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ABSTRACT
 
The characteristics of a bioflocculant produced by a consortium of 2 bacteria belonging to the genera Cobetia and Bacillus 
was investigated. The extracellular bioflocculant was composed of 66% uronic acid and 31% protein and showed an optimum 
flocculation (90% flocculating activity) of kaolin suspension at a dosage of 0.8 mg/mℓ, pH of 8, and with Ca2+ as a coagulant 
aid. The bioflocculant is thermally stable, with a high residual flocculating activity of 86.7%, 89.3% and 87% after heating 
at 50oC, 80oC and 100oC, respectively, for 25 min. FTIR analysis of the bioflocculant indicated the presence of hydroxyl, 
amino, carbonyl and carboxyl functional groups. Scanning electron microscopy (SEM) revealed a crystal-linear sponge-like 
bioflocculant structure and EDX analysis of purified bioflocculant indicated an elemental composition in mass proportions 
of C:N:O:S:P of 6.67:6.23:37.55:0.38:4.42 (% w/w). The produced bioflocculant was highly efficient in removing turbidity and 
reducing chemical oxygen demand (COD) in brewery wastewater, dairy wastewater and river water. The bioflocculant could 
flocculate kaolin clay more efficiently than traditional flocculants; alum and polyethylenimine.
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INTRODUCTION

Flocculants are chemicals that stimulate flocculation by 
aggregation of colloids and other suspended particles, form-
ing a floc (IUPAC, 1997).  Flocculants are widely applied in 
various industrial processes, including wastewater treatment, 
downstream processing, and food and fermentation processes 
(Mabinya et al., 2011; Nakata and Kurane, 1999; Salehizadeh 
and Shojaosadati, 2001).  Although chemical flocculants have 
been widely used due to their effective flocculating activity and 
low cost, some synthetic flocculants are known to be hazard-
ous to the environment (Master et al., 1985; Kowall et al., 1989; 
Dearfield and Abermathy, 1988). Some examples of chemical 
flocculants include: aluminium chlorohydrate, aluminium 
sulphate, calcium hydroxide, iron sulphide, iron(III)chloride, 
polyacrylamide, chitosan, guar gum, etc.

In recent years, utilisation of microbial flocculants has been 
promoted due to their biodegradability and their environmen-
tally inert nature (Li et al., 2009; Liu et al., 2010). Currently, 
bioflocculants are attracting considerable attention as a prom-
ising substitute for chemical flocculants. In nature, microor-
ganisms do not live in isolation; they coexist with many other 
microorganisms forming relationships that have an effect on 
the biological adequacy of all interacting species. Nevertheless, 
over the past decades, emphasis with regard to the bioflocculant 
field has mainly been placed on pure cultures. However, Zhu et 
al. (2004) and Zhang et al. (2007) have reported that the com-
bination of strains of microorganisms in consortia produced 
bioflocculants that possessed better flocculating activity and 
higher bioflocculant yield than pure strains.

In this study we assessed the characteristics of a biofloc-
culant produced by a consortium of 2 bacteria, viz. Cobetia 
sp. OAUIFE and Bacillus sp. MAYA, which were previously 
isolated from the sediment of Algoa Bay in the Eastern Cape 
Province of South Africa, as a result of efforts to discover and  
explore new bioflocculants offering potential as alternatives to 
chemical or synthetic flocculants.

EXPERIMENTAL

Bacteria and culture conditions

The bacteria were isolated from sediment samples of Algoa 
Bay in the Eastern Cape Province of South Africa and main-
tained in 20% glycerol at −80°C in the culture collection of the 
Applied and Environmental Microbiology Research Group 
(AEMREG), University of Fort Hare, Alice, South Africa after 
affirmation of their bioflocculant production potential. 
 The culture medium consisted of 20 g glucose, 0.5 g urea, 
0.5 g yeast extract, 0.2 g (NH4)2SO4, 2 g KH2PO4, 5 g K2HPO4, 
0.1 g NaCl and 0.2 g MgSO4∙7H2O in a litre of natural seawater 
filtered using Whatman filter paper (Zhang et al., 2007).  A 
loopful of each bacterial colony was inoculated separately into 
50 mℓ of the medium and incubated for 72 h at 28oC with shak-
ing at 160 r/min, and was used as a pre-culture for subsequent 
inoculations. For the bulk fermentation 10 mℓ of each pre- 
culture was inoculated into 1 ℓ of the culture medium, indicat-
ing a 2% (v/v) inoculum size, incubated with shaking at 160  
r/min for 72 h at 28oC.
 
