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Abstract: Cationic polymers are promising flocculants for highly efficient solid-liquid separation,
because of their tailorable molecular structures, they can realize remarkable ability of adsorbing
contaminant. Herein, a novel copolymerization strategy is reported to obtain a well-designed CO,-
responsive cationic copolymer for effective solid-liquid separation. To be specific, a series of novel CO,-
responsive hyamine-based cationic copolymers (CHOPs) with different molecular structures were
synthesized via copolymeization reactions between acryloyl oxygen ethyl trimethyl ammonium chloride
(DAC), methyl acryloyl oxygen ethyl trimethyl ammonium chloride (DMC), methyl acryl-amide propyl
trimethyl ammonium chloride (MAPTAC) and CO,-responsive monomer dimethyl amino ethyl
methacrylate (DMAEMA). The molar ratios of the monomers were optimized and the copolymerization
kinetics followed to obtain the best relative molecular weight of CHOPs with good CO;-responsiveness
and flocculation ability. Of note, the tertiary amine groups of CHOPs could be protonated by the reaction
with CO,, leading to positively charged chains on the copolymers for enhanced flocculation ability.
Furthermore, the network structure derived from CO, bridging between the two tertiary amine groups
were conducive to the viscosity improvement and flocculation enhancement. Moreover, DMAEMA and
DMC had the best polymerization kinetics, and the obtained P(DMC;-DMAEMA ;) copolymer was found
to be the optimized monomer molar ratio and gave the highest relative molecular mass which showed
prominent flocculation ability under selected CO; import mode (only import in the flocculation system,).
The unique CO; import method facilitated homogenous reaction between the polymer and CO; while
combing with solid particles to form ionic hydrophilic quaternary ammonium salts, leading to enhanced
electrostatic repulsion between the copolymer chains and weakened interaction. As a result, the
copolymer chains were more easily extended to improve bridge-effect. Combined with multiple fine
particles, they resulted in increased flocculation volume and accelerated sedimentation rate for highly
efficient solid-liquid separation.

Keywords: cationic polymer, COs-responsive, electric neutralization, adsorption bridging effect, solid-
liquid separation

1. Introduction

Solid-liquid separation is essential for sewage and sludge treatment and recycling.[' It is urgent to
explore effective methods for highly efficient solid-liquid separation owing to the increasing demand of
reducing waste volume production.?! As an important method of strengthening solid-liquid separation in
the field of sewage treatment, the flocculation can be used to strengthen the primary precipitation of
sewage, flotation treatment and secondary precipitation after activated sludge method, and can also be
used for tertiary treatment or advanced treatment of sewage.[’) Water-soluble polymers (WPs), such as
cationic-based WPs, anionic-based WPs and amphoteric-based WPs, are promising reagents for solid-
liquid separation owing to their good ability of flocculation.[* 3

Among the WPs, cationic polymers (CPs) with positively charged molecular chains have attracted
attention as potential reagents for solid-liquid separation.[® 7 Due to the electric neutralized effect derived
from the positively charged groups, CPs are attracted to negatively charged particles within sewage and
sludge, leading to flocculation enhancement.®] Of note, the molecular structure and the types of
functional groups play a critical role in the performance of flocculation. The quaternary ammonium salt
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cationic polymers have been considered as the most prospective reagents for solid-liquid separation
because of their remarkable water solubility and good stability derived from the unique molecular
structure and functional groups.[’! Nevertheless, due to the restriction resulting from simplex charge
property and linear structure, ordinary quaternary ammonium salt cationic polymers cannot meet the
increasingly requirements for effective solid-liquid separation and complicated solid-liquid separation
environments.''” Therefore, the research and development of flocculants with tunable molecular
structure are highly desirable for solid-liquid separation in the future.

