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coagulants could improve DOC removal efficiency from 30% up to 34%. Moreover, CBF
contributed to the increase of floc size and growth rate, especially those of PAC–CBF were

Keywords:

almost twice bigger than those of PAC. However, dual-coagulants formed looser and weaker
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flocs with lower breakage factors in which fractal dimension of PAC–CBF flocs was low
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which indicates a looser floc structure. The floc recovery ability was in the following order:
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PAC–CBF > PAC alone > CBF–PAC. The flocculation mechanism of PAC was charge neutrali-
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zation and enmeshment, meanwhile the negatively charged CBF added absorption and
bridging effect.
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Published by Elsevier B.V.

Introduction
Coagulation–flocculation is the most common process used
for the removal of particles and natural organic matter
(NOM) at water treatment works. The component of NOM
can be noted by specific UV absorbance (SUVA). High SUVA
value indicates that the organic matter is mainly composed
of hydrophobic, high molecular organic material. Low SUVA
value indicates that water contains mainly organic compounds which are hydrophilic, of low molecular and have low
charge density (Matilainen et al., 2010).
Chemical coagulants such as aluminum salts, iron salts,
polyaluminum chloride (PAC), polyferric chloride (PFC) and

polyacrylamide (PAM) are still widely applied in drinking water
treatment due to their outstanding coagulation performance
and low cost (Li et al., 2009). However, there are still some
healthy and environmental problems induced by these
common coagulants. The potential neurotoxic hazard posed
by aluminum is generally accepted (Bondy, 2010), and the
genetic toxicity of the acrylamide monomer has been published as well (Dearfield et al., 1995). Consequently, bioflocculant attracts more and more attention because of its
biodegradability, harmlessness and lack of secondary pollution (Gong et al., 2008). In recent decades, many microorganisms, including bacteria, fungus and algae etc., have been used
to produce extracellular bioflocculants. Because the low yields
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and the high costs in producing bioflocculants, but none of
these bioflocculants have been commercially produced or
practically applied so far (Bo et al., 2011; Elkady et al., 2011; He
et al., 2004).
Because of the limitations of chemical coagulants and bioflocculants, compound bioflocculant–chemical dual-coagulant
becomes a potential choice. Dual-coagulants can decrease both
the dosage of chemical coagulants and bioflocculants, so it can
reduce the health risks induced by the chemical coagulants and
enhance the flocculating activity of the bioflocculants. Yang
et al. (2009) and Bo et al. (2011) have studied the combination of
PAC/aluminum sulfate combined with bioflocculants in kaolin
water treatment. Yang et al. (2009) found that the combination
of bioflocculants and chemical coagulants could improve the
flocculating rate and Bo et al. (2011) found that the dualcoagulants were more effective in humic acid removal and
could increase floc size and growth rate. Meanwhile, Li et al.
(2009) studied the application of a bioflocculant produced by
Bacillus licheniformis X14 in drinking water at low temperature.
Bioflocculant showed good flocculating performance for low
temperature water treatment (Li et al., 2009). However, there are
few reports on application of dual-coagulants in low temperature water treatment. This study was aimed at the specific
coagulation performance and floc properties of this composite
coagulant in treatment of low temperature drinking water. For
about 2 months in winter at places situated at the same latitude
in northeastern China, surface water is at low temperature and
with low turbidity state. Since the insufficiency hydrolysis of
the coagulants and the limited collision probability of the particles, low temperature drinking water is tough to deal with
(Xiao et al., 2008).
Floc properties such as floc size, compaction, strength,
growth rate, and potential of re-growth after being broken all
have significant impacts in water treatment systems. A higher
growth rate generally implies a faster coagulant process and a
smaller treatment tank in water treatment work (Bo et al.,
2012; Xiao et al., 2010). However, high shear forces often exist
in water treatment processes that could induce breakup of
flocs. Adequate strength and the capacity to re-grow may
improve subsequent floc removal process efficiency. Floc
compaction is also an important property which related with
floc settlement speed and strength. The fractal theory is now
a widely canvassed measure to describe the complicated
structure of floc aggregates. Flocs are examples of mass fractal
objects, which may be summarized by the relationship between their mass (M), a characteristic measure of size (L), and
the mass fractal dimension (Df):M ∝ LDf.
Fractal conception describes the floc geometry and physical properties such as density, porosity, and settling velocity
(Chakraborti et al., 2003; Jarvis et al., 2005a, 2005b). Laser light
scattering was used for the determination of fractal dimension in this study.
PAC was used to composite with the compound bioflocculant (CBF) as it was more effective at lower temperatures
and a broader pH range than alum (McCurdy et al., 2004). Two
dual-coagulants, PAC–CBF (PAC dose first) and CBF–PAC (CBF
dose first), were used to investigate coagulant performance
and floc properties in comparison with those of PAC in low
temperature surface water treatment. Coagulant performance
was characterized in terms of residual turbidity, UV254 and

