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a b s t r a c t
Although synthetic polymeric organic compounds have been widely used in sludge-recycling 
enhanced flocculation (SEF) process as the coagulant aid, effects of their molecular weight (MW) on 
strengthening ability and floc characteristics variation of SEF, that is, floc recovery ability, floc mor-
phology structure and distribution, remained unclear. In this study, those effects under two colloi-
dal destabilization mechanisms, namely electrostatic patch (EP) and near charge neutrality (NCN), 
in kaolin colloidal system and humic acid–kaolin colloidal system were investigated using response 
of SEF and traditional flocculation (TF) to polyacrylamide (PAM) with various MW. Results showed 
that when PAM with MW of 6 and 12 million Da was chosen, compared with TF, residual turbidity of 
SEF decreased by 21.45% and 27.72%, respectively, in system I, EP; –7.50% and 13.20%, respectively, in 
system I, NCN; 12.86% and 9.38%, respectively, in system II, EP and –98.46% and 2.10%, respectively, 
in system II, NCN. In most cases, the fractal dimension of SEF floc was higher than that of TF floc. 
And SEF could not reduce frequency of small floc, which is not beneficial to the strengthening ability 
exertion of SEF. However, when using PAM with MW of 18 and 20 million Da, SEF could significantly 
reduce the frequency of small floc, and the fractal dimension of SEF floc was lower than that of TF floc. 
SEF residual turbidity of PAM with 18 and 20 million Da MW decreased by 22.21% and 22.89%, respec-
tively, in system I, EP; 21.61% and 32.19%, respectively, in system I, NCN; 33.99% and 35.29%, respec-
tively, in system II, EP and 18.28% and 28.15%, respectively, in system II, NCN. These findings suggest 
that PAM with high MW and EP status was more beneficial for SEF to exhibit the strengthening ability 
to TF than PAM with low MW and NCN status. In addition, the recovery factor of TF floc was larger 
than 1, while sludge-recycling exerted a flocculation enhancement role. This suggested that the recov-
ery ability of broken flocs had definite indication effect on exertion of SEF strengthening ability.
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1. Introduction

Sludge-recycling enhanced flocculation (SEF) is a highly 
efficient water treatment technology widely used in the 
treatment of heavy metal wastewater, organic wastewater, 
domestic wastewater and potable water. A key feature of 

this process is the circumfluence of the sludge formed by 
settled floc to the forepart of the flocculation reaction, which 
improves the particle collision efficiency by increased sludge 
concentration [1,2], and sufficiently utilizes the residual 
flocculation ability of matured floc [3]. In many cases, the 
purification ability of SEF is not greater than the traditional 
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flocculation (TF) process, which is mainly because recycling 
of sludge formed by settled floc leads to breakage of flocs, 
leading to the formation of a large amount of destabilized 
colloidal particles (under charge neutralization condition) or 
amorphous sediments of metal hydroxide salt (sweep floccu-
lation). These substances under certain operating conditions 
are less likely to be reaggregated [4–6]. Therefore, polymer is 
generally added as coagulant aid in SEF-like process, which 
containing structural design of sludge circumfluence, to 
improve effluent water quality [7–10].

Since macromolecular polymeric organics have long-
chain molecular structure, it adsorbs and bridges colloidal 
particles to accelerate the flocculation process in water treat-
ment, resulting in the formation of flocs with large size and 
high density and thereby increasing floc settlement speed. 
Additionally, longer molecular chains can have strong con-
tact between particle surfaces for effective adsorption and 
bridging. Thus, a long-chain organic polymer is usually 
more effective than the short-chain organic polymer with 
low molecular weight (MW) [11–13]. In addition, colloidal 
surface should have adequate space to effectively connect the 
long chain with other particles. Therefore, the dosage of poly-
meric substance could not be excess; otherwise, it can cause 
the coating of colloidal surface with polymers without ade-
quate free space, leading to colloidal protection effect [14].