Stimuli-responsive polymers with tunable molecular structure can exhibit specific reversibly
transformation to accommodate the complex environmental changes.['! 12 Especially, owing to low cost,
environmentally friendly and the unique mechanism of COs-responsive transformation, the CO,-
responsive cationic polymers (CCPs) have attracted attention of many researchers.!'* ' The CCPs can
be converted to multifunctional ionic polymers via the reversible reaction between responsive functional
groups and CO,, leading to enhanced floc settling performance and dewaterability.[': 1) Based on this,
Liu et al.l'”! employed CO,-responsive mechanism to optimize extracellular polymeric substances for
enhanced self-flocculation of solids in solution and brought new enlightenment to carbon-neutral
operation of wastewater treatment plants based on the symbiotic biofilm/biogranules system. Besides,
the CO; can easily be removed as an activator trigger, which means the CCPs can minimize the negative
environmental impact, and it is safer and easier to be applied on a large scale compared to strong acid or
strong alkaline responsive CPs.['% 11 However, the practical application of CCPs has been hindered by
the unsatisfactory CO, responsiveness. Hence, it is critical to construct a molecular unit with effective
CO; responsiveness into the molecular chain of CCPs.

Research has shown that tertiary amine monomers like dimethyl amino ethyl methacrylate
(DMAEMA) are good at enhancing the CO»-responsiveness due to the fact that their tertiary amine
groups are highly sensitive to CO,.222 Nittala et al.?3 reported that a series of CO,-responsive hyamine-
based cationic polymers (CHOPs) based on DMAEMA and N-isopropyl acrylamide (NIPAM) exhibited
enhanced performance of flocculate oil sands mature fine tailings. It is suggested that CO, protonates the
tertiary amine groups of Poly-DMAEMA and Poly-(DMAEMA-NIPAM) resulting in positively charged
chains. Thus, the pH sensitivity of these polymers favored the flocculation of the negatively charged
clays in the solution due to charge neutralization. This led to enhanced flocculation and high performance
solid-liquid separation. In addition, quaternary ammonium monomers with quaternary ammonium
groups and polymerizable olefinic bonds, such as acryloyl oxygen ethyl trimethyl ammonium chloride
(DAC), methyl acryloyl oxygen ethyl trimethyl ammonium chloride (DMC), and methyl acryl-amide
propyl trimethyl ammonium chloride (MAPTAC), have been employed to obtain cationic polymers for
solid-liquid separation. Ming et al. compared the polymerization kinetics of these cationic monomers
and found that the kinetics were influenced by electronic effects and steric hindrance of the monomer
structure.**! However, the lack of molecular design and regulation of CO,-responsiveness hinder further
application of DMAEMA based CCPs in solid-liquid separation. Therefore, it is necessary to further
design an effective CCPs via molecular design and regulation of CO,-responsiveness to realize highly
efficient solid-liquid separation.*]

2. Materials and Methods
2.1 Materials

The cationic monomers, acryloyl oxygen ethyl trimethyl ammonium chloride (DAC, 80% w/w),
methyl acryloyl oxygen ethyl trimethyl ammonium chloride (DMC, 88% w/w), and methyl acrylamide
propyl trimethyl ammonium chloride (MAPTAC, 50% w/w) were purchased from Jiangsu Feymer
Technology Co., Ltd. 2,2'-Azobis(2-methylpropionamide)dihydrochloride (AIBA) was purchased from
Wako chemical Co., Ltd. Tetrasodium ethylenediaminetetraacetic acid (Na4EDTA) was purchased from
Shanghai Macklin Biochemical Co., Ltd. Potassium bromide (KBr), potassium bromate (KBrO;), 2-
(Dimethylamino)ethyl methacrylate (DMAEMA, 80% w/w), potassium iodide (KI), sodium thiosulfate
(NaxS,03) analytical titrant, and soluble starch were purchased from Aladdin Reagent (Shanghai) Co.,
Ltd. Hydrochloric acid (HCI) and sodium chloride (NaCl) were purchased from Sinopharm Chemical
Reagent Co., Ltd.

