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a b s t r a c t

In this study, a new cationic polyacrylamide (CPAM) with different cationic degree was developed 
for the 17β-estradiol (E2) environmental estrogen removal. This new flocculant (PAA) was copo-
lymerized byacrylamide (AM) and acryloyloxyethyl dimethylbenzyl ammonium chloride (AOD-
BAC) using ultrasonic-initiated polymerization technique. The structure, morphology and thermal 
decomposition property of the prepared copolymer were analyzed through instrumental analyses 
such as Fourier transform infrared spectroscopy (FT-IR), 1H nuclear magnetic resonance spectros-
copy (1HNMR), scanning electron microscopy (SEM) and thermogravimetry/differential scanning 
calorimetry (TG/DSC). The results showed that PAA was successfully synthesized. Meanwhile, it 
was demonstrated that PAA had a rough surface area with many holes and a favorable thermal 
stability. The E2 flocculation results demonstrated that the optimal flocculation conditions was at 
a cationic degree of 40%, pH = 7, stirring speed of 120 rpm, stirring time of 10 min, sedimentation 
time of 30 min and E2 initial concentration of 0.6 mg/L. In this condition, an excellent E2 flocculation 
performance (E2 removal rate: 92.3%, floc size: 22.1 μm) was obtained for PAA-3. During the E2 floc-
culation process, the charge neutralization was the main effect in both neutral (pH = 7) and acidic 
(pH = 4) conditions, but the adsorption was the dominant effect in alkaline (pH = 10) condition.

Keywords: �Environmental estrogens; Ultrasonic copolymerization; Characterization; Flocculation; 
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1. Introduction

The environmental estrogen (EEs), an important group
of endocrine disrupting chemicals (EDCs), has raised sub-
stantial concerns among both the public and regulatory 
agencies because EEs may affect the water quality and pose 
potential threat to wildlife and human health [1]. It is well 
established that the EEs showing the structural and func-
tional similarity with entogenous estrogen will result in a 
series of risks and damages such as endocrine disorder, sex 
reversal like feminization of male fish, dysontogenesis, dis-

tortion and species extinction even at a trace level [2]. EEs, 
including natural steroids (estrone (E1), 17β-estradiol (E2), 
estriol (E3)) and synthetic chemicals (17α-ethinyl estradiol) 
(EE2), bisphenol A (BPA) and 4-nonylphenol (NP)) was 
mainly derived from the release of pharmaceutical indus-
tries, wastewater treatment plants (WWTPs) and plastic 
industries, and it has been widely detected indifferent envi-
ronmental matrixes (surface water, soil, and atmosphere) 
around the world [3]. It has become a great challenge for 
water treatment facilities to remove EEs, and therefore the 
research and developing of an efficient and reliable EEs 
treatment method is crucial and necessary. 
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Various technologies and methods, including advanced 
oxidation processes [4], biodegradation, activated carbon 
(AC) adsorption [5], aquatic plants treatment [6], floccula-
tion [7] and membrane treatment [8] have been developed 
to remove EEs. Among them, flocculation is regarded as 
an important technology in polluted water purification 
because of its unique properties such as facile operation, 
high efficiency and low cost [9]. Meanwhile, flocculation 
is environment friendly and it has been widely and suc-
cessfully used in solid-liquid separation, organic matter 
removal, heavy metal removal and sludge dewatering 
[10–12]. However, the research focusing on removal EEs by 
flocculation is limited and the mechanism involved in the 
flocculation process is not well known.