Purification of bioflocculant

Isolation and purification of the bioflocculant was done accord-
ing to the method described by previous reports (Chang et al., 
1998; Chen et al., 2002; Ugbenyen et al., 2012). After 72 h of 
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fermentation, the culture broth was centrifuged (8 000 g, 30 
min) to remove bacterial cells. One volume of distilled water 
was added to the supernatant phase and centrifuged (8 000 g,  
15 min) to remove insoluble substances. To the supernatant,  
2 volumes of ethanol were added, stirred, and left to stand for 
12 h at 4°C. The precipitate was vacuum-dried to obtain crude 
bioflocculant. The crude product was dissolved in distilled 
water to yield a solution, to which one volume of a mixed solu-
tion of chloroform and n-butylalcohol (5:2, v/v) was added, 
stirred and allowed to stand for 12 h at room temperature. Two 
volumes of ethanol were again added to recover the precipitate, 
which was then lyophilised.
 
Flocculation test of bioflocculant

Flocculating activity was measured as described elsewhere 
(Kurane et al., 1986), with modifications. Briefly, 3 mℓ of  
1% CaCl2 and 2 mℓ of bioflocculant solution were added to 
100 mℓ kaolin suspended solution (4 g/ℓ) in a 250 mℓ flask. 
The mixture was vigorously stirred and poured into a 100 mℓ 
measuring cylinder and allowed to stand for 5 min. The opti-
cal density (OD) of the clarifying solution was measured with 
a spectrophotometer at 550 nm. A control experiment was 
prepared using the same method, except that the bioflocculant 
solution was replaced with distilled water (B). The flocculating 
activity was measured using the equation:

 Flocculating activity (%) = [(B – A)/B] × 100 

where: 
A is the absorbance of the sample experiment at 550 nm
B is the absorbance of the control at 550 nm

For application with real wastewater, kaolin suspension was 
replaced with the various wastewater types, i.e., brewery waste-
water, dairy wastewater and river water.

Effect of dosage

Different concentrations of the purified bioflocculant were dis-
solved in distilled water to make bioflocculant solutions of 0.2, 
0.4, 0.6, 0.8 and 1.0 mg/mℓ. The flocculation assay of the differ-
ent bioflocculant solutions was done as described above.

Effect of pH and metal ions on bioflocculant activity

The effects of pH and metal ion on flocculating activity of  
the bioflocculant were assessed in accordance with the 
description of Liu et al. (2010). The pH of the bioflocculant 
solutions were varied across the range of 3–12 using either  
0.1 M HCl or NaOH, while the metal ion candidates included 
Na+, K+, Li+, Mg2+, Mn2+, Al3+ and Fe3+ as their chloride salts. 
With regard to the effects of metal ion assays, flocculating 
activity assays were conducted as described above, but CaCl2 
solution was replaced by a solution of the above metal ion 
candidates.

Thermal stabilty of the purified bioflocculant

The thermal stability of the purified bioflocculant was also 
assessed by incubating solutions of the bioflocculant at 50°C, 
80°C and 100°C for 25 min (Gong et al., 2008) after which 
residual flocculating activity was determined.

Analysis of purified bioflocculant

Total protein content of bioflocculants was determined by 
Lowry’s method using bovine serum albumin (BSA) as a stand-
ard (Lowry et al., 1951). Total sugar content of bioflocculant was 
determined by the phenol-sulphuric acid method using glucose 
as standard solution (Dubios et al., 1956) and uronic acid was 
quantified by the carbazole method (Jayaraman, 1981).

