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Fabricating an anionic polyacrylamide (APAM) with
an anionic block structure for high turbidity water
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Ultraviolet (UV)-initiated template polymerization (UTP) was used as a feasible strategy to prepare a novel
anionic polyacrylamide (APAM) with a microblock structure. In the template copolymerization system,
acrylamide (AM) and sodium allylsulfonate (SAS) were used as monomers, and poly (allylammonium
chloride) (PAAC) as a template. The chemical properties of the polymers were observed by Fourier
transform infrared spectroscopy (FT-IR), scanning electron microscope (SEM), *H (**C) nuclear magnetic
resonance spectroscopy (*H (**C)), and thermogravimetry/differential scanning calorimetry (TG/DSC).
Results showed that the novel anionic microblock structure was formed in the template copolymer.
Besides, the results of the association constant (Ku) indicated that the copolymerization followed | Zip-
up (ZIP) template polymerization mechanism, which indicated the formation of the microblock structure
again. Parameters such as pH and dosage that affected the flocculation performance, flocculation

kinetics and the FTIR spectra of the generated flocs were investigated to further observe the effect of

Received 7th May 2017 - ) . . .
Accepted 26th May 2017 anionic microblocks on flocculation performance and understand the relationship between the flocs and
flocculants. Flocculation experimental results demonstrated that the anionic microblocks in the template
DOI: 10.1039/c7ra05151d o A -
copolymer could enhance the charge neutralization and bridging ability, and therefore an excellent

rsc.li/rsc-advances flocculation performance of treating high turbidity water was observed.
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1. Introduction

The increasing establishment of mining and processing plants,
smelting plants and coking factories have contributed much to
the national economic and societal development.'* However,
the industry waste water generated by these plants severely
destroys and pollutes the natural water environment and
further threatens human health, since this industry waste water
is infamous for high turbidity caused by high levels of sus-
pended solids (SS).** The task of separating suspended solids
becomes more and more challenging and hard because these
suspended solids are always negatively/positively charged and
these colloidal particles suspend stably in the water.” According
to statistics, the turbidity of the waste water has reached 10 000
NTU in some cases in China.® Therefore, it becomes an
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important issue for environment engineers to separate and
remove these suspended solids form waste water efficiently.

In the process of waste water treatment, flocculation is
regarded as an important purification technique and has been
widely applied due to its prominent advantages such as high
efficiency, low cost and simple operation compared with other
purification techniques.®'® As a common and widely used floc-
culant, the synthetic polyelectrolyte, especially the anionic
polyacrylamide (APAM) has got more and more attention in
waste water treatment because its excellent solid-water separa-
tion performance. On one hand, the particles with opposite
charge can be thoroughly neutralized and destablized by the
anionic chemical group.'*> On the other hand, these destabi-
lized particles will be captured by the molecule chain of APAM
to agglomerate and form large and compact flocs, and thus
flocculation occurs.™ During the solid-water separation process,
the main mechanisms involved are charge neutralization,
bridging and electrostatic patching, which have been demon-
strated by many previous studies.'**® Up to now, a series of
anionic polyacrylamide with high flocculation performance
have been developed and applied in the waste water treat-
ment.'*"” However, the defect of the APAM, namely, the disor-
dered and random distribution of anionic units in the polymer
chain, seriously restricts the further enhancement of the solid-
water separation ability. In addition to the molecular weight

This journal is © The Royal Society of Chemistry 2017
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(MW) and the density of the anionic monomer, the configura-
tion and the distribution of anionic units also affect the final
flocculation performance.” If the anionic units orderly
distributes in the polymer chain of APAM to form the anionic
microblock structure, the negative charge of the anionic group
becomes more centralized and will neutralize the positive
charged particles completely, thus increasing the charge
neutralization ability.” Meanwhile, the strong repulsive force
between anionic microblocks are advantageous for the stretch
and extension of the polymer chain, and therefore the bridging
ability of the polymer is improved.** Now, the most critical issue
is to search for a new approach to prepare the novel APAM with
microblock structure, whereas it is incapable for traditional
synthesis methods.

