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The response surface methodology (RSM) was employed to study the treatment of kaolin suspension by
the composite flocculant of MBFGA1 and PAC. And the two quadratic models of the five factors were
established with the flocculating rate and floc size as the target responses. The optimal flocculating con-
ditions are MBFGA1 99.75 mg/L, PAC 121 mg/L, pH 7.3, CaCl2 27 mg/L and the top speed of stir 163 rpm,
respectively. That was obtained from the compromised results of two desirable responses, flocculating
rate as 100% and floc size as 0.7 mm which were deduced from the frequency of responses. By means
of Zeta potential measurement and experiment of flocculating process, it could be concluded that PAC
has more capability on changing the potential of colloid and MBFGA1 is good at absorption and bridge
effect. The composite of two kinds of predominance makes a significant sense on enhancing flocculating
rate, reducing flocculent costs and decreasing secondary pollution.

� 2008 Published by Elsevier Ltd.
1. Introduction

Flocculants, especially the type of synthetic chemical, nowadays
have been widely used in material separation processes, such as
tap water production, wastewater treatment, dehydration of acti-
vated sludge, dredging, downstream processing, food and fermen-
tation process (Zhang et al., 1999; Salehizadeh and Shojaosadati,
2001). Despite the effective flocculating performance and low cost
of the synthetic chemical flocculants, their popularization has re-
sulted in some health and environmental problems. For example,
the remaining aluminium causes the incidence of Alzheimer’s dis-
ease (Christopher et al., 2006; Arezoo, 2002). Furthermore, the
acrylamie monomer is not only neurotoxic and carcinogenic but
also nonbiodegradable in nature (Rudén, 2004). On the contrary,
bioflocculant is a kind of environment-friendly material with the
character of nontoxic and biodegradable (Kurane et al., 1986; Deng
et al., 2003). In recent years, the use of bioflocculants has been con-
sidered as a solution to the secondary environment pollution
caused by the traditional flocculants (Joung et al., 2007).

However, flocculating activity and cultivation cost are always
the major limitation of bioflocculants application (Kurane et al.,
1994; Li et al., 2003; He et al., 2004; Jang et al., 2001). Conse-
quently, over the past decades, emphasis on this field was mainly
placed on screening new strains producing bioflocculants with
high flocculating activity and optimization of their culture condi-
tions for a higher yield and lower cost. Simultaneously, in the floc-
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culating process, composite flocculant is another way to reduce the
cost. Because this kind of flocculant can reduce the dosage of bio-
flocculant and can improve the flocculating activity. From another
aspect, composite flocculant reduces the risk brought by the syn-
thetic chemical flocculants, since their dosage was decreased to
the least.

In present study, the polyaluminium chloride (PAC) was se-
lected to be compounded with MBFGA1. And the response surface
methodology (RSM), an effective tool for building a multivariable
equation and finding their optimal values (Triveni et al., 2001),
was employed to optimize the conditions of flocculating process
and to investigate the interactive effects of experimental factors
including dosage of MBFGA1, PAC, CaCl2, pH and the top speed of
stir. The kaolin suspension was used as a representative colloidal
material because kaolin is a well-known and widespread thicken-
ing agent. Also the surface characteristics of kaolin are well-under-
stood to allow analysis, and in consequence kaolin has received
great interest in recent years (Nasser and James, 2007). The floccu-
lating rate and the floc size were chosen as the response variables,
and the optimal conditions were their compromised result.
2. Methods

2.1. Materials

The kaolin was chemically pure grade (Sanpu Chemicals, China),
and its suspension was prepared at the concentration of 3 g/L. The
upper phase was used for the flocculating experiment after 1 h of
stir at 300 rpm and 2 h of gravity settlement. PAC with Al hydrolysis
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Table 1
Coded levels for five variables framed by CCD.

