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textile-dyeing sludge
dewaterability using a novel cationic
polyacrylamide: role of cationic block structures†

Li Feng,abc Huaili Zheng,*abc Baoyu Gao,d Chuanliang Zhao,abc Shixin Zhangabc

and Nan Chenabc

In this study, a novel cationic polyacrylamide (CPAM) with a microblock structure was successfully

synthesized through ultrasonic-initiated template copolymerization (UTP) using allyltrimethylammonium

chloride (TM) and acrylamide (AM) as monomers, and sodium polyacrylate (NaPAA) as a template. Fourier

transform infrared spectroscopy (FT-IR), 1H (13C) nuclear magnetic resonance spectroscopy (1H (13C)

NMR), and thermogravimetric analysis (TGA) were employed to characterize the properties of the

polymers. The results showed that the novel cationic microblock structure was formed in the template

copolymer of TM and AM (TPTA). Besides, the copolymerization was demonstrated to follow an I zip-up

(ZIP) template polymerization mechanism through the analysis of association constant (MK) and

polymerization kinetics. The flocculation results of textile-dyeing sludge dewatering revealed that the

polymer with the novel microblock structure showed an excellent flocculation performance. When the

optimal conditions at pH of 7.0, dosage of 40 mg L�1 and the intrinsic viscosity of 2.3 dL g�1, the

minimum SRF of 4.9 � 1012 m kg�1 and FCMC of 72.1% were observed. During the flocculation process,

the cationic microblocks in TPTA extremely enhanced the ability of charge neutralization and bridging,

and contributed much to the excellent flocculation performance in textile-dyeing sludge dewatering.
1. Introduction

With the increase of textile-dyeing wastewater generation and
wastewater treatment efficiency, the growth rate of textile-
dyeing sludge is going up year by year. According to the China
Environment Statistical Yearbook, the amount of textile-dyeing
sludge in China was up to approximately 5.38 million tons (80%
moisture content) in 2013 in China.1,2 Unfortunately, this
already huge production rate was predicted to further increase
due to more progressively stringent wastewater effluent regu-
lation criteria as well as the growing population. Textile sludge
dewatering and reduction has become a global challenging
issue for water industries and governments.3 Therefore,
research on textile sludge dewatering becomes more urgent and
signicant.
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Currently, chemical conditioners, especially cationic poly-
acrylamide (CPAM), have triggered intensive interest because of
their superiorities such as high efficiency, friendly-environment,
facile operation and economic advantages.4 The textile sludge
colloids were destabilized and agglomerated by CPAM to form
large ocs through charge neutralization and bridging, which
could reduce the sludge moisture content and volume.5 So far
a great number of efficient occulants have been successfully
synthesized and a desirable occulation performance has been
achieved in sludge dewatering by using those occulants.6–8

However, the CPAM synthesized with acrylamide (AM) and
cationicmonomer was limited to further improve and enhance its
occulation and dewatering performance by a signicant draw-
back of the disordered and random cationic units distribution in
the polymer chain. The randomly scattering cationic units could
not maximize the charge neutralization ability completely. As
a result, the occulation efficiency would be discounted greatly.9

Template polymerization technology provided a new way for
the research of CPAM, which could be employed to synthesize
occulant with microblock structure.10 Similar to the rule of
DNA replication, the cationic monomer would be tightly
adsorbed and regularly distributed along with the anionic
template molecular chain through electrostatic force, and the
cationic monomer would be homopolymerized to form cationic
microblock structure through the radical initiation reaction.
The ability of charge neutralization could be greatly enhanced
This journal is © The Royal Society of Chemistry 2017
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by the novel cationic microblock structure because occulants
with these novel structures were more efficient in neutralizing
counterions, thus promoting occulation and improving the
occulation efficiency.11 Ultrasonic-initiated copolymerization
has become more and more popular because it not only toler-
ates lower reaction temperature, less initiator and shorter
polymerization time, but also has many advantages such as its
facile operation, low cost and friendly-environment.12,13

Furthermore, it was reported that ultrasonic-template tech-
nique has been employed to synthesize novel nanoparticles.14

Therefore, this technique was proposed to synthesize CPAM
with the novel cationic microblock structure, and it was bene-
cial for overcoming the problems associated with traditional
polymerization technology. As the common and nontoxic
monomers, allyltrimethylammonium chloride (TM) and AM
were chosen to construct a novel microblock structure through
ultrasonic-initiated template copolymerization (UTP). In addi-
tion, the template polymerization mechanism should be deeply
studied and researched to ignite re in the domain of polymer
science and similar.

