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ab s t r ac t
The turbidity and algae removal effects of enhanced treatment processes, including the pre-chlorination 
process and the enhanced coagulation process using composite coagulants composed of poly- 
aluminum chloride and poly-dimethyldiallyl ammonium chloride (PDMDAAC) for algae-containing 
raw water in Taihu Lake, were investigated through jar tests in situ in this paper. And the dependence 
of the treatment effects on both the water quality in the typical seasons and the working mechanism 
of enhanced processes was analyzed and summarized. The results indicated that the pre-chlorination 
improved the treatment effect of conventional coagulation process in both the turbidity and algae 
removal effect for the raw water with the characteristics of high temperature, high algae and organic 
pollutants content in summer, and it improved also the algae removal effects, but weakened the tur-
bidity removal effects for the raw water with the characteristics of low temperature, low algae content 
and tiny organic pollutants in winter. However, the enhanced coagulation process using composite 
coagulants improved even more remarkably the treatment effect of the conventional process using 
poly-aluminum chloride (PAC) only, for the algae-containing raw water both in summer and in winter. 
Especially, the improvement extent of the effects of using composite coagulants for algae-containing 
raw water in summer was more obviously than that in winter due to the characteristics of PDMDAAC 
and raw water. Besides, the turbidity and algae removal effects of enhanced  coagulation process using 
composite coagulants could not only exceed that of the combined process of pre- chlorination and 
conventional coagulation using inorganic coagulants, but also indubitably replace the function of 
pre-chlorination for reducing the risks caused by excessively used chlorine.

Keywords:  Algae-containing raw water; Seasonal characteristics; Pre-chlorination; Enhanced 
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1. Introduction

For many years, the problems of eutrophication and algal 
bloom of freshwater lakes, all over the China and even in 
some places in the world, have attracted widespread atten-
tion and caused great difficulties to the conventional pota-
ble water plants [1,2]. There is obvious seasonal variation of 
algae-containing water quality in freshwater lakes, and the 

typical seasons are summer and winter in China [3]. The 
 summer is the season for algae bloom; the raw water contains 
a large amount of suspended particles composed of algae and 
organic colloids of high electric potential and possesses the 
characteristics of high temperature and heavy tiny- pollution 
[4]. In winter, the raw water contains a certain content of 
algae and organic pollutants and possesses the characteris-
tics of tiny-pollution and low temperature [5]. Both kinds of 
algae-containing raw water are difficult to treat just relying 
on the conventional treatment process.
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It is well known, the conventional process using inorganic 
coagulants is no doubt the most economic, safe and effective 
way applied in both numerous existing and developing pota-
ble water plants [6] of using not too serious polluted raw 
water, and could get satisfactory effect [7]. However, with 
the more and more serious water pollution, the conventional 
coagulation process using inorganic coagulants could not 
meet the requirements of national standards for potable water 
[8]. To improve the potable water quality, most of the potable 
water plants located in freshwater lake basin usually employ 
the enhanced methods, such as selecting high efficient coag-
ulants or combining the pre-chlorination process with the 
conventional treatment process [9]. Previous studies have 
showed that for algae-containing raw water, the enhanced 
coagulation processes using composite coagulants composed 
of the inorganic coagulants and poly-dimethyldiallyl ammo-
nium chloride (PDMDAAC) with high intrinsic viscosity 
could demonstrate high turbidity and algae removal effects, 
and could decrease the inorganic coagulant dose remarkably 
[10–13]. However, it is very important that the enhanced 
coagulation processes using composite coagulants should be 
suitable for the quality of raw water in different or specific 
season period, in order to obtain satisfactory treatment effect. 
Unfortunately, there have been few researches discussing 
the relationship between the raw water quality in the typi-
cal seasons and the effects of enhanced treatment processes 
mentioned above.

Taihu Lake, located in seacoast area of southeastern 
China, is one of the five largest and most famous freshwater 
lakes in China. In this paper, the raw water of Taihu Lake 
was selected as the representative algae-containing raw 
water, based on annual reports from authorized government 
agency. And then for the algae-containing raw water of the 
Taihu Lake in summer and winter, the turbidity and algae 
removal effects of enhanced treatment methods including 
the pre-chlorination and the enhanced coagulation using 
composite coagulants were investigated and compared, sys-
tematically, in order to discover some possible relationships 
between the algae-containing raw water quality in the typical 
seasons and the effects of enhanced treatment processes and 
to offer some effectively experiences in practical application.

2. Materials and methods

2.1. Instruments and reagents

Apparatus: Turbidimeter, QZ201, Suzhou Qingan 
Instruments Co. Ltd., Jiangsu Province, China; six stirring 
rod combined agitator, TA6-2, Wuhan Henling Technology 
Co. Ltd., Hubei Province, China; algae count box, Institute 

of Hydrobiology, Chinese Academy of Sciences, Hubei 
Province, China; biological microscope, XSP-8C, Shanghai 
Optical Instruments Factory, Shanghai, China.

