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a b s t r a c t

The dosage effect of polyacrylamide (PAM) with long-chain molecule conformation on the effec-
tiveness of Sludge-recycling enhanced flocculation (SEF)at three typical charge states of colloid 
aggregation was investigated in kaolin (System I) and humic-kaolin (System II) water treatment. The 
three typical charge states of colloid aggregation were evaluated by the residual turbidity and zeta 
potential results from traditional flocculation (TF) test with various coagulant dosage. A floc imag-
ing system was employed to investigate the floc characteristics. The experimental results show that 
the increase in PAM dosage cannot change the effectiveness of SEF for System I in any charge states, 
compared to TF. However, for System II, SEF was enabled at the PAM dosage of 0.10 mg/L in the state 
of electrostatic patch (EP) and at 0.20 mg/L in the state of near charge neutrality (NCN). Although the 
recovery ability was improved and breakability was decreased by the PAM addition, the recovery 
factor in SEF was lower and breakage factor was higher than that in TF in most cases. With proper 
PAM dosage, the SEF floc morphology became superior to TF for floc settlement, with less amount of 
small floc (<50 μm)which may be the direct reason for the effective performance of SEF. Moreover, 
the results also showed that, when the sweep flocculation (SF) dominates the coagulation mecha-
nism, the addition of PAM was not relevant.
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1. Introduction

In coagulation-flocculation based water and wastewater 
treatment processes, coagulant aids (CAs) are mainly used 
to enhance the performance efficiency of the primary coag-
ulant and to reduce the process costs [1]. The use of CAs 
helps to form stronger flocs that resist being broken by par-
ticle collision and hydraulic shear force, enhance floc com-
paction resulting in faster settlement, reduce the optimum 
primary coagulant dosage and reduce the produced sludge 
volume. Some of the widely used CAs are synthetic poly-
mer electrolytes such as polyacrylamide (PAM) which are 
long-chain molecules [2–4]. Adsorption and the bridging of 
colloidal particles are the main CAs mechanism of PAM in 
coagulation-flocculation processes [5,6].

Sludge-recycling enhanced flocculation (SEF), earlier 
known as chemical sludge return [7–9], is a kind of high 
efficiency water treatment technology that promotes coag-
ulation by controlling sludge return to the specified posi-
tion such as raw water, rapid mixing stage or slow mixing 
stage [10–12]. It is generally considered to be a stable, low 
cost and far superior decontamination method compared 
to traditional flocculation (TF). However, before the docu-
mentary records on the application of CAs in SEF were pub-
lished, the effectiveness of SEF was debatable.

In our previous paper, the process “re-flocculation after 
broken” (RAB) was demonstrated to be an effective method 
to test floc characteristics which are related to the effective-
ness of SEF. Our research indicated that, without addition 
of CAs, the treatment efficiency of SEF was superior to that 
of TF, and the flocs formed by kaolin and polyaluminum 
chloride (PACl) under the same working conditions were 
completely reversible after breakage when low coagulant 
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dosage was used (charge neutrality was the main mecha-
nism). On the contrary, the reinforcement in SEF as well as 
the reversibility of broken flocs in TF cannot be observed, 
when restabilization and sweep flocculation occur [13].

In recent publications on natural water or industrial 
wastewater as raw water, most of the studies considered 
that SEF showed enhancement of flocculation with the addi-
tion of polymer [14–17]. However, some studies still found 
the optimization of residual turbidity and chemical oxygen 
demand (COD) without addition of polymer [18,19]. The 
controversy regarding the use of CA in SEF remains. Con-
sidering the wide applications of polyacrylamide (PAM) as 
CA and its monomer toxicity resulting in usage limitation 
in various countries [20–22], the necessities of employing 
PAM aids in SEF must be investigated in detail.

Although many studies have focused on the SEF with 
CA addition, some significant performances involving inter-
nal mechanisms, especially the floc growth, morphology and 
distribution of matured floc have received insufficient atten-
tion. In this paper, two raw water systems treated with kaolin 
or kaolin and humic acid were used, and image analysis was 
employed to obtain the information about characteristics of 
floc formed at three typical charge states (electrostatic patch, 
near charge neutrality and sweep flocculation). The overall 
purpose of this study was to investigate the effect of PAM 
dosage on the strengthening ability of SEF. For comparison 
purposes, the re-flocculation by TF was also conducted.