When adding proper dosage of polymer coagulant aid 
in TF, the floc is formed with a structure characterized by a 
long-chain molecule as skeleton with a large number of col-
loidal particles adsorbed on the surface. In SEF process, the 
settled floc is recycled in raw water or at rapid mixing stage. 
Under the effect of relatively high hydraulic shear force or 
mechanical mixing action, long-chain molecular skeleton of 
floc breaks. The extent of molecular chain breakage is stron-
ger at higher shear intensity and for longer molecular chain 
[15,16]. Consequently, structure and distribution between 
floc of SEF and TF are significantly different, resulting in dif-
ferences in final effluent water quality.

Although several studies have investigated about utiliz-
ing polymer in SEF, they mainly focus on final effluent water 
quality. Only limited studies have focused on colloidal desta-
bilization mechanism and corresponding floc characteristics. 
Consequently, there is a significant gap in knowledge on 
the strengthening mechanism of SEF when adding polymer. 
The focus of this study is primarily on the effects of MW of 
PAM as representative polymer on the strengthening ability 
of SEF and floc characteristics. Using raw water prepared by 
kaolin and humic acid–kaolin as colloidal system, effects of 
polymer MW on residual turbidity, floc growth, morphology 
and distribution have been investigated under two colloi-
dal destabilization mechanism conditions, including elec-
trostatic patch (EP, relatively good coagulation effect could 
be acquired in this state, though colloidal particles need to 
refill large amount of hetero charge to reach complete charge 
neutralization [17–19]) and near charge neutrality (NCN, the 
definition is that although mark of colloid surface charge has 
not changed yet, it has already been close enough to the state 
of complete charge neutralization). Furthermore, SEF floc 
formation mechanism in the presence of long-chain organic 
polymer is discussed. Experiments were also conducted to 
test re-flocculation after broken (RAB) of SEF and TF flocs to 
investigate the recovery ability.

2. Materials and methods

2.1. Experimental setup

A floc imaging system similar to that of Wei et al. [20] 
was used in this study. The system included a rectangular 
coagulation reactor with an effective volume of 12 L (20 cm 
× 20 cm × 40 cm), and a programmable stirring propeller 
(IKA, Eurostar100, Germany) with a stainless steel blade of 
100 mm × 80 mm × 2 mm. The distance between the blade 
and the bottom was 5 cm. The images were acquired using 
a high-resolution industrial camera (1,392 × 1,040 pixel, 
MV-VS141, Xi’an Microvision, China) and high-resolution 
lens (10 million pixels, LM25JC10M, Kowa, Japan).

2.2. Materials

Coagulant aid used in this study was mainly commer-
cially available polyaluminum chloride (PACl) with 30% 
of Al2O3 content, 40%–90% of basicity, and pH of 3.8. A 
87.43 mg/L stock solution (calculated based on Al3+ concen-
tration) was prepared by dissolving PACl using deionized 
water. According to the Ferron timed complex colorimetry 
analysis results, Ala, Alb and Alc in coagulant aid were 15.71%, 
63.43%, and 20.86%, respectively.

Anionic polyacrylamides (SNF Floerger, France) with 
MWs of 6 (AN934BPM, 30% mole ratio of anion content), 12 
(AN926SHU, 25% mole ratio of anion content), 18 (AN926SH, 
25% mole ratio of anion content), and 20 (AN934VHM, 30% 
mole ratio of anion content) million Da were selected as repre-
sentative long-chain polymer electrolytes. PAM was diluted 
to 0.1% solution using deionized water, and used within 24 h.

2.3. Preparation of colloidal system

Kaolin stock solution was prepared by dispersing 100 g 
kaolin clay (AR, Tianjin Damao Chemical Reagent Factory, 
Tianjin, China) in 1 L deionized water, and stirring it rap-
idly at 1,000 rpm for ~2 h. The pH was adjusted to 8.5 
using 0.5 mol/L NaOH solution. After standing overnight, 
the upper layer of the suspension was collected and used as 
the kaolin stock solution. The particle size distribution of the 
suspension was measured by a laser particle size analyzer 
(S3500, Microtrac, USA) ranged from 1 to 20 μm.