As the core part of flocculation, charge neutralization, 
bridging and adsorption play an important role in the 
removal of contaminative substance [13]. The negatively 
charged pollutant is neutralized completely by the cat-
ionic flocculant and combined tightly under the effect of 
charge neutralization. Then, the neutralized pollutant is 
adsorbed by the flocculant polymer chain and aggregate 
together to form large flocs under the effect of bridging and 
sweeping [14]. Besides, the flocculant has some character-
istic chemical group such as –NH2, −N+−(CH3)3 and−SO3

– 
which will form a chemical bond between the flocculant 
and pollutant, and thus the removal of contaminative sub-
stance becomes more facile and efficient. Therefore, it is 
so urgent to synthesize a cationic flocculant to remove the 
negatively charged EEs. Based on the previous studies, it 
is suggested to use ultrasonic-initiated copolymerization 
method to prepare the flocculant due to the advantages 
of this method [15]. For example, the ultrasonic-initiated 
copolymerization method is easy to control and environ-
ment-friendly [16]. In this study, the acrylamide (AM) and 
hydrophobicacryloyloxyethyl dimethylbenzyl ammo-
nium chloride (AODBAC) were used as the monomers to 
prepare the copolymer P(AM-AODBAC) (PAA) through 
ultrasonic-initiated copolymerization. Meanwhile, 17β-es-
tradiol (E2), a common and representative member of EEs, 
was chosen as the target to evaluate the flocculation per-
formance of PAA.

The objectives of this study are to (1) synthesize the PAA 
thorough ultrasonic-initiated polymerization technique; (2) 
characterize the structural characters of the polymers by 
FT-IR spectroscopy, 1H NMR spectroscopy,SEM and TG/
DSC; (3) assess the E2 removal efficiency of PAA and stabi-
lize the optimal flocculation conditions; and (4) investigate 
and summarize the possible mechanism involved in the 
flocculation process.

2. Materials and methods

2.1. Materials

Reagents used in this experiment were as follows: The 
monomer acrylamide (AM) was obtained from Shanghai 
Meryer Chemical Technology Co., LTD (Shanghai, China). 
Acryloyloxyethyl dimethylbenzyl ammonium chloride 
(AODBAC) (80 wt % in water) was purchased from Shang-
hai Orgchem Chemical Co., LTD (Shanghai, China). The 
urea [CO(NH2)2] was provided by Aladdin. The initiator 
2,2′-azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride 

(VA-044) was supported by Shanghai Nuohey Chemical 
Technology Co., Ltd. (Shanghai, China). The water used in 
the experiment was deionized water. E2 (97.0%) was pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Poly-
acrylamide (PAM) was home-made in laboratory. In the 
above reagents, AM and AODBAC are of technical grade 
and the remains are of technical grade.

2.2. Preparation of copolymers

The polymer PAA (PAA-1, PAA-2 and PAA-3) were syn-
thesized by ultrasonic-initiated copolymerization and its 
synthetic procedure was shown as follows. Firstly, a given 
amount of AM, AODBAC, urea and deionized water was 
added into a 100 mL quartz jar and shaken 5 min to get a 
homogeneous solution. Secondly, the pH of the above solu-
tion was adjusted to 5 by 0.5 mol L–1 HCl or NaOH. Thirdly, 
the aqueous solution was nitrogenized for 30 min at room 
temperature, followed by the addition of a certain dose of 
initiator VA0-44. Finally, the quartz jar was covered the cap 
and exposed under the ultrasonic radiation (frequency, 45 
KHz, KQ 2200E, Kunshan ultrasonic instrument Co., LTD, 
China) at 35°C for 20–30 min [15]. The preparation of PAM 
was similar to that of PAA. The alcohol and acetone were 
used to purify the product. Later, the product after puri-
fication was dried in a vacuum oven at 95°C for 12 h. The 
possible reaction mechanism for PAA is displayed in Fig. 1.

2.3. Characterization of copolymers

The intrinsic viscosities of polymers were determined 
by an Ubbelohde viscosity meter (Shanghai Shenyi Glass 
Instrumental Co. Ltd., China) at 30°C in a 2 mol L–1 NaCl 
aqueous solution [17]. The cationic degree (CD) was mea-
sured using colloid titration method [18]. Besides, the 
FT-IR spectra and 1H NMR of polymers were recorded 
on a 550 Series II infrared spectrometer (Mettler Toledo 
Instruments Co., Ltd., Switzerland) using KBr pellets and 
an Avance 500 nuclear magnetic resonance spectrometer 
(Bruker Company, Ettlingen, Germany) using D2O as sol-
vent, respectively. The SEM analysis was performed on 
MIRA 3 LMU SEM system (TES-CAN Company, Czech 
Republic). Thermogravimetric (TGA) and differential 
scanning calorimetry (DSC) were conducted on a DTG-
60H synchronal thermal analyzer (Shimadzu, Kyoto, 
Japan) at a heating rate of 10°C·min–1 under a nitrogen 
flow of 20 mL·min–1 from 20 to 600°C. The details of the 
polymers are illustrated in Table 1.