Factors Codes Coded levels

�2.38 �1 0 1 2.38

MBFGA1 (mg/L) x1 43.75 94.46 131.25 168.04 218.75
PAC (mg/L) x2 25 82.96 125 167.04 225
pH x3 5.0 6.2 7.0 7.8 9.0
CaCl2 (mg/L) x4 0.00 14.49 25 35.51 50
Top speed (rpm) x5 100 158 200 242 300
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ratio and Al2O3 (Fuyuan Chemicals, China) concentration of 2.4 and
28%, respectively, was prepared at the concentration of 10 g/L.
CaCl2, analytically pure grade (Sanpu Chemicals, China), was pre-
pared at the concentration of 3 g/L. And the CaCl2 can provide
Ca2+ for the flocculating process as a kind of coagulant aid which in-
creases the initial adsorption of biopolymers on suspended parti-
cles by decreasing the negative charge on both the polymer and
the particle (David and Matthew, 2002; Salehizadeh and Shojaosad-
ati, 2001).

2.2. Bacteria strain and culture conditions

GA1, flocculant-producing strain CCTCC M206017, which was
identified as Paenibacillus polymyxa by 16S rDNA sequence and
its biochemical and physiological characteristics, was screened
from the soil collected in the Yuelu Mountain Changsha, China
(Yang et al., 2006). The composition of the seed medium was as fol-
lows: peptone 10.0 g, beef extract 3.0 g and NaCl 5.0 g in 1 L dis-
tilled water with the pH adjusted to 7.0. The steam sterilization
lasted for 30 min at the pressure of 0.1 MPa. After the inoculation
of the seed medium, the GA1 was cultured on the roundabout sha-
ker at 150 rpm and 30 �C for 24 h.

The fermentation medium consisted of sucrose 40.0 g, yeast ex-
tract 4.0 g, K2HPO4 5.0 g, KH2PO4 2.0 g, NaCl 0.1 g and MgSO4 0.2 g
dissolved in 1 L distilled water with the pH adjusted to 7.0. The
steam sterilization lasted 30 min at the pressure of 0.07 MPa.
And this cultivated process was divided into two stages. In the first
24 h, the medium was incubated at 30 �C and was shaken at
150 rpm which provided a positive effect for the growth of the bac-
teria. In the following 48 h, the rotating speed of shaker was decel-
erated to 100 rpm and the temperature was decreased to 25 �C,
since this conditions was favorable to the yield of MBFGA1. After
72 h of cultivation, the fermentation liquid with the effective com-
ponents, linear molecule of polysaccharide containing lots of hy-
droxyl and carboxyl (Ruan et al., 2007), of 17.5 g/L was stored in
4 �C, and it will be utilized directly in the flocculation.

2.3. Measurements of flocculating activity

Flocculating activity was evaluated by the flocculating rate (FR)
according the Eq. (1) (Kurane et al., 1994),

FR ¼ ðb� aÞ
b

� 100% ð1Þ

where a and b are the optical densities (OD) of the sample and con-
trol, respectively, at 550 nm. The flocculating object was the kaolin
suspension. The beaker, capacity of 800 mL, was injected 400 mL
kaolin suspension and then fixed on the floc-tester (ET-720, Lovi-
bond, Germany). After each addition, the reaction was preformed
with rapid mixing for 30 s, followed by slow mixing at 40 rpm for
5 min. The OD of the upper phase was measured at 550 nm with
a spectrophotometer (7230G, Shanghai, China) when the mixture
was sustained for 80 min of gravity settlement procedure.