Humic acid stock solution was prepared by dissolving 
15 g sodium humate (AR, Aladdin Shanghai Biochemical 
Technology LLC, Shanghai, China) in 1 L deionized water, and 
the pH value was adjusted to 8.5 using 0.5 mol/L NaOH (GR, 
Shanghai Engineering Group, imported, Shanghai, China) 
under rapid stirring. The solution was stirred continuously 
for 1 h, after which the solution was centrifuged and its upper 
layer was collected in a reagent bottle. The insoluble bottom 
ballast was elutriated and centrifuged for multiple times and 
the upper layer solution was poured into the reagent bottle.

Two suspension colloidal systems used in experiments 
were prepared by mixing kaolin stock solution and sodium 
humate stock solution in tap water. For kaolin suspension 
colloidal system (system I), 50 mL kaolin stock solution 
was diluted to 75 L using tap water. The alkalinity was 
adjusted to ~120 mg/L (calculated as CaCO3) by 0.5 mol/L 
NaHCO3 (AR, Tianjin Kemiou Chemical Reagent Co., Ltd., 
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Tianjian, China), while the pH value was adjusted to around 
7.9 ± 0.05 by 0.5 mol/L NaOH solution (GR, Shanghai Shanhai 
Gongxuetuan No. 2 Experiment Factory, Shanghai, China) or 
2 mol/L HCl (GR, Guangzhou Donghong Chemical Factory, 
Guangzhou, China). For humic–kaolin suspension colloidal 
system (system II), 25 mL humic stock solution was added 
into system I. System II was stirred uniformly and kept over-
night to reach adsorption equilibrium of humic acid.

The turbidity of two systems was in the range of 40–43 
NTU measured by a portable turbidimeter (2100Q, Hach, 
USA). The testing water temperature was between 20.8°C 
and 27.9°C. The zeta potentials of system I and II measured 
by a zeta potential detector were found to be –26.67 and 
–30.80 mV, respectively (90 Plus Zeta, Brookhaven, USA).

2.4. Experimental method

First, coagulant dosage test was conducted to deter-
mine EP and NCN destabilization mechanisms of two col-
loidal systems. For coagulant dosages of 1.46 and 2.73 mg/L, 
the respective zeta potential of system I was –12.64 and 
–1.11 mV, while the respective residual turbidity values were 
6.39 and 2.22 NTU. According to the definition of the state 
EP and NCN mentioned above, these dosages were deter-
mined as the EP and NCN coagulant dosages in system I. 
Similarly, when coagulant dosages were 3.64 and 7.29 mg/L, 
zeta potentials of system II were –12.45 and –1.95 mV, respec-
tively, whereas the residual turbidity values were 9.46 and 
5.34 NTU, respectively. These were determined as the EP and 
NCN coagulant dosages in system II.

For TF, a pre-determined dosage of coagulant was added 
and rapidly stirred at 300 rpm for 1.0 min. 0.20 mg/L PAMs 
with different MW (6, 12, 18, and 20 million Da) were added 
at the beginning of slow stirring stage (70 rpm). The system 
was stirred for 15 min and left to settle for 10 min before col-
lecting water samples at 3 cm underwater for turbidity deter-
mination. In this study, due to the difficulty in controlling the 
sludge concentration, the amount of settled sediments in sin-
gle TF test was used as the measurement scale to avoid large 
errors between the control trials. One-time dosing of sludge 
produced by a single TF test was defined as “single-dosage.” 
In control group, the operating condition of SEF was similar 
to that of TF, except that the settled floc was added at one 
time in raw water before coagulant addition, followed by 
stirring at 300 rpm for 1 min.

A 60 s rapid breakage stage at 300 rpm followed by a 
15 min recovery phase at 70 rpm and a 10 min settlement 
with no mixing were performed to test the ability of flocs to 
resist rupture and re-flocculation of broken flocs.