2.2 Copolymer preparation

Refined DAC (...g, ...mol), DMC (...g, ...mol) and MAPTAC (...g, ...mol) were weighed and fed
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into a 100 mL plastic bottle, and DMAEMA (...g, ...mol) was added to the same plastic bottle. This was
followed by addition of ... ml Na;EDTA solution (0.1g NasEDTA dissolved in 100 mL distilled water to
prepare 0.001 g/ml solution), and ...ml of distilled water, the bottle with the reaction mixture placed in
a water bath preset at 25 °C. The reaction mixture was purged with nitrogen gas for 20 min and ...ml
initiator solution AIBA was added under constant agitation. The water bath temperature was
consequently raised to 38-48 °C (initiation temperature) for 3 h. Once polymerization was initiated, as
indicated by an increase in the viscosity of the solution, the reaction temperature was raised to the curing
temperature of 60 °C and held for 3 h, and finally the gel-like polymer was obtained. The obtained
CHOPs were named by P(cationic monomer x-CO, monomer y), where x, y are the molar ratios of the
monomers. Figure 1A-C illustrates the copolymerization reactions of P(DAC-DMAEMA), P(DMC-
DMAEMA), and P(MAPTAC-DMAEMA).
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Figure 1. Schematic illustration of the copolymerization of (A) P(DAC-DMAEMA), (B) P(DMC-
DMAEMA), and (C) P(MAPTAC-DMAEMA).

2.3 Determination of activation energy (E.), polymerization kinetics and reactivity ratio

To calculate the polymerization rate, the volume shrinkage factor K was used to determine the
monomer conversion rate per unit time. A certain amount of reaction solution was poured into the
dilatometer and immersed into a constant temperature water bath. As the polymerization reaction
progressed, the volume of the polymerization reaction system gradually shrunk. The beginning of the
drop in liquid level indicated the start of the reaction, this was recorded as the initial volume (¥5). This
was followed by regular intervals of volume measurements (V;). After some hours, the reaction was
stopped by removing the dilatometer from the water bath, this time was recorded as Ve. The reaction
solution was immediately added to 100 mL of cooled deionized water. Then, the monomer conversion
rate, a., was determined using the potassium bromide-potassium bromate method (Chinese National
Standard GB12005.3-89), and the value of K was calculated according to Equation (1).*!

1 V.-V (1)

The monomer conversion rate corresponding to V; was calculated according to Equation (2).1%)

ety =" )
e VO

The polymerization rate R, was determined by plotting a monomer conversion, o, vs time curve the
slope of the straight line was used to determine R, by using Equations 3 and 4.2

d[M] da (3)
=g - Ml
Ry = k[M]™[I]" “
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where k is the reaction rate constant, m is the monomer concentration indices, and n is the initiator
concentration indices. m and n can be obtained from the slope of 1gR, plotted against 1g[M] and Ig[I],
respectively.

Finally, the activation energy, E,, of each monomer was determined to compare their polymerization
activity. According to the above equation and Arrhenius Equation (5), the relationship between
polymerization rate and temperature is obtained as shown in Equation (6). Assuming constant monomer
and initiator concentrations, the slopes of InR;, and 1/T can be used to calculate the activation energies of
the polymerization reactions for the three monomers.

k = Ae_% ®)

E
InR, = InA — é + min[M] + nin[I] ©)

where k is the reaction rate constant, A is the frequency factor, and R is the gas constant.

Of note, the molecular weight increases with the increase in reactivity ratio. The reactivity ratio (r)
can be calculated by Equations 7, 8 and 9:

d[M;] _ [M1] 7 [M;] + [M,] (7
d[M;]  [My]  12[M,] + [My]
R R? (8)
——=—n—n
PP
p=0-0)/C )

where C is the degree of copolymerization. The cationic determination steps are shown in the
Supporting Information.