Coagulants: PAC with 10.5% Al2O3 content (w%) and 
basicity of 75%. PDMDAAC samples were industrial prod-
ucts with 60% content (w%) and intrinsic viscosity values  
[η] = 0.55, 1.53, 2.47 and 3.99 dL g–1, respectively.

Preparation of composite coagulants [14]: PDMDAAC 
samples with different intrinsic viscosity values were 
 dissolved directly in PAC solutions to obtain a series 
of composite coagulants solutions. The composition of 
 composite coagulants was presented as PAC/PDMDAAC 
([η] of PDMDAAC/content of PDMDAAC). The content of 
PDMDAAC in composite coagulants was represented as the 
mass ratios of PDMDAAC to PAC, which were 5%, 10%, and 
20% (w/w). The composite coagulants were diluted into a 
 certain concentration just before used in jar tests. The doses 
of PAC and all composite coagulants were calculated based 
on Al2O3 for convenience.

Test raw water: In Wuxi city located in the north coast of 
the Taihu Lake, the raw water from Meiliang Bay of Taihu 
Lake was taken as water source polluted by the organic com-
pounds and algae, so it could be seen as a representative of 
algae-containing raw water. The raw water samples were 
collected from the water inlet of a potable water plant near 
Taihu Lake in summer and winter season. The chlorinated 
raw water for experimental contrast was collected from the 
pool of chlorinated raw water in the potable water plant 
during the same period. Chlorine dose for pre-chlorination 
was about 4.97 mg L–1 in summer and 1.44 mg L–1 in winter 
usually used in potable water plant. Table 1 shows the water 
quality of raw water used in this study.

It could be seen from Table 1 that the raw water and 
chlorinated raw water samples have the characteristics of 
high temperature, high algae and organic pollutant content 
in summer, but have the characteristics of low temperature, 
contenting algae and tiny-pollution in winter.

2.2. Evaluation of coagulation performance

2.2.1. Jar test and stirring procedures

The standard jar tests were conducted on a program- 
controlled jar test apparatus. 1.0 L of raw water sample was 
transferred into each beaker. The predetermined amounts of 
coagulant were added simultaneously under rapid stirring at 
300 rpm for 15 s, and then the following stirring procedures 
were performed: rapid stirring at 300 rpm for time t1, middle 
stirring at 100 rpm for time t2, slow stirring at 30 rpm for time 
t3, and quiescent settling for 30 min. After quiescent settling, 

Table 1
Water quality parameters of raw water samples for this study

Season Pre-chlorination  
dose (mg·L–1)

Temperature  
(°C)

pH Turbidity  
(NTU)

CODMn  
(mg·L–1)

Algae content 
(cell·mL–1)

Summer / 28.0–29.0 8.1 32.0–34.0 11.67 3.60–3.70 × 104

4.97 29.0–30.0 7.8 34.0–37.0 10.75 6.20–6.30 × 104

Winter / 5.0–7.0 7.9 30.0–34.0 4.66 1.90–2.10 × 104

1.44 5.0–7.0 7.5 32.0–36.0 5.18 1.70–1.90 × 104
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the supernatant sample was collected from 2 cm below the water 
surface for the turbidity and algae content measurements. The 
stirring time t1, t2 and t3 stimulated the actual production con-
ditions in the potable water plants located in Taihu Lake basin.

The species and content of algae both in raw water and in 
supernatant were distinguished and counted by using a biol-
ogy microscope with an algae cell counter. The algae removal 
rates were calculated according to the Eq. (1). 

Algae removal rate (%) =  (algae content in raw water –  
algae content in the supernatant) × 
100% / algae content in raw water
 (1)

2.2.2. Evaluation of treatment effect

Jar tests were carried out by using selected stirring proce-
dures; the residual turbidity and algae removal rate in super-
natants using different coagulant doses were measured and 
compared systematically to investigate their turbidity and 
algae removal effects.

2.3. Procedures

(1) We collected and analyzed the water quality data of 
Taihu Lake water samples from the reports issued by 
Taihu Lake Basin Water Resources Protection Bureau. 
Then the main characteristics of raw water quality were 
summarized for further experiments.

(2) PAC was selected for treatment of raw water and chlo-
rinated raw water, in order to investigate the coagula-
tion-aid effect of pre-chlorination. Then the enhanced 
mechanisms of the pre-chlorination were analyzed and 
discussed based on the characteristics of pre- chlorination, 
and the algae species and content in the Taihu Lake raw 
water in both summer and winter.

(3) The enhanced coagulation effects of using composite 
coagulants with different content and intrinsic viscosity 
of PDMDAAC for the Taihu Lake raw water were inves-
tigated. Especially, the influence of intrinsic viscosity 
or content of PDMDAAC in composite coagulants on 
the enhanced coagulation was analyzed and discussed 
based on the turbidity and algae removal characteristics 
of using composite coagulants and the characteristics of 
raw water quality both in summer and in winter. 