2.5. Image acquisition and analysis

Image acquisition parameters were set as two photo-
graphs per min for rapid stirring stage and one photograph 
per min for slow stirring stage. Floc particle count, and mor-
phological parameters such as perimeter, area, and diameter 
were analyzed by a professional image processing software 
IPP 7 (Image Pro Plus 7.0, Media Cybernetics, USA) using 
grayscale pictures of the floc. The average of all the floc diam-
eter values in each picture was denoted as the average floc 
particle size for the corresponding moment.

The perimeter-based fractal dimension reflected the 
irregular geometry of floc two-dimensional projection, with 
fractal dimension value ranging from 1 (regular, and spher-
ical) to 2 (irregular, serrated or linear, and non-spherical). 
Perimeter-based fractal dimension increases since the perim-
eter grows more rapidly than Euclidean geometry when the 
projected area of one fractal floc increases [21–24]. Scatterplot 
of logA-logP was drawn according to Eq. (1), and the linear 
portion of the scatterplot was selected and fitted to obtain 
the slope. The fractal dimension value for the corresponding 
moment was calculated by multiplying the slope by 2.

A P∝ 2/Dpf  (1)

where Dpf, A, and P denote perimeter-based fractal dimen-
sion, projected area of the floc, and the perimeter of flocs.

The floc breakage factor and recovery factor are defined 
by Eqs. (2) and (3):
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where da, db, and dc are the steady-state floc size before breakage, 
after breakage, and after recovery phase, respectively [20].

3. Results

3.1. Removal of residual turbidity

Residual turbidity in system I and system II under EP 
and NCN state is shown in Fig. 1. As evident in Fig. 1, total 
residual turbidity shows a decreasing trend with increasing 
PAM MW, indicating that PAM with larger MW is beneficial 
for the residual removal.

Fig. 1. Residual turbidity at different PAM molecular weight 
(dosage, 0.20 mg/L): (A) system I and (B) system II.
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Meanwhile, MWs also had significant impacts on 
strengthening the behavior of SEF. Specifically, for 
system I (Fig. 1(A)), residual turbidity in SEF reduced by 
21.45%–27.72% compared with TF under EP state. In addi-
tion, TF-RAB and SEF-RAB generally showed reinforcement 
impacts compared with the corresponding TF and SEF. Only 
for MW of 6 million Da, the residual turbidity of SEF-RAB 
was higher than that of SEF. Under NCN state, residual tur-
bidity of SEF increased by 7.50% when MW was 6 million and 
did not show reinforcement on TF. Further, the residual tur-
bidity of TF-RAB and SEF-RAB both increased significantly. 
However, when MW was 12 million Da, the residual turbid-
ity of SEF was 13.2% lower than that of TF, although residual 
turbidity of RAB of SEF and TF increased significantly. And 
when MWs were 18 and 20 million Da, SEF showed reinforce-
ment impact on TF. The residual turbidity decreased 21.61% 
and 32.19%, respectively, and RAB of both also decreased 
their residual turbidities of corresponding TF and SEF.

For system II, adding PAM could make SEF play rein-
forcement role in EP state (Fig. 1(B)). When MW of the 
selected PAM was 6 and 12 million Da, the corresponding 
residual turbidity in both SEF-RAB and TF-RAB increased 
significantly, while the corresponding residual turbidity of 
SEF only reduced by 12.86% and 9.38%, respectively, than 
that of TF. For MWs of 18 and 20 million Da, the respective 
residual turbidity of SEF reduced by 33.99% and 35.29% along 
with the significant decrease in residual turbidity of both 
RAB. Similar to system I in NCN state, when system II was 
in NCN state, MWs of 6 and 12 million Da were disadvan-
tageous for the exertion of reinforcement effect by SEF. The 
residual turbidity of SEF increased by 98.46% when MW was 
6 million Da, and did not enhance the flocculation. Similarly, 
the residual turbidity of SEF only reduced by 2.10% when 
MW was 12 million Da. When MWs were 18 and 20 million 
Da, the corresponding residual turbidity of SEF decreased by 
18.28% and 28.15%, respectively, and showed a significant 
reinforcement impact.

