-
dard deviation (numbers in parentheses correspond to the number
of measurements used for the determination of the mean values and
standard deviations).

Characteristics Distillery wastewater

PH 3.8(5)
Total solids (g/l) 20.4 ± 2.5(10)
Sugar%(w/w) 1.4 ± 0.2(5)
Protein%(w/w) 2.4 ± 0.1(5)
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CODcr (g/l) 38.4 ± 2.3(5)
BOD5 (g/l) 21.5 ± 1.2(5)
EC (ms/cm) 11.34 ± 0.71(5)

re a lot of studies on wastewater recirculation [6,9] but some of the
rocesses require electricity derived from fossil fuel combustion so
hat they are energy intensive. At the same time, the requirements
f the equipments on the other processes are special so that they
re expensive. With this impetus, a new technology for distillery
astewater recycle emerges as the times require.

As is known, bio-flocculants are harmless to the environment
nd humans, indicating their potential to replace the existing
hemical flocculants. Various bio-flocculants have been used in
astewater treatment [18,19]. The goal of this research was to

pply a biological flocculation technology to the ethanol wastewa-
er treatment process, which could eliminate the pollution problem
aused by wastewater from different raw materials. The used bio-
occulant polyaspartic acid (PASP) which was firstly found to exist

n the body of marine organism is recognized as a kind of green
astewater treatment agents in the world [20].

. Materials and methods

.1. Materials

The distillery wastewater, liquid saccharifying enzyme, Saccha-
omyces cerevisiae and corn residue (corn bran, by-products from
tarch processing) obtained from a local grain distillery company,
ere used in this investigation. The characteristics of the raw
astewater are given in Table 1. The S. cerevisiae was stored in

he tube culture at 4 ◦C. It was inoculated into the liquid culture
edium after activation. The PASP (molecular formula: C4H6NO3

C4H5NO3)m C4H6NO4; molecular weight: 1000–5000; pH (1%
queous solution) = 10–11) used as bio-flocculant in the present
tudy was prepared by Beijing University of Chemical Technology
21]. All other chemicals of analytical reagent grade were purchased
rom Beijing Chemical Factory (Beijing, China). All the biochemical
eagents were bought from Beijing Biological Technology Factory
Beijing, China).

.2. Ethanol production and distillery wastewater reuse

Experiments were performed in several glass flasks sealed with
otton stoppers to simulate the conventional ethanol fermentation
rocess. Furthermore a lab-scale wastewater recycling system was
evised.

The S. cerevisiae after activation was inoculated in the liquid cul-
ure medium under aseptic condition and carried out under 32 ◦C
t 120 rpm for 48 h to form the seed liquid (suspended cells liq-
id). The optimal liquid culture medium composition in shake-flask
cale were determined as followings: glucose 20 g/l, (NH4)2SO4

g/l, urea 2.5 g/l, peptone 5 g/l, KH2PO4 2 g/l, MgSO4·7H2O 1 g/l,
east extract 5 g/l.

The corn residue (30 g) was weighted and mixed with 125 ml
ater (tap water or treated wastewater) in the 250 ml flasks.

hen the mixture was heat-treated (70 ◦C, 30 min), boiled (125 ◦C,
aterials 172 (2009) 1252–1257 1253

1 h) and saccharified (60 ◦C, 60 min). Prior to fermentation, the
pH was adjusted to 4.5 with dilute sulfuric acid. The fermen-
tation condition was: culture temperature 30 ◦C, rotation speed
100 rpm, inoculation volume 12% and fermentation time 90 h. After
fermentation, mixture was fully fed to distillation flask (500 ml)
to separate ethanol and distillery wastewater. When the steam
temperature reached 98 ◦C, the distillation was finished. This dis-
tillation obtained rough distillate.

Lab-scale ethanol production processes were carried out accord-
ing to Fig. 1. As a first step, the vinasses were passed through a filter
screen (50 mesh) to remove coarse solids (used as feedstock after
drying) and then treated by biological flocculation. The wastewater
supplemented with 1.0 g/l polyaspartic acid was stirred at 150 rpm
for 2 min and then kept for 20 min. Under normal temperature, the
dosage of flocculant was determined as follows: the flocculant was
added to a certain amount of wastewater (stirring rate: 150 rpm)
until there was a lot of precipitation generated and the color of
the water was changed (from brown to reddish brown). Then the
amount was recorded to determine the concentration of flocculant.
Finally the solution was filtered by filter paper or filter cloth (pore
size = 0.12 mm). The filtrate was mixed with the raw materials for
the next fermentation. The wastewater was reused and recycled.

