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Abstract

The flocculating activity of a novel bioflocculant MMF1 produced by multiple-microorganism consortia MM1 was investigated.

MM1 was composed of strain BAFRT4 identified as Staphylococcus sp. and strain CYGS1 identified as Pseudomonas sp. The

flocculating activity of MMF1 isolated from the screening medium was 82.9%, which is remarkably higher than that of the bioflocculant

produced by either of the strains under the same condition. Brewery wastewater was also used as the carbon source for MM1, and the

cost-effective production medium for MM1 mainly comprised 1.0 L brewery water (chemical oxygen demand (COD) 5000 mg/L),

0.5 g/L urea, 0.5 g/L yeast extract, and 0.2 g/L (NH4)2SO4. The optimal conditions for the production of MMF1 was inoculum size

2%, initial pH 6.0, cultivating temperature 30°C, and shaking speed 160 r/min, under which the flocculating activity of the MMF1

reached 96.8%. Fifteen grams of purified bioflocculant could be recovered from 1.0 L of fermentation broth. MMF1 was identified as

a macromolecular substance containing both protein and polysaccharide. It showed good flocculating performance in treating indigotin

printing and dyeing wastewater, and the maximal removal efficiencies of COD and chroma were 79.2% and 86.5%, respectively.

Key words: bioflocculant; multiple-microorganism consortia; brewery wastewater; carbon source; indigotin printing and dyeing
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Introduction

Flocculating agents have been widely used in industrial

processes, including wastewater treatment, downstream

processing, food, and fermentation process (Seo, 1993;

Zhang et al., 1999; Salehizadeh and Shojaosadati, 2001).

In general, flocculants are classified into three groups:

inorganic flocculants, such as aluminum sulfate and polya-

luminum chloride; organic synthetic flocculants, such as

polyacrylamide derivatives and polyethylene imine; and

naturally occurring flocculants, such as chitosan, sodium

alginate, and microbial flocculants. Despite the effective

flocculating performance and low cost of the synthetic

chemical flocculants, their use has resulted in some health

and environmental problems. Aluminum has been found to

induce Alzheimer’s disease (Master et al., 1985; Kowall et

al., 1989). It is evident that the acrylamide monomer is not

only neurotoxic and carcinogenic but also nonbiodegrad-

able in nature (Vanhorick and Moens, 1983; Dearfield

et al., 1988). Bioflocculants produced by microorganisms

during their growth are safe and biodegradable polymers

(Deng et al., 2003). Because of the above alarming con-
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cerns, it is believed that the use of bioflocculants will

increase (Kurane et al., 1986a).

Over the past decades, emphasis with regard to the

bioflocculant field was mainly placed on sole microorgan-

isms (Takagi and Kadowaki, 1985; Kwon et al., 1996;

Toeda and Kurane, 1991; Huang et al., 2005). Kurane and

Matsuyama (1994) reported that R-3 mixed strains, using

starch and glucose (1:1) as carbon source, could produce

bioflocculants. Zhu et al. (2004) found that the combi-

nation of strains F2 and F6 possessed better floccu1ating

activity and was higher than that of any pure strains.

Flocculating activity and cultivation cost are the major

limiting factors with regard to their application (Kurane

and Nohata, 1994; Li et al., 2003; Jang et al., 2001). It is

of interest to develop a cost-effective bioflocculant. Some

wastes, like soybean juice and fishmeal wastewater, have

been used as substrate for flocculant-producing microor-

ganisms (Huang et al., 2001; Zhou et al., 2003). When

yeast extract in the medium of microorganism producing

NOC-1 was replaced by bean cake, aquafarm wastewater,

or cattle blood, two-thirds of the cultivation cost could

be saved (Kurane et al., 1994). Because of the presence

of nutrient substances, brewery wastewater can possibly

be used as a good substrate for certain microorganisms

(Chen et al., 2003). While there are few reports about
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bioflocculant produced by microorganism using brewery

wastewater.

In this article, multiple-microorganism consortia pro-

ducing bioflocculant of high flocculating activity were

constructed, and brewery wastewater was used as its car-

bon source. The bioflocculant produced by the consortia

was applied to the treatment of indigotin printing and

dyeing wastewater.

