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The synthesis of terpolymers can lead to very interesting combinations of monomers, which can affect the
solubility of the polymer, its thermal stability or resistance in saline aqueous media. Free-radical inverse
microemulsion and solution polymerization techniques were used to prepare water-soluble acrylamide-
N-vinylpyrrolidone-(vinylbenzyl)trimethylammonium chloride terpolymers. The formulation of the
polymerizable microemulsion was optimized by using the screening of surfactant percentage and HLB
concept. The influence of synthesis temperature on the terpolymer composition and molecular weight
was investigated. The reactions were carried out at 60, 70, and 75 °C for the microemulsion technique
and at 40, 50, and 55 °C for the solution polymerization technique. The reaction products from both
processes were water-soluble polymers, and the two techniques reached high conversions and
molecular masses. Maximal molecular weights were displayed by terpolymers prepared by the solution
method at 40 °C (959, 840 g mol™Y) and the inverse microemulsion method at 60 °C (795, 994 g mol™?).

According to NMR analysis, the highest amount of (vinylbenzyl) trimethylammonium chloride was
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Accepted 13th April 2022 incorporated into the terpolymer structure by the inverse microemulsion method. In contrast, the
solution method yielded higher contents of acrylamide and N-vinylpyrrolidone. The viscosity properties

DOI: 10.1035/d2ra011735e of the terpolymers in aqueous solutions were directly correlated to their molecular weight and synthesis
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Introduction

Currently, there is growing interest, especially in the oil
industry, in the synthesis of hydrosoluble acrylamide-derivative
co- or terpolymers with high molecular weights which are stable
at high temperatures in the presence of saline media."®

The synthesis of these macromolecules can be achieved by
different synthesis methods such as aqueous solution polymeri-
zation,”"® mass polymerization, and inverse microemulsion
polymerization.">**> Nonetheless, each method features a series of
advantages and disadvantages that have to be considered. One of
the main characteristics of polymerization reactions is that they
are highly exothermic, and a large amount of heat must be
removed from the reaction medium. Another important aspect is
the increase in the viscosity of the reaction system as conversion
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increases, which causes mixing, heat removal, and transport
problems in the reaction mixture. Furthermore, polymerization
reactions can be carried out using techniques whose polymeri-
zation medium is either homogeneous or heterogeneous. The
advantage displayed by heterogeneous reaction polymerization
systems, such as microemulsion, precipitation, or suspension, is
that they are less sensitive to viscosity increase than the corre-
sponding homogeneous systems under identical conditions, thus
facilitating mixing, heat removal, and mass transport. So, the
implementation of the polymerization technique depends on the
engineering aspects and polymer properties.”> However, inverse
microemulsion polymerization is an effective method to produce
controlled polymers with high molecular weight, which is
a characteristic that helps overcome the problems associated
with the high viscosity levels reached in bulk or solution
methods.™

The microemulsion method allows not only to obtain poly-
acrylamides or polyacrylates with high molecular weight up to
20 x 10° Da (ref. 15-17) by RAFT polymerization®® or controlled/
living radical polymerization,"” but also acrylamide copoly-
mers>*°>* and terpolymers®****~* even by the semicontinuous
or continuous methods.>***

So, copolymers based on acrylamide and quaternary
ammonium dimethylaminoethyl methacrylate or
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Fig. 1 Structure of AM/VP/VBTA (50/30/20)

terpolymer.

synthesized

dimethylaminoethyl acrylate have been synthesized by means of
inverse emulsion polymerization in batch and semi-batch
reactors using 3-4% of emulsifier and azobisisobutyronitrile
(AIBN)*?> and dual redox ammonium persulfate/sodium bisulfite
as initiators.*

As for cationic water-soluble polymers, they have attracted
scientific attention due to their resistance in saline environ-
ments. In this sense, polyelectrolytes based on N-iso-
propylacrilamide, 2-acrylamido-2-methylpropanesulfonate, and
2-acrylamido-2-propanetrimethylammonium chloride were ob-
tained with molecular weight of approximately 1 million Da
from polymerizable microemulsions with 12-18% of emulsifier
concentration, HLB = 9.4, and 0.03 mol% of redox initiator.?*
Although there are several articles on the synthesis of copoly-
mers based on (vinylbenzyl)trimethylammonium chloride
(VBTA), most of them are about latex preparation.***® Unfor-
tunately, the works describing the water-soluble synthesis of co-
or terpolymers based on VBTA are very scarce.*** The incor-
poration of the ionic unit (in this case VBTA) to the structure of
the water-soluble terpolymer promotes stability in a salt
medium, while the incorporation of N-vinylpyrrolidone favors
the thermal stability of the polymer, and the presence of acryl-
amide provides solubility in water and viscosity to the final
polymer solutions, for which the search for synthesis processes
of ionic terpolymers with molecular weights greater than 0.5 x
10° Da is very current.