Fortunately, the appearance of template polymerization
technology which has been used to synthesize nanowire and
nanopore arrays, nanostructures, medical drugs and et al. will
provide a new way in the study of synthesizing the anionic
polymer.**** In order to acquire the novel microblock structures
in the anionic polymer chain, the template with a controllable
length will work as a matrix to arrange and assemble the anionic
monomers. In this study, poly (allylammonium chloride)
(PAAC) was chosen as template because PAAC with positive
charge not only adsorbs and arranges the anionic monomers on
its polymer chain to form pre-microblock structures under
electrostatic attraction, but also has a property of easy separa-
tion from the copolymer system.*® Furthermore, ultraviolet
(UV)-initiated polymerization can be employed to prepare the
copolymer because of its relative advantages such as high effi-
ciency, low cost and environment-friendly.”® Therefore, UV-
initiated template polymerization (UTP) was used to synthe-
size the flocculant with a microblock structure in the polymer
chain, and the possible route for prepare the template copol-
ymer is shown in Fig. 1. Acrylamide (AM) and sodium allylsul-
fonate (SAS) were categorized as the safe and cheap monomers
which have been widely used in the preparation of floccu-
lants.””*®* Meanwhile, the previous researches have manifested
that AM and SAS were harmless and eco-friendly, and therefore
AM and SAS were selected to prepare template copolymer (TPAS)
through UPT and it has prospective applications in water
treatment in future.”*?* This new way for preparation of a new
anionic copolymer with a microblock structure will be mean-
ingful and significant in polymer synthesis and application.

Considering all aforementioned factors, this study attempts
to (1) synthesize the template copolymer (TPAS) with the
anionic microblock structure through UTP using AM and SAS as
monomers, and PAAC as template; (2) elaborate the template

Template + CH,=CH + CH,=CH
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polymerization mechanism through the analysis of the associ-
ation constant Ky; (3) characterize the chemical structure of
polymers using FT-IR, scanning electron microscope (SEM), "H
(**C) NMR and TGA; (4) investigate the flocculation kinetic of
the flocculants and the influence of the pH and dosage on the
flocculation performance; and (5) summarize the flocculation
mechanism through the investigation of zeta potentials and the
FTIR spectra of the formed flocs.

2. Materials and methods

2.1. Materials

The monomer AM and SAS were purchased from Chongqing
Lanjie Tap Water Company (Chongqing, China). Urea
[CO(NH,),] and initiator 2,2'-azobis[2-(2-imidazolin-2-yl)
propane]dihydrochloride (VA-044) were sourced from Apoth-
eker Chemical Reagent Co., Ltd. (Chendou, China). Besides,
template poly (allylammonium chloride) (PAAC) was obtained
from Shandong Xintai Water Treatment (Zaozhuang, China),
and its molecular weight (MW) was 4200. The above reagents
were of analytical grade except for AM and SAS (technical grade).
The hematite powder (Fe = 91%, 100 mesh size) was purchased
from Lingshou jiashuo building materials processing Co., Ltd.
(Lingshou, China).

Commercial flocculants APAM-1 [copolymerization of AM
and sodium methylacrylsulfonate (SAMS)] and APAM-2 [copo-
lymerization of AM and 2-acrylamide-2-methylpro panesulfonic
acid (AMPS)] were used for comparison in flocculation test, and
their intrinsic viscosities were all of 7.8 dL g~ .

2.2. Preparation of copolymers

The experimental setup of UV-initiated template copolymeri-
zation was shown in Fig. 2, and the preparation procedures for
template copolymer TPAS were as follows: 70 mmol of AM,
30 mmol of SAS, 0.241 mmol of urea, 30 mmol of PAAC
(paac : aa = 1:1) and 0.774 mol of deionized water were
dissolved in a 100 mL glass vessel with a seal cover, followed by
the adjustment of pH to the set value by 0.5 mol L™ HCI and
NaOH., the solution was bubbled through nitrogen for 30 min
to remove oxygen and sealed immediately after addition of
initiator VA-044 (0.045 mmol). Subsequently, the mixture was
exposed under the ultraviolet wave radiation generated by a UV
lamp (wavelength: 365 nm; power: 80 W) for 70 min at room
temperature to finish copolymerization. At last, the solid
product was purified by acetone and dried in a vacuum oven at
95 °C for 24 h. Besides, the non-template copolymer APAS was
prepared in the absence of template, and the remaining
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Fig. 1 The possible route for UV-initiated template copolymerization TPAS.
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Fig. 2 The experimental setup of UV-initiated template

copolymerization.

parameters and synthetic procedures were same as those of
TPAS.