The composite coagulants were selected as follows: (1) The 
PAC/PDMDAAC composite coagulants containing PDM-
DAAC with the intrinsic viscosity of 2.47 dL g–1 and the PDM-
DAAC content of 5%, 10% and 20% were used for comparison 
of the content function of PDMDAAC. (2) The PAC/PDM-
DAAC composite coagulants containing PDMDAAC with 
the PDMDAAC content of 10% and the intrinsic viscosity of 
PDMDAAC of 0.55, 1.53, 2.47 and 3.99 dL g–1 were used for 
comparison of the intrinsic viscosity function of PDMDAAC. 

Finally, the characteristics of enhanced coagulation pro-
cess using composite coagulants and pre-chlorination pro-
cess were investigated and compared systematically, and 
then the possible relationships between the raw water quality 
in typical seasons and the effects of enhanced treatment pro-
cesses could be discovered.

3. Results and discussion

3.1. The Taihu Lake raw water quality in different seasons

The water quality of raw water samples from 33 moni-
toring points in 9 lake districts of Taihu Lake is monitored 
monthly by Taihu Lake Basin Water Resources Protection 
Bureau. Figs. 1 and 2 show the monthly and annual vari-
ability of permanganate index (CODMn) content and chlo-
rophyll a content of Taihu Lake raw water from 2006 to 
2014 [15].

It could be seen from Fig. 1 that normally, the CODMn 
content of Taihu raw water changes a little from January to 
June, but increases to high level from July to November, 
and then falls to normal level after November. It could 
be seen from Figs. 1 and 2 that there is a significant  positive 
correlation between chlorophyll a content representing the 
algae concentration and CODMn content representing the 
organic compound content. The chlorophyll a content of 
Taihu Lake raw water in summer is higher than that in 
 winter, and its changing trend is roughly synchronous 
with the change of temperature. Usually, the chlorophyll a 
 content is at low level from January to April and increases 
in April. From July to October, the algae are thriving in 
high temperature, so the chlorophyll a content of Taihu Lake 
raw water increases to its peak level [16]. After October, the 
chlorophyll a content of Taihu Lake raw water begins to fall 
with the decrease of temperature. Therefore, the raw water 
of Taihu Lake shows the characteristics of high tempera-
ture, high algae and organic pollutants content in summer, 
but the characteristics of tiny-pollution and low tempera-
ture in winter.
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Fig. 1. Variability of average CODMn content of Taihu Lake raw 
water.
Note: Demonstrates the monthly variability of average CODMn 
 content of Taihu Lake raw water during 2006–2014.
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Fig. 2. Variability of average chlorophyll a content of Taihu Lake 
raw water.
Note: Demonstrates the monthly variability of average chlorophyll a 
content of Taihu Lake raw water during 2006–2014.
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3.2. The coagulation-aid effect of pre-chlorination

3.2.1. Results

The pre-chlorination process is an enhanced treatment 
method widely used in the potable water plants located in 
freshwater lake basin to deal with the situation of water qual-
ity deterioration. The function of pre-chlorination is to kill 
part of algae for the enhancement of the coagulation process. 
The PAC was selected for treating raw water and chlorinated 
raw water in order to investigate the coagulation-aid effect 
of pre-chlorination. The stirring procedure of jar test was 
obtained according to the actual production conditions of the 
potable water plants located in Taihu Lake basin. The experi-
mental results are shown in Figs. 3 and 4. 

In order to meet the requirement of the national pota-
ble water quality standards in China, quite a lot of potable 
water plants located in Taihu Lake basin set their turbidity 
standard of supernatant from sedimentation tank as 2 NTU. 
Based on this, straight lines parallel to the horizontal axis 
at 2 NTU could be drawn as in Figs. 3 and 4, and then the 
required doses for reaching residual turbidity of 2 NTU 
could be obtained from the abscissa values of intersections 
of the parallel horizontal lines and the curves of dose vs. tur-
bidity. Furthermore, the straight lines parallel to the vertical 
axis at the required dose for supernatant turbidity of 2 NTU 
using PAC could be drawn as in Figs. 3 and 4 too, and then 
the algae removal rate at the same dose for treating raw water 
and chlorinated raw water could be obtained from the ordi-
nate values of intersections of the parallel vertical lines and 
the curves of dose vs. algae removal rates. All these obtained 
information were summarized in Figs. 5 and 6.