Therefore, in this work, successful examples of the synthesis
of water-soluble acrylamide-N-vinylpyrrolidone-(vinylbenzyl)tri-
methylammonium chloride terpolymers using free-radical
inverse microemulsion and solution polymerization tech-
niques were reported and the comparison between both poly-
merization methods made. The effects of the
polymerization parameters (temperature and type of initiator)
on the molecular weight, composition and thermal stability
properties of the polymer were studied (Fig. 1). The inverse
microemulsions were prepared as a function of the hydrophilic-
lipophilic balance (HLB), selecting the most favorable poly-
merization conditions.

was

Experimental part
Materials

All reagents were analytical grade and purchased from Sigma-
Aldrich. Acrylamide, (AM, =98%), N-vinylpyrrolidone (VP,
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=99%), VBTA (99%), 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (V-50, 97%) and AIBN (12 wt% in acetone)
were used as initiators; n-decane (=98%) was used as the
continuous phase of the inverse emulsion, and Igepal CO 720
and Span 80 were used as emulsifiers.

Terpolymer synthesis by the solution method

Polymerizations were carried out in a three-neck round-
bottomed flask, fitted with a mechanical stirrer and water
condenser, immersed in an oil bath at the corresponding
temperature. The reaction was carried out at a constant pH
value of 9 by adding 1 M NaOH to avoid VP hydrolysis. Mono-
mers were added at the desired molar ratio of 50/30/20 (AM/VP/
VBTA), respectively, to 50 mL of deionized water previously
degassed for 30 min in vacuum and the total concentration of
solids was 1.5 mol L™ '. The reaction was carried out under
nitrogen flow at 45, 50, and 55 °C at 150 rpm for 30 min before
introducing the initiator V-50 (0.5 mol% in 10 mL of water;
0.007 initiator mole ratio of monomers) at 30 mL h™" with
a syringe pump. The reaction was allowed to proceed for 8 h.
After finishing the reaction, the solution was precipitated in
acetone, re-dissolved in water, and re-precipitated in acetone
with final polymer yields between 60 and 70%. The terpolymer
was dried in a vacuum oven at 50 °C for 24 h.

Terpolymer synthesis by the inverse microemulsion method

The continuous lipophilic phase of the inverse emulsion was
prepared by dissolving 1.0 g of Igepal CO 720 in 16 mL of n-
decane. In sequence, 3.3 g of Span 80 with 1.27 g of AM, 1.20 g of
VP, and 1.53 g of VBTA monomers (50/30/20 ratio of AM/VP/
VBTA) were dissolved in 6 mL of degassed water. Both phases
were mixed using an Ultra-turrax T25 Basic homogenizer at
13 000 rpm for 8 min. The size of the particles was measured by
using an AccuSizer 780 AD Autodiluter. Then, 26 mL of micro-
emulsion were poured into a three-neck round-bottomed flask
and deaerated by bubbling nitrogen for 30 min. Under nitrogen
atmosphere and constant stirring at 350 rpm, 54 pm of the
initiator AIBN (0.007 initiator mole ratio of monomers) was
added at 30 mL h™' using a syringe pump. The polymer
synthesis was carried out at 60, 70, and 75 °C. Nitrogen flow was
kept for 8 h of the polymerization reaction. After finishing the
reaction, acetone was added to the reaction mixture. The
formed product was re-dissolved in water and re-precipitated in
acetone with final polymer yields between 60 and 70%. The
terpolymer was dried in a vacuum oven at 50 °C for 24 h.

Characterizations

'H NMR spectroscopy analyses were performed on a Bruker 600
MHz spectrometer with Avance III as interface. Intrinsic
viscosities were evaluated in an Ubbelohde glass capillary
viscometer at 25 °C using 0.5, 0.3, and 0.2 wt% of terpolymer
concentration in a 0.1 M NaCl aqueous solution. The terpoly-
mers’ glass transition (T,) was determined using the cyclic DSC
technique in the Setaram DSC131 EVO equipment, under
a heating ramp of 5 °C per min in N, atmosphere. As part of the
first heating cycle for removing waste or solvents, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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temperature was increased from 25 to 200 °C and then
decreased to 25 °C. The heating and cooling conditions were
performed under the above conditions for the second cycle.

Then, the T, of all the terpolymers was obtained for the
second heating cycle. Conventional DSCs were carried out by
means of a Netzsch piece of equipment under nitrogen atmo-
sphere using a heating ramp of 5 °C min~'. The thermal
properties were determined by high-resolution thermogravi-
metric analysis (TGA) using a Netzsch STA 409 in a nitrogen
environment at a heating rate of 5 °C min™~". Molecular weights
were measured in a GPC Agilent series 1260 Infinity equipment
with 2 Aquagel-OH Mixed-H 8 pm 300 X 7.5 mm columns
connected in series. A Hamielec calibration was made for three
broad polyacrylamide standards: low molecular weight M,,
79900 Da and PD of 1.8, medium molecular weight M,
1140 000 Da and PD of 2.45, and high molecular weight M,,
5550 000 and PD of 10.37. Fourier transform infrared analyses
were measured in a Thermo Scientific Nicolet 8700. The molar
composition of the repeating units of the terpolymers was
calculated using '"H NMR. For the VBTA unit, the peak at
4.49 ppm was used (4;), which is integrated for 2H (No. H),
and for VP, the one at 3.91 ppm is also integrated for 2 protons
(Fig. 5). For these two units, eqn (1) was used to obtain the
equivalent area of the respective protons (H):

o
E A;