2.4. Floc size analysis

For Reynolds numbers less than 1.0, viscosity is the predomi-
nant force governing the settling process. The settling velocity of
spherical particle is given by Eq. (2) (Duncan, 1992),

up ¼
gðqp � qwÞ

18l
d2

p ð2Þ

where up is the floc settling velocity, qp and qw are the density of
floc and water, respectively, g is acceleration due to gravity, l is dy-
namic viscosity and dp is diameter of floc. Assuming that flocs are
spherical particles with the same density, we can put forward a con-
clusion that flocs in various diameters will get different settling
velocity. According to this theory, a transparent rectangular con-
tainer (15 � 5 � 100 cm) was applied to separate the flocs huddled
together. And a digital camera was placed on the base of the con-
tainer where the flocs were separated completely, thus assuring
the camera to capture each of the flocs clearly. A black background,
at a low level of reflection, was also needed to provide good quality
images, and a measuring tape with scale in millimeters was set-up
on the surface of the container to furnish a direct scale in images.
The diameters of flocs were analyzed from the images by software
named Image-pro Plus6.0 (Media Cybernetics Inc., USA), and they
were sequenced according to their numerical magnitude in each
group. The top 50 will be used to calculate the mean value.

2.5. RSM experimental design

The central composite design (CCD), a standard RSM, was se-
lected for the optimization of the factors which made sense on
the flocculating effect. In this design, five factors were the dosage
of MBFGA1 (x1), PAC (x2), CaCl2 (x4), pH (x3) and the top speed of
stir (x5), respectively. All factors were controlled at five levels.
The response variable (y) that represented flocculating rate or floc
size was fitted by a second-order model in the form of quadratic
polynomial equation:

y ¼ b0 þ
Xm

i¼1

bixi þ
Xm

i�j

bijxixj þ
Xm

i¼1

biix
2
i ð3Þ

where y is the response variable to be modeled, xi and xj are inde-
pendent variables which determine y, b0, bi and bii are the offset
term, the i linear coefficient and the quadratic coefficient, respec-
tively. bij is the term that reflect the interaction between xi and xj

(Otto, 1998). The actual design ran by the statistic software, De-
sign-expert 7.1.3 (Stat-Ease Inc., USA), is presented in Table 1.

2.6. Zeta potential analysis

The variation of Zeta potential during the process of flocculation
using PAC was measured by Zetasizer 2000 (Malvern Instruments
Ltd., Company, England). And the procedure of sampling was car-
ried out at three different time-points: kaolin suspension without
additives, after adjusting the pH and after adding the flocculant.
Correspondingly, the process using MBFGA1 or composite floccu-
lant would be inserted a point following adding CaCl2.

3. Results and discussion

3.1. Determination of the dose range

The OD550 changed with the time at the different dosage of
MBFGA1 varying from 43.75 to 262.5 mg/L is shown in Fig. 1a.
And the flocculation using PAC (25–150 mg/L) is shown in
Fig. 1b. In the MBFGA1 flocculating process, pH of 400 mL kaolin
suspension was adjusted to 7.0, and 2 mL CaCl2 of 3 g/L was then
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Fig. 1. OD550 varied with time at different dosage of (a) MBFGA1 and (b) PAC.

Table 3
ANOVA for flocculating rate.

Item Sum of
squares

Degrees of
freedom

Mean square F-value Prob > F

Model 94999.15 20 4749.96 4.23 0.0002
Residual 32526.75 29 1121.61 – –
Lack of

fit
32526.73 22 1478.49 4.650�105 0.0001

Pure
error

0.022 7 3.180 � 10�3 – –

R2 = 0.7449.
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added to it. The pH of PAC flocculating process was also adjusted to
7.0. The time-points for sampling were 2, 5, 10, 20, 40 and 80 min
(Sagbo et al., 2008).

Fig. 1a shows that OD550 goes to the lowest value when the dos-
age of MBFGA1 is 131.25 mg/L. According to Eq. (1), it means that
MBFGA1 is with the best flocculating activity at 131.25 mg/L. In the
same way, PAC gets the best at 125 mg/L (see Fig. 1b). It is well-
known that excessive dosage of flocculant leads to the stabilization
of the colloidal system again. Therefore, the flocculating rates that
varied with the dosage presented a kind of normal distribution
approximately and manifested descending trend, when the dosage
of MBFGA1 and PAC exceeded the optimal amount. Furthermore,
the background value held by the flocculants could influence the
OD550, especially at a large amount. Compared with Fig. 1b, most
of the curve slopes in Fig. 1a from 2 to 10 min are smaller. In other
words, this phenomenon means that flocs produced by MBFGA1
have a higher settling velocity than PAC, because the majority of
flocs produced by MBFGA1 had finished settlement process in
the first 5 min, which was much shorter than the others. The differ-
ence between these two kinds of flocculants attributed to the floc
size and density. In the flocculating process of MBF, research has
Table 2
CCD design and response values.