This study aimed to investigate the possibility of synthe-
sizing the occulant with the cationic microblock structure
through UTP using AM and TM as monomers, and NaPAA as
template. The structural characters of polymers synthesized
though UTP and non-UTP were analyzed by many advanced
instruments such as FT-IR, 1H (13C) NMR and TGA. Besides, the
association constant MK and polymerization kinetics were
researched and analyzed to further understand the polymeri-
zation mechanism. Finally, the effect of the cationic micro-
blocks on the sludge dewatering were investigated, and the
sludge dewatering performance was evaluated in terms of lter
cake moisture content (FCMC), specic resistance to ltration
(SRF) and the ocs settling behaviors.
2. Materials and methods
2.1. Materials

The details of the reagents used in this experiment were as
follows: the monomer AM was obtained from Chongqing Lanjie
Fig. 1 The ultrasonic-initiated template copolymerization process for T

This journal is © The Royal Society of Chemistry 2017
Tap Water Company (Chongqing, China). Allyl-
trimethylammonium chloride (TM; 98 wt% in water) and urea
[CO(NH2)2] were purchased from Ruiqi Life Science Co., Ltd.
(Shanghai, China). Template sodium polyacrylate (NaPAA) was
obtained from Shandong Xintai Water Treatment (Zaozhuang,
China), and its molecular weight (MW) was 4200. Initiator 2,20-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044)
was sourced from Apotheker Chemical Reagent Co., Ltd.
(Chendou, China). AM and TM were of technical grade, whereas
the other reagents were of analytical grade. Deionized water was
used throughout the experiment. Commercial occulants CPDA
and CPMA were named as CCPDA and CCPMA, respectively.
CPDA was the copolymer of AM and acryloyloxyethyl trimethyl
ammonium chloride (DAC), and CPMA was synthesized by
AM and methacryloxyethyl trimethyl ammonium chloride
(DMC). The intrinsic viscosities of CCPDA and CCPMA were all
2.3 dL g�1.
2.2. Preparation of copolymers

The ultrasonic-initiated template copolymerization process was
shown in Fig. 1, and the template copolymer TPTA was prepared
as follows. A certain amount of AM (67.61 mmol), TM (23.59
mmol), urea (0.133 mmol), NaPAA (23.59 mmol; nNaPAA : nTM ¼
1 : 1) and deionized water (0.67 mol) was added into 100 mL
quartz jar. Then, the pH of the reaction solution was adjusted to
about 2.0 by 0.5 mol L�1 HCl and NaOH. The mixture temper-
ature was kept at 20 �C and it was exposed under the ultrasonic
wave radiation for 30 min to form a homogeneous solution. The
ultrasonic wave was generated by an ultrasonicator (KQ 2200E,
Kunshan Ultrasonic Instrument Co., LTD, China) and the
frequency of that was 45 kHz. Aer that, the solution was
deoxygenated through nitrogen bubbling for 30 min at ambient
temperature. Subsequently, the quartz jar was sealed immedi-
ately aer addition of a given dose of initiator VA-044 to the
mixture, and then continuously sonicated at 35–45 �C for 60–
90min. When the reaction was over, the copolymer was aged for
4 h at room temperature to increase the polymerization degree.
Finally, the copolymer was puried by acetone and ethanol for
several times and dried in a vacuum oven at 60 �C until
PTA.

RSC Adv., 2017, 7, 11626–11635 | 11627

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27986d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

6:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a constant weight was obtained. The preparation of CPTA was
similar to that of TPTA except that no template and ultrasonic
were used. The proposed reaction routes for TPTA and CPTA
were outlined in ESI Fig. S1.†
2.3. Characteristics of copolymers

The intrinsic viscosities of polymers were recorded on an
Ubbelohde viscosity meter (Shanghai Shenyi Glass Instru-
mental Co. Ltd., China) at 30 �C in a 2 mol L�1 aqueous NaCl
solution.15 The molecular weight was calculated by Huggins
equation illustrated in ESI Text S1.† The degree of cationic (DC)
of the copolymer was measured by colloid titration method.16