G — 1
" No. H? (1)

For the AM unit, the equivalent area was calculated using
eqn (2), integrating the area between 0.94-2.78 ppm, where 3H
of AM, 6H of VP, and 3H of VBTA were found:

A0.94—2.78 _ 6A$P _ 3AI\€/BTA

. )

E _
HAM_

The molar percentage of the repeating units (%mol;) was
obtained using eqn (3), where each equivalent area of the
protons (H;) was divided by the sum of the three equivalent
areas (Hr):

E

Hl
- 100 3)

T

%mol,- =

Discussion
Microemulsion preparation

Microemulsions appear as homogeneous, transparent solu-
tions. The oily and aqueous phases are fundamental to form the
microemulsion since water solubilizes a polar core of surfac-
tants, forming the so-called water pool.*»** In contrast, the oil
phase with an appropriately long surfactant chain easily
embeds in the interface between the oil and water layers to form
a stable micellar microemulsion.*® Nevertheless, the HLB
property of any surfactant is a determining condition for the
formation of W/O type microemulsions. According to classical
theory, for the construction of stable W/O systems, HLB values

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Relationship between HBL and type of formed microemulsion.

from 3 to 6 are required, while O/W emulsions can be formed
with surfactants with HLB numbers between 8 and 18.** The
problem with HLB is that its predictive power is low,*»** and it is
possible to prepare W/O emulsions at HLB values around 7.*>%¢
Therefore, the most stable emulsion systems usually consist of
mixtures of two or more emulsifiers, one part with lipophilic
tendencies and the other with hydrophilic features. By blending
both emulsifier types, the exact needed HLB can be achieved.

There is a synergistic effect on solubilization by mixing
a highly oil-soluble surfactant and a highly water-soluble
surfactant. The mixture of two surfactants makes it possible
for these components to be preferentially distributed at the
interface, reaching a high solubilization level.*” In the present
study, two nonionic and polymeric surfactants, Span80 and
Igepal CO 720, were used. These surfactants stabilize the W/O
microemulsions through the steric effect when the surfactant
is adsorbed on the dispersed water droplets covering them. In
addition, the surfactant tail prevents the droplets from coming
into contact with each other.*** Fig. 2 shows the formed
microemulsion type as HLB function of the surfactant mixture,
composed of Span 80 and Igepal CO 720, where at values below
6.7 of HLB, microemulsions water-in-oil type is formed. In
contrast, at HLB values greater than 7, there is a tendency to
form microemulsions of the oil-in-water type.

The influence of surfactant concentration is based on dis-
playing droplet populations and determining average droplet
size values for emulsions. A decrease in average droplet diam-
eter with increasing emulsifier concentration is attributed to
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Fig. 3 Oil droplet evolution as a function of emulsifier concentration.
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Fig. 4 Diameter size of dispersed phase of the microemulsion at
16.5% of surfactant concentration and HBL of 6.56.

decreasing interfacial tension between the dispersed aqueous
droplets and surrounding oil medium, decreasing the size of
the droplets below 3 um (Fig. 3). Therefore, higher amounts of
surfactant result in smaller drop sizes and more significant final
conversion.*

Finally, with 16.5% of surfactant concentration at HLB of
6.56, it was possible to form a transparent microemulsion with
a drop size below 0.1 pm (Fig. 4). This result is consistent with
the research work by Mahdi, who found that HLB of 6.31 for the
two-emulsifier system, Span 80 and Tween 85, was optimal for
the synthesis of polyacrylamide by the inverse microemulsion
polymerization method.**

Polymerization process and characterization

The microemulsion and solution polymerizations of terpolymer
by keeping constant the 50/30/20 molar ratio of the AM/VP/
VBTA monomers and other reaction parameters (initiator,
reaction time) were carried out. The main parameters that were
changed were the type of initiator and temperatures (Table 1).

In the case of polymerization in an aqueous solution, the
water-soluble initiator V-50 was used, while the oil-soluble
initiator AIBN was employed for the inverse microemulsion
polymerization. Baade and Reichert suggested a dispersion
polymerization model for the acrylamide system. Their model
revealed that radicals from the oil phase diffused into the water

Table 1 Terpolymerization reaction conditions
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Fig. 5 *H NMR terpolymers: (a) microemulsion at 70 °C and (b)
solution at 50 °C.

phase in which polymerization took place when the oil-soluble
initiator was used.”