1 Materials and methods

1.1 Microorganisms

Strain BAFRT4, HXCS2, HXTD2, CYGS1, and

CYGS4 are all flocculant-producing microorganisms

screened by the Laboratory of Nano-Material and Microbi-

ology of Nanchang University, China. These strains were

used to construct the multiple-microorganism consortia

producing bioflocculant of high flocculating activity. Their

stock cultures were all maintained at 4°C on slant media

and were subcultured on a monthly basis.

1.2 Media and cultivation conditions

The medium for slant consisted of (per liter): 3 g beef

extract, 10 g tryptone, 5 g NaCl, and 20 g agar. The screen-

ing medium was composed of (per liter): 20 g glucose, 0.5

g urea, 0.5 g yeast extract, 0.2 g (NH4)2SO4, 5 g K2HPO4,

2 g KH2PO4, 0.1 g NaCl, and 0.2 g MgSO4·7H2O. The

production medium contained the same components as the

screening medium except glucose, which is replaced by 1

L of brewery wastewater. The chemical oxygen demand

(COD) and pH of the wastewater collected from Asia

Brewery Co., Ltd. (Nanchang, China) were 30287.6 mg/L

and 4.2, respectively. Using NaOH (0.1 mol/L) and HCl

(0.1 mol/L), the initial pH of all the media were adjusted to

7.0 except the production medium in which the initial pH

was adjusted to 6.0. All media were prepared with distilled

water. After fermentation, the pH of the cultivation and the

production media were about 5.

1.3 Construction of multiple-microorganism consortia

The stock culture from a slant was inoculated into a

150-ml flask containing 50 ml screening medium and

incubated for 72 h in a rotatory shaker at 30°C, 160 r/min.

This preculture procedure was then used as the standard

inoculum preparation for all experiments. To construct the

multiple-microorganism consortia producing bioflocculant

of high flocculating activity, two or three strains of the five

strains were combined to incubate: 0.5 ml preculture of

each strain in the same consortia was inoculated into a 150-

ml flask containing 50 ml screening medium. Cultivations

were conducted in flasks with a shaking speed of 160

r/min at 30°C for 72 h. The fermentation broth that was

obtained was centrifuged (6000×g, 30 min) to separate

the cells. The multiple-microorganism consortia of cell-

free supernatant that showed high flocculating activity

were selected for further studies. All experiments were

performed in triplicates for the mean calculation.

1.4 Production of bioflocculant

A 150-ml flask containing 50 ml production medium

was inoculated with 0.5 ml preculture of each strain in

the same multiple-microorganism consortia and incubated

at 30°C in a rotatory shaker at 160 r/min for 72 h. The

fermentation broth obtained was centrifuged (6000×g, 30

min) to separate the cells. The cell-free culture supernatant

was the liquid bioflocculant, which was used for the

analysis of flocculating activity.

1.5 Assay of flocculating activity

The flocculating activity was measured using a previous

method with a slight modification, in which Kaolin clay

was chosen as the suspended solid (Kurane et al., 1986b;

Yokoi et al., 1995). 3.0 ml of 1% CaCl2 and 2.0 ml

bioflocculant were added to 100 ml Kaolin suspended

solution (4.0 g/L) in 100-ml test tube in turn. The mixture

was vigorously stirred and was allowed to stand for 5 min.

The optical density (OD) of the clarifying solution was

measured with a spectrophotometer at 550 nm. A control

experiment was prepared using the same method, but the

bioflocculant was replaced by the fresh culture medium

(B). The flocculating activity was calculated according to

the equation.

Flocculating activity =
B − A

B
× 100% (1)

where, A is the optical density of the sample experiment at

550 nm; B is the optical density of control experiment at

550 nm.

1.6 Identification of strains

The strains were identified according to Bergey’s Man-

ual of Systematic Bacteriology (Buchanan and Gibbens,

1984).

1.7 Purification and identification of the bioflocculant

To purify the bioflocculant, viscous fermentation broth

was diluted with four volumes of distilled water and cen-

trifuged to remove cells by centrifugal separation (6000×g,

30 min), and thereafter the diluted fermentation broth was

concentrated to half volume with a rotary evaporator. Three

volumes of cold ethanol were then added to the broth.