2.3. Characteristics of copolymers

The intrinsic viscosities of polymers () used to assess the
absorption and bridging ability was conducted on an Ubbe-
lohde viscosity meter (Shanghai Shenyi Glass Instrumental Co.
Ltd., China) in a 2 mol L' aqueous NaCl solution at 30 °C,"
and the molecular weight of the polymer was calculated by
huggins equation displayed in ESI Text S1.1 Moreover, the FT-IR
was performed on a 550 Series II infrared spectrometer (Mettler
Toledo Instruments Co., Ltd., Switzerland) to record the poly-
mer function groups. 'H (**C) NMR of the products were
recorded by an Avance 500 nuclear magnetic resonance spec-
trometer (Bruker Company, Ettlingen, Germany) in deuterium
oxide (D,0). SEM analysis was performed on MIRA 3 LMU SEM
system (TES-CAN Company, Czech Republic) to observe the
morphologies of the copolymers. Besides, TGA and differential
scanning calorimetry (DSC) of the polymers were conducted on
a DTG-60H synchronal thermal analyzer (Shimadzu, Kyoto,
Japan) at a heating rate of 10 °C min~ " under argon atmosphere
from 20 to 600 °C.

2.4. Determination of Ky,

The type and mechanism of the template polymerization could
be determined and revealed through the investigation of the
association constant (Ky;) between SAS and PAAC according to
the previous researche.’* The Ky; was examined using bag filter
method, and its core part was a dialysis bag (Intercepted, MywCO
10000, MD 25, USA).* The operational approach of the bag filter
method was described as follows. The dialysis bag with a given
dose of template PAAC (Myy, 10 000) was soaked in deionized
water for dialysis. After 24 h dialysis, the molecular weight of
PAAC in the dialysis bag would become similar because the low
molecular weight PAAC (<10 000) would be removed during the
process of dialysis. The precipitation of the intercepted PAAC
occurred when a certain amount of acetone was added in the
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dialysis bag, and the precipitation was dried in a vacuum oven
at 60 °C for 24 h. After that, a given dose of SAS and PAAC
precipitation were added into a glass beaker with 100 mL
deionized water (pH = 6). Subsequently, the glass beaker was
sealed and kept for 24 h at room temperature to arrive a pene-
tration balance. At last, the Ky, was obtained through the eqn

()
 [PAAC****SAS]

Bu = [PAAC],[SAS], )

where [PAAC****AA] referred to the concentration of the asso-
ciation of PAAC and SAS, [PAAC]r and [SAS]¢ referred to the free
concentration at the dialysis balance. Besides, the conducto-
metric titration method was used for determining the free
concentration of PAAC and SAS.

2.5. Flocculation test

In this part, the flocculation efficiency of the template copoly-
mers TPAS and non template copolymer APAS were evaluated by
the treatment of simulated industry high turbidity water.
Meantime, commercial flocculants (APAM-1, APAM-2) were
used to make a comparison with TPAS and APAS. The simulated
industry high turbidity water was prepared as follows. 3 g
hematite powders were added in 1000 mL glass beaker with
1000 mL deionized water, and then stirred at 300 rpm-per min
for 20 min. Finally, the above liquid mixture was thoroughly
dispersed under ultrasonic radiation for 10 min. In order to
make the controlled trial become more credible and persuasive,
the flocculants used in this flocculation test were all of same
intrinsic viscosity and anionic monomer content, and the
details of these flocculants were described in Table 1. The
flocculation tests were performed on a program-controlled Jar-
test apparatus (ZR4-6, Zhongrun Water Industry Technology
Development Co. Ltd., China) at ambient temperature. The pH
of these simulated high turbidity water (1000 mL) was adjusted
to the given value by HCI (0.5 mol L") and NaOH (0.5 mol L)
after adding them into a 1000 mL glass beaker. The flocculation
tests contained three procedures, and they were a rapid stirring
at 200 rpm for 1 min, a slow stirring at 40 rpm for 15 min and
a setting period of 15 min without disturbance.?* After these
procedures, the turbidity was examined by a 2100P turbidity
meter (HACH, Loveland, CO) and the zeta potential of super-
natant collect from 2 cm below the water surface was recorded
on a Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern,
UK). Flocculation behaviors of the polymers were evaluated in
terms of turbidity removal rate (TR), flocs size, zeta potential
and flocculation kinetic. Flocs size was investigated by a laser
diffraction instrument (Mastersizer 2000, Malvern, U.K.). Each
results was an average of three repeated test and the standard
interval was controlled less than 5%.