Run Coded values Real values

x1 x2 x3 x4 x5 x1 (mg/L) x2 (mg/L)

1 1 �1 �1 1 1 168.04 82.96
2 �1 �1 1 1 1 94.46 82.96
3 0 0 0 0 �2.38 131.25 125
..
. ..

. ..
. ..

. ..
. ..

. ..
. ..

.

48 0 0 0 0 0 131.25 125
49 1 �1 1 �1 1 168.04 82.96
50 1 1 1 �1 �1 168.04 167.04
demonstrated that the biopolymers can form a matrix which
encapsulates the microbes and aids in the aggregation of particles,
and floc formation (David and Matthew, 2002). This mechanism
produced a positive effect on the floc size and density. In addition,
the proper level of CaCl2 was helpful for the size by means of the
absorption bridging action. On the basis of this difference between
MBFGA1 and PAC, the size controlling of floc could be achieved by
their composite flocculant.

3.2. Experimental results of RSM

The response variables, flocculating rate and floc size, obtained
from 50 groups of experiments including parallel control groups
are summarized in Table 2.

3.2.1. Data analysis of flocculating rate as the response variable
Following equation represents empirical relationship in the

form of quadratic polynomial between the flocculating rate (y1)
and the other five factors (x1 � x5).

Y1 ¼ �1514:02þ 5:46X1 þ 0:15X2 þ 278:91X3 þ 1:93X4

þ 0:87X5 � 9:36� 10�3X1X2 � 0:51X1X3 þ 2:43

� 10�3X1X4 þ 1:14� 10�3X1X5 þ 0:43X2X3 þ 1:93

� 10�3X2X4 þ 6:81� 10�4X2X5 � 9:30� 10�3X3X4

� 3:47� 10�2X3X5 � 4:86� 10�3X4X5 � 2:74� 10�3X2
1

� 8:44� 10�3X2
2 � 15:51X2

3 � 3:10� 10�2X2
4 � 1:96

� 10�3X2
5 ð4Þ

The statistical testing of this model was performed with the
Fisher’s statistical method for analysis of variance (ANOVA). The
result of ANOVA for flocculating rate, shown in Table 3, indicates
that the second-order equation fitted well. Because model F-value
of 4.23 was greater than F0.01(20, 29) = 2.57, values of
‘Prob > F’ = 0.0002 less than 0.05, and the total determination coef-
ficient R2 reached 0.7449.

The significance testing for the coefficient of the equation
whose variables are in terms of coded factors is listed in Table 4.
Response

x3 x4 (mg/L) x5 (rpm) Flocculating rate (%) Floc size (mm)

6.2 35.51 242 88.36 0.57
7.8 35.51 242 54.63 0.28
7.0 25 100 98.48 0.91
..
. ..

. ..
. ..

. ..
.

7.0 25 200 99.36 0.75
7.8 14.49 242 84.05 1.03
7.8 14.49 158 98.48 0.82



Table 4
Significance of quadratic model coefficient of flocculating rate.