From Figs. 3–6, it could be seen that for treating Taihu Lake 
raw water in summer and using the same kind of coagulants, 
all curves of the dose vs. residual turbidity for chlorinated raw 
water were below those for raw water, indicating the higher 

turbidity removal effect of pre-chlorination, and all curves 
of the dose vs. algae removal rate for chlorinated raw water 
were above those for raw water, indicating the higher algae 
removal effect of pre-chlorination. Therefore, the pre-chlorina-
tion process improved the turbidity and algae removal effect 
for the Taihu Lake raw water in summer. Especially, using the 
pre-chlorination process could decrease turbidity of superna-
tant by 9.30% and increase the algae removal rate by 1.12%, 
compared with conventional coagulation only using PAC, 
when required turbidity 2.0 NTU of supernatant was achieved. 
And, when the same dose was used, using the pre-chlorination 
process could decrease the residual turbidity by 10.28%, and 
meanwhile increase the algae removal rate by 2.41% compar-
ing with conventional coagulation only using PAC.
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Fig. 3. The influence of pre-chlorination on turbidity and algae 
removal effect for Taihu raw water in summer.
Note: The curves with empty points and dotted lines are the curves of 
dose vs. residual turbidity (the descending curves) and the curves of 
dose vs. algae removal rate (the rising curves) by using PAC and PAC/
PDMDAAC (1.53/10%) for chlorinated Taihu Lake raw water in sum-
mer, and the curves with solid points and solid lines are the curves of 
dose vs. residual turbidity (the descending curves) and the curves of 
dose vs. algae removal rate (the rising curves) by using PAC and PAC/
PDMDAAC (1.53/10%) for Taihu Lake raw water in summer.
The composition of composite coagulants was presented as PAC/
PDMDAAC ([η] of PDMDAAC/PDMDAAC content [w/w], as shown 
in section 2.1).
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Fig. 4. The influence of pre-chlorination on turbidity and algae 
removal effect for Taihu raw water in winter.
Note: The curves with empty points and dotted lines are the curves 
of dose vs. residual turbidity (the descending curves) and the curves 
of dose vs. algae removal rate (the rising curves) by using PAC and 
PAC/PDMDAAC (1.53/10%) for chlorinated Taihu Lake raw water in 
winter, and the curves with solid points and solid lines are the curves 
of dose vs. residual turbidity (the descending curves) and the curves 
of dose vs. algae removal rate (the rising curves) by using PAC and 
PAC/PDMDAAC (1.53/10%) for Taihu Lake raw water in winter.
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However, from Figs. 3–6, it could be seen that for treat-
ing Taihu Lake raw water in winter and using the same kind 
of coagulants, all curves of both the dose vs. turbidity and 
the dose vs. algae removal rate for chlorinated raw water 
were congruously above those of raw water, indicating lower 
turbidity removal effect and higher algae removal effect of 
pre-chlorination, respectively. Therefore, the pre-chlorination 
process improved the algae removal effect, but decreased 
the turbidity removal effect for the Taihu Lake raw water in 
winter. Especially, using the pre-chlorination process could 
increase the algae removal rate by 4.23%, when required tur-
bidity 2 NTU of supernatant was achieved. And, when the 
same dose for the residue turbidity of 2 NTU using PAC was 
used, using the pre-chlorination process could increase the 
algae removal rate by 4.09% comparing with conventional 
coagulation only using PAC.

3.2.2. Mechanism analysis

The reason for the results in Figs. 3 and 4 could be explained 
by the characteristics of pre-chlorination process, and the 
content and sorts of algae in the raw water. It was reported 
that one of the important factors, which could  influence algae 
removal rate in coagulation, was the  characteristics of algae 
including the physiological  structure, activity, surface charge 
and metabolites of algae [17]. Meanwhile, chloride as a strong 
oxidant can seriously damage the physiological structure of 

algae, kill the algae cells and change the structure of organic 
compounds. Therefore, pre-chlorination process could 
demonstrate two different and opposite functions.

On the one hand, the powerful oxidation of chlorine can 
inhibit the activity of algae, break up the clusters of algae 
into single algae cells, and damage the surface structures of 
algae cells, which could result in the improvement of coag-
ulation effect of algae removal [18]. On the other hand, the 
intracellular organic compounds released into raw water 
from the damaged algae cells could absorb on the surface of 
colloidal particles in the raw water, and then increase surface 
negative charge density of the colloidal particles, leading to 
the enhancement of colloid stability and resulting in lower 
coagulation effect of turbidity removal [19,20]. The different 
effects of pre-chlorination on coagulation in different sea-
sons may be due to the influence of algae content and sorts 
in the raw water on these two functions. Table 2 shows the 
algae sorts in Taihu Lake raw water in summer and winter.

It is shown in Table 1 that the algae content in chlori-
nated raw water was higher than that in raw water, but the 
CODMn content in chlorinated raw water was lower than 
that in raw water, in the case of treating Taihu Lake raw 
water in summer. The algae contained in the Taihu Lake 
raw water in summer have the characteristics of complex 
species, high activity and sharp metabolism due to the 
high temperature, and especially, there are some clus-
ters of Microcystis whose structure could seriously influ-
ence coagulation effect [21] (as shown in Table 2). Since 
a high chloride dose reaching up to about 5 mg L–1 for 
pre-chlorination in summer was used, the positive effects 
of pre-chlorination including inhibition of algae activity, 
destruction of algae clusters and decomposition of organic 
pollutants were enhanced, and then turbidity removal 
effect in coagulation was improved. 