2.4 Materials characterization.

2.4.1 Structure characterization

Fourier transform infrared spectroscopy. A small amount of the copolymer was applied on disposable
potassium bromide tablets, and Fourier transform infrared spectroscopy was performed on a PerKin-
Elmer L1600400 infrared spectrometer. The following FTIR settings were used: spectral range 4000 cm”
- 500 cm’!, 64 scans and a resolution of 8. Nuclear magnetic resonance. The copolymers were fully
dissolved in deuterium water (D,O) and the analysis run on a 400MHz liquid superconducting nuclear
magnetic resonance spectrometer, and the molecular structure of the copolymer products were
characterized by 'H NMR.

2.4.2 Determination of relative molecular weight of the polymer

The relative molecular weights of the prepared copolymers were expressed in terms of the intrinsic
viscosity [#] and the weight average molecular weight. The intrinsic viscosity [#] of the copolymer was
measured by using an ubbelohde viscometer (0.5-0.6 mm) in 1.0 mol-L"' NaCl solution and the polymer
concentration was below 1000mg/L, the measurement was conducted at 30+0.05 °C (in a water bath).
The value of [5#] was determined by using a one-point method according to the Solomon-Ciuta formula.
The weight-average molecular weight (Mw) of the copolymers were determined witha DAWN HELEOS
GPC-MALLS system (Wyatt, USA) using 0.50 mmol/L NaNOj solution as mobile phase.

2.4.3 Determination of apparent viscosity of the copolymer solutions before and after CO2 response

The apparent viscosity changes of the aqueous copolymer solutions before and after CO, treatment
is one of the most significant macroscopic properties of CO,-responsive polymers. A DV2TLV
viscometer (Brookfield, U.S.A.) was used to test the apparent viscosity of the solution before and after
passing CO; (LV-63 rotor was used in both cases, the rotation speed was 60 r/min and the temperature
was 25 °C). The apparent viscosity value of the original solution was first read, and then CO, was bubbled
through the solution at a rate of 300 mL/min for a duration of 20 min, and the apparent viscosity value
was recorded every 5 min. The measurement was repeated three times for each set.
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2.5 Flocculation method, flocculation performance and mechanism analysis method

The flocculation performance of the copolymerization products was evaluated by the diatomite
suspension flocculation test. Deionized water (450 mL) at 25 °C was poured into a 500 mL beaker,
followed by addition of 5 g diatomite, and the mixture was stirred for 1 min at 200 r/min by using a
program-controlled jar test apparatus. The copolymer sample solution prepared in advance was added
and stirred for another 5 min. During the mixing process, CO, was bubbled in the following ways: (a)
the CO, was bubbled in the copolymer solution at a rate of 300 mL/min for 20 min in advance, and the
protonated polymer solution was added to the diatomite suspension for flocculation; (b) After adding the
polymer solution, the CO, was bubbled in the diatomite suspension at a rate of 300 mL/min during the
flocculation process; (c) the CO, was bubbled in the copolymer solution at a rate of 300 mL/min for 20
min in advance. After the protonated polymer solution was added to the diatomite suspension, the CO,
was bubbled in the diatomite suspension at a rate of 300mL/min during the flocculation process; (d) In
the control experiment, the copolymer sample solution was added to the diatomite suspension without
addition of CO». After stirring, the suspension from the beaker was poured into a 500 mL stopper with a
scale, deionized water was added to the 500 mL stopper, the stopper was reversed 2 times, placed on the
table and the timer started simultaneously. The height of the settling interface was recorded at 10 s, 20 s,
305s,40s,50s,60s,70s, 80 s, and 90 s intervals. The scatter plot of the settling height H as the vertical
coordinate and the settling time as the horizontal coordinate were drawn and the slope of the fitted curve
was the settling rate.

After settling for 15 minutes, the supernatant was gently sucked out of the measuring cylinder with a
disposable straw and transferred to the test container for determination of turbidity. At the same time, an
appropriate amount of supernatant and precipitate were taken into a centrifugal tube, and Zeta potential
was measured by a Malvern Zetasizer instrument (Malvern, UK). A sampling spoon was used to pick up
a small amount of sediment at the bottom of the measuring cylinder, and it was placed on a slide to
observe the microstructure of the sediment floc witha OLYMPUS, BX53, WHN 10X/22 in bright field
mode. The remaining sediment was poured into the filter bottle, and the vacuum degree and time were
controlled to filter, and the moisture content of the filter cake measured.