FTIR analysis of the purified bioflocculant was done using 
a Fourier-transform infrared spectrophotometer (Perkin Elmer 
System 2000, England) over a wave number range of 4 000 to 
370 cm-1.

A scanning electron microscopy (SEM) image of the puri-
fied bioflocculant was taken using JEOL (JSM-6390LV, Japan) 
and energy dispersive X- ray analysis (EDX) was conducted 
using a Thermo Super Dry II X-ray Detector using a Noran 
System Six Software package.

Analysis of wastewaters

The chemical oxygen demand (COD) and turbidity of the 
wastewaters were measured using a spectrophotometer 
(Spectroquant Pharo 100 M, EU) and turbidimeter (HACH, 
USA), respectively, according to the manufacturer’s instruc-
tions. For flocculation efficiency assays the wastewaters were 
used instead of a kaolin suspension.

The residual COD and turbidity were determined according 
to the method of Gong et al. (2008) and the removal efficiency 
was calculated as follows:

 Removal efficiency (%) = [C0 – C/C0] × 100

where: 
C0 is the initial value and C is the value after the floccula-
tion treatment

Statistical analysis

Data were analysed by one-way analysis of variance (ANOVA) 
using MINITAB Student Release 12 statistical package. A 
significance level of p< 0.05 was used. The mean values are from 
3 replicates.

RESULTS

Yield and composition of the bioflocculant

Purification of the fermentation product resulted in a biofloc-
culant yield of 0.256 g/ℓ. The biochemical analysis of the puri-
fied bioflocculant showed that it was composed of uronic acid 
(66.2%), protein (31.5%) and neutral sugar (0.5%) (Table 1).

TABLE 1
Composition of purified bioflocculant 
produced by the bacterial consortium

Component % (w/w)

Protein 31.50
Neutral sugar 0.50
Uronic acid 66.20

Effect of bioflocculant dose on the flocculation of kaolin

The effect of bioflocculant dose on flocculating activity of the 
bioflocculant from the consortium is as shown in Fig. 1. The 
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concentration range was within 0.2–1.0 mg/mℓ. The flocculat-
ing activities of the bioflocculant from the consortium were 
above 80% in the range of 0.2–1.0 mg/mℓ and the maximum was 
observed at 0.8 mg/mℓ, with a flocculating activity of 90.0%.

Effects of metal ion

The effect of various metal ions on flocculating activity of 
the bioflocculant produced by the consortium of Cobetia sp. 
OAUIFE and Bacillus sp. MAYA is shown in Fig. 2. Virtually all 
of the metal ions stimulate flocculating activity of the biofloc-
culant from the consortium to a level above 50%, except Li+ and 
K+ which completely inhibit flocculating activity of the biofloc-
culant. Divalent cations were observed to show better stimula-
tion of the flocculating activity of the bioflocculant produced by 
the consortium of Cobetia sp. OAUIFE and Bacillus sp. MAYA. 
The bioflocculant showed optimum flocculating activity with 
Ca2+ when compared with trivalent cations like Al3+ and Fe3+.

Effects of pH and heat

The effect of pH on flocculating activity of the purified biofloc-
culant from the consortium was assessed at concentration 

of 0.8 mg/mℓ with the pH of the solution ranging from 3–12 
(Fig. 3). The bioflocculant flocculated a kaolin suspension with 
over 70% flocculating activity over a wide range of pH, 3–11, 
with maximum flocculating activity of 88% attained at a weak 
alkaline pH of 8.

With regards to the effect of heat on the purified biofloccu-
lant, heating the bioflocculant solution at 50oC, 80oC and 100oC 
over a period of 25 min revealed a fairly constant residual floc-
culating activity of about 87% (Fig. 4).