The FT-IR and 1H (13C) NMR of the products were recorded on
a 550 Series II infrared spectrometer (Mettler Toledo Instru-
ments Co., Ltd., Switzerland) using KBr pellets and an Avance
500 nuclear magnetic resonance spectrometer (Bruker
Company, Ettlingen, Germany) with deuterium oxide (D2O) as
the solvent, respectively. Furthermore, TGA and differential
scanning calorimetry (DSC) of the polymers were carried out at
a heating rate of 10 �C min�1 under a nitrogen ow of 20 mL
min�1 from 20 to 600 �C on a DTG-60H synchronal thermal
analyzer (Shimadzu, Kyoto, Japan).
2.4. Determination of KM and reaction kinetics

In order to deeply comprehend the template polymerization
mechanism and the effect of template on the polymerization
reaction system, the association constant (KM) and reaction
kinetics were systematically investigated. The KM (between TM
and NaPAA) was measured by bag lter method. A pre-
determined dose of template NaPAA with a molecular weight
(Mw) of 4200 was added into dialysis bag (Intercepted, MwCO
3500, MD 25–3.5, USA), and then the dialysis bag was submerged
in deionized water for dialysis. During the process of dialysis, the
low Mw NaPAA was removed and the remaining NaPAA became
more similar and uniform. Aer 48 h dialysis, the NaPAA in the
dialysis bag was precipitated by ethanol and the precipitation
was dry in a vacuum oven at 60 �C for 24 h. A certain dose of TM
and the precipitation NaPAA were dissolved in deionized water
in a 250mL glass beaker, and then the solution pH was adjusted
to 3.0 by 0.5 mol L�1 HCl and NaOH. Subsequently, the glass
beaker was sealed immediately and kept for 24 h at room
temperature to arrive a penetration balance. Finally, the KM was
calculated by the following formula:

KM ¼ ½NaPAA****TM�
½NaPAA�f ½TM�f

(1)

where [NaPAA****TM] was the concentration of the association
of NaPAA and TM, [NaPAA]f and [TM]f were the free concentra-
tion when the dialysis kept balance. Meanwhile, the free
concentration of NaPAA and TM was measured by conducto-
metric titration method. Prior to the determination of polymer-
ization rate (Rp), the monomer conversion rate was controlled to
less than 10% by shortening the sonication time at 35 �C, and the
calculation equation of Rp was described as follows:

Rp ¼ k � [M] (2)
11628 | RSC Adv., 2017, 7, 11626–11635
where [M] was the initial concentration of monomer, and k was
the slope of the Yt ¼ ln[1/(1 � Ct)] plot (a tting straight line),
where Ct is the monomer conversion (C) with a given reaction
time at 2 min, 4 min, 6 min, 8 min and 10 min, and it was
determined by gravimetric method.17
2.5. Dewatering experiment

In this dewatering experiment, it was more reasonable and
receivable to use the occulants with the same intrinsic
viscosity and cationic degree for comparison analyses. The
occulants used for the dewatering tests were listed in ESI Table
1.† Raw textile-dyeing sludge used in this experiment was
collected from Junzhi textile-dyeing wastewater treatment plant
(Chongqing, China) with a cyclic-activated sludge system. The
sludge collected from this plant featured by a pH of 7.2,
a moisture content of 99.4%, a zeta potential of �21.8 mV,
a mass density of 0.946 kg L�1 and a VSS/TSS of 0.77. A program-
controlled Jar-test apparatus (ZR4-6, Zhongrun Water Industry
Technology Development Co. Ltd., China) was used in the
textile-dyeing sludge dewatering experiment at ambient
temperature. About 250 mL textile-dyeing sludge was trans-
ferred into a 500 mL glass beaker, and the initial pH of the
sludge was adjusted to the set value by HCl (0.1 mol L�1) and
NaOH (0.1 mol L�1). A certain dosage of occulant was quickly
added to the glass beaker, followed by a rapid stirring at
200 rpm for 30 s and a slow stirring at 50 rpm for 10 min and
then it was kept for 30 min.18 The occulation ability of the
polymers was evaluated by FCMC, SRF, settling rate, zeta
potential and the ocs settling behaviors. Besides, the detail
analytical methods of FCMC and SRF were described in ESI Text
S2.† The zeta potential of supernatant was measured by a Zeta-
sizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK). Aer
a rapid agitation, the ocs size was recorded on a laser
diffraction instrument (Mastersizer 2000, Malvern, U.K.). Each
measurement was repeated in triplicate and the nal results
were the average of three runs.