2.4. Analytical methods

The details of the analytical method for the E2 was 
described as follows. The content of the E2 was investigated 
by a HPLC (Shimadzu, Japan), equipped with a COSMOSIL 
3C18-MS-II column (5 μm, 4.6 × 150 mm, Nacalai Tesque, 
Inc., Japan). During the E2 treatment progress, a solution 
sample with 2 mL after being filtered through 1 μm glass 
fiber filter was collected for detection in different time inter-
vals. Meanwhile, the aliquots of 10 mL solution sample were 
injected to the HPLC coupling with a mobile phase of a mix-
ture of water/acetonitrile (v/v = 55:45) ata flow rate of 1.0 
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mL min–1, and the detected wavelength was set at λ = 205 
nm. The calibration curve for E2 measurement was added 
and named Fig. 2.

2.5. Jar testing

A program-controlled Jar-test apparatus (ZR4-6, Zhon-
grun Water Industry Technology Development Co. Ltd., 
China) were used to perform the flocculation experiments 
at ambient temperature. Before flocculation, the pH of the 
500 mL simulative E2 wastewater (0.6 mg/L) in a 1000 mL 

glass beaker was adjusted to the set value by 0.5 mol L–1 
HCl or NaOH. The flocculation test contained three stages 
of mixing (rapid mixing, slow mixing and settling). Rapid 
mixing at 250 rpm continued 2 min and a certain amount 
of flocculant was added in this stage. Subsequently, a slow 
stirring was performed at 120 rpm for 10 min, followed by 
a setting time of 30 min. During the flocculation progress, 
the floc size was recorded by a laser diffraction instrument 
(Mastersizer 2000, Malvern, U.K.), and the zeta potential 

Table 1
The details of flocculants used in the characterization and 
flocculation tests

Flocculantsa Cationic 
degree (%)

Intrinsic 
viscosity (dL·g–1)

Conversion 
rate (%)

PAA-1 20.0 6.17 99.7

PAA-2 30.0 6.13 99.6

PAA-3 40.0 6.11 99.8

PAM / 6.15 99.9
aPAA-X(X = 1, 2 and 3): copolymer of AODBAC and AM by 
ultrasonic-initiated copolymerization with a cationic degree of 
(20%, 30% and 40%); PAM: homopolymer of AM by ultrasonic-
initiated copolymerization method.

Fig. 1. The possible reaction mechanism for synthesis PAA (PAA-1, PAA-2 and PAA-3).

Fig. 2. The calibration curve for E2.
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of the supernatant was investigated by a Zetasizer Nano 
ZS90 (Malvern Instruments Ltd., Malvern, UK). Mean-
while, the E2 content after flocculation was measured and 
the removal rate of E2 was calculated by Eq. (1) expressed 
as follows.

Removal rate %( ) =
−

×
C C

C
t0

0

100% � (1)

In Eq. (1), C0 represented the initial E2 concentration 
and Ct represented the E2 concentration after flocculation. 
All the experiments were conducted in triplicates and their 
average was the final results.