2. Materials and methods

2.1. Colloidal system

Preparation of kaolin stock suspension: 100 g kaolin clay 
was dispersed in 1 L deionized water, and stirred rapidly with 
a stirring paddle for 2 h. Then, the pH value was adjusted to 
8.5 with 0.5 mol NaOH, and after allowing the suspension to 
stand overnight, the upper layer of the suspension was col-
lected and stored for later use. The particle size distribution of 
the suspension was measured by a laser particle size analyzer 
(S3500, Microtrac, USA) ranged from 1 and 20 μm.

Preparation of humic acid stock solution: 15 g sodium 
humate was dissolved in 1 L deionized water, and the pH 
value was adjusted to 8.5 with 0.5 mol NaOH under rapid 
stirring. The solution was stirred further for 1 h. After that, 
centrifugal separation was conducted and the upper layer 
of the solution was collected in a brown reagent bottle for 
later use. A 1 ml stock solution was diluted to 3 L by deion-

ized water, and the value of UV254 tested by a UV-visible 
spectrophotometer was 0.052.

For System I, 50 ml kaolin stock suspension was diluted 
in 75 L tap water. The alkalinity was adjusted to 120 mg/L 
(as CaCO3) by 0.5 mol/L NaHCO3 and the pH was adjusted 
to around 7.9 by 0.5 molar NaOH or 2 mol HCl. For System 
II, 25 ml of the humic acid stock solution was added into Sys-
tem I. System II was put aside overnight to reach adsorption 
equilibrium. The two colloidal systems had a turbidity of 
40–43 NTU determined by a turbidity meter (Hach, 2100Q, 
USA). The temperature of the water was 23.8~27.9°C.

2.2. Coagulant and polymers

Commercially available polyaluminum chloride (PACl) 
with 30% Al2O3 content and 40–90% basicity was used to 
prepare the coagulant solution having 87.43 mg/L of Al 
in deionized water. The PACl species which is generally 
divided into three categories: monomeric species (Ala), 
medium polymer species (Alb), and colloidal or solid species 
(Alc) [23], was analyzed by Al-Ferron complexation timed 
spectrophotometry method. The results showed that PACl 
contained 15.71% of Ala, 63.43% of Alb and 20.86% of Alc.

Anionic polyacrylamide (PAM) with a high molecular 
weight of 18 million Da (obtained from SNF Floerger) was 
selected as the coagulant aid. It was diluted to a 0.1% solu-
tion and used within 24 h.

2.3. Apparatus and procedure

Experiments were performed using a floc imaging sys-
tem which was the same as that used by Wei and Li [13]. 
The raw water was poured into the reactor to the calibration 
set in advance. The program parameters of blender (for TF: 
the system was mixed rapidly for 120 s at 300 rpm followed 
by a 15-min flocculation phase at 70 rpm) and the image 
capture parameters (one photograph min−1 for slow stir-
ring) were set up. After starting the mixing, coagulant and 
coagulant aids were added according to the scheduled test 
plan. Finally, the water samples were collected from 3 cm 
below the liquid surface for a residual turbidity measure-
ment by a portable turbidimeter (Hach, 2100Q, USA) after 
a 10-min settlement period with no agitation. Each sample 
was detected 6 times on average. The SEF operating param-
eters were the same as those of TF, except that the sludge 
from floc settlement was returned to the raw colloidal sys-
tem, as shown in Fig. 1.

Fig. 1. Schematic diagram of SEF.
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The sludge required for enhancement of flocculation 
was obtained by TF from the controlled trials after discard-
ing the supernatant. Due to the difficulty in controlling 
the sludge dosage, one-time dosing of sludge produced 
by a single parallel testis defined as “single-dosage” in 
order to avoid large errors between the control trials, and 
similarly, sludge dosing by two parallel tests is defined as 
twice-dosage. In this study, the sludge addition was all 
single-dosage.