The sludge settling performance was carried out on a 1000
mL graduated cylinder with a total height of 29.5 cm. Aer
a predetermined dose of occulant was added to the sludge
sample, the graduated cylinder was immediately sealed and
inverted for 4 times. Then, the sludge precipitated for 60 min
without disturbance. The height of the sludge–liquid interface
with time was immediately recorded until the height kept
constant. The settling rate of the sludge conditioned by oc-
culant was calculated in term of the height of the sludge–liquid
interface as a function of settling time in the rst 150 s. When
the height of the sludge–liquid interface kept constant,
a camera (Millet ve, China) was used to observe the ocs
morphology of conditioned sludge.
3. Results and discussion
3.1. The association constant (KM) and reaction mechanism

In the template polymerization system, the cationic monomer
TM was absorbed and arranged along with the chain of the
anionic template NaPAA under the electrostatic force, whereas
This journal is © The Royal Society of Chemistry 2017
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neutral AM lagged behind TM in the competition of capturing
template. Therefore, the interaction force between TM and
NaPAA could be measured in term of the association constant
(KM) and the corresponding mechanism could be obtained.19

The dialysis result showed a KM value of 12.31 when the molar
ratio of TM to NaPAA was 1 : 1, which meant about three
quarters of the monomer TM was absorbed by template to form
a novel block structure. Based on the above analysis, the
template polymerization belonged to I (ZIP) mechanism shown
in Fig. 2. Furthermore, it also indicated that the NaPAA was
suitable for the template polymerization.
3.2. Effect of mole ratio of NaPAA to TM on Rp

As one important part in the template polymerization system,
NaPAA played a crucial role in the cationic monomer assem-
bling. In the process of template polymerization, the inuence
of template on the conversion (C) and polymerization rate (Rp)
was investigated. In all cases, the TM concentration was kept
constant. As shown in Fig. 3, the C and Rp reached the
maximum value of approximately 9.44% and 0.103 mol L�1

min�1 at a NaPAA/TM molar ratio of 1, respectively. The
changing tendency of C and Rp conformed to the I (ZIP)
template polymerization mechanism. When the NaPAA/TM
molar ratio was lower than 1, TM was adsorbed completely on
the template molecular chain and it tended to be homopoly-
merized, and thereby the Rp increased. However, it became the
Fig. 2 The mechanism of ultrasonic-template copolymerization.

Fig. 3 Effect of mole ratio of NaPAA and TM on conversion (a) and Rp (

This journal is © The Royal Society of Chemistry 2017
inverse at a high molar ratio (NaPAA/TM > 1), and the further
increase in the amount of template leaded to a low lling degree
of NaPAA by TM and a large molecular gap among TM, thus
resulting in a decline of Rp.20 Besides, the I (ZIP) mechanism
also indicated that the AM had little impact on the interaction
of template NaPAA and TM in the process of template
polymerization.
3.3. Characterization of occulants

3.3.1. FTIR spectral analysis. Fig. 4 showed the FT-IR
spectra of CPTA and TPTA. The FT-IR spectra of CPTA were
almost the same with that of TPTA, except for a slight shi in
the peak area. The adsorption peaks at 3444 and 1665 cm�1

originated from the strong stretching vibration of –NH2 and
C]O in the AM chain, respectively. The asymmetric stretching
vibration was observed at 2942 cm�1 for –CH3 and 2845 cm�1

for –CH2.21 The bending vibration at 1451 cm�1 was attributed
–CH2– in the –CH2–N

+ group of TM. The bending vibration at
963 cm�1 was for –N+–(CH3)3 in TM; the characteristic chemical
groups of AM and TM were all observed in CPTA and TPTA, thus
indicating that CPTA and TPTA were successfully synthesized
through copolymerization of AM and TM. Furthermore, the FT-
IR spectra results indicated that UTP did not exert inuence on
the functional group structure of TPTA.

3.3.2. 1H NMR spectral analysis. As an effective method,
the 1H NMR was always used to identify the molecular structure
b) at nAM : nTM ¼ 3.5 : 1, pH ¼ 3.0, C ¼ 35 �C and CTM ¼ 5.5 mol L�1.