3. Results and discussion

3.1 Characterization of flocculants

3.1.1. FTIR spectral analysis

The FT-IR spectra ofPAM, PAA-1, PAA-2 and PAA-3 
were investigated and the results are illustrated in Fig.3. 
The characteristic adsorption peaks for PAM were observed 
at 3441 and 1664 cm–1 and which were attributed to the 
stretching vibration of −NH2 and C=O groups, respectively 
[15]. It was found that the adsorption peaks of the PAA-1, 
PAA-2 and PAA-3 were similar except for the difference in 
the peak area. Except for the peaks observed at 3441 and 
1664 cm–1, the asymmetric stretching vibrations of −CH3 
and −CH2− groups were observed at 2940 and 2841 cm–1, 
respectively [12,19]. The adsorption peak at 1452 cm–1 was 
derived from combined action of the bending vibration of 
−CH2− in −CH2− N+ group and benzene skeleton vibration 
in AODBAC [20]. Besides, the benzene skeleton vibration 
peaks were also observed at 770 and 703 cm–1 in AOD-
BAC [21].The peaks at 1120 and 1357 cm–1 were ascribed 
the stretching vibration of C−O− in ester groups and −CH3 
bending vibrations in −N+(CH3)2− of AODBAC. Thus, a 
conclusion could be draw from the above FT-IR spectra 
data that copolymers (PAA-1, PAA-2 and PAA-3) were suc-

cessfully synthesized through the copolymerization of AM 
and AODBAC.

3.1.2. DSC/TGA analysis

The thermal stability of the copolymer PAA-3 was inves-
tigated through the DSC/TGA analysis. As shown in Fig. 4, 
three steps of the weight loss was expressed in the thermal 
gravimetric curve of PAA-3. The first stage occurred in the 
range of 30–200°C with a weight loss of 17.8 wt%, owing to 
the moisture evaporation [22]. Because PAA-3 had plenty of 
hydrophilic groups in its molecular chain, it would induce 
PAA-3 to combine with water molecules. When the heat-
ing temperature increased, these water molecules evapo-
rated, and thus resulting in a weight loss. The second stage 
occurred in the range of 200–350°C with a weight loss of 
23.4 wt%, owing to the imine reaction of the amide group 
and the thermal decomposition of methyl in the quaternary 
ammonium groups [23]. The third stage occurred beyond 
350°C with a weight loss of 45.7 wt%, which was due to the 
thermal decomposition of the copolymer. A mild change of 
the thermal gravimetric curve was observed in the range of 
460–600°C, which indicated that the PAA-3 was completely 
carbonized and decomposed [24]. Based on the above 
DSC/TGA analytical results, it manifested that PAA-3 had 
a favorable thermal stability and it could be applied and 
stored in normal temperature. 

3.1.3. 1H NMR spectral analysis

The 1H NMR spectrum of PAM and PAA-3 is displayed 
in Fig. 5 to further analyze its structure property. The res-
onance peaks at 1.63 ppm and 2.19 ppm were assigned to 
the protons of −CH2− (a) and −CH− (b) at backbone of the 
polymer PAM and PAA-3, respectively [15]. Meanwhile, the 
resonance peaks at 4.61 ppm represented the protons of−
O−CH2−(c) in AODBAC. The resonance peaks of −CH2−N+ 
(d) group was illustrated at δ = 3.77 ppm in AODBAC [25]. 
The resonance peaks at 3.20 ppm was associated with the 
protons of the −CH3 (e) boned with the quaternary ammo-
nium N+ [26]. Protons in the −CH2− group connected to the 
phenyl group were found at δ = 4.55 ppm (f). The resonance 

Fig. 3. FT-IR spectra of (a) PAM, (b) PAA-1, (c) PAA-2 and (d) 
PAA-3. Fig. 4. Thermal gravimetric curve of PAA-3.
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peaks of the phenyl group was shown at δ = 7.54 ppm (g)
[21]. Besides, the sharp resonance peak at δ = 4.80 ppm came 
from the protons of solvent D2O. Based on the above anal-
yses, the characteristic peaks of AM and AODBAC mono-
mers were all observed, which manifested that the PAA-3 
was successfully copolymerized by AM and AODBAC.