DOC removal efficiency. Floc properties were characterized in
terms of size, growth rate, breakage and re-growth potential,
and fractal dimension. Mechanism of each coagulant was also
compared in this study.

1. Material and methods
1.1. Coagulants
PAC solution was prepared by slow base injection of Na2CO3
into AlCl3 solution at room temperature. Analytical grade of
AlCl3·6H2O and Na2CO3 reagents was dissolved in deionized
water as original solutions. Na2CO3 solution was slowly added
into Al solution under magnetic stirring. The amount of
Na2CO3 varied with the target basicity ([OH]/[Al] molar ratio,
B value). PAC with B value of 1.5 was chosen. The PAC stock
solution with an Al concentration of 10.0 g/L was diluted to
2.0 g/L with deionized water before it was used for coagulation.
CBF was provided by State Key Lab of Urban Water Resource
and Environment, Harbin Institute of Technology, China. It
was mainly composed of polysaccharide (90.6%) and protein
(9.3%) (Wang et al., 2008), and its molecular weight was about
105–106 Da. CBF was dissolved with deionized water to 1.0 g/L.
The zeta potential of CBF solution (1 g/L) was − 34 mV.
PAC was added firstly at the start of rapid mixing, followed
by CBF addition after 0.5 min, and this dual-coagulant was
denoted as PAC–CBF. When the other addition sequence of PAC
and CBF was reversed, it was denoted as CBF–PAC. The dosage
of PAC was calculated according to the concentration of Al in
mg/L, while that of CBF was calculated according to concentration of flocculant in mg/L.

1.2. Raw water
Source water for test was collected from the Yellow River
Reservoir (located in Jinan, China). The quality indexes of the
source water are as follows: temperature 6 ± 2°C, pH 8.4 ± 0.1,
turbidity 2.5 ± 0.8 NTU, UV254 0.045 ± 0.002, DOC 3.0 ± 0.2 mg/L,
zeta potential −14 ± 0.3 mV, and SUVA 1.34–1.68.

1.3. Jar test
Coagulation experiments were conducted in 1.0 L cylindrical
beakers using conventional jar-test apparatus (ZR4–6, Zhongrun
Water Industry Technology Development Co. Ltd., Shenzhen,
China) at a room temperature of 10 ± 3°C. Each experiment was
repeated three times. Initially, water samples (1 L) were
mixed at 200 r/min for 10 sec, and then one kind of these
coagulants was added first, followed by the other coagulant after
0.5 min at 200 r/min. After that, the water samples were stirred at
200 r/min for 1 min and then 40 r/min for 15 min and settled for
30 min at last. At the end of each jar test, supernatant samples
were withdrawn by syringe from about 3 cm below the water
surface for measurement. An unfiltered sample was used for
turbidity and zeta potential measurements using a 2100P
turbidimeter (Hach, Loveland, Florida, USA) and Zetasizer
3000HSa (Malvern Instruments, Worcestershire, UK), respectively. A filtered sample through a 0.45 μm glass fiber membrane was
tested for UV254 absorbance and DOC. UV254 absorbance (UV254)
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was absorbance at 254 nm wavelength using an UV-754 UV/Vis
spectrophotometer (Precision Scientific Instrument Co. Ltd.,
Shanghai, China). DOC was measured using a TOC analyzer
(TOC-VCPH, Shimadzu, Japan).