The transparent inverse microemulsion with a concentration
of the surfactant mixture Span 80 and Igepal CO 720 equal to
16.5% at HLB of 6.56, n-decane as the continuous phase and
water with dissolved monomers as the dispersed phase, with
drop size below 1 pm, was used for polymer synthesis. For both
polymerization reactions, 1.5 mol L' of the total concentration
of solids and 0.007 initiator mole ratio of total monomers were
used. The pH was always adjusted to 9 using the NaOH solution
by the solution synthesis method. In contrast, by the inverse
microemulsion method, the pH was kept equal to 6 without
further pH adjustment. The reaction was carried out at three
different temperatures (60, 70, 75 °C) for inverse microemulsion
and 45, 50, and 55 °C for solution polymerization. Three
temperatures and different initiators for each method were
chosen, so AIBN is recommended to use in the temperature
interval between 60 to 80 °C. In contrast, V-50 is used between
40 and 60 °C."”'®3%%7 The terpolymer molar compositions were
calculated through the "H NMR analysis (Fig. 5 and Table 2).

As shown in Table 1, solution polymerization produced
terpolymers with the highest VP incorporation (28-30 mol%),
while the inverse microemulsion polymerization method
resulted in polymers with the highest amount of ionic part (18-
20 mol%). There was higher incorporation of acrylamide units
than VP and VBTA units, primarily when the solution

Variable Microemulsion Solution
Reaction temperature, °C 60, 70, 75 40, 50, 55
Concentration of total solids, mol L™* 1.5 1.5
Initiator concentration, mol initiator/mol monomers 0.007 0.007
Initiator type AIBN V-50
Molar ratio of reagents (AA-VP-VBTA) 50-30-20 50-30-20
Amount of total water, mL 6 50
Amount of total n-decane, mL 16 0
Reaction time, h 8 8

Dosing speed 30 mL h™! 30 mLh™!
pH 6 9
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Table 2 Terpolymer molar composition by microemulsion and solu-
tion polymerization methods

Microemulsion Solution

Terpolymer Terpolymer

unit, mol% unit, mol%
Temperature, Temperature,
°C AA VP VBTA °C AA VP VBTA
60 56 25 19 40 61 29 10
70 53 27 20 50 59 28 13
75 58 24 18 55 58 30 12

polymerization method was used, reaching 58-61 mol%
concentrations. As for the microemulsion polymerization
method at 70 °C, the concentration of monomeric units in the
final polymer (53/27/20) was very similar to the initial concen-
tration in the starting reaction mixture (50/30/20). The "H NMR
spectra of the terpolymers synthesized by both methods are
similar (Fig. 5). The signals at the 1.20-2.55 ppm region belong
to the main polymer chain formed by acrylamide, AM (1 and 2),
VBTA (8 and 9) and VP (3), where the VP lactam ring signals
correspond to (6 and 7). The signals of the VBTA aromatic ring
are located at 7.37 ppm. The main peak (12) at 3.07 ppm belongs
to methyl groups linked with VBTA quaternary ammonium,
where the signal (11) at 4.49 ppm is attributed to the VBTA
methylene group. The broad signals at 3.91 (4) and 3.28 ppm (5)
correspond to the terpolymer VP unit. The above analysis shows
that the expected chemical structures were obtained.

The acrylamide conversion was favored in both polymeriza-
tion methods. The conversions were calculated based on NMR
data using the vinyl proton integration of the monomers (Table
3). For the solution method, they were 96, 94, and 93% at 40, 50,
and 55 °C, respectively. As for the microemulsion method, they
were 90, 87, and 92% at 60, 70, and 75 °C, respectively. It can
also be noted that the VBTA monomer had the lowest conver-
sion when the solution method was used with 48, 62, and 57%
at 40, 50, and 55 °C, respectively. In contrast, the VBTA
conversion was significantly increased when the microemulsion
method was used; it reached 95, 98, and 85% at 60, 70, and
75 °C, respectively. Finally, VP got higher conversion in solution

Table 3 Monomer conversion by the *H NMR method
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Table 4 Molecular weight and viscosity of the terpolymers

Mint
Temperature, °C Molecular weight, g mol " PD mPa s
Microemulsion
60 795 994 1.5 3.1
70 717 954 1.4 2.8
75 680 927 1.6 2.5
Solution
40 959 840 1.9 4.8
50 693 907 2.0 2.7
55 576 569 2.8 2.4

method: 93, 89, and 96% (at 40, 50, and 55 °C) than with the
microemulsion method, which obtained 78, 84, and 75% (at 60,
70, 75 °C).

The molecular weight of the terpolymers decreased as the
reaction temperature increased (Table 4). It is known that, as
the temperature increases, the concentration of radicals grows
and, therefore, the reaction rate rises and the molecular weight
decreases.” The polymers that were synthesized by the solution
method presented higher molecular weights (from 959.840 to
576 569 g mol ') than those obtained by microemulsion (from
795 994 to 680 927 g mol ') (Fig. S1a and b¥). This behavior
could be attributed to acrylamide mainly being incorporated in
the solution method (Table 2), generating higher molecular
weights than the other two monomers. The higher the molec-
ular weight, the higher the intrinsic viscosity. It was 4.8 dL g~
for the terpolymer synthesized by the solution method. In free
radical polymerization, reactions with high molecular weight
and conversion, the distributions become much broader than
those that lead to low conversions and molecular weight." The
present study obtained the highest polydispersity index for the
polymers synthesized in the solution method and grew with
increasing reaction temperature. They were 2.8 for the
terpolymer synthesized at 55 °C.