Coagulant dosages for System I were: 0.91, 1.46, 1.82, 
2.73, 3.64, 5.46, 7.29, 10.93, 14.57, 18.21, 27.32, and 36.43 
mg/L, and for System II, they were: 3.64, 5.46, 7.29, 9.11, 
10.93, 14.57, 18.21, 27.32, and 36.43 mg/L. These coagulant 
dosages were added at 60 s during the rapid mixing stage. 
Zeta potential of particulate matter in raw water and 50 s 
after dosing of coagulant was measured using Zeta poten-
tial detector (Brookhaven, 90 Plus Zeta, USA). Each sample 
was detected 10 times, and then the average was taken after 
removing the maximum and minimum values. After addi-
tion of coagulant, PAM dosages of 0.00 mg/L, 0.05 mg/L, 
0.10 mg/L, 0.20 mg/L, and 0.30 mg/L were added at 120 s 
at the start of the slow mixing.

2.4. Image analysis and data processing

All grayscale pictures collected from the floc imaging 
system with a size of 1393 × 1040 pixels were processed by 
a professional image processing software (Image pro-plus 
7.0, Media Cybernetics, USA). Each photo was loaded in the 
software program for background subtraction and binariza-
tion processing. The following floc morphological param-
eters were measured: floc particle count, floc diameter 
(through the center of mass, average measured values of the 
secant per 2 rotation degrees), floc perimeter and area. The 
average of all the floc values in each picture was expressed 
as corresponding moment of the floc morphological param-
eters. The floc distribution was obtained from the data pro-
cessing software by OriginLab 9.0 (OriginLab Corporation, 
Northampton, MA, USA).

An operational process involving a 60-s rapid break-
age stage at 300 rpm followed by a 15-min recovery phase 
at 70 rpm and a 10-min settlement with no mixing was 
performed to test the ability of flocs to resist rupture and 
re-flocculation of broken flocs. The floc breakage factor, as 
defined by Eq. (1), has been used frequently to character-
ize flocs [24–26], and the floc recovery factor is defined by 
Eq. (2),
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where the terms, da, db and dc are the steady-state floc size 
before breakage, after breakage and after regrowth period, 
respectively.

The perimeter-based fractal dimension Dpf was used 
to represent the regularity of floc morphology, ranging 
from 1 (regular, spherical) to 2 (irregular, serrated or lin-
ear, non-spherical). The increasing Dpf can be explained as 
follows: when the projected area of fractal floc increases, 

its perimeter grows more rapidly than Euclidean objects 
[27–29]. The floc perimeter-area power law relationship was 
applied to assess the fractal dimension of single floc which 
is defined by Eq. (3).

A P Dpf∝ 2/   (3)

where A and P are the projected floc area and perimeter of 
flocs, respectively. 

3. Results and discussion

3.1. Definition of the electrical charge condition

In the electrostatic patch (EP) mechanism, the floccu-
lation occurs in the state of incomplete charge neutrality, 
in which the electrical property of colloidal surface charge 
is unchanged, and adequate quantities of hetero-charges 
should be supplemented to achieve the isoelectric point 
[30,31]. The near charge neutrality (NCN) means that the 
surface charge of colloid is very close to electric neutrality. 
Also, sweep flocculation (SF) signifies charge reversal and 
excess deposition on the colloidal surface.

The three typical charge states were determined by the 
residual turbidity and zeta potential after a series of TF 
tests with different coagulant dosages and without addi-
tion of CA. The zeta potential of raw water was –26.67 and 
–30.80 mV for System I and System II, respectively. From 
the results shown in Table 1, the coagulant dosages of 1.46 
mg/L and 3.64 mg/L were considered to be the EP mecha-
nism for System I and System II, respectively, the dosages 
of 2.73 mg/L and 7.29 mg/L were marked as NCN and the 
dosage of 36.43 mg/L was considered as sweep flocculation 
for both colloidal systems.

3.2. Residual turbidity

At different PAM dosages, the residual turbidity of SEF 
and TF, and their RAB were measured, and are shown in 
Fig. 2.