1.7. Floc strength factor and recovery factor
Floc breakage and recovery factors have previously been used
to compare the relative breakage and regrowth of flocs. They
were calculated as follows:

1.4. Floc formation, breakage and re-growth
Coagulation tests were performed on the same jar tester as
mentioned above. However, after the slow stirring phase the
shear rate was increased to 200 r/min for 5 min to break the
flocs and then back to 40 r/min for 15 min for flocs to re-grow.
Dynamic floc size was monitored using a laser diffraction
instrument (Malvern Mastersizer 2000, Malvern, UK) as the
coagulation proceeded. The suspension was monitored by
drawing water through the sample cell of the Mastersizer
and back into the jar by a peristaltic pump (LEAD-1, Longer
Precision Pump, Baoding, China) on the return tube using
5 mm internal diameter tubing at a flow rate of 2.0 L/hr. The
inflow and out flow tubes were placed opposite one another at
a depth just above the impeller in the holding ports. Size
measurements were taken every 0.5 min.

Breakage factor ¼

d2
 100
d1

ð2Þ

Recovery factor ¼

d3 −d2
 100
d1 −d2

ð3Þ

where, d1, d2 and d3 are the sizes of flocs in the steady phase
before breakage, after the breakage period and after the
re-growth to another steady phase, respectively. Breakage
factor indicates the ability of flocs to resist rupture by a certain
velocity gradient. The larger values of breakage factors indicate that the flocs are stronger than those with lower factors.
Likewise, the capacity of flocs to regrow is evaluated by recovery factor. The flocs with larger recovery factors show
better regrowth after breakage.

1.8. Floc fractal dimension

1.5. Floc size
In this study, the median volumetric diameter (d50) was used to
denote the floc size, although the same trends were observed
for d10 and d90.

1.6. Flocs growth rate
As shown in Fig. 1, the floc formation, breakage and re-growth
process can be divided into four regions: rapid growth region,
steady region, breakage region and re-steady region. The floc
growth rate, which is a measure of coagulation rate, was
calculated by the slope of the rapid growth region:
Growth rate ¼

Δ Size
:
ΔTime

ð1Þ

The floc fractal dimension can be measured by Laser Light
Scattering. During light scattering, a light beam is passed
through a sample solution. The particles in the sample scatter
light proportionally to their size and at a constant angle
independent of which part of the particle is hit by the beam.
Small particles scatter light at high angles, while large particles scatter at lower angles. The Malvern Mastersizer has an
array of photo sensitive detectors at different angles between
0.01° and 40.6° that detect the light scattered by the sample.
The total scattered light intensity I is a function of the scattering vector Q, where Q is the difference between the incident
and scattered wave vectors of the radiation beam in the
medium, which is given by Eq. (4)
Q¼

4πn sinðθ=2Þ
λ

ð4Þ

where, n is the refractive index of the suspending medium, θ is
the scattering angle, and λ is the wavelength of the radiation in
a vacuum. For independently scattering aggregates, I is related
to Q and the fractal dimension by Df:

600

Floc size d50 (um)
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I ∝ Q −D f

400

where, Df is the mass fractal dimension and it can be determined by the slope of a plot of I as a function of Q on a log–log
scale.

300

Steady region

200
Growth rate
100

ð5Þ
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2. Result and discussion

Rapid growth region
Breakage region

2.1. Coagulation performance of dual-coagulants

0
-5

0

5

10

15
20
25
Time (min)

30

35

40

Fig. 1 – A typical flocs formation, breakage and re-growth
curve.