FTIR and thermal analysis

Fig. 6 illustrates the FTIR spectra of terpolymers synthesized by
the microemulsion and solution methods, which are very

Microemulsion Solution

Temperature, Monomer conversion, Temperature, Monomer conversion,

°C Monomer % °C Monomer %

60 AA 90 40 AA 96
VP 78 VP 93
VBTA 95 VBTA 48

70 AA 87 50 AA 94
VP 84 VP 89
VBTA 98 VBTA 62

75 AA 92 55 AA 93
VP 75 VP 96
VBTA 85 VBTA 57

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of the synthesized terpolymers: (a) microemulsion
at 70 °C and (b) solution at 50 °C.

similar. Signals of »(NH) appear between 3192-3357 cm™'. The
signal at 2942 cm™"' corresponds to the »(CH,) group. The
characteristic (C-C) peaks from the aromatic ring appear at
1490 cm ™', while the band at 1422 cm™" corresponds to »(C-N)
bond vibrations, which may belong to the amide quaternary
ammonium groups. The FTIR spectra region at 1355-1394 cm ™"
corresponds to the »(CN) signal of the VP lactam group, and the
signal at 891 cm ™' belongs to the quaternary ammonium in
VBTA.

The deconvolution of the signal at 1500-1800 cm ™' with the
maximum at 1646 cm ™' produced the set of 5 sub-peaks: §(CHN
aromatic) at 1539 cm ™', »(C-Carom) at 1608 cm ™', §(NH amide)
at 1623 cm™ ', »(C=0 amide) at 1652 cm ™', and »(C=0 lactam)
at 1677 ecm™ ' (Fig. 7).

The thermal analysis of the terpolymers revealed that all
these polymers lost weight in nitrogen at three well-defined
stages (Fig. 8 and Table 5). The first weight loss corresponds
to the elimination of the solvent, in this case, water. The
terpolymers lost between 9 and 14 wt% of their weight. The
second stage of weight loss is associated with the thermal
degradation of the terpolymers. It is known that acrylamide

0.14 4
012
0.10 4 / N
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0.08 1623

0.06

Absorbance

0.04

0.02 1677 1608

0,004 —_— 1539
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Fig. 7 FTIR deconvoluted signal at 1500-1800 cm™1.
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units decompose, releasing ammonia and forming imide
groups.>**® The stability of PAM has been reported up to 285
°C* and 326 °C.*® Fig. 8 shows that the starting decomposition
temperature of PAM was 228 °C, and it is very close to that re-
ported by Leung et al.,, which was 220 °C.*” The difference
between the high degradation temperatures reported and ob-
tained in this study is that the reported samples were dried at
210 °C, and the ones featured in this work were dried at 50 °C
for 24 h. The P(VBTA) homopolymer began the decomposition
stage at 219 °C and was associated with weight loss of 33 wt%.
The weight loss corresponds to the loss of trimethylamine
groups.®®* The terpolymers exhibited the second weight-loss
stage in the range of homopolymers. For the terpolymers that
were obtained by the microemulsion technique, the weight loss
was between 14 and 18 wt%, and the temperature values for the
first derivative peak were found between 270 and 277 °C. This
decomposition was also observed in the DSC curves between
270 and 277 °C (Fig. 8c). For the terpolymers that were obtained
by the solution technique, the weight loss was between 19 and
20 wt%, and the temperature values of the derivative peak were
between 249 and 256 °C. In the DSC, these thermal events are
between 252 and 255 °C (Fig. 8d). It can clearly be seen that the
polymers obtained by solution have lower decomposition
temperatures and are closer to PAM decomposition tempera-
ture. This can be attributed to the fact that the terpolymers
obtained by the solution technique have a higher composition
of acrylamide units, between 58 and 61 mol% (microemulsion
from 53 to 58 mol%), and lower content of VBTA units, between
10 and 12 mol% (microemulsion from 18 to 20 mol%) (Table 1).
The third weight loss stage corresponds to the final degradation
of the terpolymers. The temperature at the derivative peak for
the terpolymers obtained by microemulsion was between 406
and 410 °C, and for those obtained by solution, it was found at
433 °C.

This weight loss was related to DSC endothermic events
between 409-414 °C for microemulsion and between 428 and
432 °C for those obtained by solution (Fig. 8c and d). This
difference between the terpolymers synthesized by the two
polymerization techniques could be because those obtained by
the solution technique have higher VP units (28-30 mol%) in
their macrostructure, compared to those that were obtained by
solution (24-27 mol%). According to the previous results, it can
be said that the higher VP content, the higher the temperature
at the derivative peak of the third decomposition stage.