With regard to System I (Fig. 2a), when the reaction 
was in the state of EP, the increase in PAM dosage brought 
about higher residual turbidity. Thus, in this state, adding 
high molecular weight polymer material produced certain 
colloidal protection, but did not affect the reinforcement 
impact on TF by SEF, and did not have an impact on the 
reinforcement of RAB for these two flocculation types. 
When the reaction was in the state of NCN, the increase in 
PAM dosage gradually reduced the residual turbidity, and 
promoted the colloidal particle removal. In this state, the 
turbidity removal effect of SEF was superior to that of TF, 
showed the reinforcement effect, and the residual turbidity 
of their RAB also significantly decreased. However, when 
the reaction was in the state of SF, the increase in PAM dos-
age did not obviously improve the effluent quality, which 
suggests that under this condition, the SEF did not have a 
reinforcement effect on TF.

The above phenomenon indicated that for System I, the 
addition of PAM did not change the effect of SEF on TF in 
the different charge states (whether it performs a strength-
ening removal of the turbidity or not).
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For System II (Fig. 2b), it was found that under the EP 
and NCN conditions, the increase in PAM addition obvi-
ously enhanced turbidity removal. When the reaction was 
in the EP state, without adding PAM or with low dosage 
of PAM under 0.05 mg/L, the SEF did not play a reinforce-

ment role on TF; however, when the dosage increased to 
0.10 mg/L, the SEF showed the reinforcement effect. When 
reaction was in the state of NCN and the PAM dosage was 
greater than 0.20 mg/L, it was also found that the effect of 
SEF changed from no reinforcement to strong reinforce-

Table 1
Zeta potential and residual turbidity at various coagulant dosages

Coagulant 
dosage 
(mg/L)

System I System II

Zeta 
potential 
(mV)

Standard 
deviation

Residual 
turbidity 
(NTU)

Standard 
deviation

Zeta 
potential 
(mV)

Standard 
deviation

Residual 
turbidity 
(NTU)

Standard 
deviation

0.91 –14.35 0.66 15.60 0.28 No data No data No data No data
1.46 –12.64 0.87 6.34 0.33 No data No data No data No data
1.82 –7.61 0.27 4.57 0.29 –23.95 0.40 31.06 0.23
2.73 –2.11 0.49 2.22 0.16 No data No data No data No data
3.64 0.97 2.13 2.17 0.19 –12.45 0.75 9.46 0.25
5.46 3.81 1.33 2.42 0.25 –6.75 0.47 7.38 0.07
7.29 7.83 1.40 1.76 0.12 –1.95 2.18 5.34 0.13
9.11 No data No data No data No data 2.94 1.38 2.20 0.13
10.93 10.57 3.27 2.31 0.27 5.41 1.39 1.46 0.11
14.57 12.69 1.62 2.49 0.33 8.49 1.56 4.83 0.08
18.21 16.15 0.91 2.63 0.19 11.39 0.94 4.99 0.03
27.32 20.26 0.85 2.48 0.11 15.73 0.57 3.05 0.21
36.43 22.34 0.97 2.30 0.09 17.24 0.67 1.70 0.03

Fig. 2. Residual turbidity at different PAM dosages (Molecular weight of PAM, 18 million Da). A) System I, B) System II.
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ment. With the addition of PAM, the residual turbidity 
changed from an increasing to decreasing trend for the RAB 
of these two flocculation types. When the reaction was in 
the state of SF, with any PAM dosage, the residual turbidity 
of TF-RAB was higher than that of TF, while the residual 
turbidity of SEF was lower than that of TF. This suggests 
that in the SF state, the addition of PAM could not change 
the effect of SEF and TF-RAB on TF.

The above results showed that the increase in PAM 
dosage can change the effectiveness of SEF in System II. 
Selection of the appropriate additive dosage can change the 
effect of the SEF on TF from increase to decrease in residual 
turbidity.

When both the systems were in the SF charge state, addi-
tion of PAM did not change the effectiveness of SEF, which 
showed that the addition of PAM did not have significant 
influence in the SF state. Moreover, by comparing the change 
of TF-RAB compared with that of TF residual turbidity, it 
could be observed that in the presence of long chain molecule 
bridging, the relationship between SEF and TF was strongly 
correlated to the performance of RAB as well.

3.3. Floc growth

The floc growth and its corresponding factors of TF 
and SEF in System I at different PAM dosages are shown 
in Fig. 3.