FTIR

The result of the FTIR spectral analysis is shown in Fig. 5. 
The spectrum shows important peaks indicating the pres-
ence of certain functional groups. Peaks at 3 412 cm-1 suggest 
the presence of hydroxyl and amino groups in the purified 
bioflocculant. A weak C-H asymmetric stretching vibration 
band was observed at 2 925 cm-1. The peaks between 1 456 
cm-1 and 1 729 cm-1 are indicative of the presence of a car-
bonyl group; the former is characteristic of C=O in an amide 
group (Shriner et al., 1998, Wang et al., 2011) while the latter 
is assigned to the asymmetric C=O stretching in carboxylate. 
The peak at 1 053 cm-1 is indicative of C-O stretching vibra-
tion. The absorption peak at 913 cm-1 is characteristic of all 
sugar derivatives.

 
 

Figure 1
Effect of concentration on flocculating activity of purified bioflocculant 

produced by the consortium of Cobetia sp. OAUIFE and Bacillus sp. 
MAYA. Percentage flocculating activities with different alphabetic letters 

are significantly different (p< 0.05) from each other.

 
  Figure 2

Effect of metal ions on purified bioflocculant produced by the consortium 
of Cobetia sp. OAUIFE and Bacillus sp. MAYA. Percentage flocculating 

activities with different alphabetic letters are significantly different  
(p< 0.05) from each other.

 
 

 
 

Figure 3
Effect of pH on flocculating activity of the purified bioflocculant. 

Percentage flocculating activities with different alphabetic letters are 
significantly different (p< 0.05) from each other.

Figure 4
Thermal stability of purified bioflocculant. Percentage flocculating 
activities with different alphabetic letters are significantly different  

(p< 0.05) from each other.
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SEM observation

With respect to SEM analysis, Fig. 6a, b and c shows the scan-
ning electron micrograph of the purified bioflocculant, kaolin 
powder, and flocculation of kaolin suspension by the purified 
bioflocculant, respectively. The morphology of the purified 
bioflocculant shown in Fig. 6a is a crystal linear sponge-like 
structure, while Fig. 6c shows the formation of a large floc as a 
result of the interaction between bioflocculant and suspended 
kaolin particles.

The EDX analysis of the purified bioflocculant revealed 
its elemental composition (% w/w), as C:N:O:S:P in the ratio 
6.67:6.23:37.55:0.38:4.42 (Table 2).

TABLE 2
Percentage composition 

of elements in the purified 
bioflocculant produced by the 

consortium
Element % (w/w)

Carbon 6.67
Nitrogen 6.23
Oxygen 37.55
Sulphur 0.38
Phosphorus 4.42

Wastewater flocculation assay

The flocculation of some wastewaters by the purified biofloccu-
lant revealed that the bioflocculant flocculated brewery waste-
water, dairy wastewater and river water, at flocculating efficien-
cies of 90.2%, 78.8% and 98.7%, respectively (Table 3).

TABLE 3
Flocculation, turbidity removal and COD reduction for 

different wastewaters by the bioflocculant produced by  
the consortium

Wastewater characteristics Brewery 
wastewater

Dairy 
wastewater

River 
water

COD (mg/ℓ) 821 4 813 92
Turbidity (NTU) 750 1 382 174
Flocculating activity (%) 90.2 78.8 98.7
Turbidity removal (% ) 94.8 81.2 98.9
COD reduction (%) 95.4 99.1 73.9

A comparison of the flocculating activities of the puri-
fied bioflocculant with commercially available inorganic and 
synthetic flocculants is shown in Table 4. The bioflocculant 
revealed a higher flocculation of kaolin clay, of 90%, compared 
with alum and polyethylenimine, which recorded a flocculating 
activity of 66.82% and 42.85%, respectively, for a kaolin suspen-
sion. Polyacrylamide displayed the highest flocculating activity, 
of 93.19%.