When CBF was used alone, the removal efficiencies of UV254
and DOC were all below zero, and the flocs were hardly
visible to naked eyes. Moreover, the flocculation efficiency
and zeta potential decreased with the increase of CBF dosage
(Bo et al., 2011). The coagulation performances of these two
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dual-coagulants were compared with that of the PAC, and the
results are shown in Figs. 2 and 3.
When PAC was used alone, residual turbidity decreased
as PAC dosage increased at first which reached the lowest at
PAC dosage which was 4 mg/L (Fig. 2). Meanwhile, zeta
potential was approximately zero. Further addition of PAC
above 4 mg/L caused gradual decrease in the removal of turbidity. Due to the fact that zeta potentials turned to positive,
the repulsion among particles impeded effective collision
and aggregation at PAC dosage above 4 mg/L. This indicated
that the dominate mechanism of turbidity removal by PAC
was charge neutralization. The optimum dosage for turbidity removal is not always the same as that for NOM removal (Matilainen et al., 2010). The DOC and UV254 removal
efficiencies achieved 30% and 41%, respectively (Fig. 2b, c).
Comparing with DOC, UV254 increased more, suggesting that
aromatic materials were removed more effectively than other
NOM fractions (Yan et al., 2008; Zhan et al., 2010). With low
SUVA value, the water sample may be characterized by
having NOM of hydrophilic and less aromatic character. At
low PAC dosages, charge neutralization was the dominated
mechanism for NOM removal, and the aluminum hydroxide
precipitation was minimal at this dosage range. Aluminum
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ions can interact with the negative NOM to form insoluble
charge neutral products. This mechanism was more responsible for the removal of hydrophobic fractions and high molecular weight NOM fractions, which could act as nuclei for
precipitate formation (Zhan et al., 2010). When PAC concentration was high enough to initiate rapid precipitation of
Al(OH)3 subsequently, NOM could be efficiently removed by
surface adsorption. Additionally, a little NOM was removed by
complexion reaction with Al (Zhan et al., 2010).
In the case of PAC–CBF dual-coagulant, it can be clearly
seen that residual turbidity increased compared with that of
PAC. However, the trends of turbidity removal by PAC–CBF
were still the same as that of PAC alone, which indicated that
the PAC was dominated in this dual-coagulant. Since the
negatively charged CBF (− 34.5 mV) decreased the absolute
zeta potential value of the aggregates, the cations produced by
PAC couldn't neutralize the negative charge to destabilize the
particles. The addition of CBF after PAC led to the drop of zeta
potential (Fig. 2d). Results in Fig. 2b showed that DOC removal
efficiency was improved by these two dual-coagulants, while
the UV254 removal efficiency of PAC–CBF was almost the same
as that of the PAC alone. The DOC removal efficiency achieved
35% by PAC–CBF, which was higher than 27% achieved by PAC
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Fig. 2 – Dosage effect on the coagulation performance of PAC–CBF. (a) Residual turbidity, (b) DOC removal efficiency, (c) UV254
removal efficiency, (d) zeta potential.
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Fig. 3 – Dosage effect on the coagulation performance of CBF–PAC: (a) Residual turbidity, (b) DOC removal efficiency, (c) UV254
removal efficiency, (d) zeta potential.

alone. While UV254 removal was not improved by the addition
of CBF. The CBF mainly consists of polysaccharide which can
play an adsorption and bridging role in coagulation (Wang et
al., 2008). Arising from the adsorption bridging ability of CBF,
the dual-coagulants formed the larger flocs, which can absorb
more NOM to obtain efficient settlement. Small quantity
aromatics and HMM organic matter are easier to be removed
from water which probably had been mostly removed by PAC
alone, so the improvement of UV254 removal efficiency was
limited.
In the case of CBF–PAC, residual turbidity was almost the
same as that of PAC alone (Fig. 3). Adequate CBF could improve
DOC removal by adsorption and bridging, while excessive
addition of CBF would decrease DOC removal, which decreased to 31% when CBF dosage was 3.0 mg/L. Although
long-chained CBF can absorb organic matter by absorption and
bridging, CBF is a kind of organic matter itself. When PAC was
added after CBF, CBF acted as pollutant in water which can
be removed by coagulation. The zeta potential of CBF–PAC
was almost the same as PAC alone. As a consequence it would
be harder to remove the organic matter when CBF overdosed.
Similar results were obtained by Bo et al. (2011) and Yang et al.
(2009) in treating kaolin suspension. Though CBF is a negatively charged organic matter, it still played an adsorption

bridging role in coagulation and flocculation processes. Hence
adequate CBF can help to improve NOM removal.
In view of the coagulation efficiency and the cost, the
optimized PAC and CBF dosages were 10 mg/L and 2 mg/L
respectively for the subsequent investigation of floc properties.

2.2. Floc formation, breakage and re-growth
The formation, breakage and re-growth of the aggregates
were investigated by Malvern Mastersizer 2000, with corresponding results shown in Fig. 4. There were three stages in
the curves: the floc growth stage, floc breakage stage and floc
re-growth stage. At first, aggregates grew up with different
growth rates, then have suddenly been broken into some
small fragments by greater shear rate which last for 5 min.
When the shear rates were regained, the fragments were
rejoined.