3. Results and discussion

3.1 Characterization of flocculants

3.1.1 FTIR spectra analysis. The FT-IR spectra of PAM,
APAS and TPAS were presented in Fig. 3, and these flocculants

This journal is © The Royal Society of Chemistry 2017
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Table 1 The details of flocculants used in the characterization and flocculation tests

Anionic monomer Intrinsic viscosity Conversion Synthetic
Flocculants” molar content (%) (dLg™ rate (%) method
TPAS 30.0 7.89 99.6 UTP
APAS 30.0 7.83 99.4 N-UTP
PAM — 7.85 99.8 N-UTP
APAM-1 30.0 7.85 — —
APAM-2 30.0 7.85 — —

% TPAS: copolymer of SAS and AM by UV-initiated template copolymerization (UTP); APAS: copolymer of SAS and AM by non UV-initiated template
copolymerization (N-UTP); PAM: homopolymer of AM by N-UTP; APAM-1: commercial copolymer of SAMS and AM; APAM-2: commercial copolymer

of AMPS and AM.

had several similar adsorption peaks as follows. The strong
stretching vibration of -NH, and C=O0 adsorption peaks were
observed at 3443 cm ' and 1666 cm ', respectively.®® The
asymmetric stretching vibration at 2943 cm™ " and 2844 cm ™"
were caused by -CH; and for -CH,, groups, respectively.” The
peak at 1453 cm ™' resulted from the deformation stretching
vibration of methylene group. Compared with PAM, the char-
acteristic absorption peaks of APAS and TPAS were shown at
1180 cm ™' and 1045 cm ™, which resulted from the sulfo group
in the monomer SAS.>* Based the above analysis results, it
revealed that the APAS and TPAS were successfully copoly-
merized by AM and SAS. Moreover, the FT-IR spectra of APAS
and TPAS were very similar besides some slight shift in the peak
area, which indicated that TPAS have the same functional group
structures as APAS.

3.1.2 TG/DSC analysis. The TG/DSC analyses of the poly-
mers were depicted in Fig. 4, where APAS and TPAS displayed
three stages of the thermal decomposition. Due to the evapo-
ration of the adsorbed moisture in the polymer, the first stage
was observed in the range of 30-190 °C with a weight loss of 9.9
wt% was for APAS and 7.9 wt% for TPAS.*® During the second
stage occurred in the range of 190-330 °C, a 22.4 wt% and 25.8
wt% of weight loss were assigned to APAS and TPAS, respec-
tively. According to the previous research, this stage weight loss
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Fig. 3 FT-IR spectra of (a) PAM (b) APAS and (c) TPAS.
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was ascribed to the imine thermal decomposition in the amide
group.”®** The third stage was within the range of 330-510 °C,
and the weight loss was 51.6 wt% for APAS and 48.3 wt% for
TPAS, which was contributed to the carbonization of the
copolymer chain and the thermal decomposition of -SO;-
chemical group." Based on the above TG-DSC analytical results,
it manifested that both TPAS and APAS showed inferior thermal
stabilities. It was worth noting that double hump-like adsorp-
tion peaks (401.9 and 423.2 °C) in the DSC curve of TPAS but
only one (403.5 °C) in that of APAS were observed. This inter-
esting phenomenon was related to the microblock structure
generated in the template copolymer TPAS. Because of the order
distribution and arrangement of the anionic monomers in the
TPAS molecular chain, two evident blocky segments (SAS and
AM segments) were formed and resulted in two characteristic
absorption peaks.'?* Nevertheless, the random distribution of
monomers SAS and AM in the APAS molecular chain severely
hindered the formation of the blocky fragments, and thus just
a single adsorption peak was observed.