TABLE 4
Comparison of performance of bioflocculant 

and traditional flocculants
Flocculant Flocculation of kaolin clay (%)

Alum 66.82
Polyethylenimine 42.85
Polyacrylamide 93.19
Bioflocculant 90.00
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a b c

Figure 5
FTIR Spectrum of purified bioflocculant

Figure 6
SEM analysis of (a) purified 

bioflocculant, (b) kaolin powder, 
(c) bioflocculant flocculating 

kaolin suspension
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DISCUSSION

Many studies have reported optimum dosage of different 
bioflocculants from sole microorganisms (Yokoi et al., 1997; 
Yim et al., 2007; Lu et al., 2005; Suh et al., 1997; Salehizadeh 
et al., 2000; Nakata and Kurane, 1999; Fujita et al., 2000) but 
reports on consortia of microorganisms are still very scarce in 
the literature. From this study we observed a good flocculating 
activity in the bioflocculant produced by the consortium of  
Cobetia sp. OAUIFE and Bacillus sp. MAYA, at different doses 
ranging from 0.2 mg/mℓ to 1.0 mg/mℓ. The optimum biofloccu-
lant dose for the purified bioflocculant was 0.8 mg/mℓ with  
a resultant flocculating activity of 90%. Wang et al. (2011)  
similarly reported that the bioflocculant CBF-F26 produced 
from a mixed culture of Rhizobium radiobacter F2 and Bacillus 
sphaeicus F6 at a dose concentration of 12 mg/ℓ showed a maxi-
mum flocculating activity of 96%.

It has been well documented that to achieving high floc-
culating activity, metal ions are usually required to aid biofloc-
culants (Salehizadel and Shojaosadati, 2002; Gong et al., 2008; 
Elkady et al., 2011). This is because metal ions help to neutralise 
negative charges on most bioflocculants and the suspended 
kaolin particles with which they react, thereby increasing the 
adsorption of the bioflocculant onto the kaolin particle (Wu 
and Ye, 2007). 

From Fig. 2, nearly all of the metal ions stimulate floccula-
tion of the bioflocculant produced by the consortium of Cobetia 
sp. and Bacillius sp., with flocculating activities of above 50%, 
with the exception of Li+ and K+, which completely inhibited 
flocculation by the bioflocculant. Divalent cations (Mg2+, Mn2+, 
Ca2+) exhibited better stimulation of flocculation, with Ca2+ 

showing the highest stimulation. This is  similar to the obser-
vations of Wang et al. (2011) that monovalent cations (K+ and 
Na+) had little effect on the flocculating activity of CBF-F26 
but divalent cations like Ca2+, Zn2+, Fe2+ enhanced the floccula-
tion by the bioflocculant appreciably. The high flocculating 
activities with divalent ions may be due to the presence of a 
large number of carboxylate groups on the bioflocculant, that 
can serve as binding sites for divalent cations (Prasertsan et 
al., 2006). However, a monovalent cation like Na+ could not 
stimulate the flocculating activity of the bioflocculant from 
the consortium effectively, likely due to the weak electro-static 
force between the monovalent cation and the bioflocculant (Li 
et al., 2008). Salehizadel and Shojaosadati (2002) and Elkady et 
al. (2011) reported similar findings where monovalent cations 
showed weak stimulation of flocculation by their respective 
bioflocculants.

One of the key factors influencing flocculating activity 
of bioflocculants is the pH of the reaction mixture (Yokoi et 
al., 1996). One of the ways in which pH influences flocculat-
ing activity is by affecting the stability of suspended particles 
and the formation of floccules. From Fig. 3, the bioflocculant 
from the consortium flocculated a kaolin suspension over a 
wide range of pH, from 3–11. Highest flocculating activity was 
observed at pH 8. This is similar to results reported by Liu et al. 
(2010), in which the bioflocculant MBF-W6 showed flocculating 
activity over a wide range of pH, with the highest flocculating 
activity of 96.8% at pH 5.6.