The T, of the terpolymers was obtained from the DSC second
heating cycle up to 200 °C to eliminate most of the water and
avoid the plasticizing effect.” As shown in Table 5, the
terpolymers polymerized in solution have higher T, than those
that were polymerized in microemulsion. Polymers with higher
T, have higher polymer-polymer interactions, generating lower
macro chain mobility and consequently an increase in T,. The
amide groups are promoters of these interactions.*>* For this
reason, the terpolymers with higher acrylamide composition
tend to have higher T,. In addition to the above, it can also be
observed that the terpolymers obtained by the solution tech-
nique have lower VBTA content. This repeating unit with the
benzyl trimethyl ammonium group separates the macro chains,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TGA and DSC of the synthesized terpolymers by (a) and (c) inverse microemulsion and, (b) and (d) solution polymerization.

and the T, tends to decrease. Therefore, the VBTA concentration
in the terpolymers, as seen in Table 5, also modifies the T,
value. Consequently, the highest T, was for the terpolymers with
higher concentrations of acrylamide units and lower concen-
trations of VBTA units. As a result, the terpolymers obtained by
the solution technique had higher T, (143-148 °C) than those
values obtained by the microemulsion technique (136-142 °C).

The loss of amide and trimethylamine groups during the
thermal decomposition process of the polymer molecule was
observed through monitoring. A terpolymer sample obtained by
microemulsion methods at 70 °C was placed in a reaction
chamber and heated at four temperatures: 25, 200, 280, and
320 °C. The FTIR spectrum changes in the terpolymer sample
are shown in Fig. 9a. When the temperature was increased up to
320 °C, the bands at 891, 1422, 1490, and 1646 cm ™ * underwent

Table 5 Weight loss temperature by TGA and T for the terpolymers®

more significant changes, which means that the amide and
quaternary ammonium groups presented thermal decomposi-
tion. The exhaust gases of terpolymer decomposition are shown
in Fig. 9b. It shows that trimethylamine and ammonium are the
main evolving compounds when heating the sample up to
270 °C, associated with the second stage of TGA terpolymer
weight loss. There are also carbon dioxide and water vapors
whose concentration increased with increasing temperature;
furthermore, the decarboxylation of the amide group occurred.
Carbon dioxide and water are straightforward to be identified;
CO, showed strong absorption bands in the 2320-2400 cm™*
region, at 669 cm ', and overtones at 3590-3740 cm ™, while
water bands appeared in the 1300-1800 cm™ " region. Prom-
inent ammonia gas bands are located at 931, 966, and
3334 cm™ ', corresponding to amide group decomposition.

Humidity, Tp1, Weight loss second Tpa2,
Synthesis temperature, °C T, °C % Ty, °C °C stage, % °C
Microemulsion polymerization
60 140 14 250 277 17 407
70 136 11 244 270 18 410
75 142 10 244 271 14 406
Solution polymerization
40 148 12 238 254 18 431
50 145 13 240 251 20 433
55 143 9 232 246 19 433

¢ Ts: weight loss starting temperature, Tp,4: first temperature at first derivative peak, Tp,: second temperature at first derivate peak.
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Trimethylamine vapor appeared very strong at 1268 cm ',

1180-1050 cm ™ *, and 823 cm ™" at 270 °C,* disappearing as the
temperature increased from 315 to 345 °C. Similar behavior was
observed in the bands of the methyl group at 2952 and
2275 cm™ ' that belong to VBTA. However, these absorptions
almost wholly disappeared at 345 °C when the second stage of
thermal degradation was completed. This degradation stage
correlates quite well with the exhaust decomposition gas spec-
trum of the VBTA homopolymer (Fig. 10).

Conclusions

The synthesis of water-soluble terpolymers, with molecular
weight around 0.5-1 x 10° g mol *, featuring AM, VP and VBTA
units in their structure, which provided them with properties
such as thermal stability, water solubility and viscosity, was
achieved by means of two free-radical methods: inverse micro-
emulsion and solution. The inverse microemulsion was

prepared with a mixture of Igepal CO 720 and Span 80

12280 | RSC Adv,, 2022, 12, 12273-12282

surfactants at a total concentration of 16.5% at HLB of 6.56,
monomers, water, and n-decane with drop size below 0.1 um.
The inverse microemulsion method did not need pH adjust-
ment during the reaction process, while the solution method
required pH adjustment at 9 during the synthesis reaction.
Characterization tests such as NMR, FTIR and TGA confirmed
the presence of AM, VP and VBTA in the terpolymer chemical
structure. The terpolymers synthesized by the solution method
accommodated a greater amount of VP and AM in their struc-
ture. In contrast, the inverse microemulsion method promoted
the incorporation of VBTA in the terpolymer structure.

Author contributions

Evelyn Y. Calvillo-Mufioz: conceptualization, methodology,
validation, investigation, writing - original draft. Araceli Vega-
Paz: methodology, validation, formal analysis. Diego Guzman-
Lucero: formal analysis, writing — original draft. Octavio Oli-
vares-Xometl: formal analysis, investigation. Irina V. Lijanova:
conceptualization, investigation, supervision. Natalya V.
Likhanova: conceptualization, investigation, writing - review &
editing, project administration.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge the Instituto Mexicano del Petroleo
for supporting this research, project D.62013.