3.1.3 'H NMR spectra analysis. In Fig. 5, the '"H NMR
spectra of the PAM, APAS and TPAS were investigated to further
understand their microstructure. As displayed in Fig. 5(a), the
absorption peaks at 6 = 1.66 ppm and ¢ = 2.23 ppm were
derived from the -CH,- (a) and -CH- (b) groups of AM mono-
mer in PAM, respectively.®® After the addition of SAS monomer,
the protons absorption peaks of -CH,- (a) and -CH- (b) groups
in both APAS and TPAS were all shown at the same chemical
shift with PAM. Besides, the characteristic protons absorption
peak at 6 = 2.89 ppm (c) of -CH,SO;- group in SAS was observed
in both APAS and TPAS, which indicated that the copolymeri-
zation of AM and SAS successfully occurred.** However, several
subtle differences between APAS and TPAS should not be
neglected. Compared with TPAS, seven extra peaks marked with
different shape symbols at ¢ = 1.05 ppm, § = 1.27 ppm, 6 =
1.39 ppm, 6 = 1.91 ppm, 6 = 2.68, 6 = 5.37, and 6 = 5.91 ppm
arose in the "H NMR spectra of APAS. The difference between
APAS and TPAS was related to their stereochemistry properties.
Due to the formation of anionic microblocks in TPAS, the
protons chemical environment of -CH,-, -CH- and -CH,SO3-
groups became more identical and only one resonance peak was
observed for each group in principle.”® Nevertheless, the iden-
tical chemical environment was broken by the random

RSC Adv., 2017, 7, 28918-28930 | 28921
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Fig. 5 H NMR spectra of (a) TPAS, (a) APAS and (c) PAM.

distribution of anionic monomer (SAS) in APAS, and thus the
different chemical environment resulted in individual split
protons peaks with weak intensity for each group. Similar
finding in the template copolymerization was reported by the
previous research.*** Based on the above analyses, it could be
concluded that the anionic microblock structure was success-
fully prepared in TPAS.

3.1.4 '3C NMR spectra analysis. As shown in Fig. 6, the "*C
NMR spectra of the polymers were examined. The resonance
peak observed at 34.72 ppm in PAM was attributed to the
backbone -CH,- (a) group.* The peak at 42.08 ppm in PAM was
derived from the backbone -CH- (b) group.*® Meanwhile, except
for the similar resonance peaks with PAM, the characteristic
resonance peaks of the -CH,SO;- (d) chemical group in both
TPAS and APAS were all manifested at 56.14 ppm, which further

28922 | RSC Adv., 2017, 7, 28918-28930

indicated that TPAS and APAS were copolymerized by AM and
SAS. Because of the addition of template and employment of
ultraviolet technology, the anionic microblocks was successfully
formed in the polymer chain of TPAS. According to the previous
study, the proportion of the anionic microblock sequence could
be calculated from the number and relative intensity of the
carbonyl carbon resonance peaks by using the MestReNova
software."*>%” The calculated results were displayed in Table 2
in which the peaks of e, f and g represented SAS, AAS and AAA
trials, respectively, and those trials were all central around AM.
In Table 2, it was more apparent that the proportion of the AAA
trial increased rapidly form 37.3% in APAS to 49.7% in TPAS. By
contrast, the proportion of AAS and SAS trials decreased from
58.3% and 4.4% in APAS to 45.2% and 4.1% in TPAS, respec-
tively. Due to the anionic microblocks formed in TPAS, these

This journal is © The Royal Society of Chemistry 2017
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Table 2 Relative intensity of the trials distribution calculated through
the MestReNova software”

Flocculants” F(AAA) (%) F(AAS) (%) F(SAS) (%)
APAS 37.3 58.3 4.4
TPAS 49.7 45.2 4.1

“ A, AM unit; S, SAS unit; e, SAS; f, AAS; and g, AAA. b TpAS: copolymer of
SAS and AM by UV-initiated template technique; APAS: copolymer of SAS
and AM by UV-initiated copolymerization; AAA to SAS: mole fraction of
the F(AAA) triad sequence to F(SAS) triad sequence.

anionic microblocks was filled with single monomer SAS rather
than AM or their mixture, and therefore the number and length
of the AAA trial improved greatly.