In contrast to the situation in summer, it is shown in 
Table 1 that algae and CODMn content in the Taihu Lake raw 
water in winter were only half of the values in summer. 
Furthermore, the algae content in chlorinated raw water 
was lower than that in raw water, but the CODMn content 
in chlorinated raw water was higher than that in raw water. 
However, it was indicated from Fig. 4 that along with the 
enhancement of algae removal effect in coagulation by 
pre-chlorination, the turbidity removal effect of coagulation 
for chlorinated raw water was decreased to lower than that 
for raw water. The reasons might include the inhibition of 
algae metabolic activity due to the low temperature, the 
existing form of single cells presented by the main algae 
species of chlorophyta and Bacillariophyta in the raw water 
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Table 2
The algae sorts contained in the Taihu raw water in summer and winter

Season Summer Winter

Algae 
division

Cyonophyta Chlorophyta Bacillariophyta Chlorophyta Bacillariophyta Others

Algae 
genus

Microcystis,  
Merismopedia, Anabaena, 
Spirulina, Oscillatoria, etc.

Oocystaceae,  
Chlorella,  
Scenedesmus, etc.

Melosira,  
Cyclotella,  
Fragilaria, etc.

Chlorella,  
Scenedesmus, etc.

Cyclotella,  
Melosira, etc.

Merismopedia, 
Microcystis, etc.

Ratio (%) 70–80 20–30 About 80 About 20
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(as shown in Table 2), and the relative low organic pollution 
degree in raw water in winter. Since the relatively low chlo-
rine dose of about 1.5 mg L–1 for pre-chlorination was used, 
the negative effects of pre-chlorination such as prompting 
release of intracellular compounds of algae cells were kept, 
and then the turbidity removal effect in coagulation was 
decreased.

3.3. The coagulation behaviors of composite coagulants

3.3.1. Results

The composite coagulants with the different PDMDAAC 
content and intrinsic viscosity of PDMDAAC were selected 
to conduct jar test. The stirring procedure was obtained 

according to the actual production conditions in the pota-
ble water plants located in Taihu Lake basin. The results are 
shown in Figs. 7 and 8.

It could be seen from Figs. 7 and 8 that the curves of dose 
vs. residual turbidity for using composite coagulants were 
below that for using PAC, but the curves of dose vs. algae 
removal rate for using composite coagulants were above 
that for using PAC. The higher the content of PDMDAAC or 
intrinsic viscosity of PDMDAAC was, the lower the curves 
of dose vs. residual turbidity and the higher the curves of 
dose vs. algae removal rate for using composite coagulants 
were. 

It was indicated that the turbidity and algae removal 
effect by using composite coagulants were higher than that 
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Fig. 7. The turbidity and algae removal effect of PAC/PDMDAAC 
for Taihu Lake raw water in summer: (a) PAC/PDMDAAC with 
different PDMDAAC content, (b) PAC/PDMDAAC with differ-
ent intrinsic viscosity of PDMDAAC.
Note: (a) Demonstrates the curves of dose vs. residual turbidity 
(the descending curves) and the curves of dose vs. algae removal 
rate (the rising curves) for using PAC and PAC/PDMDAAC com-
posite coagulants with different PDMDAAC content for Taihu 
raw water in summer. (b) Demonstrates the curves of dose vs. 
residual turbidity (the descending curves) and the curves of 
dose vs. algae removal rate (the rising curves) for using PAC and 
PAC/PDMDAAC composite coagulants with different intrinsic 
viscosity of PDMDAAC for Taihu raw water in summer.
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Fig. 8. The turbidity and algae removal effect of PAC/PDM-
DAAC for Taihu Lake raw water in winter: (a) PAC/PDMDAAC 
with different PDMDAAC content, (b) PAC/PDMDAAC with 
different intrinsic viscosity of PDMDAAC.
Note: (a) Demonstrates the curves of dose vs. residual turbidity (the 
descending curves) and the curves of dose vs. algae removal rate (the 
rising curves) for using PAC and PAC/PDMDAAC composite coagu-
lants with different PDMDAAC content for Taihu raw water in winter.  
(b) Demonstrates the curves of dose vs. residual turbidity (the descend-
ing curves) and the curves of dose vs. algae removal rate (the rising 
curves) for using PAC and PAC/PDMDAAC composite coagulants with 
different intrinsic viscosity of PDMDAAC for Taihu raw water in winter.
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by using PAC, and the higher the content of PDMDAAC 
or intrinsic viscosity of PDMDAAC was, the higher turbid-
ity and algae removal effect of composite coagulants were. 
When the similar residual turbidity of supernatant was 
achieved, the enhanced coagulation using composite coagu-
lants could decrease the dose of PAC remarkably and mean-
while increase the algae removal rate compared with the 
 conventional process using PAC only. When the same dose of 
PAC was used, the process using composite coagulant could 
decrease the residual turbidity and meanwhile increase the 
algae removal rate significantly compared with the conven-
tional process of using PAC only. 