In summary, PAM with a lower MW is unfavorable for 
reinforcement of SEF, while higher MW could reduce resid-
ual turbidity, and guarantee the reinforcement impact of set-
tled sludge on TF. Variation of effluent efficiency of TF-RAB 
compared with TF could not fully reflect reinforcement of 
SEF on TF, which was different from on the previous con-
clusion when “no PAM added” [20]. In addition, results also 
imply that compared with NCN state, EP state is more favor-
able for reinforcement of SEF on TF.

3.2. Floc growth with different PAM molecular weight

Influence of PAM MW on floc growth and the correspond-
ing floc factors under EP and NCN conditions in two water 
distribution systems are shown in Figs. 2 and 3, respectively.

According to Fig. 2 for system I, floc growth of TF and 
SEF was inhibited to some extent, for example, in EP state 
(Fig. 2(A)), when MWs of PAM were 18 and 20 million Da. 
For 18 million Da, the floc particle sizes in TF and SEF at the 
end of stirring were 102.89 and 114.25 μm, respectively. This 
was significantly lower than floc particle size of 150.86 and 
213.36 μm when MW was 12 million Da. However, large MW 
could reduce the breakage properties and increase the recov-
ery ability of floc in SEF and TF. Under two charge state, 

the breakage factors of floc decreased gradually along with 
the increase in MW, while the recovery factors gradually 
increased. When PAM MW was higher than 18 million Da, 
floc recovery factors of SEF and TF were significantly larger 
than 1. It was also found that floc recovery property of SEF in 
EP state was higher than that in NCN state.

For system II, relatively high MW of PAM inhibited floc 
growth when system was in EP state (Fig. 3(A)). In contrast, 
the inhibition of PAM with higher MW to floc growth was not 
significant when the system was in NCN state (Fig. 3(B)). For 
MW of 18 million Da, floc growth was rapid with larger floc 
particle size for these two flocculation types. The floc recov-
ery ability of TF and SEF after adding PAM with higher MW 
was significantly higher than that with lower MW. Besides, 
the floc breakage factor gradually decreased with increasing 
MW in EP state, whereas it showed an increasing trend in 
NCN state. Although the recovery factor remained low, this 
did not affect the reinforcement of SEF on TF. This can be 

Fig. 2. Floc growth and its factors for system I at different PAM 
molecular weight: (A) state of EP, and (B) state of NCN.
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because the large flocs under this condition consisted of large 
amount of easily exfoliated crushed clusters, which still had 
a relatively good settleability.

According to the residual turbidity results for both sys-
tem I and system II, SEF could exert its reinforcement effect 
on TF if the TF floc recovery factor was larger than 1. This 
phenomenon indicated that the recovery property of bro-
ken flocs could indicate the exertion of reinforcement effect 
of SEF. However, in some cases when using PAM with rel-
atively low MW (6 and 12 million Da), even if the residual 
turbidity of TF-RAB increased relative to that of TF and the 
recovery factor of TF floc was lower than 1 indicating a weak 
recovery ability, SEF still exerted reinforcement effect to TF. 
For example, the floc recovery factor was only 65.8% when 
12 million Da PAM was added in system II in NCN state. 
This is because of the adsorption of a large number of small 
particles, which could not accomplish self-coagulation after 
breakage by the bridging mechanism, introduced by addition 

of PAM in corresponding SEF reaction with relatively low 
TF floc recovery factor. This indicated that addition of 
high-molecular polymer could have favored the exertion of 
reinforcement effect of SEF.

3.3. Floc morphology at the end of stirring with different PAM 
molecular weight

The influence of PAM addition of different MWs on 
floc fractal dimension of TF and SEF at the end of stirring is 
shown in Fig. 4.