3.1.5. SEM of polymers. The SEM images of the polymers
(PAM, APAS and TPAS) were displayed in Fig. 7 to investigate
their amorphous morphology. It was more patent that three
kind of polymers presented different surface morphology. As
a homopolymer of AM, PAM showed a smooth and dense
surface morphology without any holes.”® However, with the
grafting of SAS on AM, profound morphological change
occurred. A porous surface morphology with a laminar structure
was observed for both APAS and TPAS. Compared with AM, the
anion SAS was featured by a functional chemical group of -SO;-
, thus exhibiting a in significant discrepancy in the aspect of
physicochemical property. Therefore, after successful grafting
monomer SAS, the surface morphologies of APAS and TPAS
were more porous rather than dense. Moreover, the layout and

This journal is © The Royal Society of Chemistry 2017

size of the alveolate holes in the surface of APAS was regular and
relative smooth, whereas those in TPAS was jumbled and
disordered. It was supposed that this morphology difference
resulted from the monomer distribution. Due to the anionic
microblock structure, the chemical and physical properties in
the microcosmos were changed significantly, and the electro-
static repulsion between the anionic microblock was extremely
strong compared with that of APAS. Thus, a more ragged and
hammered surface morphology was observed for TPAS, and
which was consistent with the finding in the template
copolymerization.®®

3.2 The association constant (Ky;) and template
polymerization mechanism

In order to deeply and systematically understand ultraviolet-
initiated template polymerization system, its mechanism was
discussed and determined through the investigation of associ-
ation constant (Ky). In this study, a Ky, value of 12.01 was ob-
tained at ngas: nam = 1, which indicated that approximately
three quarters of the SAS was pre-absorbed and anchored on the
polymer molecular chain of template PAAC to form precursor of
microblock structure under the electrostatic force, and the
precursor was homopolymerized by ultraviolet-initiated radia-
tion to breed a microblock segment.** Thus, the UV-initiated
template polymerization mechanism belonged to ZIP (I)
mechanism rather than Pick-up (II) mechanism.** Meanwhile,
the ZIP (I) template polymerization mechanism vividly exhibi-
ted in Fig. 8 provided another powerful support for the forma-
tion of the anion microblock structure in TPAS.
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Fig. 7 The images of (a) PAM, (b) APAS and (c) TPAS.

4 Flocculation performance

4.1. Effect of flocculant dosage

Due to the strong charge repulsion generated by innumerable
positive charged hematite particles in the water solution, the
high turbidity waste water system became more stable and
resulted in troubles for solid-liquid separation. Therefore,
adequate dose of flocculant with opposite charge was needed to
break the stability of the hematite colloid particles. In Fig. 9, the

28924 | RSC Adv., 2017, 7, 28918-28930

impact of flocculant dosage on the turbidity removal rate (TR),
zeta potential and floc size was investigated. Both TR and floc
size first increased and then decreased, whereas zeta potential
decreased in the full dosage range (0.2 to 1.2 mg L™"). At the
relatively low dosage range (<0.8 mg L"), the flocculant showed
a increasing efficiency in neutralizing and capturing the posi-
tive charged hematite particles with the increasing dosage. By
contrast, the excessive dosage leaded to a cake effect and elec-
trostatic repulsion which prevented the floc growth and

This journal is © The Royal Society of Chemistry 2017
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reducing the flocculation efficiency, and thus a deterioration of
the flocculation performance was observed.** Compared with
APAS, APAM-1 and APAM-2, TPAS had the highest TR and the
largest floc size but the lowest zeta potential in the full range of
dosage. For example, the TPAS reached the desirable floccula-
tion performance (TR: 96.1%; floc size: 109 pm; and zeta
potential: —8.3 mv) at the optimal dosage of 0.8 mg L™ *. The
negative charge density in the anionic microblocks was
extremely enhanced, hence the charge neutralization ability of
TPAS was improved. Consequently, more and more positive
charged hematite particles were neutralized and destabilized
completely by the anionic microblocks, and then formed large
flocs under the effect of bridging.”® Previous research had also
found the similar phenomenon of enhancing charge neutrali-
zation ability when the flocculant was characterized by a novel

This journal is © The Royal Society of Chemistry 2017
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Effect of the dosage on (a) turbidity removal and zeta potential, and (b) floc size.