The precipitate obtained was redissolved in distilled water

followed by the addition of 2% cetylpyridinium chloride

solution (CPC) with stirring. After 2 h, the precipitate

collected by centrifugal separation of the bioflocculant

and the CPC complex was dissolved in NaCl (0.5 mol/L).

Three volumes of cold ethanol were then added to obtain

the precipitate, and then it was washed several times with

ethanol and the precipitate was vacuum-dried.

The purified native bioflocculant was analyzed for α-

amino acids by the ninhydrin reaction, following the

procedures of Plummer (1978). Polysaccharide was deter-

mined by the anthrone reaction, using the procedures of

Chaplin and Kennedy (Chaplin and Kennedy, 1986).

1.8 Indigotin printing and dyeing wastewater treat-

ment using the bioflocculant

Indigotin printing and dyeing wastewater was collected

from the overflow of the settling pond at Kaili Group (Nan-

chang, China). The COD and the pH of the wastewater
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were 367.6 mg/L and 9.1, respectively. The adsorption

peak of the blue-black wastewater appeared at 660 nm, and

the optical density (OD660) was 1.100. The bioflocculant

produced by multiple-microorganism consortia grown in

the production medium was applied to treat this wastew-

ater. Orthogonal experiments were carried out to optimize

the pH, the bioflocculant, and the CaCl2 dosages, which

are the major factors affecting the COD and the chroma

removal efficiencies. The results obtained were the mean

of the results of three independent experiments.

2 Results and discussion

2.1 Multiple-microorganism consortia

Although the screened strains are all flocculant-

producing microorganisms, their ability of producing

bioflocculant is weaker. By combined cultivation of these

strains, the authors of this study attempted to find some

multiple-microorganism consortia, which could produce

bioflocculant with higher efficiency.

All combined cultivations of two or three strains

from the five strains were carried out, and the floc-

culating activities of their cell-free supernatant were

investigated. It was found that the flocculating ac-

tivities of the bioflocculants produced by multiple-

microorganism consortia MM1 (BAFRT4+CYGS1) and

MM2 (CYGS4+HXCS2+HXTD2) in the screening medi-

um were 82.9% and 83.3%, respectively. Whereas the

flocculating activities of the bioflocculants produced by

sole microorganisms BAFRT4, CYGS1, CYGS4, HXCS2,

and HXTD2 were 26.2%, 42.4%, 42.9%, 23.3%, and

14.3%, respectively. Obviously, both MM1 and MM2

could produce bioflocculants with higher flocculating ac-

tivity. The bioflocculants produced by MM1 and MM2

were named MMF1 and MMF2, respectively. When

microorganisms holding different niches coexist in the

same environment and form the relationship of proto-

cooperation, they will benefit each other and promote the

production of high-efficiency bioflocculant (Kurane et al.,

1994; Zhou and Gao, 2002). However, it is more diffi-

cult to screen strains producing bioflocculant with higher

efficiency than to screen strains producing bioflocculant

with lower efficiency (Kurane and Matsuyama, 1994; Zhu

et al., 2004). Therefore, the construction of multiple-

microorganism consortia indicates a novel method for the

study of bioflocculant.

2.2 Factors affecting the bioflocculant production

The bioflocculant production is affected by many fac-

tors, such as the constituents of the culture medium and

the cultivation conditions (Zhou and Gao, 2002; He et

al., 2004; Nakata and Kurane, 1999). The effects of the

key factors, like the concentration of brewery wastew-

ater, initial pH of the production medium, temperature

of cultivation, shaking speed, and inoculum size, on the

flocculating activity of the bioflocculant by multiple-

microorganism consortia were investigated.