According to Fig. 4, floc fractal dimension generally 
decreased with the increase of PAM MW in total. When 
system I was in EP state, floc fractal dimension of SEF was 
lower than that of TF. However, the floc fractal dimensions 
of SEF in NCN state for 6 and 12 million Da PAM were 
1.314 and 1.296, respectively, which are higher than that of 
1.289 and 1.288, respectively, for TF floc. For the addition 
of 18 and 20 million Da, the floc fractal dimensions of SEF 
were 1.255 and 1.252, respectively, which are lower than that 
of 1.280 and 1.263, respectively, of TF floc. The phenomenon 
of system I in NCN state also appeared in system II in EP 
state and NCN state (Fig. 4(B)). According to the definition 
of perimeter-based fractal dimension, floc morphology with 
lower fractal dimension was closer to sphere, which is more 
favorable to floc settlement to achieve a better removal of tur-
bidity [21]. Above results show that adding PAM with higher 
MW is more favorable for SEF to form more advantageous 
floc structure compared with the morphology of TF floc.

3.4. Floc distribution with different PAM molecular weight

The floc distribution of SEF, TF, and TF-RAB at the end 
of stirring for PAM with lower MW (6 million Da) and higher 
MW (18 million Da) in two charge states is shown in Figs. 5 
and 6, respectively. As evident in Figs. 5 and 6, adding PAM 
with MW of 18 million Da could significantly reduce the total 
frequency of floc compared with MW of 6 million Da for the 
same dosage. It is generally recognized that for flocs with 
smaller size implies lower settlement rate for similar density 
[25,26], and floc size distribution at the end of stirring has an 
impact on effluent water quality after coagulation, especially 

Fig. 3. Floc growth and its factors of system II at different PAM 
molecular weight: (A) state of EP and (B) state of NCN.

Fig. 4. Floc fractal dimension of TF and SEF at different PAM 
molecular weight: (A) system I and (B) system II.
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the presence of small floc size commonly leads to ineffec-
tive turbidity removal. This study mainly concerned with 
frequency of flocs with diameter smaller than 50 μm for the 
investigation of floc size distribution.

For system I (Fig. 5), in EP state, small floc frequencies 
(<50 μm) of TF-RAB with PAM MWs of 6 and 18 million Da 
were 196 and 145, respectively, which are significantly lower 
than those of TF, that is, 342 and 472, respectively. When add-
ing PAM with MW of 18 million Da (Fig. 5(B)), the reduction 
amplitude was larger than that for 6 million Da (Fig. 5(A)). 
Meanwhile, when PAM MW was 6 and 18 million Da, the 
frequencies of SEF small floc were 226 and 424, respectively, 
which also significantly lower than that of TF. In NCN state, 
when PAM with MW of 6 million Da was added, the small 
floc frequencies of TF-RAB and SEF were 161 and 138, respec-
tively, which are slightly higher than that of TF (109). This 
indicates that activity of broken flocs was not strong. When 
PAM with MW of 18 million Da was added, the small floc fre-
quencies of TF-RAB and SEF were 53 and 157, respectively, 
which are significantly lower than that of TF (237).

For system II, when adding PAM with MW of 6 million 
Da (Fig. 6(A)), the small floc frequencies of TF, TF-RAB, and 
SEF in EP state were 552, 2,261, and 959, respectively, while 
they were 412, 1,512, and 695, respectively, in NCN state. The 
TF-RAB and the corresponding SEF led to significant increase 
in small floc frequency. When adding PAM with MW of 
18 million Da (Fig. 6(B)), small floc frequencies of TF, TF-RAB, 
and SEF in EP state were 74, 28, and 37, respectively, whereas 
they were 19, 16, and 17, respectively, in NCN state. As such, 
TF-RAB and SEF reduced the frequency of small flocs.

Floc RAB indicated the ability of re-flocculation after 
floc breakage, while frequency of residual small floc after 
re-flocculation suggested the activity of broken floc from 
another perspective. When adding PAM with higher MW, 
small floc frequencies of SEF and TF-RAB were lower than 
those of TF, indicating that the adsorption ability of small 
flocs was better after floc breakage, showing high activity. 
While adding PAM with lower MW, small floc frequency 
of SEF and TF-RAB increased for most cases, though the 
adsorption of small flocs was inefficient after floc breakage 
with low activity, which could result in the deterioration of 
effluent water quality.

It was also found that SEF had a wide range of particle 
size than that of TF, that is, increase in the distribution uni-
formity, and floc uniformity due to the addition of PAM with 
higher MW was better than that for lower MW.