3.3.2. Mechanism analysis

3.3.2.1. The enhanced coagulation mechanisms of composite 
coagulants The reason for the higher turbidity and algae 
removal effect of composite coagulants shown in Figs. 7 and 
8 may be that the PDMDAAC is a kind of cationic polymer 
with a positive charge for each of its structure unit, so that 
PDMDAAC not only enhanced the charge neutralization 
ability of PAC, but also changed possibly the species of mul-
tinuclear hydroxyl hydrolysates of PAC. Therefore, PDM-
DAAC could improve the interaction between coagulants 
and suspended particles in coagulation process, and enhance 
the specific adsorption of coagulants on the surface of sus-
pended particles and algae cells [22,23]. 

Meanwhile, as shown in Fig. 9, PDMDAAC with low 
intrinsic viscosity has short molecular chain, which could 
easily adsorb on the surface of suspended particles in the 
“train” type. However, it was difficult to form large flocs 
through its weak bridging function among suspended 
particles and algal cells. Therefore, the turbidity and 
algae removal effect of composite coagulants containing 
PDMDAAC with low intrinsic viscosity is not so sufficient 
relatively. PDMDAAC with high intrinsic viscosity has long 
molecular chain, which could easily adsorb on the surface 
of suspended particles in both the “loop” and “tail” type, 
so that the large flocs could be formed through its strong 
bridging function among suspended particles and algal 
cells. And then the turbidity and algae removal effect of 

composite coagulants could be enhanced remarkably [10]. 
These factors led to the results as follows: The higher the 
content of PDMDAAC or intrinsic viscosity of PDMDAAC 
was, the higher turbidity and algae removal effect of com-
posite coagulants were.

3.3.2.2. The characteristics of enhanced coagulation processes 
using composite coagulants In order to meet the requirement 
of the national potable water quality standards of China, 
most of potable water plants located in Taihu Lake basin 
set their turbidity standard of supernatant from sedimen-
tation tank as 2 NTU. But in most situations, the turbidity 
of supernatant from sedimentation tank can only reach to 
about 4 NTU due to the deterioration of raw water quality 
and the limitations of the conventional treatment process. 
Based on these, straight lines parallel to the horizontal axis 
at 4 and 2 NTU could be drawn as in Figs. 7 and 8, and 
then the required doses for reaching residual turbidity of 
4 and 2 NTU could be obtained from the abscissa values of 
intersections of the parallel horizontal lines and the curves 
of dose vs. turbidity. Furthermore, the straight lines paral-
lel to the vertical axis at the required dose for supernatant 
turbidity of 2 NTU using PAC could be drawn as in Figs. 7 
and 8 too, and then the algae removal rate using different 
coagulants at the same dose could be obtained from the 
ordinate values of intersections of the parallel vertical lines 
and the curves of dose vs. algae removal rates. All these 
obtained information were summarized in Tables 3 and 4.

It could be seen in Tables 3 and 4 that using composite 
coagulants could improve the turbidity and algae removal 
effect in a large extent compared with using PAC. When 
required residual turbidity of supernatant for treatment pro-
cess in the local potable water plant along Taihu Lake was 
achieved in summer or in winter, using composite coagulants 
could decrease the inorganic coagulants dose by 32.85%–
56.28% or 9.67%–24.00%, and meanwhile increase the algae 
removal rate by 0.69%–5.61% or 3.09%–6.17%, compared with 
only using inorganic coagulants. And, when the same dose 
was used in summer or in winter, using composite coagulant 
could decrease the residual turbidity by more than 45.33%–
73.36% or 39.52%–63.33%, and meanwhile increase the algae 
removal rate by more than 4.47%–7.67% or 4.74%–9.71%, com-
paring with only using inorganic coagulants, too. In general, 
the improvement extent of the turbidity and algae removal 
effect on composite coagulants to PAC for treating Taihu lake 
raw water in winter is lower than that in summer. 

The reasons for the results in Tables 3 and 4 may be that 
the PDMDAAC not only can change the species of multinu-
clear hydroxyl hydrolysates of PAC and enhance the charge 
neutralization ability, but also can intensify the bridge ability 
of PAC, so that the coagulation effect can be improved [24]. 
However, the enhanced coagulation effect of composite coag-
ulants is also influenced by other factors including the char-
acteristics of colloidal particles in the raw water, hydrolysis 
speed and hydrolysate characteristics of PAC and so on.