3.1.4. SEM of polymers

The SEM results of the polymers are demonstrated in 
Fig. 6. The two type polymers (PAM and PAA-3) displayed 
obviously visual difference in the surface morphology. 
It was found that PAM was characterized with a smooth 
and regular surface morphology. Due to the homopoly-
mer character, PAM had a long polymer chain and a amide 
side chain with low space resistance, and thus the PAM 
chain folded together to form a dense structure with rel-
atively few holes [20]. Evidently, the profound and visual Fig. 5. 1H NMR spectrum of (a) PAA-3 and (b) PAM.

Fig. 6. SEM images of (a) PAM and (b) PAA-3.
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morphological change was observed after grafting with 
AODBAC. When the AODBAC was grafted on the polymer 
chain of PAM, the original chemical structure and property 
was destroyed and changed, and hence a rough structure 
with more holes was observed for PAA-3. In order to fur-
ther compare the polymer surface morphology difference 
between PAM and PAA-3, the average fractal dimensions 
of the PAM and PAA-3 were investigated by using Image-
Pro Plus 6.0 software [27]. The analysis result manifested 
that PAA-3(1.413) had a higher fractal dimension value than 
PAM (1.022), which indicated that the surface of PAA-3 was 
more rough and amorphous than PAM. Similar finding has 
been reported by the previous study [28].

4. Flocculation performance

4.1. The effect of pH and dosage

In Fig. 7 the effects of pH and dosage on the E2 removal 
by the polymers were studied to gain further insight into 
the flocculation process. Under various pH (pH = 4, 7 and 
10) and dosage (dosage = 1–7 mg/L) conditions, the E2 
removal rate showed different variation tendencies, which 
indicated that the pH and flocculation dosage played a vital 
role during the flocculation process.

Under the acidic condition (pH = 4) in Fig. 7a, the floc-
culants showed a similar variation trend on the E2 removal, 
and the trend firstly increased to a maximum and then 
decreased gradually with the increase of flocculants dosage 
from 1 mg/L to 7 mg/L. Because the lower flocculant dos-
age could not generate enough number of active groups and 
linear polymer chain to capture and anchor the E2 colloids, 
and thus a low E2 removal was observed. Meanwhile, the 
relatively strong acid environment resulted in a protonation 
of amino group (–NH3

+) and cross-linking of polymer chain, 
and thereby worsening the streach and extension of the poly-
mer [29,30]. As a result, the bridging effect decreased and 
the flocculation efficiency of E2 removal was not improved. 
On the contrary, a cake effect and electrostatic repulsion 
caused by the excessive dosage prevented the floc growth 
and reduced the flocculation efficiency. Thus, the excessive 
dosage was unfavorable for improvement of the flocculation 
efficiency. Among the four flocculants, PAA-3 displayed the 
most excellent flocculation performance with the lowest 
dosage than the other three in the following order: PAA-3 
(E2 removal rate: 75.3%, dosage: 2.0 mg/L) > PAA-2 (E2 
removal rate: 58.9%, dosage: 3.0 mg/L) > PAA-1 (E2 removal 
rate: 49.7%, dosage: 4.0 mg/L) > PAM (E2 removal rate: 
27.2%, dosage: 4.0 mg/L). In addition to the bridging effect, 
the PAA-3 with the 40% cationic degree had a great number 
of −N+−(CH3)3 active groups would combine with the E2 col-
loids to obtain a prominent flocculation performance [31].

Under the neutral condition (pH = 7) in Fig. 7b, the 
flocculation performance was improved greatly. Compared 
with the acidic condition (pH = 4), the suited dosage of the 
flocculants declined, whereas the corresponding E2 removal 
rate increased. For example, the suited dosage was 1.0 mg/L 
for PAA-3, 2.0 mg/L for PAA-2, 2.5 mg/L for PAA-1 and 
4.0 mg/L for PAM with a high E2 removal rate of 92.3%, 
76.6%, 64.2% and 35.1%, respectively. The the neutral condi-
tion contributed to a linear distribution of the polymers and 
low charge repulsion, thus it was facile for the flocculant to 

show a prominent flocculation performance. On one hand, 
the flocculants with the positive charge would neutralized 
the negatively charged E2 colloidal particles completely. 
On the other hand, the destabilized E2 colloidal particles 
were captured and aggregated together to form large flocs 

Fig. 7. The E2 removal rate after flocculation at (a) pH = 4, (b) pH 
= 7 and (c) pH = 10.
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through bridging effect [32]. Meanwhile, the PAA-3 was 
demonstrated to perform the best in the E2 removal among 
the flocculants, which indicated that the flocculat with high 
cationic degree was favorable for the E2 removal.