When System I was in the EP state (Fig. 3a) and the PAM 
dosage was 0 mg/L, the average floc sizes of SEF and TF 
after stopping the rapid mixing were 126.43 μm and 176.49 
μm, respectively. When the PAM dosage was 0.05 mg/L, the 
average floc sizes increased slightly to 127.14 μm and 196.08 
μm, respectively, but when the dosage was 0.10 mg/L, these 
values were only 118.83 μm and 152.04 μm, respectively. 
This result indicates that the floc growth of TF and SEF was 
inhibited to a certain degree, and the addition of PAM had a 
colloidal protection effect. When the dosage increased to 0.30 
mg/L, these values decreased to 89.28 μm and 102.61 μm, 
respectively. On the other hand, it appears that the inhibition 
phenomena of floc growth, this study found that the of floc 
for both TF and SEF decreased gradually with the increase 
in PAM addition, while the increased gradually. When the 
dosage was 0.20 mg/L, the floc Bf was close to zero for TF 
and SEF (0.015 and 0.073, respectively), and the was close to 2 
(1.72 and 1.97, respectively); when the dosage was 0.30 mg/L, 
the enforced breakage did not lead to a drop in average floc 
size. Instead, the average particle size increased sharply, and 
the floc Rgf reached 1.97 μm and 2.72 μm, respectively.

When System I was in the state of NCN (Fig. 3b) and 
the PAM dosage was 0 mg/L, the average floc sizes of SEF 
and TF after stopping the rapid mixing were 184.68 μm and 
205.80 μm, respectively. When the dosage was 0.10 mg/L, 
the average particle size of flocs increased to 205.88 μm and 
300.86 μm, respectively. At this time in the early stage of 
the floc growth, the inhibition phenomenon had appeared. 
When the dosage was 0.20 mg/L, the floc sizes were only 
191.33 μm and 286.78 μm, respectively, which meant the 
colloidal protection effect had appeared. When the dosage 
was 0.30 mg/L, the sizes were as low as 147.94 μm and 
217.58 μm, respectively. Different from state of EP (Fig. 3a), 
the TF Bf gradually reduced as the PAM dosage increased, 
while the Rgf gradually increased. However, the Bf of SEF 

first increased and then decreased, while the Rgf increased 
after falling first. When the dosage was 0.05 mg/L both fac-
tors reached their peak values. When the dosage was 0.20 
mg/L, both their Rgf were greater than 1 (1.65 and 1.25, 
respectively), indicating the complete reversibility after floc 
breakage.

When System I was in the state of SF (Fig. 3c), the 
increase in PAM dosage did not have much impact on the 
floc size. The floc size remained between 141.73 μm and 
153.16 μm after stopping TF agitation, and for SEF, the size 
remained between 153.28 μm and 161.33 μm. Both their Bf 
and Rgf were stable. The Bf of SEF was maintained between 
0.47 ~ 0.49, which was lower than that of the TF (0.57 ~ 
0.64), and the Rgf of SEF was maintained between 0.73 ~ 
0.75, which was higher than that of the TF (0.61 ~ 0.6).

The floc growth and its corresponding factors of TF and 
SEF in System II at different PAM dosages are shown in 
Fig. 4.

When System II was in the EP (Fig. 4a) and NCN 
(Fig. 4b) states and the PAM dosage was 0.20 mg/L, it was 
observed that the TF floc growth was restrained. After stop-
ping the agitation, the floc size decreased from 302.46 μm 
and 283.97 μm to 136.43 μm and 227.08 μm, respectively, 
when the dosage was 0.10 mg/L. Although the SEF floc 
growth in early stage was severely suppressed, the later 
rapid growth after stopping stirring resulted in the floc size 
(321.00 μm and 405.43 μm) still being higher than that of TF 
when the dosage was 0.20 mg/L. Until the dosage was 0.30 
mg/L, the SEF flocs growth was severely inhibited.