4. Discussion

It is commonly thought that long-chain molecular struc-
ture of PAM could strongly adsorb aqueous particles, though 
the molecular chain would break under the action of high 
hydraulic shear force or mechanical stirring. The rupture 
degree is considered to be higher with higher shear intensity. 
However, it would not generally lead to disintegration of 
molecular chain to a monomer [27]. Based on this knowledge, 
SEF floc formation mechanism in the presence of long-chain 
molecules could consist of the following steps (Fig. 7):
 When coagulant is added into the raw water with a 

large number of dispersed colloidal particles,  the primary 
aggregates are formed in TF reaction.  After polymer dos-
ing, the primary aggregates are adsorbed on molecular chain 
through bridging mechanism to form flocs with large size, 
but with relatively open floc morphology.  After adding 
sediments formed by TF, under strong stirring, molecular 
chain is broken in a large scale to yield a large number of 
micro flocs carrying short chain. After adding coagulant aid, 
 raw water colloids could form primary aggregates, while 
the active sites are supplemented on surface of micro floc 
and clustered with primary aggregates. When PAM is added 
again,  micro flocs with raw water colloid and primary 
aggregates absorbed both are absorbed on long molecular 
chain of the newly added PAM.

In the reaction of TF, large open-structure flocs were 
formed by the primary aggregates bridging to the molecu-
lar chain of the polymer. Because of a reduction in particle 
concentration resulting from rapid adsorption of the primary 
aggregates on the polymer, the collision efficiency decreases; 
therefore, many primary flocs cannot effectively collide. It is 
easier to form a large number of small flocs that are not easily 
settled, which is not conducive to the solid–liquid separation 
process.

Through the six steps mentioned above, the SEF floc 
had significantly large size, dense structure, and prior 

Fig. 5. Floc size distribution in system I for different PAM 
molecular weight: (A) molecular weight 6 million Da and 
(B) molecular weight 18 million Da.

Fig. 6. Floc size distribution in system II for different PAM 
molecular weight. (A) Molecular weight 6 million Da and 
(B) molecular weight 18 million Da.
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morphology. The key operation of sludge recycling increased 
the solid concentration, while the powerful mechanical stir-
ring or hydraulic shear force responsible for cutting off the 
long-chain molecular and matured flocs from settled sludge 
and the addition of new agent also played important roles. 
The former helps the increase of particle amount which is 
attributed to the raise of collision frequency between par-
ticles. Since the active sites on the surface of micro flocs 
were occupied with the short-chain skeleton, sludge recy-
cling alone is not adequate to destabilize the colloids in raw 
water, although the micro flocs could adsorb a fraction of it. 
Therefore, the new coagulant needs to be added. After poly-
mer addition, the flocculation tank became a reaction system 
consisting of primary aggregates, micro flocs with plenty of 
active sites and long-chain molecular. The flocculation occurs 
using the agglomerate cores function of micro flocs and the 
strong adsorption of polymer. In this process, micro flocs 
adsorb primary aggregates, and can be connected to long-
chain molecular. This leads to the multi-level structure of SEF 
flocs with larger size than that of TF. Micro flocs could fill up 
the space which originally belongs to TF flocs resulting in 
a superior morphology. Furthermore, some tiny particles or 
stable colloids that cannot be settled in TF can remain in the 
multi-level structures. This leads to decreased frequency of 
small floc with diameter smaller than 50 μm.

The polymer MW reflects the development length of the 
molecular chain. At an appropriate pH in aqueous solution, 
a stretched chain with a higher MW has a greater radius 
of gyration and intrinsic viscosity, and can adsorb more 
microflocs and primary aggregates to create more space for 
the cladding of tiny particles or stable colloids. During the 
continuing flip and distortion, the configuration of SEF floc 
can be easily changed to a denser structure and lower frac-
tal dimension morphology. Thus, SEF with a high MW has 
a greater effect on TF than SEF with low MW, as can be seen 
in the results of this study. In addition, the ionic nature and 
charge density of a polymer also influences the aggregation 
process. For negatively charged fine particles, a polymer 
with a cationic addition can induce the charge neutralization 
mechanism of flocculation [28], while in an anionic poly-
mer, bridging is the primary aggregation mechanism [29]. 