RSC Adv., 2017, 7, 11626–11635 | 11629

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27986d


Fig. 4 FT-IR spectra of CPTA and TPTA.
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in the domain of polymer science. To investigate the impact of
template copolymerization on the polymer microstructure, the
1H NMR of CPTA, TPTA and PAMwere compared and the results
were displayed in Fig. 5. It revealed that CPTA and TPTA dis-
played many similarities, although several subtle differences
should not be ignored. The absorption peaks of protons in the
–CH2– (a1) and –CH– (b1) groups of both CPTA and TPTA were
observed at d ¼ 1.71 ppm and d ¼ 2.28 ppm, respectively,
whereas those for PAM shied. For example, the peaks shied
to d ¼ 1.62 ppm for –CH2– (a) and d ¼ 2.19 ppm for –CH– (b) in
PAM. The above disparities were caused by the different
chemical environment of the protons in the polymers chain.
When the copolymer of AM and TM, namely, CPTA or TPTA, was
successfully synthesized, the chemical environment of the
protons in the –CH2– and –CH– of CPTA or TPTA was not
Fig. 5 1H NMR spectrum of the polymers.

11630 | RSC Adv., 2017, 7, 11626–11635
consistent with that of PAM, thus chemical shis were not
identical.22 Meanwhile, the peak of protons at d¼ 3.19 ppm was
for the three equivalent methyl groups N+(CH3)3 (c1) in TM and
that at d ¼ 3.92 ppm was attributed to the methylene group (d1)
which was next to the quaternary ammonium group (–N+–

(CH3)3) in TM. Based on the 1H NMR analysis results, it indi-
cated that CPTA and TPTA were the copolymer of AM and TM.

However, the subtle difference between CPTA and TPTA
should be paid more attention and it was vital to this study. Two
peaks at d¼ 3.30 ppm and d¼ 3.16 ppmwere observed in the 1H
NMR spectral of CPTA shown in the rectangle in Fig. 5, whereas
those in TPTA disappeared. This interesting phenomenon
should be reasoned as follows. In TPTA, the cationic microblock
structure was predominantly syndiotactic because of the steric
and electrostatic repulsion of the pendant groups. Thus, the
protons of N+(CH3)3 in TM microblock structure were identical
in principle and only one proton peak was observed for each
group.23 By contrast, the random distribution of cationic
monomer in CPTA resulted in a different chemical environment
rather than that of TPTA and the protons became different with
the adjacent protons and thereby two individual split protons
peaks shown in a rectangle in Fig. 5 were observed for N+(CH3)3
group. This nding was similar to the previous research.24

Therefore, it could be concluded that the cationic microblock
structure in TPTA was successfully synthesized by ultrasonic-
initiated template copolymerization.

3.3.3. 13C NMR spectral analysis. The 13C NMR of the TPTA,
CPTA and PAM were also investigated, and the related peaks
showed in Fig. 6. It was more evident that TPTA and CPTA
showed similarities in 13C NMR spectral. The resonance peaks
at 34.72, 42.08 and 179.48 ppm were ascribed to the carbon of
–CH2– (a, a1), –CH– (b, b1) and –C]O– (c, c1) in the polymers
(TPTA, CPTA and PAM), respectively. Meanwhile, the carbon
peaks of TM were all was observed in both TPTA and CPTA. For
example, the carbon peak at 53.85 ppm was for –N+(CH3)3 (d)
and that at 66.87 ppm was for –CH2–N

+– (e). The results of the
13C NMR indicated that both AM and TM reacted and the
copolymer TPTA and CPTA were formed.
Fig. 6 13C NMR spectrum of the polymers.

This journal is © The Royal Society of Chemistry 2017
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The microstructure of the polymer was signicantly changed
due to the formation of the microblock structure. The distri-
bution of AM and TM become more ordered in TPTA rather
than random, and which would increase the proportion of the
AM and TM chain sequence segment. It has reported that the
trials distribution and proportion could be determined by the
number and relative intensity of the carbonyl carbon resonance
peaks in AM, and therefore the proportion of the AM chain
sequence segment in TPTA could be calculated from the area of
the relative resonance peaks using the MestReNova soware.25