In these two kinds of states, the changes in break age 
properties of flocs were different compared to System I. The 
Bf  of TF and SEF both increased first, and then decreased. In 
the EP state, when the PAM dosage was 0.10 mg/L, the Bf of 
TF and SEF reached the peak values, which were 0.68 and 
0.63, respectively. When the PAM dosage was 0.20 mg/L, the 
Bf showed a sharp decrease, indicating that the TF crushing 
operation did not lead to a drop in the average particle size. 
The SEF Bf dropped to 0.51, and the Rgf of both TF and SEF 
were greater than 1 (2.68 and 1.52, respectively). In the NCN 
state, the breakage property of TF reached the maximum value 
when the dosage was 0.10 mg/L (0.70). For SEF, the breakage 
property reached the maximum at the dosage of 0.20 mg/L 
(0.66), and then showed a sharp decline, which was the same 
as in EP state. When the dosage was 0.20 mg/L, the Rgf of both 
were greater than 1 (1.41 and 1.02, respectively).

System II in the SF state (Fig. 4c) was similar to System 
I. Moreover, the addition of PAM and its dosage did not 
have much impact on the flocs’ growth, breakage, and the 
recovery performance. The floc size of TF after stopping 
the stirring remained between 128.41 μm and 151.74 μm, 
and for SEF, the floc size remained between 132.19 μm and 
150.11 μm. The Bf of TF was between 0.54 and 0.64, which 
was higher than that of the SEF (0.47 ~ 0.49). Also, the Rgf of 
TF was between 0.58 and 0.66, which was lower than that of 
the SEF (0.70 ~ 0.75).

Comparing the Rgf and Bf of flocs formed by the SEF and 
TF, it was found that in the presence of long chain molecule 
bridging, the flocs recoveryability for SEF and TF in differ-
ent charge states was in the following order: EP > NCN > 
SF. However, under the same charge state conditions, there 
were considerable differences in the breakability and recov-
ery ability of flocs formed by SEF compared to TF.
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For System I in the EP state, when the PAM dosage was 
0.10 mg/L, the flocs breakability of SEF was lower than that 
of TF. When the PAM dosage reached 0.20 mg/L, the recov-
ery ability of SEF was much higher than that of TF. In the 
NCN state, when the PAM dosage was 0.10 mg/L, the flocs 

breakability of SEF was higher than that of TF. Moreover, as 
long as there was PAM addition, the Rgf of SEF was lower 
than that of TF.

For System II, from the point of breakability, under EP 
and NCN states, the change of Bf of the floc with TF and SEF 

 

Fig. 3. Floc growth and its factors in System I at different PAM dosages. A) State of EP, B) State of NCN, C) State of SF.
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flocculation ways with PAM dosage variation was similar 
to that in the NCN state of System I. When the PAM dosage 
was relatively low, the Bf of SEF floc was lower than that 
of TF. It can be attributed to the fact that the average floc 
size db after an enforced break operation of SEF was signifi-

cantly greater than that of TF. This is because of, on the one 
hand, the adsorption of the PAM chain to the raw colloid, 
small broken flocs or new small flocs; on the other hand, 
the adsorption of small broken flocs to the raw colloid. 
Conversely, when the dosage was relatively high, the Bf of 

 

Fig. 4. Floc growth and its factors in System II at different PAM dosages. A) State of EP, B) State of NCN, C) State of SF.
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SEF floc was higher than that of TF. This is because with 
relatively high PAM dosage, although the broken floc size 
increased db as well, but the increase is limited. At the same 
time, the relative increase in the amount of floc size dc of 
SEF to TF was much higher than that at lower PAM dosage. 
Take the dosage of 0.20 mg/L as an example, the da for Sys-
tem I in the state of NCN rose from 191.33 μm to 300.78 μm, 
with the amount of increase reached 57.2%. The amount 
of increase for System II in EP and NCN states reached 
135.3% and 57.4%, respectively. At the dosage of 0.05 mg/L, 
these increased amounts were only 31.4%, 5.5%, and 7.4%, 
respectively. In contrast with the EP state of system I men-
tioned above, this phenomenon is related to the aggregation 
ways of flocs. In the EP state for TF, at low PAM dosage, no 
serious colloid protection phenomenon occurred. Although 
there was adsorption bridging effect, the floc monomer 
agglomeration still played a dominate role. After adding 
sludge, a large amount of small broken flocs made the floc-
culation change into cluster-cluster agglomeration, which 
led to the increase in breakability. When PAM dosage was 
high, as analyzed above, the PAM had a strong colloid pro-
tection effect and the floc generated by TF was small. There 
were still considerable unused active positions on the PAM 
molecular chain that were mainly dominated by the mono-
mer agglomeration on the surface. When the deposited 
flocs were added, the particle concentration in the system 
increased, which made full use of the active positions on 
the PAM chain. As a result, a large number of flocs were 
formed by monomer agglomeration with bridging molec-
ular chains as the floc skeleton. Even the enforced break-