2.2.1. Floc growth rate and size
Floc growth rate and floc size (Fig. 5) were adopted to investigate formation process. Flocs formed by PAC–CBF and CBF–
PAC grew faster than flocs formed by PAC alone, especially the
flocs formed by PAC–CBF. The growth rate of flocs formed by
PAC–CBF was nearly twice of that obtained by PAC alone.
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Fig. 4 – Growth breakage and re-growth profiles of flocs for different dosages.

Hence the absorption and bridging of CBF had a positive effect
on the growth rate of floc improvement. The floc growth rate
first increased and then decreased, and it reached a maximum
at the PAC dosage of 4 mg/L. The trend of growth rate was
similar as that of PAC. Floc growth rates both first increased
and then decreased and both reached maximum at the PAC
dosage of 4 mg/L. It also indicated that PAC played a leading
role in the dual-coagulants. At PAC dosage of 4 mg/L, zeta
potential was approximately zero (Fig. 2d), and the repulsion
between particles was the lowest. Thus the aggregation of
particles was easier, and the growth rate of the flocs was fast.
However, more or less coagulants would increase the absolute
value of the zeta potential, therefore bigger repulsion depressed the growth rate.
When PAC was dosed first, CBF acted as a coagulant aid. Its
absorption and bridging effect can facilitate the growth of
flocs. However, when CBF was dosed first, the organic matters
could not effectively be flocculated by CBF and CBF was also an
organic matter itself. When PAC was dosed, it would coagulate
not only the original organic matters in water but also the CBF.
Hence the CBF could not fully perform its adsorption and
bridging effect, so growth rates of these three coagulants were
in the following order: PAC–CBF > CBF–PAC > PAC.

PAC

The trends of dual-coagulant floc size were almost in
accordance with those of growth rate, reaching the maximum
at PAC dosage of 4 mg/L. But when PAC was dosed alone, floc
size of PAC and PAC–CBF decreased as the dosage increased.
Since negatively charged CBF would increase the repulsion of
aggregates, relatively few PAC was not enough to neutralize
the negative charge, particularly when CBF dosed first. As a
consequence, there was a drop at PAC dosage of 2 mg/L, even
if CBF–PAC floc was the smallest. Subsequently, floc sizes of
dual-coagulants were much bigger than those of PAC alone,
especially PAC–CBF flocs increased about 200 μm. The absorption and bridging of CBF also played an important role in
increasing floc size as well as growth rate. The result consists
of the investigation of Yang et al. (2009)and Bo et al. (2011) that
bioflocculant can effectively increase floc size and growth rate
through absorption and bridging effect.

2.2.2. Floc breakage factor and recovery factor
Table 1 indicates floc strength factor and recovery factor. Floc
strength generally decreased first then increased with the
increase dosage of PAC. Flocs of dual-coagulants became the
weakest when PAC dosage was 6 mg/L. Flocs formed by PAC
alone were stronger than flocs formed by the dual-coagulants

PAC-CBF

CBF-PAC
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Floc size d50 (um)

Growth rate (um/min)

100

80
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400
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6
8
Al dosage (mg/L)
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Fig. 5 – Floc growth rate and floc size of different coagulants.
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Table 1 – Strength and recovery factors of flocs formed
from three different coagulants under different dosage
values.
Coagulant

in floc formation, and the recovery ability of the flocs was
decreased. The charge neutralization, sweep of PAC and
absorption and bridging of CBF occurred together to increase
the recovery ability of flocs formed by PAC–CBF. As mentioned
before, the effect of CBF was limited when CBF was dosed first.
The negative charge of the CBF resisted the particles getting
together, and itself is an organic matter that can be removed.
Consequently, the recovery factor of the CBF–PAC flocs was
the lowest.