The flocculated sediment was poured into a filter bottle covered with filter paper, and the vacuum
was controlled to be -0.095 Mpa and the filtration time was 30 s to filter the flocculated sample. The
dried petri dish was weighed, the mass of the petri dish and filter paper was noted as wy; the extracted
filter cake was placed in the petri dish and weighed, the mass was noted as w»; finally, extracted filter
cake was placed into the oven set at 105 °C for 4 h to constant weight; cooled down, weighed, the mass
noted as ws; and the moisture content of the filter cake was calculated according to Formula (10).

w, — W
w=22"" 1 100% (10)
Wy — Wy

3. Result and Discussion
3.1 Kinetics for co-polymerization of the cationic monomers with DMAEMA

To evaluate the rate of copolymerization between DAC, MAPTAC, DMC and DMAEMA, the
changes of conversion rate with time were followed under different monomer concentrations. Figure 2A
shows that the copolymerization rate increased with the increase in monomer concentration. The
copolymerization rate of DAC with DMAEMA was the highest and that of DMC copolymerized with
DMAEMA is the lowest (Figure 2B). On the other hand, the experiments conducted at different initiator
concentrations exhibited an increase in the copolymerization rates as a function of increase in the initiator
concentration (Figure 2C). The copolymerization rate of DMC with DMAEMA was also the lowest
(Figure 2D). The copolymerization rate equations of cationic monomers DAC, MAPTAC and DMC with
the CO,-responsive monomer DMAEMA are as follows: (DAC-DMAEMA:(R,s=ks[M]*3[1]°%),
MAPTAC-DMAEMA(R,=ks[M]**'[1]>>*) and (DMC-DMAEMA (R,=ks[M]**'[1]>37) and were
summarized in Table S1.

To obtain the activation energies (E,) of the copolymerization reactions between DAC, MAPTAC,
DMC and DMAEMA, the change of monomer conversion rate as a function of time at different initiation
temperatures were tracked (Figure 2E, F). The corresponding E, of the copolymerization reactions
between DAC, MAPTAC, DMC and DMAEMA were found to be 54.36 kJ/mol, 56.94 kJ/mol and 63.82
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kJ/mol, respectively (Table S2). The above results indicated that the copolymerization reaction between
DMC and DMAEMA was lowest.
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Figure 2. (4) Conversion curves VS time at different monomer concentrations and (B) corresponding
fitted curves; (C) Conversion curves VS time at different initiator concentrations and (D)
corresponding fitted curves; (E) Conversion curves VS time for different initiation temperatures and
(F) corresponding fitted curves
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Figure 3. Intrinsic viscosity [n] of P(DAC-DMAEMA), P(MAPTAC-DMAEMA), and P(DMC-
DMAEMA) under different (A) initiation temperatures (B) monomer concentrations (C) initiator
concentrations and the (D) corresponding fitted lines of the copolymerization reactivity rates.

To assess the copolymerization activity on molecular weight of the copolymers, the relationship
between intrinsic viscosity and initiation temperature, monomer concentration and initiator concentration
were looked at (Figure 3A-C). The intrinsic viscosity initially increases and then decreases with increase
in the initiation temperature, monomer concentration and initiator concentration. Meanwhile, the intrinsic
viscosity of P(DMC-DMAEMA) is the highest and that of P(DAC-DMAEMA) is the lowest, indicating
the molecular weight of P(DMC-DMAEMA) is maximal (Table S3). The relative reactivities of the two
monomers during copolymerization can be determined by the reactivity ratios. As shown in Figure 3D,
the formula of the fitting line obtained for the copolymerization of MAPTAC and DMAEMA is
y1=1.79x,-0.87, the slope is 1.79 and the intercept is -0.87. In other words, the reactivity rate of
DMAEMA is 111=1.79, the reactivity rate of MAPTAC is 11,=0.87, thus the reactivity rate of DMAEMA
was greater than that of MAPTAC. The polymerization activity of DMAEMA monomer was higher than
that of MAPTAC. In addition, the reactivity ratios of DMC and DMAEMA were comparable, indicating
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that they have similar and high copolymerization reaction activity. This may have contributed to the
generation of relatively high molecular weight products. Based on the above experimental result, it is
necessary to further explore the optimal molar ratio of DMC and DMAEMA copolymerization for
effective flocculant with high molecular weight and fast response to CO».