Notes and references

1 H. L. Hsieh, A. Moradi-Araghi, G. A. Stahl and
I. J. Westerman, Makromol. Chem., Macromol. Symp., 1992,

64, 121-135.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01173e

Open Access Article. Published on 25 April 2022. Downloaded on 7/19/2025 8:03:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2 J. Gonzalez Rivera, J. Hernandez Barajas, A. Gutiérrez
Carrillo and A. F. Aguilera Alvarado, J. Appl. Polym. Sci.,
2016, 133, 1-10.

3 N. Gaillard, B. Giovannetti, T. Leblanc, A. Thomas, O. Braun
and C. Favero, Day 3 Fri, November 20, 2015, 2015,
D031S030R005.

4 R. S. Seright, K. E. Wavrik, G. Zhang and A. M. AlSofi, SPE
Reservoir Eval. Eng., 2021, 24, 1-18.

5 V. Vajihinejad, S. P. Gumfekar, D. V. Dixon, M. A. Silva and
J. B. P. Soares, Sep. Purif. Technol., 2021, 260, 118183.

6 L. Garcia-Uriostegui, G. Pineda-Torres, S. Lopez-Ramirez,
J. Barragan-Aroche and C. Duran-Valencia, Polym. Eng. Sci.,
2017, 57, 1214-1223.

7 H.-R. Lin, Eur. Polym. J., 2001, 37, 1507-1510.

8 G. M. Pineda-Torres, C. Duran-Valencia, F. Barragan-Aroche
and S. Lopez-Ramirez, in Modeling and Simulation in
Engineering Sciences, ed. N. S. Akbar and O. A. Beg, InTech,
2016.

9 D. Colombani and P. Chaumont, Prog. Polym. Sci., 1996, 21,
439-503.

10 A. S. Sarac and F. C. Cebeci, Int. J. Polym. Mater., 2004, 53,
763-776.

11 1. Capek and T. Kocsisova, Des. Monomers Polym., 2011, 14,
327-345.

12 P. Bhardwaj, S. Singh, V. Singh, S. Aggarwal and
U. K. Mandal, Int. J. Polym. Mater., 2008, 57, 404-416.

13 G. Odian, Principles of Polymerization, John Wiley & Sons,
Inc., 2004, ch. 3, pp. 198-349.

14 M. ]. Monteiro and B. Charleux, in Chemistry and Technology
of Emulsion Polymerisation, ed. A. van Herk, Blackwell
Publishing Ltd, Oxford, UK, 2005, pp. 111-139.

15 M. Renteria, M. Muifioz, J. R. Ochoa, L. C. Cesteros and
I. Katime, J. Polym. Sci., Part A: Polym. Chem., 2005, 43,
2495-2503.

16 A. Pross, K. Platkowski and K.-H. Reichert, Polym. Int., 1998,
45, 22-26.

17 X. Zushun, C. Yuanchun, Z. Gueijun, C. Shiyuan and
F. Linxian, J. Polym. Sci., Part A: Polym. Chem., 1999, 37,
2719-2725.

18 L. Ouyang, L. Wang and F. J. Schork, Polymer, 2011, 52, 63—
67.

19 Y. Kitayama, K. Kishida and M. Okubo, J. Polym. Sci., Part A:
Polym. Chem., 2013, 51, 716-723.

20 M. Pabon, J.-M. Corpart, J. Selb and F. Candau, J. Appl.
Polym. Sci., 2002, 84, 1418-1430.

21 M. Pabon, J.-M. Corpart, J. Selb and F. Candau, J. Appl.
Polym. Sci., 2004, 91, 916-924.

22 N. S. Voronina, A. I. Nechaev, V. N. Strel'nikov and
V. A. val'tsifer, Russ. J. Appl. Chem., 2021, 94, 748-757.

23 F. Rosa, J. Bordado and M. Casquilho, Polym. Eng. Sci., 2013,
53, 1728-1733.

24 Z.Lalehgani, S. A. A. Ramazani, Y. Tamsilian and M. Shirazi,
J. Appl. Polym. Sci., 2019, 136, 47753.

25 A. Renken and D. Hunkeler, Polymer, 1999, 40, 3545-3554.

26 J. E. Puig and M. Rabelero, Curr. Opin. Colloid Interface Sci.,
2016, 25, 83-88.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

27 G. Gonzilez, E. Colmenar, G. Diaconu, F. Alarcia, M. Manea,
M. Paulis, M. J. Barandiaran, J. R. Leiza, J. C. de la Cal and
J. M. Asua, Macromol. React. Eng., 2009, 3, 233-240.

28 1. Gonzalez, M. Paulis, ]J. C. de la Cal and J. M. Asua, Chem.
Eng. J., 2008, 142, 199-208.