age can hardly strip the monomer agglomerates from the 
polymer molecular chain, and surface corrosion phenome-
non was not observed. The short crushing operation merely 
caused breakage of the molecular chain, and the majority of 
monomer agglomerates could not be released, even though 
the active positions of molecular chain were fully used, thus 
there was a decrease of breakability. In other words, when 
the System I was in EP state and the PAM dosage was high, 
the decrease in SEF flocs breakability was because the effect 
of the long chain bridging has higher ability to resist the 
breakage.

For System II in the state of EP, the recovery ability of 
SEF flocs was better than that of TF. In the NCN state of 
System II, similar to System I, once PAM was added, the 
Rgf  of SEF flocs was lower than that of TF. The experiments 
also showed that in the EP and NCN states, when the PAM 
dosage was 0.20 mg/L, the Rgf of flocs formed in the two 
systems were both greater than 1. This parameter can be 
used as an indicator to evaluate whether the enhancement 
of SEF is valid or not.

3.4. Floc morphology

The floc fractal dimensions of TF and SEF at different 
PAM dosages are shown in Fig. 5.

It can be seen from Fig. 5 that with the increase in PAM 
dosage, fractal dimension of flocs as a whole was decreased. 
For System I, in the state of EP, the fractal dimension of SEF 
flocs was lower than that of TF over the entire dosage. In the 
NCN state, without addition of PAM, the fractal dimension 

Fig. 5. Floc fractal dimensions of TF and SEF at different PAM dosages. A) System I, B) System II.
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of SEF flocs was higher than that of TF; but with the addi-
tion of PAM, the situation was reversed. In the state of SF, 
the flocs fractal dimension of SEF was higher than that of TF 
over the entire dosage.

For System II, in the EP and NCN states, when the PAM 
dosage reached a certain concentration, the floc morphol-
ogy of SEF was better than that of TF. In the EP state, the 
required PAM dosage was 0.10 mg/L, while in the state of 
NCN, the required PAM dosage was 0.20 mg/L. In the SF 
state, the flocs fractal dimension of SEF was always higher 
than that of TF, which is similar to the results of System I. 

The above results showed that in the colloid coagula-
tion mode with charge neutralization, addition of a certain 
amount of PAM improved the floc morphology of SEF, 
which was superior to that of TF.

3.5. Floc size distribution

The floc size distributions in Systems I and II in EP and 
NCN states for the SEF and TF after stopping the agitation 
are shown in Figs. 6 and 7.

At the different dosages of PAM, the floc frequency 
distribution and the fitting of Gaussian distribution curve 
changed greatly. The peak height of Gaussian distribution 
curve represents the frequency of peak particle size, and the 
peak width represents the range of particle size distribu-
tion. In general, the greater the peak width, the more exten-
sive the size distribution.

As shown in Fig. 6, for System I, the increase in PAM 
dosage reduced the floc total frequency. Without PAM addi-

tion, in the EP and NCN states, the floc total frequencies of 
SEF were 2875 and 2146, respectively. When the dosage was 
low, in the state of EP, the total frequencies of SEF floc were 
1642 and 1219, respectively. When the dosage was high, in 
the state of EP, the total frequencies of SEF floc were 1095 
and 433, respectively. However, it can be seen from Fig. 6 
that SEF caused an increase in the frequencies of all the 
large flocs.