The increasing cationic density may help colloidal particles 
reach the electrically neutral state more quickly, while the 
increasing anionic density increases the electrostatic repul-
sion between the kaolinite particles and the anionic polymer, 
which may lead to the avoidance of kaolinite particle resta-
bilization because of excessive polymer adsorption driven by 
strong electrostatic attraction [13]. In the two kaolin suspen-
sion colloidal systems, the different MWs of the anionic PAM 
used in this study only served as the representative material 
playing the bridging role. However, after coagulant addi-
tion, the electrostatic adsorption between the positive sur-
face charge of the primary aggregates or microflocs and the 
anionic of the PAM is of significance in the formation of floc 
as well. In SEF, when considering the ionic nature and charge 
density of coagulant aids, floc formation becomes more com-
plex and experiments designed similarly to those reported 
here should be conducted to investigate in more detail floc 
formation rules using different types of polymers with a 
wider range in charge density.

The charge states of the reactor system after adding coag-
ulant are another important factor responding to SEF perfor-
mance in this study. Our findings showed that an EP state 
was more beneficial for SEF in strengthening the ability of TF 
than an NCN state. According to the explanation of the EP 
effect reported by Ye et al. [19], static clusters with a strong 
positive charge are mainly produced by the Alb (Al13) constit-
uent, and “static cluster/colloid surface” is the flocculation 
feature of H PACl (greater than 75% Alb), which means the 
flocculation does not require full-charge neutralization. But 
for the L PACl (greater than 90% Ala), the hydrolyzates of 
Ala adsorbed or deposited on the colloid surface form static 
clusters with a weak charge creating a fragile “static cluster/
static cluster” structure. In this study, although polymer 
materials were added to make bridging the main aggrega-
tion mode, the primary aggregate part exposed to the water 
body that still possesses its original characteristics under dif-
ferent charge states should be noted in the SEF. The NCN 
state means that there is a higher PACl dosage than in the 
EP state. Considering the components of the PACl used, this 
may increase the number of ”static cluster/static cluster” 
structures which can lead to an increased risk of microflocs 
stripping from SEF flocs.

5. Conclusions

SEF technology in the presence of polymer long-chain 
bridging effects was primarily investigated in two colloidal 
systems. The experiments to investigate the influence of PAM 
with different MW on SEF effectiveness and performance 
were conducted based on strict trials. From perspective of 
effluent water quality, SEF could not guarantee to exert rein-
forcement effects on TF in NCN state of kaolin colloidal sys-
tem, and EP and NCN state of humic acid–kaolin colloidal 
system, when adding PAM with MW of 6 and 12 million Da. 
In contrast, adding PAM with MW of 18 and 20 million Da 
reduced residual turbidity, and guaranteed reinforcement 
action of SEF on TF. From the perspective of floc growth char-
acteristics, morphology, and distribution, recovery ability of 
floc was poor in most circumstances, when adding PAM with 
lower MW. Comparing with TF, SEF could not reduce small 
floc frequency, resulting in undesired morphology of the 

Fig. 7. Schematic diagram of SEF floc formation in the presence 
of bridging effect by long-chain molecules.
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formed floc. This was unfavorable for floc settlement and tur-
bidity removal, while adding PAM with higher MW showed 
the opposite effect. In the context of fluctuating water quality 
in practical systems, this study suggests to utilizing PAM with 
higher MW to guarantee stable reinforcement performance of 
SEF process. In addition, SEF could exert reinforcement effect 
on TF in all TF-SEF control test, provided that the recovery 
factor of TF floc was larger than 1. This indicates that recov-
ery ability of broken flocs plays a significant indicative role in 
the exertion of SEF reinforcement. So, this study also suggests 
that floc recovery factor could be used as a control parameter 
for process effectiveness in practical application of SEF.
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