Under the alkaline condition (pH = 10) in Fig. 7c, a wors-
ening flocculation performance was observed. It not only 
increased the dosage but also reached a relatively low E2 
removal rate compared with those at acidic or neutral condi-
tion. For instance, the optimal dosage was 3.0 mg/L for PAA-
3, 4.5 mg/L for PAA-2, 5.0 mg/L for PAA-1 and 5.0 mg/L 
for PAM with a low E2 removal rate of 64.8%, 46.1%, 40.3% 
and 24.7%, respectively. It was obvious that the pH affected 
the flocculation performance greatly, and the flocculants 
performed undesirablely at alkaline condition (pH = 10). At 
pH = 10, a large numbers of negatively charged OH– groups 
caused the −NH2 group of the flocculants to hydrolyze. 
Meanwhile, more OH– groups would wrap the E2 colloids 
and form a negative group, and hence it increased the elec-
trostatic repulsion and decreased the flocculants charge 
neutralization abilty [33]. Consequently, it deteriorated the 
flocculation performance. Besides, the hydrophobic E2 with 
the hydroxy chemical groups became more stable in the alka-
line condition, which increased the E2 removal difficulty.

4.2. Floc size 

The floc size was an important factor which influenced 
the flocculation performance of E2 removal. Large floc size 
was more conductive to E2 separation, while the small floc 
was hard for settlement, thus resulting a low removal effi-
ciency. Fig. 8 displays the flocs size expressed as the median 
equivalent diameter (d50) for the flocculants at various pH 
conditions. For each flocculant (PAA-3, PAA-2, PAA-1, and 
PAM), the floc size was in the following order: flocs at the 
neutral condition (pH = 7) > flocs at the acidic condition (pH 
= 4) > flocs at the alkaline condition (pH = 10). The polymer 
chain of the flocculant spread and extended well at neu-
tral condition (pH = 7), and thereby it was suitable for the 
improvement of the bridging ability. Besides, the neutral con-
dition coupled with a low charge repulsive force between the 
polymer and E2 colloid particles was also benefited for the 
flocculation occurrence. Moreover, it was found that the floc-
culant with a higher cationic degree showed a more larger 
floc size and the floc size was in the following order: PAA-3 
> PAA-2 > PAA-1 > PAM, which indicated that the effect of 
charge neutralization played an key role in the E2 removal 
process. The more lager floc size always indicted an excel-
lent flocculation behavior of the flocculants and a high E2 

Fig. 8. The floc size for (a) PAA-3, (b) PAA-2, (c) PAA-1 and (d) PAM at various pH conditions.
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removal and separation efficiency [25,27]. Besides, the PAM 
with a floc size ranged from 4.6 μm–10.4 μm also manifested 
that the effect of bridging and adsorption other than charge 
neutralization also made a contribution to a large floc size 
that was facile for the E2 separation and removal.

4.3. Effect of stirring speed, stirring time and sedimentation time

During the important stage of moderate stirring, the 
slow stirring stage was always used to promote the collision 
and contact between the relatively small flocs generated in 
the rapid mixing stage [34]. The polymer chains partially 
adsorbed on the surface of the small flocs would capture 
and intercept the approaching flocs to further grow to large 
flocs in the slow stirring stage. Meanwhile, the slow stir-
ring resulted in a moderated shear force that would rebuild 
and reestablish the structure of the already formed flocs to 
obtain more compact flocs. Therefore, the effect of stirring 
speed and stirring time on the E2 removal was investigated 
and the results are shown in Figs. 9a and 9b.