From Fig. 4, heating the purified bioflocculant from the 
consortium at 100oC for 25 min did not significantly affect its 
residual flocculating activity (87%), when compared with the 
other two temperature regimes of 50oC and 80oC, thus confirm-
ing that the bioflocculant is stable to heat. The bioflocculant 
compared favourably with others reported in literature to be 

thermally stable. Gong et al. (2008) reported that bioflocculant 
SF-1 when heated  at 100oC for 15 min retained 85% residual 
flocculating activity, while bioflocculant CBF-F26 retained 
more than 90% residual flocculating activity after heating to 
100oC (Wang et al., 2011). 

The bioflocculant was more stable than bioflocculant 
As-101, which lost 50% residual flocculating activity after heat-
ing for 15 min at 100oC (Salehizadel et al., 2000). The stability 
of the bioflocculant to heat could be as a result of the presence 
of uronic acid in the compound bioflocculant, contributing 
hydrogen bonding to the bioflocculant structure.

Presence of hydroxyl and carboxyl groups within the bio-
flocculant molecule, as indicated by the FTIR spectrum  
(Fig. 5), enhances the formation of hydrogen bonds which 
might be responsible for thermal stability of the bioflocculant. 
These groups, together with the amino group, could serve as a 
binding site for metal ions which enhance flocculating activity 
of the bioflocculant by bridging between it and the suspended 
kaolin particles in solution, and are likely to be the preferred 
groups for the process of adsorption (Comte et al., 2006).

Comparing the surface morphology of the purified bio-
flocculant from the consortium of Cobetia sp. OAUIFE and 
Bacillus sp. MAYA, as revealed by the SEM image in Fig. 6a, 
showed a similarity with the bioflocculant TJ-1 produced by 
Proteus mirabilis (Xia et al., 2008), which also had a crystalline 
linear morphology. In Fig. 6c, there is the formation of large 
floc as a result of the interaction of the bioflocculant with kao-
lin clay, which makes for easy settling of the floc due to gravity. 

As seen in Table 3, the flocculating properties of the bio-
flocculant in wastewater were investigated. The different source 
waters used – river water, brewery wastewater and dairy waste-
water – were selected to incorporate a range of soluble content 
(COD) and particulate substances (turbidity). River water 
represented a typical surface water with low COD and turbid-
ity. The bioflocculant showed almost 99% flocculating efficiency 
for the river water. A similar study by Gong et al. (2008) showed 
that bioflocculant SF-1 from Serratia ficaria flocculated river 
water by up to 90.4%.

The brewery and dairy wastewaters were flocculated by the 
bioflocculant with flocculating efficiencies of 90.2% and 78.8%, 
respectively, which suggests that the bioflocculant has potential 
for use in wastewater treatment and other downstream pro-
cesses. Many microorganisms’ flocculants have been reported 
to have potential in treatment of wastewater. For example, 
Shimiziu (1985) reported that A. faecalis showed good efficiency 
in removal of organic material, while Kurane and Nohata 
(1991) reported the treatment of a blue wastewater from a paper 
manufacturing company with a mixture of A. latus and chito-
san which showed 94% decolourisation. 

When the bioflocculant from the consortium is compared 
with the synthetic flocculant (Table 4) with respect to floc-
culation of kaolin clay, the bioflocculant had a flocculation 
efficiency of 90% compared to 66.8% and 42.9% for alum and 
polyethylenimine, respectively, while the flocculating efficiency 
of polyacrylamide (93.2%) was not significantly different from 
that of the bioflocculant. Nakamura et al. (1976) also reported 
that the bioflocculant from A. sojae AJ-7002 compared favour-
ably with synthetic flocculant like ferric chloride, sodium 
alginate and polyacrylamide.

CONCLUSIONS

The bioflocculant from the consortium of Cobetia sp. OAUIFE 
and Bacillus sp. MAYA was a glycoprotein. Functional groups 
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that favour flocculation processes, such as hydroxyl, carboxyl 
and amino groups, were revealed to be present in the biofloc-
culant, which was also shown to be thermostable. The biofloc-
culant significantly flocculated some wastewaters better than 
some conventional inorganic and synthetic flocculants, sug-
gesting that it is an attractive candidate in water treatment and 
other biotechnology applications.
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