The E, of the copolymerization reaction between DMC and DMAEMA under different molar ratios
were examined. The copolymerization rate increased with temperature as seen in Figures 4A-C.
Meanwhile, the fitted results exhibited gradual decrease in the copolymerization rate with increase in the
molar ratio of DMC and DMAEMA (Figure 4D; Table S4). Furthermore, the differences in the
copolymerization rates and relative molecular weights under different monomer molar ratios were
quantitatively explained kinetically. The copolymerization rate increased with the increase in monomer
concentration (Figure 4E, F). The influence of monomer molar ratio on molecular weights of the
copolymers was further explored. With the increase of the trigger temperature, monomer concentration
and initiator concentration, the intrinsic viscosity firstly increased and then decreased, and reached the
maximum value when the trigger temperature was 43 °C, monomer concentration was 2.64 mol/L and
the initiator concentration was 1.2x10-* mol/L, respectively (Figure 4G-I). Meanwhile, the maximum
value of the intrinsic viscosity increased with the increase in the content of DMC, indicating DMC
released more free radicals to promote the reaction. As expected, GPC tests showed the highest molecular
weight of the P(DMC3-DMAEMA) copolymer (Table S5).

al%

[7] A(dL/g)

[#) (dL/g)

TrC [M] ((mol/L) 1] /(x10°* mol/L)
Figure 4. (A-C) Conversion VS time curves for different initiation temperatures under different molar
ratios of DMC and DMAEMA (D) corresponding fitted lines; Linearized Arrhenius plots (E) IgR, and
Ig[M], (F) IgR,and Ig[1]; Intrinsic viscosity [n] of P(DMC-DMAEMA) with various molar ratio under
different (G) initiation temperature, (H) monomer concentration (I) initiator concentration.

3.2 Investigation for structural and CO:-responsiveness performance

3.2.1 Polymerization mechanism and molecular structure characterization

It can be seen from the Fourier transform infrared (FTIR) spectra that the double bond peaks of the
three copolymers all disappear. The methyl peaks of DMAEMA in the P(DAC-DMAEMA) copolymer,
observed at 1375 cm™!, were found to increase as compared to the DAC monomer. In the case of
P(MAPTAC-DMAEMA) copolymer, the intensity of ester carbonyl group peak (C=0) of DMAEMA
was observed at 1720 cm™! increase compared with the MAPTAC monomer (Figure 5A). Furthermore,
as shown in Figure 5B, the nuclear magnetic resonance (NMR) spectroscopy demonstrates the double
bonds of monomer have been opened, as indicated by disappearance of peaks in the region be and the
DAC, DMC, MAPTAC monomers were successfully copolymerized with DMAEMA monomer. To be
specific, Peaks a;(0=4.09), a,(6=4.09) and a3(6=3.88) represent the absorption peaks of hydrogen atoms
of the -CHb»- group attached to O. The peaks labelled as b(6=3.55), b2(6=3.55), b3(6=3.40) represent the
absorption peaks of hydrogen atoms on the two methyl groups attached to N. The peaks labelled as
c1(86=3.22), ¢»(6=3.22), c3(6=3.19) were assigned to the absorption peaks of hydrogen atoms on the three
methyl groups attached to N. The absorption peaks labelled as di(6=2.96), d»(6=2.96), d3(6=2.79)
represent the absorption peaks of hydrogen atoms on the -CH,- group attached to N. The peaks around
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¢1(6=1.90), €2(6=1.90), e3(6=1.90~2.06) were assigned to the hydrogen absorption peaks connected to C-
CH;-groups. The peaks labelled as f;(6=1.08), £>(6=1.08), f3(6=1.00) are associated with the methyl
absorption peaks. The hydrogen absorption peaks on the-CONH-group were observed at g(6=5.75).