microblock structure. Moreover, the optimal dosage for each
flocculant was near at that of isoelectric point, which indicated
that the bridging also played an important role in the floccu-
lation process other than charge neutralization.®®

4.2. Effect of pH

In addition to flocculant dosage, the effects of pH on turbidity
removal, zeta potential, and floc size were investigated at the
optimal dosage of 0.8 mg L™, and the results were shown in
Fig. 10. It was more clearly that the four flocculants displayed
a similar flocculation variation tendency under various pH
values (pH: 1.0-11.0). A sharp and rapid increase in turbidity
removal and floc size was observed at the pH range of 1-3,
which indicated that the flocculation performance was greatly

RSC Adv., 2017, 7, 28918-28930 | 28925
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affected by the strong acid condition. The strong acid led to
a strong charge repulsion between the hematite particles and
a protonation of amino group (-NH;"), hence a worse floccula-
tion phenomenon occurred.” The turbidity removal and floc
size did not showed an exaggerated variation on alkali condi-
tions (pH: 9.0-11.0), compared with those on acid conditions
(pH: 1.0-3.0). When the pH condition was alkali, more and
more negatively charged hydroxyl (OH™) would be attracted by
the positively charged hematite particles. Theses adsorbed OH ™
ions tightly wrapped hematite particles to form a protective
layer which decreased the combination chance between the
flocculant and hematite particles, and therefore a deteriorative
flocculation performance happened. Furthermore, TPAS dis-
played the highest turbidity removal and the largest floc size in
the full range of pH, whereas the zeta potential was the
minimum among the flocculants. Because of the anionic
microblocks in the TPAS molecular chain, the strong repulsion
between microblocks became especially strong and the polymer
chain represented a more linear configuration, which was more
capable for the reduction of molecular cross-linking occurrence
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and the enhancement of bridging.** Therefore, the TPAS
showed a prominent flocculation performance even under the
strong acid and alkali conditions with high charge repulsion.
Finally, the acceptable flocculation occurrence for TPAS was in
a wider pH range (pH: 3-11) than those of the other three (pH:
5-9), which indicated that TPAS could be widely applied in the
practical solid-liquid separation.

4.3. Kinetic investigation

The flocculation kinetics of the four flocculants were investi-
gated at the optimal conditions (dosage = 0.8 mg L™ ", pH = 7)
to further evaluate the effect of microblock structure on the
flocculation performance. The turbidity for each flocculant was
recorded after the termination of the slow string (slow stirring
at 50 rpm for 15 min) in each flocculation test with the same
interval (3 min), and the calculation of TR was shown in
Fig. 11(a). Meanwhile, in order to obtain the flocculation kinetic
value for each flocculant, eqn (2) was set according to the
previous research, and it was shown as follows.**
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Table 3 The flocculation kinetics (kNg) for the four flocculants (TPAS,
APAS, APAM-1 and APAM-2)

Flocculants Flocculation kinetics KNy (x10~* s7%) R
TPAS 33.75 0.951
APAS 15.83 0.957
APAM-1 11.12 0.978
APAM-2 7.64 0.984
120
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Fig. 12 FRIR spectra of hematite and flocs.
1
No\ 2
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where N, was initial turbidity (172 NTU), N, was the turbidity as
a function of time (3, 6, 9, 12, 15, 18, 21 min), and k was the
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Fig. 13 Possible flocculation mechanism of the TPAS.
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kinetic constant in the flocculation system. The specific kinetic
value of each flocculant was illustrated in Table 3.

Based on the above results, it was found that the four floc-
culants displayed a similar TR trend of increasing gradually to
a plateau shown in Fig. 11(a), whereas the TPAS increased
rapidly during the first of 9 min. Moreover, in Fig. 11(b), the
slope of the simulated curve for TPAS (kN, = 33.75 x 10" *s7 1)
was the largest among the flocculants, which manifested that
the TPAS flocculated the positive charged hematite particles so
efficiently and the RT was improved so significantly. The
anionic microblocks attracted and neutralized the positive
charged particles quickly through strong charge neutralization,
and thus the hematite particles lost their stabilization. Subse-
quently, the inactive hematite particles were captured and
anchored by the molecular chain of TPAS to form a large and
compact floc structure shown in ESI Fig. S1.F Thus, these flocs
had a fast sedimentation velocity and the turbidity declined
sharply. On the contrary, the random distribution of anionic
monomer in APAS, APAM-1 and APAM-2 extremely weakened
the charged neutralization ability and a part of hematite parti-
cles could not be neutralized completely. As a result, the
generated flocs shown in ESI Fig. S21 was small and loose, and
thereby APAS, APAM-1 and APAM-2 displayed a higher turbidity
and a lower kinetic constant, compared with those of TPAS.
Moreover, the TPAS also displayed a desirable flocculation
efficiency compared with the previous results of the published
works.*>*