The process of chemical flocculation mentioned later was
similar with biological flocculation. The vinasses were firstly
passed through a filter screen (50 mesh) to remove coarse solids
(used as feedstock after drying) and then treated by chemi-
cal flocculant. The chemical flocculant used was polyaluminium
chloride–polyacrylamide (PAC–PAM). Then the wastewater sup-
plemented with 1.0 g/l PAC–PAM was stirred at 150 rpm for 2 min
and then kept for 20 min. After flocculation, the wastewater was
passed through filter paper for reuse.

The ethanol yield (ml) in the experiments was calculated as

EV (mL) = ED × Vdistilled fluid (1)

in which ED was the ethanol content (volume) (v/v) present in the
distilled fluid, Vdistilled fluid was the volume of the distilled fluid.

The ethanol concentration (v/v) was calculated as the percent
(v/v) of ethanol present in the body fraction per volume of fermen-
tation broth.

EC (v/v) = EV
Vfermentation broth

× 100% (2)

The ethanol output rate (v/w) was calculated as

EP (v/w) = EV
Mcorn residue

× 100% (3)

in which Mcorn residue was the weight of the raw materials. Numbers
in parentheses correspond to the number of measurements used for
the determination of the mean values and standard deviations.

2.3. Analysis method

The reducing sugars were analyzed by the DNS method [22].
The ethanol content (volume) (v/v) in the distilled fluid was deter-
mined by the colorimetric method [23]. Water-soluble protein
content in different batches of distillery wastewater was measured
by Biuret method using bovine serum albumin [24]. A calibration
curve was made with pure protein at different concentrations and
the absorbance of the samples was read at 540 nm. The concen-
tration of Ca2+, Mg2+, and Fe3+ was measured by the HANNA C200
WATER ANALYZER (Italy) throughout the studies. Total aldehyde

(as acetaldehyde) was determined chemically using iodimetry [25].
The total acid content was measured by titration method with
sodium hydroxide solution. Phenol red was used as indicator or
automatic potentiometric titration was used and the end point of
pH was 8. The total volatile acid (as acetic acid) was measured
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Fig. 1. Flow sheet of the lab-scale

y steam distillation [26]. The pH was measured in a pH meter
PHS-3B, Shanghai Precision & Scientific Instrument Co. Ltd., China).

easurements of COD, and SS were performed according to the
tandard methods [27] (APHA, 1998). BOD5 was measured by the
ANNA BOD Trak (Italy) and EC was measured by Conductivity
eter (DDSJ-308A, Shanghai Precision& Scientific Instrument Co.

td., China). The morphology of yeast was observed by the micro-
cope (XSP-3X, Shandong Photoelectric Instrument Co. Ltd., China).
umerous yeasts could be observed under low magnification of

he microscope. High-magnification microscope can be used for the
bservation of individual yeast cell.

. Results and discussion

.1. The recirculation of distillery wastewater with common
reatments

As shown in Table 1, the distillery wastewater contains proteins
nd sugars which can provide nitrogen and carbon for the growth of
icroorganisms. So the wastewater reuse for the ethanol fermen-

ation process should be feasible, and it is necessary to study on
he wastewater recirculation technology. It is possible to eliminate
he wastewater pollution instead of the conventional wastewater
reatment steps using the biological treatment processes such as
naerobic digestion and activated sludge steps widely being oper-
ted in industry.

In this study, the recirculation of distillery wastewater was eval-
ated (Fig. 1). The tap water; distillery wastewater after the primary
ltration (through a filter screen) and distillery wastewater after
hemical flocculation treatment were reused for ethanol produc-
ion. Table 2 showed the results of ethanol fermentation with tap
ater, without and with flocculation treatment for the reuse of
istillery wastes, respectively. The number of recycles was deter-
ined by the ethanol production rates. With a high ethanol yield

he number of recycles was increased. The wastewater from the last
ermentation was mixed with the raw materials as brewing water
or the next fermentation.

Ethanol concentration (v/v) at 90 h using tap water was 8.16%
Table 2). The yield was high. The process of yeast fermentation was
bserved by microscope. The large yeast cells could be recognized
asily without staining. The yeast cells were generally round, oval,
ylindrical or citriform. Each yeast cell had its own form of a certain

ize, and did not agglomerate.

Without flocculation treatment, final ethanol concentrations
v/v) were 6% at 1st recycle and 4.8% at 2nd recycle (Table 2).
he yield was lower than the ethanol yield with tap water (8.16%).
he direct recycling without flocculation treatments gives a severe
ery wastewater recycling system.

negative effect on ethanol fermentation and yeast cell growth
(observed by the microscope). The negative effect would become
greater as the number of recycles increases, and to achieve the same
ethanol yield the run requires much more time for fermentation.
The cause may be the relative high concentration of soluble solids
and some specific toxic substances.