Independent
variables

Regression
coefficients

Degrees of
freedom

Standard
error

Prob > F

x3 34.23 1 5.09 <0.0001
x1x2 �14.47 1 5.92 0.0208
x1x3 �15.83 1 5.92 0.0122
x2x3 15.07 1 5.92 0.0165
x2

2 �14.92 1 4.49 0.0024
x2

3 �10.97 1 4.49 0.0210

  -1.0

  -0.5

  0.0

  0.5

  1.0

-1.0  

-0.5  

0.0  

0.5  

1.0  

50  

65  

80  

95  

110  

  F
lo

cc
ul

at
in

g 
ra

te
 (

%
) 

 
  MBFGA1    PAC  

  -1.0

  -0.5

  0.0

  0.5

  1.0

-1.0  

-0.5  

0.0  

0.5  

1.0  

10  

40  

70  

100  

130  

  F
lo

cc
ul

at
in

g 
ra

te
 (

%
) 

 

  MBFGA1    pH  

  -1.0

  -0.5

  0.0

  0.5

  1.0

-1.0  

-0.5  

0.0  

0.5  

1.0  

10  

40  

70  

100  

130  

  F
lo

cc
ul

at
in

g 
ra

te
 (

%
) 

 

  PAC    pH  

a

b

c

Fig. 2. Surface graphs of flocculating rate showing the effect of variables: (a)
MBFGA1–PAC, (b) MBFGA1–pH, and (c) PAC–pH.
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And the transformation between the coded factor and actual factor
is obtained from Eq. (5),

x�i ¼
xi �M

H
ð5Þ

where x�i and xi are coded factor and actual factor, respectively. M is
the median of the variable range in experiment, and H is the radius
of it (Otto, 1998). Values of ‘Prob > F’ less than 0.05 indicate model
terms are significant. In the linear terms, pH was significant and un-
ique, and it played a decisive role in the flocculating process. Be-
cause the effective components of MBFGA1 were linear molecules
which were always in the curliness shape except in the alkaline
environment that could stimulate the molecules spread in linear
shape by acting on the absorption sites with negative charge. And
the linear shape could provide more absorption space volume for
the particles. Compared with PAC, obviously, the dosage of MBFGA1
had a higher significant effect on the flocculating rate. This behavior
sprang from the reason that the PAC had a wider flocculating dosage
range than MBFGA1. Among the higher order effects, the quadratic
terms of PAC and pH were significant. The interaction terms with
significant effect are shown in Fig. 2a–c, respectively.

Fig. 2a shows the change of flocculating rate with the dosage of
PAC and MBFGA1 varying within the experimental ranges, while
the pH, dosage of CaCl2 and the top speed of stir are kept at central
level. The figure of the curve and the curvature of the contour on
the bottom indicate that PAC has obvious quadratic effect on the
flocculating rate in composite process, and this agrees with the
previous study using PAC only. And it is predicted that, at a low le-
vel of PAC, flocculating rate enhances as MBFGA1 added and gets to
the peak ultimately. However this target obviously becomes easier
when the concentration of PAC is kept at central level. This phe-
nomenon suggested that PAC was a proper flocculant which could
produce a positive effect on the flocculating rate at low level of
MBFGA1 for compounding. Fig. 2b shows that, when the top speed
of stir, dosage of PAC and CaCl2 are at central level, the flocculating
rate can get to an anticipant value at a small quantity of MBFGA1
when pH is higher than 7.4 approximately, which indicates that
the activity of MBFGA1 depends upon an alkaline environment.
Fig. 2c also indicates the importance of a higher pH for flocculating
process when the other three factors are kept at central level.

3.2.2. Data analysis of floc size as the response variable
Eq. (6) represents empirical relationship in the form of qua-

dratic polynomial between the floc size (y2) and the other five fac-
tors (x1 � x5).