2.2.1 Effect of the concentration of brewery wastewater

on bioflocculant production

As brewery wastewater was used as the carbon source

in the production medium, its concentration would affect

bioflocculant production. As shown in Fig.1, the floc-

culating activity of the bioflocculant by either consortia

considerably varied with the concentration, and the av-

erage flocculating activity of the MMF1 was apparently

higher than that of the MMF2. Compared with MM2,

MM1 was more adaptable to secrete flocculant in the pro-

duction medium. When COD of the brewery wastewater

in the production medium was 5000 mg/L, OD550 of the

Kaolin clarifying solution lowered from 0.640 to 0.225,

and the flocculating activity of MMF1 reached a peak. The

production medium with lower concentration of brewery

wastewater cannot meet nutrient need of MM1, whereas

the production medium with higher strength of brewery

wastewater may contain higher concentration of inhibitors

for MM1 (Chen et al., 2003). Therefore, MM1 was chosen

as the object for studying multiple-microorganism consor-

tia in the production medium, and 5000 mg/L brewery

wastewater was used in the following studies.

2.2.2 Effect of initial pH on the bioflocculant produc-

tion

The effect of initial pH of the production medium on

the flocculating activity of MMF1 was investigated (Fig.2).

When the initial pH of the production medium was 6.0,

OD550 of the Kaolin clarifying solution declined to 0.084,

and the flocculating activity of MMF1 reached a peak. The

initial pH of the production medium determines the electric

charge of the cells and the oxidation-reduction potential,

which can affect absorption of nutrients and enzymatic

reaction of MM1 (Salehizadeh and Shojaosadati, 2001;

Nakata and Kurane, 1999). pH 6.0 was chosen as the initial

pH in the following studies.

2.2.3 Effect of cultivating temperature on the biofloccu-

lant production

Different cultivating temperature was set to study its

effect on the flocculating activity of MMF1 (Fig.3). When

Fig. 1 Effect of strength of brewery wastewater on the flocculating

activity of bioflocculant.
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Fig. 2 Effect of initial pH of the production medium on the flocculating

activity of MMF1.

the cultivating temperature was 30°C, OD550 of the Kaolin

clarifying solution was 0.066, and the flocculating ac-

tivity of MMF1 was up to 89.7%. The metabolism of

microorganisms has direct relationship with cultivating

temperature. Maximum enzymatic activation can be ob-

tained at optimal temperature (Nakata and Kurane, 1999).

The optimal temperature for MMF1 production was 30°C,

which was used in the following studies.

2.2.4 Effect of shaking speed on the bioflocculant pro-

duction

The effect of shaking speed on MMF1 production is

shown in Fig.4. It can be seen that the shaking speed of

160 r/min was the most preferred. Either higher or lower

shaking speed than 160 r/min caused a decrease in the

flocculating activity, because the shaking speed determines

the concentration of the dissolved oxygen, which can also

affect the absorption of nutrients and enzymatic reaction of

MM1 (Salehizadeh and Shojaosadati, 2001). The optimal

shaking speed of 160 r/min was used in the following

studies.

2.2.5 Effect of inoculum size on the bioflocculant pro-

duction

The strains BAFRT4 and strain CYGS1 were designed

such that they have similar inoculum sizes, and the effect

Fig. 3 Effect of cultivating temperature on the flocculating activity of

MMF1.

Fig. 4 Effect of shaking speed on the flocculating activity of MMF1.

of inoculum size on bioflocculant production is shown in

Fig.5. When the inoculum size of each strain was 0.5 ml

preculture per 50 ml production medium, that is to say,

when the inoculum size of each strain was 1% (v/v), the

flocculating activity of MMF1 was up to 75.6%. A small

inoculum will prolong the stagnant time, whereas a large

inoculum will make niche of MM1 overlap excessively

and restrain the bioflocculant production (Salehizadeh and

Shojaosadati, 2001).

2.2.6 Orthogonal experiments for the bioflocculant pro-

duction

On the basis of experiments of single factors, the or-

thogonal experiments (L9(33)) for MMF1 production were

carried out (Table 1). The optimal cultivation condition for

MMF1 production induced by the experiments was listed

as follows. In terms of the inoculum size of 2% (v/v),

the precultures of the two strains were inoculated into the

production medium (pH 6.0). The inoculated medium was

cultivated in a rotatory shaker at 30°C, 160 r/min for 72

h. Under this condition, OD550 of the Kaolin clarifying

solution dropped to 0.020, and the flocculating activity of

the MMF1 reached up to 96.8%.