In Fig. 9a, the E2 removal rate initially increased and 
then decreased with the increasing stirring speed at vari-
ous pH conditions (pH = 4.0, 7.0 and 10.0). When the stir-
ring speed at 120 rpm, the E2 removal rate reached the 
maximum. Because of the relatively low stirring speed, 
the collision and contact of the small flocs was not enough 
to achieve large and compact flocs. By contrast, when the 
stirring speed was too high, the hydrodynamic shear force 
would destroy the formed flocs, and hence these integrated 
flocs were broken down and their residues were left in the 
supernatant. As a result, the E2 removal rate was declined. 
Therefore, the stirring speed was set at 120 rpm in this 
experiments. As presented in Fig. 9b, the E2 removal rate 
sequentially increased within 2–10 min and a slight decline 
of E2 removal rate was observed with the further increas-
ing of stirring time (>10 min). The insufficient stirring time 
brought a low efficient collision contact of the small flocs, 
and thus the bridging effect did not work completely in 
the agglomeration and growth of flocs [35]. As a result, the 
flocculation performance was undesirable. However, the 
formed flocs were fragile at excess stirring time, and which 
resulted in a decrease of settling property. Therefore, 10 min 
was selected as the suited stirring time in this experiments.

In Fig.9c, the effect of sedimentation time on the E2 
removal rate was investigated to estimate the sedimentation 
property of flocs at various pH conditions (pH = 4.0, 7.0 and 
10.0). It was evident that the flocculant PAA-3 showed a high 
efficiency on E2 removal rate within the first 5 min. Besides, 
the E2 removal rate increased slightly with the increase of 
sedimentation time from 5 to 30 min, and no further increase 
was observed when the sedimentation time exceeded 30 
min. Meanwhile, a slight fluctuation of E2 removal rate was 
displayed in the range of sedimentation time from 30 to 60 
min, and this phenomenon was due to the slow growth and 
settlement of small flocs. Thus, the sedimentation time was 
determined as 30 min in this experiment.

4.3. Effect of the E2 concentration

The effect of the E2 concentration (0.2, 0.4, 0.6, 0.8 and 
1.0 mg/L) on the PAA-3 flocculation performance was 

examined at pH = 7 and the result is displayed in Fig. 10. 
Obviously, the suited E2 concentration was 0.6 mg/L, and 
an excellent performance on the E2 removal was observed 
in this condition. The variation tendency of the E2 removal 
rate was similar at different E2 initial concentrations. It ini-

Fig. 9. The effect of (a) stirring speed, (b) stirring time and (c) 
sedimentation time on E2 removal rate at various pH conditions 
(PAA-3 was used).
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tially increased fast to a top value around at 1.0 mg/L and 
then gradually decreased with the increasing flocculant 
dosage. The rapid formation of large and compact flocs 
occurred in the condition of a relatively higher E2 initial 
concentration and an enough flocculant dosage through the 
effect of bridging and charge neutralization. When the E2 
concentration exceeded a certain value, the excess floccu-
lant dosage would cause the polymer chain of the flocculant 
to wrap around E2, and thus the flocculant exhibited pro-
tection rather than flocculation [27]. Therefore, the suited 
E2 initial concentration was determined as 0.6 mg/L for the 
flocculation performance in this experiment.