As shown in the rectangle in Fig. 6, the peaks of 1, 2 and 3
represented the AM-centered trials and were TAT, AAT and AAA,
respectively. Comparing with CPAT, the peak area of AAA and
TAT in TPAT shown in Table 1 increased to 47.1% and 9.2%,
respectively, whereas that of AAT declined to 43.7%. The addi-
tion of the template generated a microblock structure (AM
blocks and TM blocks) in TPAT, thereby increasing the
proportion of AM chain sequence segment. Meanwhile, the
proportion of TAT in TPTA was larger than that in CPTA. An
explanation could be that template method could increase the
monomer reaction rate and the conversion, and which was
consistent with the analysis of Rp.22

3.3.4. Thermogravimetric analysis. The TGA curves of
CPTA and TPTA were displayed in Fig. 7(a and b). It was obvious
that three stages of the thermal decomposition were for both
CPTA and TPTA, corresponding to their weight loss. The rst
stage occurred in the range of 30–205 �C with a mass loss of 8.2
wt% for CPTA and 9.6 wt% for TPTA, which could be assigned to
the evaporation of intramolecular and intermolecular moisture
in the polymers.26 The second stage occurred in the range of
205–345 �C with a mass loss of 17.1 wt% for CPTA and 20.3 wt%
Table 1 Relative intensity of the trials distribution of distribution
acrylamide (AM)a

Copolymer AAA (%) AAT (%) TAT (%)

CPAT 34.4 59.9 5.7
TPAT 47.1 43.7 9.2

a A, AM unit; T, TM unit; 1, TAT; 2, AAT; and 3, AAA.

Fig. 7 Thermogravimetric curves of (a) CPTA and (b) TPTA.

This journal is © The Royal Society of Chemistry 2017
for TPTA, which was attributed to the imine reaction of the
amide group and the thermal decomposition of methyl in the
quaternary ammonium groups. And the nal stage occurred
beyond 345 �C with a mass loss of 44.3 wt% for CPTA and 36.1
wt% for TPTA, which was due to the carbonization of the
copolymer. Meanwhile, two evident heat adsorption peaks were
observed at 354.6 and 414.8 �C in the DSC curve of TPTA,
whereas only a single peak appeared at 342.3 �C in that of CPTA.
The thermal gravimetric curves of the polymers were related to
their structure. The evident microblock structure, namely, the
TM and AM block was generated by template copolymerization,
and therefore two characteristic peaks of heat adsorption were
observed for TPTA in the second stage. However, the monomer
in CPTA distributed randomly rather than orderly and no blocky
structure formed, and therefore just a single adsorption peak
was appeared. The previous researches have reported the
similar ndings.9,27 Moreover, the TGA results also indicated
that both TPTA and CPTA had inferior thermal stabilities.

3.4. Dewatering test

3.4.1. Effect of the dosage on sludge dewatering perfor-
mance. The effect of occulants dosage on sludge occulation
performance were investigated in terms of FCMC, SRF and zeta
potential. As showed in Fig. 8, the FCMC and SRF decreased
with an increase in dose, and then represented a gradually
upward trend. It was quite clear that TPTA showed a better
occulation performance than the other there in the full dose
range, and their optimum dosages were all at 40 mg L�1. In this
condition, the sludge dewatering performance reached the best,
and their FCMC and SRF values were both in the following
order: TPTA (FCMC: 73.3%; SRF: 5.0 � 1012 m kg�1) < CPTA
(FCMC: 74.2%; SRF: 5.2 � 1012 m kg�1) < CCPDA (FCMC:
75.8%; SRF: 5.5 � 1012 m kg�1) < CCPMA (FCMC: 76.9%; SRF:
5.9 � 1012 m kg�1). However, too large occulant dosage
(>40 mg L�1) leaded to a deterioration in both FCMC and SRF,
which was caused by the increased charge repulsion between
the sludge colloidal particles and the subsequent stabilization
of those particles.