In the state of EP (Fig. 6a), the size distribution of floc 
was still mainly small flocs (<50 μm). When the PAM 
dosage was low (0.05 mg/L), the small flocs frequency 
decreased the most, and when the PAM dosage was higher 
(0.20 mg/L), the decrease in small flocs frequency was the 
lowest. In the state of NCN (Fig. 6b), the small flocs fre-
quency was much less than that in EP state. Without PAM 
(0.00 mg/L), the small flocs frequency of the SEF floc was 
171, which was slightly higher than the 142 of TF. With the 
addition of PAM (0.05 mg/L and 0.20 mg/L), the small flocs 
frequencies of SEF floc were 90 and 130, respectively, com-
pared to the frequencies of 124 and 173 for TF at the same 
PAM dosage. Considering the fitted Gaussian distribution 
curve at different dosages, the peak of SEF flocs distribu-
tion moved towards the larger size, indicating that the large 
size floc frequency increased. Among the different dosages, 
when the PAM dosage was lower (0.05 mg/L), the flocs dis-
tribution range was narrower, and when the dosage was 
higher (0.20 mg/L), the flocs had a wider distribution range.

It can be seen from Fig. 7 that for System II, the total floc 
frequency decreased with the increase in PAM dosage. In 
the EP and NCN charge states, without addition of PAM, 
the total frequencies of SEF flocculent were 5897 and 5074, 

Fig. 6. Floc size distributions of TF and SEF at different PAM dosages (System I). A) State of EP, B) State of near NCN.
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respectively. When the added PAM dosage was low (0.05 
mg/L), the total frequencies of SEF flocculent were 1776 
and 2365, respectively. When PAM dosage was higher, the 
total frequencies of SEF flocculent decreased to 128 and 215, 
respectively.

From the perspective of small flocs frequency, in the EP 
and NCN charge states without the addition of PAM (0.00 
mg/L), the small flocs frequencies of SEF were 1358 and 1130, 
respectively, which were substantially higher than those of 
TF (783 and 595, respectively). The peak of the Gaussian dis-
tribution curve did not show any substantial change. When 
the PAM dosage was low (0.05 mg/L), although the small 
flocs frequency was low, the small flocs frequency of SEF still 
increased relatively faster than that of TF. Also, the peak of 
Gaussian distribution curve was slightly offset. When PAM 
was higher (0.20 mg/L), the small flocs frequencies of SEF 
were 44 and 19, respectively, which were substantially lower 
than those of TF (100 and 48). Considering the flocs distribu-
tion range, the flocs distribution range of TF increased with 
the increase in PAM dosage. However, for the SEF, low dos-
age of PAM led to smaller flocs distribution range, while high 
dosage of PAM made the flocs distribution wider, similar to 
the results of System I.

4. Conclusions

The main conclusions of this work are as follows:

(1) In the kaolin colloid system, the increase in PAM 
dosage didnot change the effect of SEF on TF. In the 

humic acid - kaolin colloid system, without addition 
of PAM, the reinforcement effect of SEF on TF could 
not be observed. However, when the dosage reached 
0.10 mg/L in the EP state and reached 0.20 mg/L in 
the NCN state, the PAM dosage was able to bring 
about the SEF reinforcement effect on TF.

(2) Without PAM addition, the SEF flocs recovery ability 
was stronger than that of TF. The PAM addition can 
improve the flocs, and reduce. On the other hand, 
with the increase in PAM dosage, the SEF recovery 
ability was weaker than that of TF, but its breakabil-
ity was higher than that of TF, in most cases.

(3) In the colloid coagulation mode which gives priority 
to charge neutralization, adding a certain amount 
of PAM improved the SEF floc morphology, which 
was better than that of TF. As a result, the process of 
settlement was enhanced, leading to better effluent 
quality.

(4) The increase in PAM dosage reduced the small flocs 
frequency, which could be attributed to the immedi-
ate enhancement effect of SEF. Compared to absence 
of PAM, the low PAM dosage narrows the flocs dis-
tribution range, while a high PAM dosage makes 
flocs distribution range wider.

(5) When the sweep flocculation dominated the coagu-
lation mechanism, the increase in PAM dosage had 
little impact on the SEF and TF flocs growth, break-
age, and recovery performance. Although the PAM 

Fig. 7. Floc size distributions of TF and SEF at different PAM dosages (System II). A) State of EP, B) State of NCN.
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dosage could improve the floc morphology, the SEF 
floc morphology remained worse than that of the 
TF. The increase in PAM dosage did not enable the 
enhancement effect of SEF. Therefore, the increase 
in PAM dosage is not relevant in the charge state of 
sweep flocculation.
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