PAC dosage (mg/L)
2

4

6

8

10

12

49.69
62.54
58.79

42.63
42.89
39.15

44.5
39.51
35.89

41.09
41.81
37.00

48.24
45.83
36.42

57.40
45.70
46.73

Recovery factor
PAC
67.46
PAC–CBF
153.98
CBF–PAC
120.64

36.33
72.18
31.05

28.94
56.85
16.08

28.31
56.92
15.97

27.77
46.80
15.70

18.38
44.34
7.51

Strength factor
PAC
PAC–CBF
CBF–PAC

2.3. Floc fractal dimension

PAC: polyalumium chloride; PAC–CBF: polyalumium chloride–
compound bioflocculant dual-coagulants; CBF–PAC: compound
bioflocculant–polyalumium chloride dual-coagulant.

especially flocs obtained by CBF–PAC, except when PAC
dosage was 2 mg/L. Floc strength was related to the number
and strength of the inter-particle bonds (Jarvis et al., 2005a,b;
Wang et al., 2009). The increased dosage of PAC provided more
bonds to connect with flocs. And the fact that floc breakage
factor was high when PAC dosage was 2 mg/L may be a result
from flocs that were large and still in growth stage. This
produced a higher strength factor when the PAC dosage was
low. However, as the dosage increased, the effect of hydrating
polymer led to stronger flocs (Zhan et al., 2010). Although
long-chain CBF could provide more bonds, the negative
charge of the CBF weakened its bridging effect and increased
the inner repulsions among inter-particles. As a consequence,
flocs were fragile, especially when CBF was dosed first. It was
consistent with floc size and growth rate results that CBF
could not fully play the bridging and absorbing effect due to its
negative charge.
The recovery ability of flocs generated by different coagulants varied according to the following order: PAC–CBF >
PAC > CBF–PAC. Floc recovery factors of the three coagulants
were all decreased as PAC dosage increased. The flocs formed
by charge neutralization had better recovery ability than flocs
formed by other mechanism (Jarvis et al., 2005a; Li et al., 2006).
At low PAC dosage, the charge neutralization was the dominated mechanism. Along with dosage increasing, sweep,
precipitation, complexion or other mechanism also took part

2

4

6
8
10
Al dosage (mg/L)

12

The dual-coagulants (PAC–CBF and CBF–PAC) perform better
DOC removal but had no effect on UV254 removal compared
with PAC alone. Meanwhile PAC predominated in dualcoagulants in the treatment of low temperature water. The
like-charge of CBF and organic matter in water limited the
absorption and bridging effect of CBF. In addition, CBF had a
positive effect on the increase of floc size and growth rate,
especially when PAC was dosed first. And the addition of CBF
after PAC made the flocs weaker, especially when CBF was
dosed first. PAC–CBF increased the recovery ability of flocs,

3.15
3.10
3.05
3.00
2.95
2.90
2.85
2.80
2.75
2.70

CBF-PAC

Breakage stage

Df

Df

Df

Formation stage

3. Conclusion

PAC-CBF

PAC
3.00
2.95
2.90
2.85
2.80
2.75
2.70
2.65
2.60
2.55
2.50

Fig. 6 shows floc fractal dimensions of these three coagulants.
When PAC dosage was 2 mg/L, flocs had the highest Df of 2.96
in the formation period. PAC dosage was over 4 mg/L, and Df
value of PAC and CBF–PAC flocs remained around 2.70 in
general. Compared to PAC flocs, PAC–CBF flocs had looser
structure with a lower Df value. Moreover, the floc fractal
dimensions of the three coagulants all increased in recovery
period compared to the initial Df. The flocs generated by
charge neutralization usually have a more compact structure
with a high Df value (Jarvis et al., 2005a; Lin et al., 2008). The
loose structure of PAC–CBF may be mainly caused by the
electrical repulsion among the like-charge of CBF and the
colloids in water. In the case of PAC–CBF, floc zeta potentials
were significantly dropped (Fig. 2d), while that of CBF–PAC
flocs was almost the same as PAC flocs (Fig. 3d). And the
compaction degree increased after exposure to a high shear
rate. Current understanding suggests that flocs break their
weak points and rearrange to more stable and compact
structures (Jarvis et al., 2005a; Selomulya et al., 2001).
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8
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Al dosage (mg/L)
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Recovery stage
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Fig. 6 – Fractal dimension of flocs formed by different coagulants during formation, breakage and recovery stages.
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while CBF–PAC showed no effect on enhancing the floc recovery ability.
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