4.4. FTIR analysis of the flocs

As reported previously, the FTIR spectra of the generated flocs
were measured to investigated the interaction between the
flocculant and hematite particles.** In Fig. 12, before floccula-
tion, the hematite particles showed the following adsorption

Strong - -
adsorption i

NN N

Strong
adsorption

Large and compact

flocs \

@ Hematite particle Template copolymer
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peaks. The adsorption peaks at 3439 cm and 1632 cm were
attributed to the water of hydration;** The bending frequency of
surface hydroxyl group was observed at 1392 cm;*® And the
adsorption peaks at 546 cm and 465 cm were assigned to Fe-O
vibrational mode.*” After flocculation, these peaks all observed
in hematite + APAS and hematite + TPAS. Meanwhile, the
characteristic peaks of both APAS and TPAS were observed at
2943 c¢m (-CHj3;), 1167 cm (C=O0) and 1453 cm (-CH,-N") in
hematite + APAS and hematite + TPAS. Based on the above
results. It indicated that hematite particles were flocculated by
APAS and TPAS and separated from the liquid. Besides, in
addition to the original chemical bonds of hematite, APAS and
TPAS, new chemical bonds were not observed in the FTIR
spectra of hematite + APAS and hematite + TPAS, thus indi-
cating that the flocculation occurrence was caused by electro-
static interaction and bridging rather than chemical reaction
between hematite and the flocculant.*®

4.5. Flocculation mechanism

The mechanism involved in the flocculation process was dis-
cussed and summarized, and it was illustrated in Fig. 13. Two
dominant flocculation mechanisms, namely, charge neutrali-
zation and bridging, contributed much to the prominent floc-
culation performance of TPAS such as high TR, large and
compact floc size, and high kinetic constant. The charge density
and intensity was extremely enhanced by the anionic micro-
blocks of TPAS, and thus the charge neutralization ability was
greatly improved. However, the situation for the other three
flocculants was just opposite, and the disorder and random
distribution of anionic monomers caused a discount for their
charge neutralization ability. When the TPAS was added, the
positive charge particles were absorbed on the surface of the
polymer and tightly combined with the polymer chain of TPAS
trough charge neutralization rather than chemical bond.
Meanwhile, the anionic microblocks of TPAS was more favor-
able for the improvement of the bridging ability. The strong
charge repulsion generated by the anionic microblocks
contributed much to the stretch and extension of TPAS polymer
chain, and therefore more active position would be exposed to
capture the particles to aggregate and form large and compact
flocs. At last, the flocs conditioned by TPAS sank fast to bottom,
which was more facile for the solid-liquid separation.

5. Conclusions

A new anionic flocculant TPAS with the microblock structure
was successfully synthesized through UV-initiated polymeriza-
tion. The structure properties of TPAS was characterized by the
FT-IR, 'H (**C) NMR, SEM and TG/DSC, and the results indi-
cated that the formation of the microblock structure. Mean-
while, the template polymerization
demonstrate to be I (ZIP) mechanism through a high Ky, value
(K 12.01), and which also provided another proof for the
generation of the microblock structure. The flocculation test for
the removal of hematite particles indicated that TPAS with the
microblock structure had an excellent flocculation performance

mechanism was
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through the enhancement of charge neutralization and
bridging ability. A stable and powerful bond but not chemical
bond was generated between the anionic microblock structure
and hematite particles under the effect of charge neutralization
and bridging. In this case, the flocs flocculated by TPAS were
compact and large. Meanwhile, the reaction rate and turbidity
remove rate was also the fast and highest, respectively, for TPAS
among the flocculants.
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