29 F. J. Schork and J. Guo, Macromol. React. Eng., 2008, 2, 287-
303.

30 D. Silvestri, M. Gagliardi, C. Cristallini, N. Barbani and
P. Giusti, Polym. Bull., 2009, 63, 423-439.

31 F. Rio, P. M. Sasia, I. A. Katime, F. J. Escudero, E. D. de
Apodaca and J. N. Mestre, e-Polym., 2006, 6, 1-14.

32 J. Hernandez-Barajas and D. J. Hunkeler, Polymer, 1997, 38,
449-458.

33 1. Inchausti, P. M. Sasia and 1. Katime, J. Mater. Sci., 2005, 40,
4833-4838.

34 O. Braun, J. Selb and F. Candau, Polymer, 2001, 42, 8499-
8510.

35 M. Save, M. Manguian, C. Chassenieux and B. Charleux,
Macromolecules, 2005, 38, 280-289.

36 T. Meincke, M. Jordan, N. Vogel and R. N. Klupp Taylor,
Macromol. Chem. Phys., 2018, 219, 1700457.

37 B. N. Patra, D. Rayeroux and P. Lacroix-Desmazes, React.
Funct. Polym., 2010, 70, 408-413.

38 J. Ramos and J. Forcada, Eur. Polym. J., 2010, 46, 1106-1110.
39 Y. Mitsukami, M. S. Donovan, A. B. Lowe and
C. L. McCormick, Macromolecules, 2001, 34, 2248-2256.

40 N. Victorovna Likhanova, D. Guzman-Lucero,
J. F. Palomeque-Santiago and F. d. J. Guevara-Rodriguez,
Mol. Phys., 2020, 118, e1718225.

41 A. H. Nour, Emulsion Types, Stability Mechanisms and
Rheology: A Review, Social Science Research Network, 2018.

42 L. Garcia-Rio and P. Hervella, Chem.-Eur. J., 2006, 12, 8284~
8295.

43 J. Chen, X. Ma, G. Yao, W. Zhang and Y. Zhao, Int. J. Food
Prop., 2018, 21, 1152-1165.

44 G. Tartaro, H. Mateos, D. Schirone, R. Angelico and
G. Palazzo, Nanomaterials, 2020, 10, E1657.

45 1. Matsaridou, P. Barmpalexis, A. Salis and I. Nikolakakis,
AAPS PharmSciTech, 2012, 13, 1319-1330.

46 F. Candau, Z. Zekhnini and J.-P. Durand, J. Colloid Interface
Sci., 1986, 114, 398-408.

47 P. D. T. Huibers and D. O. Shah, Langmuir, 1997, 13, 5762-
5765.

48 A. H. Nour, Int. J. Innov. Res. Sci. Stud., 2018, 1, 14-21.

49 N. Garti and C. Bisperink, Curr. Opin. Colloid Interface Sci.,
1998, 3, 657-667.

50 L.-W. Chen, B.-Z. Yang and M.-L. Wu, Prog. Org. Coat., 1997,
31, 393-399.

51 M. Barari, M. Abd Elahi and M. Hemati, Iran. Polym. J., 2011,
20(1), 65-76.

52 W. Baade and K.-H. Reichert, Eur. Polym. J., 1984, 20, 505-
512.

53 C. E. C. Jr, Seymour/Carraher's Polymer Chemistry, CRC Press,
Boca Raton, 7th edn, 2007.

54 L. M. Minsk, C. Kotlarchik, G. N. Meyer and W. O. Kenyon, J.
Polym. Sci., Polym. Chem. Ed., 1974, 12, 133-140.

RSC Adv, 2022, 12, 12273-12282 | 12281


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01173e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 25 April 2022. Downloaded on 7/19/2025 8:03:42 AM.

(cc)

RSC Advances

55 N. Grassie, I. C. McNeill and J. N. R. Samson, Eur. Polym. J.,
1978, 14, 931-937.

56 M. E. S. R. e Silva, E. R. Dutra, V. Mano and J. C. Machado,
Polym. Degrad. Stab., 2000, 67, 491-495.

57 W. M. Leung, D. E. Axelson and J. D. Van Dyke, J. Polym. Sci.,
Part A: Polym. Chem., 1987, 25, 1825-1846.

58 C.-K. Na and H.-J. Park, J. Appl. Polym. Sci., 2015, 132, 1-8.

59 M. E. Mathew, I. Ahmad, S. Thomas, R. Daik and M. Kassim,
AIP Conf. Proc., 2018, 1940, 020108.

12282 | RSC Adv, 2022, 12, 12273-12282

View Article Online

Paper

60 H. K. Yuen, E. P. Tam and J. W. Bulock, in Analytical
Calorimetry, ed. J. F. Johnson and P. S. Gill, Springer US,
Boston, MA, 1984, vol. 5, pp. 13-24.

61 R. S. Tomar, I. Gupta, R. Singhal and A. K. Nagpal, Polym.-
Plast. Technol. Eng., 2007, 46, 481-488.

62 B. Srinivasulu, P. Raghunath Rao, E. V. Sundaram,
M. Srinivas and L. Sirdeshmukh, Eur. Polym. J., 1991, 27,
979-981.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01173e

	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e

	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e

	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e
	Synthesis of water-soluble ionic terpolymers by inverse microemulsion and solution polymerization methodsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01173e