With chemical flocculation treatment for the reuse of distillery
wastes, final ethanol concentrations (v/v) were 6.41% at 1st recy-
cle and 7.2% at 2nd recycle (Table 2). The yield was lower than the
ethanol yield with tap water (8.16%). But ethanol fermentation was
better than the ethanol yield with direct recycling of stillage. The
solids content of the wastes was greatly reduced, but the toxic sub-
stances were not removed using this common chemical flocculation
treatment. The filter residue may be toxic from such inorganic-
organic compound flocculation and cannot be used as feedstuff.
This may result in secondary pollution. This post-treatment of filter
residue might be problematic for the ethanol industry.

3.2. The recirculation of distillery wastewater with biological
flocculation treatment

After treating the wastewater with common recycling pro-
cess, the effects of recycled filtrate from biological flocculation on
ethanol fermentation were investigated. This process was carried
out according to Fig. 1 too.

With biological flocculation treatment for the reuse of distillery
wastes, final ethanol concentrations of the repeated fermentation
were as follows; 9.12% (lst), 9.12% (2nd), 9.12% (3rd) etc. . . . (Fig. 2).
The average ethanol yield was slightly higher than if using fresh
tap water (8.16%). One interesting observation, however, is that
final ethanol concentration (v/v) does not change significantly as
the number of recycles increases (Fig. 2). Through the flocculation
the SS of the wastewater had been greatly reduced to avoid influ-
ence on repeated fermentation. Polyaspartic acid was effective to
separate hazardous impurities (metal ions, acid, aldehyde and so
on) which inhibited ethanol fermentation. With bio-flocculation,
the sludge is harmless and can be used as a kind of feedstuff or
agricultural fertilizers. This process was non-toxic, non-pollution
and truly green.

3.3. Hazardous materials influencing distillery wastewater
recycles on fermentation
Organic and inorganic materials contained in the distillery
wastes may influence ethanol fermentation rate. These substances
come from the raw materials which cells cannot utilize and
from fermentation by-products. Some proteins, fermentation by-
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Table 2
Fermentation with recycled distillery waste. (a) Ethanol fermentation without flocculation treatment for the reuse of distillery wastes; (b) ethanol fermentation with chemical
flocculation treatment for the reuse of distillery wastes (numbers in parentheses correspond to the number of measurements used for the determination of the mean values
and standard deviations).

Tap water (ml) Wastewater (ml) Corn residue (g) Ethanol concentration (%) Ethanol output rate (%)

125 – 30.0 ± 0 8.16 ± 0.12(4) 34.0 ± 0.5(4)
– 125(a) 30.0 ± 0 6.0 ± 0.5(4) 25.0 ± 2(4)
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– 125(a) 30.0 ± 0
– 125(b) 30.0 ± 0
– 125(b) 30.0 ± 0

roducts, metal ions and excreted toxic metabolic products would
till remain in the wastes and could inhibit cell growth and ethanol
ermentation. The concentrations of various compounds in the dis-
illery wastewater after different treatments (primary filtration,
iological flocculation treatment and chemical flocculation) were
nalyzed compared to those with the tap water.

COD, carbohydrates, aldehydes, volatile acid and non-volatile
cids, inorganic ions (such as iron, magnesium and calcium), water-
oluble proteins, as well as the suspended substance (including
nsoluble proteins) of the using water for fermentation were mea-
ured.

Bio-flocculation mainly got a reduction of SS, volatile acid, total
cid and the amount of iron ions (Table 3). The biological floccu-
ation process for distillery wastewater recycle on fermentation
ould have stable operation over ten recycles because cumulative
dverse effects on ethanol yield were removed by the process. A
imultaneous increase in the concentration of chemical compounds
ccurred, some of them causing inhibition of microbial metabolism
nd reducing cell growth and product yield. The following sections
ummarize the factors influencing distillery wastewater recycling
n fermentation.

The SS was greatly reduced by the flocculation and filtration pro-
esses no matter what flocculants were used (Table 3). The SS of the
ltrate was not increased as the recycles were repeated. The result
uggested that the concentration of suspended substance inhib-
ted fermentation and resulted in a decreased yield. The SS gave a
evere negative effect on the respiratory metabolism of yeast cell
nd ethanol fermentation.

Furfural and hydroxymethylfurfural delay the fermentation
uring their assimilation or degradation, causing a period of cell

eath [28]. The majority of aldehyde compounds (by-products
f cooking) were removed by the distillation process and their
oncentrations in the recycled water were very low. During low
assages of recycling, the concentration of aldehyde compounds

ig. 2. Fermentation with recycled filtrate after biological flocculation treatment.
A) Ethanol concentration; (B) ethanol output rate.
4.8 ± 0.3(4) 20.0 ± 1.3(4)
6.41 ± 0.82(4) 27.0 ± 3.4(4)

7.2 ± 0.2(4) 30.0 ± 0.8(4)

increased but, after the 4th recycle, the concentration somewhat
decreased or was kept nearly constant. These results suggest that
aldehyde compounds are partially removed by bio-flocculation and
filtration process (Table 3). It was found that low concentration of
aldehyde compounds (c < 500 mg/l) had no negative effect on the
fermentation under this experimental condition.