The zeta potential of the sludge colloid system was investi-
gated to comprehend the occulation mechanism and explain
the dewatering ability discrepancy among the polymers. In
RSC Adv., 2017, 7, 11626–11635 | 11631
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Fig. 8 Effect of the dosage on (a) FCMC and zeta potential, and (b) SRF.
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Fig. 8, the zeta potential of the supernatant conditioned by
TPTA, CPTA, CCPDA and CCPMA displayed a similar trend, that
was, it increased with the increasing polymer dosage, but that
occulated by TPTA increased the fastest. Comparing with
CPTA, CCPDA and CCPMA, the cationic microblocks in TPTA
could greatly enhance the charge neutralization ability, and
therefore the zeta potential increased to the isoelectric point at
a lower dosage for TPTA (34.9 mg L�1) than those of CPTA
(37.3 mg L�1), CCPDA (39.7 mg L�1) and CCPMA (45.8 mg L�1).
Charge neutralization played a vital role in the sludge occu-
lation because the negative charged colloidal could be
neutralized and destabilized by cationic occulant to form large
ocs.28 The cationic microblocks of TPTA not only had a strong
charge neutralization ability but also strengthened the stretch
of molecular chain by its strong charge repulsion which was
favorable for bridging, thus increasing the occulation effi-
ciency. As a result, TPTA showed the best occulation perfor-
mance among them in terms of FCMC and SRF. Besides, the
optimum dosage was not consistent with that at the isoelectric
point, which indicated that adsorption and bridging effects also
made a contribution to the sludge dewatering.

3.4.2. Effect of pH on sludge dewatering performance.
Fig. 9 displayed the impact of the pH on the FCMC, zeta
potential and SRF at the dosage of 40 mg L�1 and the intrinsic
viscosity of 2.3 dL g�1. When the pH increased from 2.0 to 11.0,
Fig. 9 Effect of the pH on the (a) FCMC and zeta potential, and (b) SRF.

11632 | RSC Adv., 2017, 7, 11626–11635
FCMC and SRF showed a similar trend of decreasing initially
and then increasing, whereas zeta potential revealed
a declining trend. The sludge dewatering performances of
polymers were greatly affected by pH, which indicated that pH
played an important role in the sludge occulation process.
The strong acid (pH: 2.0–4.0) and alkali (pH: 9.0–11.0) condi-
tions enhanced the charge intensity on colloidal particles
surface and resulted in a strong repulsive force between the
particles.29 Consequently, the adsorbed particles were sepa-
rated from the polymers chain and the sludge dewatering
performance became less than satisfactory. Comparing with
CPTA, CCPDA and CCPMA, TPTA showed the highest dew-
atering efficiency among them in the full pH range, and its
minimum SRF of 4.9 � 1012 m kg�1 and FCMC of 72.1% were
acquired at pH 7.0. Meanwhile, the zeta potential of the
conditioned sludge system was the maximum for TPTA,
compared with the other three, and which indicated that the
cationic microblock structure could strengthen the charge
neutralization ability. In addition, the cationic microblock
structure was also favorable for compressing the thickness of
the electric double layer. The strong positive charge repulsive
force of the cationic microblock would effectively compress
the diffusion layer of negative charged particles and reduce
its thickness, and therefore the charge repulsion of the nega-
tive charged particles decreased. Furthermore, TPTA was
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27986d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

6:
41

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
demonstrated to have an excellent sludge dewatering perfor-
mance in a broad scope of pH, which indicated that this novel
occulant could be widely applied in sludge dewatering in
different industries such as paper mill, printing and dyeing
mill and wastewater treatment plant.
Fig. 10 Flocs interface heights of the polymers.

Fig. 11 Sludge flocs size distribution for (a) TPTA, (b) CPTA, (c) CCPDA a

This journal is © The Royal Society of Chemistry 2017
3.5. Effect of occulants on sludge settling behaviors and
the mechanism

The sludge settling behaviors has been widely used to evaluate
the occulation performance and sludge dewatering ability of
the occulants. Generally speaking, the fast settle rate and large
size of ocs meant a good dewatering ability.30 In this study, the
settling behaviors of the ocs conditioned with occulants at
dosage of 40 mg L�1 and the intrinsic viscosity of 2.3 dL g�1

were investigated in terms of ocs settling rate and size distri-
bution, and the results were shown in Fig. 10 and 11.

In Fig. 10, the ultimate sediment height and the corre-
sponding settling rate for TPTA were the best among the oc-
culants, and the order was as follows: TPTA (13.4 cm; 5.44 cm
min�1) > CPTA (14.2 cm; 5.12 cm min�1) > CCPDA (15.3 cm;
4.68 cm min�1) > CCPMA (16.5 cm; 4.20 cm min�1). The TPTA
cationic microblocks in the TPTA worked well in neutralizing
the negative charged sludge particles. As long as the negative
charged sludge particles became neutral, it was more likely to
make the particles incorporate, and then bridging occurred and
more sites of the polymer would adsorb the neutral particles.
Consequently, the particles were anchored in the polymer chain
and formed large and compact ocs under the effect of polymer
chain strongly twisting and closely overlaying. However, the
condition for CPTA was reverse. The charge neutralization
nd (d) CCPMA.