These results indicate that all the monomers were completely copolymerized as indicated by absence of
double bond peaks in all the cases.
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Figure 5. (4) FTIR spectra of different copolymers, (B) NMR spectroscopies of the same copolymers.
3.2.2 Investigation for CO:-responsiveness performance of copolymers

To verify the practical applications of P(DMC3;-DMAEMA) copolymer, its performance in solid-
liquid separation, the CO, response and flocculation performance were assessed. Figure 5A shows the
mechanism of solid-liquid separation via employing the CHOPs flocculant. The DMAEMA unit tertiary
amine group contains a lone pair of electrons hence has strong electronegativity. After importing CO»,

tertiary amine molecules can be easily protonated with H* to form ionic hydrophilic quaternary
ammonium salts.
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Figure 6. (4) Schematic diagram of response mechanism of CHOP to CO;. Changes of apparent
viscosity of the copolymers produced with different monomer molar ratios before and after CO;
exposure at copolymer concentrations of (B) 8 g/L, (C) 16 g/L, (D) 24 g/L and (E) the corresponding
apparent viscosity as a function of increasing molar ratios. Changes of apparent viscosity of the
copolymers with different relative molecular weights before and after CO; exposure under copolymer
concentrations of (F) 8 g/L, (G) 16 g/L, (H) 24 g/L and (1) corresponding apparent viscosity VS
increasing monomer molar ratio.

The CO; response performance was characterized by the apparent viscosity of the solution. The
apparent viscosity of P(DMC;-PDMAEMA}) basically increased with the enhanced inlet concentration
of CO; and the P(DMC,-PDMAEMA3) copolymer had the most obvious increase in apparent viscosity
due to the high CO, response monomer content as seen in Figure 6B-E. Meanwhile, the smaller the
relative molecular weight of the copolymer in the solution, the greater the increase of apparent viscosity
after the introduction of CO, and the apparent viscosity changed more drastically with the increase in
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solution concentration (Figure 6F-I). The results show that the P(DMC;-DMAEMA3) sample had the
potential to be an effective flocculant. With the increase in the copolymer concentration, the apparent
viscosity changed more obviously, due to possibly the increase in the concentration hence enabling the
tertiary amine group in the copolymer to fully react with CO,. This was followed by the quaternization
of the tertiary amine group by the hydrogen ion from the carbonic acid to form the ionic quaternary
ammonium salt. The repulsion forces of charge caused the molecular chains to stretch, resulting in
significant increase in the solution viscosity.

4. Conclusions

In summary, the CO,-responsive cationic copolymers were synthesized via the copolymerization of
several cationic monomers (DAC, DMC, and MAPTAC), and CO, monomers (DMAEMA). In this study
several parameters such as the reaction rate, the activation energy under different CO, import modes and
relative molecular weight of polymerization products were compared to obtain the CHOPs with the
highest relative molecular mass. The monomer content composition was also optimized for effective
solid-liquid separation. Especially, the tertiary amine groups of CHOPs could be well-protonated by CO»,
leading to positively charged chains of copolymers. Benefitting from the improved electric neutralization
and adsorption bridging effect derived from COs-responsiveness, the flocculation of the negatively
charged solids in solution can be effectively enhanced, leading to highly efficient solid-liquid separation.
Furthermore, the structure-function relationship between CHOPs and COs-responsiveness and
flocculation ability has been constructed. As a result, the optimized P(DMC-DMAEMA) showed
prominent flocculation ability for highly efficient solid-liquid separation. This work will shed light on
the actual application of CHOPs in research of solid-liquid separation.
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