Acetic acid is the most studied inhibitor by many researchers
(see Table 3). At acidic pH, acetic acid can diffuse into cell cytoplasm
resulting in uncoupled energy production and impaired transport
of various nutrients with increased ATP requirements [28]. The
acetic acid inhibition on yeast growth is lager than furfural [29].
The acetic acid concentration of the filtrate after chemical floccu-
lation treatment was almost the same as the wastewater without
any treatment. The inhibitory action depends on the concentration.
The accumulation of volatile acid in the recycled wastewater was
more toxic. The acetic acid was fully removed by biological floccu-
lation treatment. The pH of treated wastewater ranged from 9 to 10.
The recycled filtrate after biological flocculation treatment did not
inhibit fermentation and result in a decreased yield. It was found
that a small acetic acid concentration (c = 358 mg/l) was responsible
for inhibiting the growth of the yeast cells.

The total acid concentration of the distillery wastewater
(c = 831.6 mg/l) and that of the filtrate after chemical flocculation
treatment (c = 812.8 mg/l) were both high. The accumulation of
total acid in the recycled wastewater was toxic. The acid was fully
removed by biological flocculation treatment. The inorganic acids
(sulfuric acid etc) with inhibitory effect were less obvious than the
acetic acid.

The incomplete fermented sugar which still remained in the
wastewater can be reused to avoid the resource waste. The concen-
tration of residual reducing sugars was low when the ethanol yield
was high. It was found that the concentration of residual reducing
sugars had little influence on fermentation.

Excessive concentrations of metal ions usually affect yeast cell
growth and ethanol production rate. Fe ions usually have an
inhibitory effect on yeast cells growth. The Fe3+ concentration of
the distillery wastewater and the filtrate after chemical floccula-
tion treatment was high. The accumulation of Fe3+ in the recycled
wastewater was more toxic. The Fe3+ was partly removed by bio-
logical flocculation treatment. During low passages of recycling, the
concentration of Fe3+ was low and kept nearly constant but after the
7th recycle, the concentration somewhat increased because of the
biomass accumulation (Table 3). It was found the low concentration
of Fe3+ (c < 1.0 mg/l) in the wastewater had no negative effect on the
fermentation under ten times recycles using biological flocculation
treatment.

Inorganic salts are essential substances to microorganism vital
activity. Mg2+ is an important accessory factor of many enzymes in
the yeast metabolism. But an increase in osmotic pressure might
influence cell growth or fermentation rate. In our process the Ca2+
(CCa < 650 mg/l) does not significantly affect fermentation (Table 3).
Mg2+ concentration observed were lower than the critical concen-
tration (CMg = 25,000 mg/l [30]) that would inhibit cell growth and
ethanol production. Ca2+ and Mg2+ did not affect the fermentation
significantly.
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The water-soluble proteins generated from ethanol production
can be reused to avoid the resource waste. But the concentration
of water-soluble proteins was decreased a lot by chemical floccu-
lation treatment that leaded to production loss. It was found that
the concentration of water-soluble proteins had little influence on
fermentation in this process.

The total organics in the wastewater from fermentation by-
products and yeast cell debris produced during the distillation step
can be measured as COD in content. COD was partly removed by
flocculation process, but it was still high. It was found that COD had
little influence on fermentation in this process.

The accumulation of Al3+ may inhibit the fermentation. The filter
residue may be toxic from such inorganic-organic compound floc-
culation. The post-treatment of filter residue would bring trouble to
the Ethanol Factory. But bio-flocculation was effective to separate
hazardous impurities and was non-toxic, non-pollution and truly
green.

4. Conclusions

A new clean technology was applied in the ethanol production
industry to treat the distillery wastewater. By introducing a bio-
flocculation process, the distillery waste could be recycled to the
fermentation step. The average ethanol production yield was simi-
lar to that in the conventional process using tap water. In contrast,
the recycle of wastewater without flocculation and with chemical
flocculation showed negative effects on ethanol yield as recycling
was repeated. This new bio-flocculation process was confirmed to
have stable operation over ten recycles.

Hazardous materials influencing distillery wastewater recycles
on fermentation were also considered. It was found that the content
of SS, volatile acid and Fe ions inhibited fermentation and resulted
in a decreased yield. The concentration of aldehydes, COD, water-
soluble proteins and reducing sugars had no negative effect on the
fermentation under this experimental condition. Bio-flocculation
was shown to be an effective way to drastically diminish the build-
up of inhibitory compounds when process streams are recirculated.
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