In summer, the algae and organic pollutants content 
in Taihu raw water is high; there are more negative charge 
groups in the surface of colloidal particles in raw water. The 
PDMDAAC as a kind of polyelectrolyte with strong posi-
tive charge could react with particles containing negatively 

Fig. 9. Flocculation model by PDMDAAC.
Note: Demonstrates the supposed absorption and bridging state of 
PDMDAAC with low and high molecular weight on the surface of 
particles in coagulation process.
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charged groups easily [25], so the enhanced coagulation 
effect of PDMDAAC is high in summer. In winter, the algae 
and organic pollutants content in Taihu raw water is rela-
tively low, and there are less negatively charged groups in 
the surface of colloidal particles. Then the binding ability of 
PDMDAAC on the surface of particles in raw water is lower 
than that in summer, so the improvement extent of the tur-
bidity and algae removal effect on composite coagulants to 
PAC is lower than that in summer.

3.4. The comparison of enhanced effects of pre-chlorination and 
composite coagulants

The above experimental results demonstrated that 
the pre-chlorination and the composite coagulants could 
improve the turbidity and algae removal effects in Taihu 
Lake algae-containing raw water. However, it should pay 
an attention to that the substances released from the bro-
ken algae cells can form a series of poisonous and harmful 
chlorinated by-products under action of chlorine [26]. To 
compare the enhanced effects of the pre-chlorination and 
the composite coagulants, the straight lines parallel to the 
horizontal axis at 2 NTU could be drawn as in Figs. 3, 4, 7 
and 8, and then the required doses for reaching residual tur-
bidity of 2 NTU could be obtained from the abscissa values 
of intersections of the parallel horizontal lines and the curves 
of dose vs. turbidity. Furthermore, the straight lines paral-
lel to the vertical axis at the required dose for  supernatant 
 turbidity of 2 NTU using PAC could be drawn as in Figs. 3, 
4, 7 and 8 too, and then the algae removal rate at the same 

dose could be obtained from the ordinate values of intersec-
tions of the  parallel vertical lines and the curves of dose vs. 
algae removal rates. For comparison, just the results of pre- 
chlorination and the results of composite coagulants whose 
effects were close to that of pre-chlorination were summa-
rized in Tables 5 and 6.

It could be seen in Tables 5 and 6 that when required 
residual turbidity of supernatant for treatment process in the 
local potable water plant along Taihu Lake was achieved in 
summer or in winter, using PAC/PDMDAAC (1.53/10%) for 
both seasons could get the lower required dose and the same 
or more algae removal effects compared with the combined 
process of conventional coagulation using PAC and pre-chlo-
rination with pre-chlorine dose of 5.0 or 1.5 mg L–1. When 
the same dose of PAC/PDMDAAC (0.55/10%–1.53/10%) 
was used in summer or in winter, only using these compos-
ite coagulants with lower intrinsic viscosity and content of 
PDMDAAC could get lower residual turbidity and higher 
algae removal effects compared with the combined process 
of conventional coagulation using PAC and pre- chlorination 
with pre-chlorine dose of 5.0 or 1.5 mg L–1. It means that 
the turbidity and algae removal effect of enhanced coagu-
lation process using composite coagulant PAC/PDMDAAC 
(0.55/10%) or PAC/PDMDAAC (1.53/10%) could be higher 
than that of combination process of conventional coagulation 
using PAC and pre-chlorination. Furthermore, the higher 
intrinsic viscosity of the composite coagulants with or the 
higher content of PDMDAAC in the composite coagulants 
was, the higher effect of enhanced coagulation process using 
composite coagulants could be.

Table 4
Algae removal rate at the same dose using different coagulants (the dose for residual turbidity of 2 NTU using PAC)

Item Summer Winter
PAC PAC/PDMDAAC PAC PAC/PDMDAAC

Dose (mg·L–1) 8.00 8.00 3.00 3.00
Turbidity (NTU) 2.14 0.57–1.17 2.10 0.77–1.27

Decrease rate of turbidity (%) / 45.33–73.36 / 39.52–63.33

Algae removal rate (%) 89.93 94.40–97.60 85.87 90.61–95.58

Increase of algae removal rate (%) / 4.47–7.67 / 4.74–9.71

Table 3
Required doses for supernatants turbidity of 4 and 2 NTU using different coagulants

Item For supernatant turbidity of 4 NTU For supernatant turbidity of 2 NTU

PAC PAC/PDMDAAC PAC PAC/PDMDAAC

Summer Dose (mg·L–1) 4.24 2.48–3.50 8.28 3.62–5.56
Decrease range of dose (%) / 17.45–41.51 / 32.85–56.28
Algae removal rate (%) 82.28 83.67–86.80 88.06 88.75–93.67
Increase of algae removal rate (%) / 1.39–4.52 / 0.69–5.61