The flocculating activities of MMF1 isolated from the

screening medium and from the production medium were

82.9% and 96.8%, respectively. This indicates that it is

Fig. 5 Effect of inoculum size on the flocculating activity of MMF1.
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Table 1 Orthogonal experiments of cultivation conditions

COD of brewery Inoculum Initial pH Flocculating

wastewater (mg/L) size (%) activity (%)

1 1000 1 6.0 67.2

2 1000 2 6.5 50.3

3 1000 3 7.0 56.6

4 2500 1 6.5 44.1

5 2500 2 7.0 56.9

6 2500 3 6.0 68.1

7 5000 1 7.0 67.8

8 5000 2 6.0 96.8

9 5000 3 6.5 64.1

k1 58.0 59.7 75.0

k2 56.4 65.6 52.8

k3 73.8 62.9 60.4

R 17.4 5.9 22.2

ki (i=1, 2, 3) refers to the average of the flocculating activity of the same

level in the same column; R indicates the varying range of ki in the same

column, equal to the maximal value of ki minus the minimal value of ki.

feasible to replace glucose with brewery wastewater as

carbon source of MM1, which can realize resource reuse

of the wastewater. Accordingly, brewery wastewater acts

as a novel carbon source for flocculant-producing microor-

ganisms.

2.3 Identification of strains

Scanning electron microscopic (SEM) images of strain

BAFRT4, strain CYGS1, and multiple-microorganism

consortia MM1 are shown in Fig.6. Strain BAFRT4 was

ball-shaped with a flagellum, and had a diameter of ap-

proximately 1.2 µm and was found to be a facultative

aerobe. Strain CYGS1 was rod-shaped with a flagellum

and had a size of approximately (0.9–2.4) µm × (0.4–

0.6) µm and was found to be a facultative aerobe. Some

of the biochemical and physiological characteristics of the

bacteria are shown in Table 2.

For comparison, the known strain Staphylococcus sp.

and strain Pseudomonas sp. were also cultivated under

the same culture condition, and the characteristics of their

colonies were similar to those of the strain BAFRT4 and

the strain CYGS1, respectively. According to the results,

strain BAFRT4 and strain CYGS1 were identified as

Staphylococcus sp. and Pseudomonas sp., respectively.

As shown in Fig.6c, after combined cultivation, the

biomass of the multiple-microorganism consortia MM1

increased obviously and strain CYGS1 exhibited the ad-

vantage of high productivity. It may be explained that strain

BAFRT4, during the combined cultivation, could use the

nutrients in the culture first, and continuously provide more

nutrients that favored the growth of strain CYGS1; on the

contrary, strain CYGS1 could provide new nutrients for

Strain BAFRT4. Therefore, both of them grew well under

the new nutritional condition and produced bioflocculant

MMF1 with high efficiency.

2.4 Purification and identification of the bioflocculant

Fifteen grams of purified MMF1 was recovered from 1

L of fermentation broth. The ninhydrin reaction produced

blue-purple compounds, which indicated that the biofloc-

culant contained protein. The anthrone reaction produced

green compounds, which indicated that the bioflocculant

contained polysaccharide. So MMF1 is a macromolecular

substance containing both protein and polysaccharide.

Several types of bioflocculants have been reported in-

cluding polysaccharides, proteins, lipids, glycolipids, and

glycoproteins (Kurane and Matsuyama, 1994; Zhang et al.,

2002). Therefore, the protein and the polysaccharide found

in MMF1 may explain its high flocculating activity.

The productivity of the bioflocculant is one of the factors

affecting its industrial application (Master et al., 1985).

Many articles have reported the yield of bioflocculants by

sole microorganisms. The final concentration of biofloc-

culant WF-1 produced by Enterobacter aerogenes W-23

was 1.3 g/L (Lu et al., 2005). About 4 g/L of purified

biopolymer EPS450 by Bacillus sp. I-450 was obtained

(Kumar et al., 2004). In this study, the yield of MMF1 by

Table 2 Biochemical and physiological characteristics of strain

BAFRT4 and strain CYGS1

No. Subject Strain

BAFRT4 CYGS1

1 Gram stain procedure – –

2 Capsule stain procedure + –

3 Spore stain procedure – –

4 Catalase production + +

5 Glucose fermentation Acid, gas Acid, gas

6 Methyl red reaction + –

7 Starch hydrolysis – –

8 Levan production – +

9 Gelatin liquefaction – –

Fig. 6 SEM images of (a) strain BAFRT4 (×6000), and (b) strain CYGS1 (×8000), and (c) MM1 (×6000).
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multiple-microorganism consortia was up to 15 g/L, which

was markedly higher than those reported in the literature.