Y2 ¼ �3:89� 4:94� 10�3X1 þ 2:43� 10�2X2 þ 0:66X3

þ 2:53� 10�2X4 þ 7:11� 10�3X5 � 1:15� 10�5X1X2

þ 1:39� 10�3X1X3 þ 1:14� 10�4X1X4 � 6:38� 10�6X1X5

� 2:22� 10�3X2X3 þ 4:45� 10�5X2X4 � 1:12� 10�5X2X5

� 5:33� 10�3X3X4 � 5:61� 10�4X3X5 � 5:61� 10�5X4X5

� 1:08� 10�5X2
1 � 2:89� 10�5X2

2 � 1:94� 10�2X2
3

� 1:78� 10�6X2
4 � 1:60� 10�6X2

5 ð6Þ
The result of ANOVA for floc size, shown in Table 5, indicates
that the second-order equation fitted well. Because model F-value
of 5.91 was greater than F0.01(20, 29) = 2.57, values of
‘Prob > F’ < 0.0001 less than 0.05 and the total determination coef-
ficient R2 reached 0.8029.

The significance testing for the coefficient of Eq. (6) in which
variables are in terms of coded factors is listed in Table 6. In the lin-



Table 5
ANOVA for floc size.

Item Sum of
squares

Degrees of
freedom

Mean square F-
value

Prob > F

Model 1.17 20 0.058 5.91 <0.0001
Residual 0.29 29 9.870 � 10�3 – –
Lack of

fit
0.26 22 0.012 2.62 0.0969

Pure
error

0.031 7 4.429 � 10�3 – –

R2 = 0.8029.

Table 6
Significance of quadratic model coefficient of floc size.

Independent
variables

Regression
coefficients

Degrees of
freedom

Standard
error

Prob > F

x1 0.078 1 0.015 <0.0001
x2 �0.044 1 0.015 0.0069
x3 0.041 1 0.015 0.0106
x5 �0.046 1 0.015 0.0048
x1x3 +0.043 1 0.018 0.0204
x1x4 +0.044 1 0.018 0.0180
x2x3 �0.078 1 0.018 0.0001
x3x4 �0.047 1 0.018 0.0119
x2

2 �0.051 1 0.013 0.0006
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Fig. 3. Surface graphs of floc size showing the effect of variables: (a)
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ear terms, PAC, pH and the top speed of stir were significant, espe-
cially for MBFGA1 attributing to the absorption bridging action, its
flocculating mechanism, which could influence the size and den-
sity of flocs. Further more, the top speed of stir could be used as
a rough measure of mixing effectiveness, based on the reasoning
that a higher speed creates greater turbulence, and greater turbu-
lence leads to better mixing (George et al., 2003). However, the
time that forming the flocs needed were different in each kinds
of flocculating conditions, and a greater turbulence environment
had a more negative impact on the flocs forming. Therefore, the
top speed of stir was significant. In the quadratic terms, PAC was
significant and unique for the reason that excessive dosage of
PAC led to the stabilization of colloid suspension which could dis-
aggregate the flocs again. The interaction terms with significant ef-
fects are shown in Fig. 3a–d, respectively.

Fig. 3a shows that the floc size is enhanced with the advance of
MBFGA1 and pH, while the dosage of CaCl2, PAC and the top speed
of stir are kept at central level, and this indicates that MBFGA1
makes an obviously positive effect on floc size in alkaline environ-
ment. Fig. 3b shows that the floc size varies with pH and PAC when
the top speed of stir, dosage of MBFGA1 and CaCl2 are at central le-
vel. At low level of pH, the influence of PAC on floc size was incon-
spicuous, however, with the advance of pH, PAC shown a negative
effect on floc size gradually, and this might rise from the compre-
hensive effect between MBFGA1 and PAC. On the one hand, since
the advance of pH was helpful for the activity of MBFGA1, the floc
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size was enhanced at the low level of PAC. On the other hand, the
ratio of small flocs increased with the advance of PAC, thus the floc
size was decreased. Fig. 3c provides more evidence that MBFGA1
can improve the size when there is plenty of CaCl2 as the additive
for flocculating process. However, Fig. 3d indicates that CaCl2 is not
always a positive effect on the floc size. Though CaCl2 provided suf-
ficient Ca2+ which could destroy the stability of colloid suspension
by compressing twin electrical layer and stimulate the bridging ac-
tion, excessive CaCl2 debased the size at a certain extent. Because
excessive Ca2+ might occupy the absorption sites with negative
charge on MBFGA1 molecules, then it could hinder the absorption
bridging action which could increase the floc size. In general,
researchers always paid attention to the positive effect of metal
ions on the flocculating activity of MBF. But this work revealed an-
other effect of Ca2+ from the aspect of floc size, which is significant
for the process of settlement and dehydration.