Winter Dose (mg·L–1) 2.74 2.03–2.31 3.00 2.28–2.71
Decrease range of dose (%) / 15.69–25.91 / 9.67–24.00
Algae removal rate (%) 83.09 84.26–89.26 85.98 89.07–92.15
Increase of algae removal rate (%) / 1.17–6.17 / 3.09–6.17
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In contrast with the conventional coagulation process 
combined with pre-chlorination, the enhanced coagulation 
process using composite coagulants do not destroy the struc-
ture of algal cells or trigger the release of microcystins; rather, 
the strong absorbing-neutralizing and bridging-netting abil-
ities produced by the composite coagulants can cause algae 
cells to form bigger floc and settle rapidly without obvious 
damage of algae cell. As a result, on one hand, the enhanced 
coagulation process using composite coagulants could 
replace the function of pre-chlorination, and the chlorine 
dose both in pre-chlorination and in disinfection also could 
be decreased because of the enhanced coagulation of com-
posite coagulants and the high water quality of supernatant 
produced; on the other hand, the risks caused by excessive 
chlorine could be reduced, and the produced water quality 
could be improved, spontaneously.

4. Conclusions

Based on the analysis of characteristics of algae-con-
taining Taihu Lake raw water in summer and winter, the 
turbidity and algae removal effects of enhanced treatment 
processes including pre-chlorination and enhanced coag-
ulation using composite coagulants were investigated and 
compared through jar tests. The main conclusions are as 
follows:

(1) It was discovered that for treating Taihu Lake raw 
water with the characteristics of high temperature, 
high algae and organic pollutant content in summer, 
the pre- chlorination could improve the turbidity and 
algae removal effect in coagulation. For treating Taihu 
Lake raw water with the characteristics of low tempera-
ture, containing algae and tiny-pollution in winter, the 
pre-chlorination could improve algae removal effect, but 
decreased the turbidity removal effect in coagulation.

(2) The results showed that for treating algae-containing raw 
water, the turbidity and algae removal effect enhanced by 
using composite coagulants was remarkable. The higher 
the intrinsic viscosity of PDMDAAC in composite coagu-
lants was, the stronger the enhanced coagulation function 
was. When required residual turbidity of supernatant for 
treatment process in the local potable water plant along 
Taihu Lake was achieved in summer or in winter, using 
composite coagulants with the PDMDAAC content of 
20% and intrinsic viscosity of 3.99 dL g–1 could decrease 
the inorganic coagulants dose by 56.28% or 24.00%, and 
meanwhile increase the algae removal rate by 8.01% or 
6.17%, compared with only using inorganic coagulants. 
And, when the same dose was used in summer or in 
winter, using composite coagulant could decrease the 
residual turbidity by more than 73.36% or 63.33%, and 
meanwhile increase the algae removal rate by more than 

Table 5
The comparison of enhanced effects of pre-chlorination and composite coagulants for Taihu Lake raw water in summer

Item For supernatant turbidity of 2.00 NTU At the same dose

Raw 
water

Chlorinated  
raw water

PAC/PDMDAAC 
(1.53/10%)

Raw 
water

Chlorinated  
raw water

PAC/PDMDAAC 
(0.55/10%)

Summer PAC dose (mg·L–1) 8.28 7.51 5.18 8.00 8.00 8.00

Turbidity (NTU) 2.00 2.00 2.00 2.14 1.92 0.79

Change rate of dose or 
turbidity (%)

/ –9.30 –37.44 / –10.28 –63.08

Algae removal rate (%) 89.33 90.45 90.55 88.39 90.80 93.60
Increase of algae removal 
rate (%)

/ 1.12 1.22 / 2.41 5.21

Table 6
The comparison of enhanced effects of pre-chlorination and composite coagulants for Taihu Lake raw water in winter

Item Raw  
water

Chlorinated  
raw water

PAC/PDMDAAC  
(1.53/10%)

Raw  
water

Chlorinated 
raw water

PAC/PDMDAAC 
(1.53/10%)

Winter PAC dose (mg·L–1) 3.04 3.37 2.66 3.50 3.50 3.50
Turbidity (NTU) 2.00 2.00 2.00 1.19 1.75 0.65
Decrease rate of dose or 
turbidity (%)

/ +10.86 –12.50 / +47.06 –45.38

Algae removal rate (%) 86.80 91.03 91.17 87.29 91.38 94.25
Increase of algae removal 
rate (%)

/ 4.23 4.37 / 4.09 6.96
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10.13% or 9.71%, comparing with only using inorganic 
coagulants, too. The improvement extent of the turbidity 
and algae removal effect on composite coagulants to PAC 
in summer is stronger than that in winter due to the char-
acteristics of PDMDAAC and the algae-containing raw 
water. 

(3) It was also discovered that the turbidity and algae 
removal effect of the enhanced coagulation process 
using composite coagulants could exceed largely that of 
the combined process of conventional coagulation and 
pre-chlorination both in summer and in winter. And the 
enhanced coagulation process using composite coagu-
lants even with a lower intrinsic viscosity and content 
of PDMDAAC could replace the enhanced coagulation 
function of pre-chlorination and reduce the risks caused 
by excessive chlorine, so that the finished water quality 
could be improved, spontaneously.
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