4.4. Flocculation mechanism

The analysis zeta potential was a vital and essential 
method to analyze the surface charge characteristics of the 
colloids, and thus further understanding the mechanism 
involved in the flocculation process [36,37]. As shown in 
Fig. 11, the zeta potential of the supernatant after floccula-
tion at various pH conditions (pH = 4.0, 7.0 and 10.0) was 
investigated. The E2 illustrated a negative charge of –4.2 mV 
at pH = 7, and it changed with the variation of pH, which 
indicated that the pH condition had a huge compact on the 
E2 removal. Because the positive charge property of the cat-
ionic PAA-3, the zeta potential value at different pH condi-
tions all presented an alike tendency of gradually increasing 
with the increase of dosage. The zeta potential was positive 
at the acidic condition (pH = 4), it indicated that the negative 
charged E2 colloids was completely neutralized through 
charge neutralization and aggregated together by bridging 
and cross linking effects. Meanwhile, the further increasing 
of flocculant dosage would result in a higher electrostatic 
repulsion, which reduced the flocculation efficiency. At the 
neutral condition (pH = 7), the desirable flocculation perfor-
mance occurred around at the isoelectric point through the 
combination of charge neutralization and patching, adsorp-
tion and bridging. At the same time, it was suggested that 
the neutral condition was favorable for the E2 flocculation. 
At the alkaline condition (pH = 10), the zeta potential was 
negative when the flocculation dosage was less than 4.0 

mg/L, and it would generate a strong charge repulsion 
between the E2 colloids. However, the suited PAA-3 dos-
age was 3.0 mg/L (<4.0 mg/L) and the E2 colloids charge 
repulsion appeared at the alkaline condition (pH = 10), it 
meant that the dominated effect was adsorption and bridg-
ing rather than charge neutralization [38].

Based on the above analyses, the possible flocculation 
mechanism was summarized and is shown in Fig. 12. Gen-
erally, there possible flocculation models were appropri-
ately proposed for the acidic (pH = 4), neutral (pH = 7)and 
alkaline (pH = 10) conditions, respectively. Under the acidic 
condition (pH = 4), the E2 colloids and the flocculants were 
all positive charged, the generated electrostatic repulsion 
weakened the charge neutralization ability, and the adsorp-
tion and cross linking effects contributed much to large and 
loose E2 flocs. Under the neutral condition (pH = 7), the 
suited dosage was near with that of is electric point. The 
negatively charged E2 colloids was neutralized thoroughly 
by charge neutralization and the destabilized E2 colloids 
was captured and aggregated to form larger and denser 
E2 flocs under the effects of the bridging and patching. 
Under the alkaline (pH = 10) conditions, the flocculation 
system was negatively charged when the dosage less than 4 
mg/L, which indicated that the main flocculation effect was 
adsorption rather than charge neutralization. In this case, 
the E2 flocs was gathered together to form small and loosen 
flocs just under the effect of bridging [39]. 

5. Conclusion

A flocculant PAA with different cationic degree was 
successfully prepared through ultrasonic-initiated copoly-
merization technique. The structure properties of the PAA 
was characterized by FT-IR, 1H NMR, SEM and TG/DSC 
to confirm its successful formation. The PAA with different 
cationic degree was used in the E2 flocculation. The floc-
culation results manifested that the flocculant PAA-3 with 
40% cationic degree had the most excellent E2 removal per-
formance among PAA-2 (30% cationic degree), PAA-1 (20% 
cationic degree) and PAM. The flocculant with a higher 

Fig. 10. The effect of the E2 concentration on the flocculation 
performance (PAA-3 was used).

Fig. 11. The zeta potential after flocculation at (a) pH = 4, (b) pH 
= 7 and (c) pH = 10 (PAA-3 was used).
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cationic degree had a stronger charge neutralization abil-
ity and a large number of active groups, and thus it was 
benefit for the improvement of flocculation performance. 
Meanwhile, the the neutral condition (pH = 7) was more 
favorable for the E2 flocculation no matter which kind of 
the flocculant was used. Moreover, the optimal flocculation 

conditions was concluded as a stirring speed of 120 rpm, 
stirring time of 10 min, sedimentation time of 30 min and 
E2 initial concentration of 0.6 mg/L. Finally, the involved 
flocculation mechanism was discussed for different pH 
condition. The analytical results suggested that the charge 
neutralization and adsorption effects happened together in 

Fig. 12. The possible flocculation mechanism of the flocculant.

Fig. 13. Graphic abstract.
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the the neutral condition (pH = 7) rather than acidic (pH = 
4) and alkaline (pH = 10), thus resulting a prominent floccu-
lation performance.
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