The high yield of MMF1 can meet the need for wide

application of bioflocculant.

2.5 Application of the bioflocculant

MMF1 obtained under the optimal condition was ap-

plied to treat indigotin printing and dyeing wastewater

(Table 3). The optimal processes of the bioflocculant

treatment of the wastewater were deduced from the table.

The optimal process for removing the COD and the chroma

was as follows: 3.5 ml 1% CaCl2 and 1.7 ml MMF1 were

added to 100 ml indigotin printing and dyeing wastewater

in 100-ml test tube, and pH of the system was adjusted to

9.0. The mixture was then vigorously stirred and allowed

to settle for 10 min. An aliquot of the clarifying solution

was withdrawn from the test tube, and the values of its

COD and OD660 were 76.5 mg/L and 0.149, respectively.

The effluent reached the second-grade discharge standard

for municipal wastewater treatment plant.

Table 3 Orthogonal experiments of the bioflocculant treating

indigotin printing and dyeing wastewater

Bioflocculant 1%CaCl2 pH of the Removal efficiency (%)

dosage (ml) dosage (ml) system COD Chroma

1 0.9 2.5 8.0 41.8 32.3

2 0.9 3.0 8.5 64.8 82.9

3 0.9 3.5 9.0 74.4 73.8

4 1.3 2.5 8.5 63.3 76.5

5 1.3 3.0 9.0 65.0 77.2

6 1.3 3.5 8.0 64.6 75.2

7 1.7 2.5 9.0 63.3 76.9

8 1.7 3.0 8.0 69.1 86.7

9 1.7 3.5 8.5 64.4 83.1

k1 60.3/63.0 56.1/61.9 58.5/64.7

k2 64.3/76.3 66.3/82.3 64.2/80.8

k3 65.6/82.2 67.8/78.0 67.6/76.0

R 5.3/19.2 11.7/20.4 9.1/16.1

As for ki (i=1, 2, 3) and R, the values front “/” refer to removal efficiency

of COD; back refer to removal efficiency of chroma.

Because of the presence of complex compounds, the

biodegradation and discoloration of indigotin printing and

dyeing wastewater is difficult (Crini, 2006). Utilization of

MMF1 in the wastewater treatment could further testify its

flocculating performance. The results showed that MMF1

produced from brewery wastewater medium was an ef-

ficient agent for the treatment of indigotin printing and

dyeing wastewater. The maximum removal efficiencies of

the COD and the chroma were up to 79.2% and 86.5%,

respectively. As the bioflocculant contains protein and

polysaccharide, which are macromolecules with a long

molecular chain and many active radicles, it can be assisted

by Ca2+, and neutralize the negative charge to absorb

colloids. Then, bridging mechanisms occur, leading to the

formation of three-dimensional flocs, which can settle fast.

Thus, MMF1 exhibits good flocculating capability.

3 Conclusions

In the present study, multiple-microorganism consortia

MM1 were constructed to produce bioflocculant MMF1

with high efficiency; brewery wastewater was successfully

used as its carbon source. The yield of MMF1 was up

to 15 g/L, markedly higher than those reported in other

literature. Protein and polysaccharide were simultaneously

detected in the bioflocculant. The application of MMF1 to

the treatment of indigotin printing and dyeing wastewater

was also studied. The results showed, when 3.5 ml of 1%

CaCl2 and 1.7 ml of MMF1 were added to 100 ml indigotin

printing and dyeing wastewater in 100-ml test tube, at pH

of 9.0, the maximum removal efficiencies of COD and

chroma were up to 79.2% and 86.5%, respectively. From

this study, it can be found that brewery wastewater can not

only provide an effective carbon source for the flocculant-

producing microorganisms but also realize its resource

reuse.

Further studies on the mechanism of multiple-

microorganism consortia and scaling up of the cultivation

process are being conducted to enhance the bioflocculant

production and realize its industrial utilization.
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