RSC Adv., 2017, 7, 11626–11635 | 11633
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Fig. 12 Possible flocculation mechanism of the TPTA.
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ability would be discounted by the random distribution of
cationic monomer in CPTAmolecular chain and thus the sludge
could not be occulated completely. As a result, the ocs
became small and sank slow.

Comparison in ocs size distribution of the polymers was
recorded. As shown in Fig. 11, the ocs size of TPTA was larger
than the others, and this difference was more evident. For
example, the ocs size characterized with the median equiva-
lent volumetric diameter (d50) was 277.241 mm, 228.705 mm,
211.591 mm and 173.113 mm for TPTA, CPTA, CCPDA and
CCPMA, respectively. The large ocs size was attributed to the
effect of the cationic microblocks in TPTA. The occulation was
mainly dominated by charge neutralization, then bridging, and
which was the reason why the ocs size of TPTA was much
larger than that of CPTA. Meanwhile, the sludge morphology
conditioned by the TPTA and CPTA were record and the results
were shown in ESI Fig. S2.† It was more clear that the ocs for
TPTA displayed a compact, dense and beehive structure.
However, that for CPTA was small and lose, and the shape of the
ocs was a sand structure. Therefore, the cationic microblocks
in polymer were so benecial in improving and strengthening
the sludge dewatering behaviors. According to the analyses of
ocs size, ocs settle rate, ocs morphology and the zeta
potential discussed in 3.4 and 3.5, the possible occulation
mechanism of the template polymer TPTA could be summa-
rized as follows: (1) the cationic microblocks in TPTA greatly
enhanced the charge neutralization and thereby the negative
charge particles were neutralized completely; (2) the cationic
microblocks of TPTA could generated strong charge repulsion
between the molecular chain, and which was favorable for the
polymer chain expansion. Therefore, the cationic microblocks
could enhance bridging ability;31 and (3) under the combination
of charge neutralization and bridging, the large, compact and
beehive-shaped ocs formed and had a fast settling rate.32,33 The
possible occulation mechanism of the TPTA was showed in
Fig. 12.
4. Conclusions

The novel cationic microblock structure was demonstrated to
be formed through the structure property analysis of TPTA. The
template polymerization mechanism was investigated through
the association constant (KM) and reaction kinetics. Finally, the
corresponding sludge dewatering performance of TPTA was
evaluated and the possible occulation mechanism was also
discussed. The main conclusions were as follows:
11634 | RSC Adv., 2017, 7, 11626–11635
(1) The template polymerization mechanism was demon-
strated to be the I (ZIP) mechanism through a high KM value
(KM: 12.31). In addition, when the mole ratio of NaPAA to TM
was 1 : 1, the polymerization rate (Rp) reached the top value of
0.102 mol L�1 min�1, which proved the template polymeriza-
tion followed the I (ZIP) mechanism again.

(2) The results of FT-IR, 1H (13C) NMR and TGA indicated
that the TPTA with cationic microblock structure was success-
fully synthesized using ultrasonic-initiated template copoly-
merization. In addition, the TGA results also indicated that both
TPTA and CPTA had inferior thermal stabilities.

(3) Comparing with CPTA, CCPDA and CCPMA, TPTA
showed an excellent dewatering performance and a wide pH
range for application. When the optimal condition was at pH of
7.0, dosage of 40mg L�1 and the intrinsic viscosity of 2.3 dL g�1,
the minimum SRF of 4.9 � 1012 m kg�1 and FCMC of 72.1%
were acquired. Besides, the ocs conditioned with TPTA showed
excellent settling behaviors, such as a rapid settling rate, a large
size, and a dense structure.

(4) The cationic microblocks in the polymer played a vital
role in improving and enhancing the occulation. This novel
cationic microblock structure could greatly enhanced charge
neutralization ability and bridging. In this case, the negative
charge particles were neutralized completely and aggregated to
form large ocs, and thus an excellent occulation performance
was observed.
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