3.3. Optimal flocculent condition

The numerical range of the two kinds of responses, flocculating
rate and floc size, was divided into 12 parts, respectively, and their
distribution frequency was accounted using the statistics software
in each part. Results are shown in Fig. 4a and b.

There is a phenomenon shown in the figures that a larger floc
size does not always represent higher flocculating rate. Many rea-
sons explain this phenomenon, on the one hand, the large size goes
against the forming of netting mechanism during the slow mixing
process, which is the precondition for the sufficient particle collec-
tion, though it has a good performance on the sedimentation of
flocs; on the other hand, the small size plays an inverse role on
the sedimentation and leads to float again, which influences the
flocculating rate and sludge dehydration while the system encoun-
tered low level of turbulence. Therefore, the optimal floc size, as
shown in Fig. 4b, was fixed at 0.7 mm.

According to the target value of the two individual responses,
100% and 0.7 mm, the optimal condition calculated from the
regression equations were MBFGA1 99.75 mg/L, PAC 121 mg/L,
pH 7.3, CaCl2 27 mg/L and the top speed of stir 163 rpm, respec-
tively. The flocculating rate of verification test operated under opti-
mal condition is greater than 98%.

3.4. Zeta potential analysis base on different flocculants

The result of Zeta potential testing during the process of floc-
culation is shown in Fig. 5. The numbers on x-axis represent the
different time-points for sampling, and the bars in different color
reveal the extent of the variation by using different flocculants.
Comparing with the bars, it is obvious that the Zeta potential
of kaolin particles has the maximum variation after PAC had
been added, which indicates that, among the tested flocculants,
PAC has the strongest ability to modify the Zeta potential of kao-
lin particles. This result attributes to the higher positive charge
of PAC (Gao et al., 2005). Simultaneously, Ca2+ can also modify
it by decreasing the negative charge on both the polymer and
particle (Levy et al., 1992). And in this field, researchers always
use this kind of bivalent cation for destroying the stability be-
tween the colloids (Salehizadeh and Shojaosadati, 2001). How-
ever, Fig. 5 shows that Ca2+ is not as efficient as PAC. This
limitation might induce that the particles were not fully cap-
tured, especially for the smaller one. And the flocculating phe-
nomenon did revel this during the flocculation using MBFGA1.
Furthermore, the previous study in this work indicated that
excessive Ca2+ may reduce the floc size by occupying the absorp-
tion sites on MBFGA1 molecules and hindering the bridging ac-
tion. Therefore, the adding of PAC produced a significant effect
on the flocculating process of MBFGA1. On the one hand, low
dose of PAC can adequately destroy the stability of kaolin sus-
pension which could provide a more unstable colloid suspension
for the following absorption bridging and netting action; on the
other hand, the decreasing of Ca2+ can reduce their negative
influence on the floc size.
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4. Conclusions

The optimal flocculating conditions are MBFGA1 99.75 mg/L,
PAC 121 mg/L, pH 7.3, CaCl2 27 mg/L and the top speed of stir
163 rpm, respectively. In addition, the larger floc size did not al-
ways represent the higher flocculating rate, floc size of 0.7 mm
was set as another target value in the calculation step for optimal
conditions.

The dosage of MBFGA1 revealed obvious effect on the floc size
which ensured the implement of netting mechanism effectively.
Meanwhile, PAC has the strongest ability to modify the Zeta poten-
tial of kaolin particles. Therefore, the composite flocculant holding
these two advantages obtained a favorable flocculating effect.
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