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Abstract

The synthesis of polyacrylamide and a copolymer of acrylamide and maleic acid
was studied depending on the pH, duration, temperature, and concentration of the
redox system of the initiator. The process of alkaline hydrolysis of synthesized pol-
ymers has been studied. High-viscosity characteristics of polymer solutions were
taken as the main criterion. To study the effect of pH, radical polymerization was
carried out at pH values created by monomers in the system and in slightly alkaline
and strongly alkaline media. It was found that with the participation of the initiating
system, potassium persulfate and sodium sulfite in an amount of 0.1% of the mass
of monomers in a 10% solution of acrylamide at a temperature of 40 °C and pH of
about 2.2, after 3 h of polymerization, the highest yields of a high-molecular prod-
uct are achieved. This product is characterized by polyacrylamide with a molecular
weight of about 1000 kDa, and the proportion of oligomeric compounds in this mix-
ture does not exceed 20%. To maintain higher yields of the copolymerization reac-
tion of acrylamide and maleic acid, the process must be carried out for more than
4 h at a molar ratio of acrylamide and maleic acid of 7:1 and values of pH=28.0-8.1.
The resulting copolymer is characterized by molecular weight values of about 2500-
2800 kDa. It was found that the hydrolysis of synthesized samples at a temperature
of more than 80 °C results in an increase in molecular weight, which is associated
with a decrease in the proportion of oligomeric compounds in the resulting mix-
ture. Due to an increase in the average molecular weight and the transition of func-
tional groups to carboxylate as a result of hydrolysis, their viscosity characteristics
increase.
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Introduction

Water-soluble polymers based on acrylamide and its derivatives, which are com-
bined under the name polyacrylamides (PAAs), have found wide practical signifi-
cance in the branches of modern industry [1-3] and the national economy: as highly
effective flocculants for the purification of drinking water and wastewater [4—6], in
reverse osmosis membranes [7], for the stabilization of emulsions and suspensions,
in the paper and oil industries as stabilizers of drilling fluids [8], they are used as
an additive to liquids that reduces hydraulic resistance [9] when they flow through
pipes, in construction, and in the processing of minerals. It is extremely important to
use PAA to capture and release heavy metal ions and toxic substances from natural
and wastewater, which contributes to solving the environmental problem of environ-
mental protection. They are irreplaceable in the food industry, in particular, in the
production of wine for clarification of wort and wine materials, as well as for dewa-
tering precipitation at pulp and paper industry enterprises [10]. Consequently, the
development and improvement of methods for obtaining polymers and copolymers
based on acrylamide for various practical purposes is an urgent branch of research in
fundamental and applied colloidal chemistry [11, 12].

Environmental aspects of the use of water-soluble polymers based on acrylamide
are primarily associated with the need to solve a number of important national eco-
nomic tasks—structuring structureless soils, preventing their water and wind ero-
sion, fixing soils and mobile sands [13], stabilization of clay solutions (suspensions),
purification of natural, turbid, sewage, and others [14—18]. All the listed character-
istics of polyelectrolytes, including polyacrylamide, depend on the structure of the
macromolecule, the distribution of active functional groups over the macromol-
ecule and the values of molecular weight. It is known that the main criterion for the
structure-forming characteristics of polymer solutions is the values of their molecu-
lar weight. Consequently, the efficiency of tillage of soil, mobile sands, and other
dispersed systems is significantly higher at high values of their molecular weight
[19-23].

Water-soluble acrylamide polymers have been obtained by various polymeriza-
tion methods [24], including using free radical initiators [25] and electrochemi-
cal initiation [26], exposure to ultrasonic waves, ultraviolet radiation, radiation,
electron beam radiation [27], and redox system. The existing method of template
polymerization also occurs by the mechanism of free radicals. The most common
method of obtaining polyacrylamide and acrylamide copolymers is homogeneous
polymerization of acrylamide in an aqueous solution obtained by sulfuric acid
hydration of acrylonitrile [28]. Acrylamide can be polymerized using water-sol-
uble initiators such as ammonium, potassium, or sodium persulfate. Individual
persulfate initiators dissociate at temperatures above 60 °C to form radical sulfate
anions that initiate particles. Therefore, to reduce the activation temperature of
monomers, it is possible to reduce the replacement of monoinitiators with redox
systems, such as persulfate/tertiary amines, persulfate/Fe2 +redox systems [29].
It should also be noted that most modern scientific works are aimed at establish-
ing the influence of mixtures of new initiator systems on the characteristics of
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polyacrylamide, as well as conducting a polymerization reaction in more con-
centrated solutions of monomers. The concentration of the acrylamide monomer
is limited by the high enthalpy of polymerization in order to avoid situations of
uncontrolled viscosity leading to gelation, lower yield and molecular weight val-
ues, or uncontrolled reactions [30].

At the same time, it is known that polymer-like transformations during the
hydrolysis of polyacrylamide and copolymers of acrylamide with acids [31] lead to
changes in the molecular weight and structure of the polymer, which is very impor-
tant for obtaining substances with improved performance characteristics [32—34].
Partially hydrolyzed samples of PAA and acrylamide copolymers are particularly
effective for increasing structure formation in soil and sand dispersions [35-37].
These macromolecules contain polar amide and dissociating carboxyl, as well as
carboxylate groups along the macromolecule chain, which give polymers solubility
in water and polyelectrolyte properties [38].

Polyacrylamide at room temperature is resistant to the effects of the aqueous
medium, and only at elevated temperatures (more than 93 °C), hydrolysis is pos-
sible. Samples of polyelectrolytes obtained by alkaline hydrolysis of PAA are con-
sidered interesting from the point of view of practice [39]; therefore, the kinetics
and mechanism of these processes have been widely studied. At the same time, the
results of the conducted studies show that the degree of hydrolysis of polymers and
copolymers of acrylamide depends both on the composition and ratio of the initial
monomers, the hydrolyzing agent, and the duration, temperature of the process [38,
40].

Not only PAA, but also his modifications and copolymers with unsaturated acids,
including maleic acid, are already used in science and industry. They can success-
fully replace PAA flocculants, thickeners, structurizers, etc. Therefore, the interest
of researchers in obtaining copolymers by radical copolymerization with a high
yield of high molecular compounds using concentrated solutions of monomers is
fully justified. Particularly relevant among acrylamide copolymers were obtained
using maleic and other unsaturated acids. However, most synthesis works cover the
processes of synthesis of organic media and water—organic emulsions. Therefore, it
is necessary to deepen research in the direction of the synthesis of these copolymers
in an aqueous medium [41, 42].

Polymerization in aqueous solution, the method of reverse emulsion polymeriza-
tion, and the method of suspension polymerization can be shown by the industrial
method of polyacrylamide synthesis [43—45]. Of these methods, polymerization in
an aqueous solution is characterized by a lower cost and a lower degree of dam-
age to the environment. However, industrial powdered PAA samples do not differ in
increased values of molecular weight. The disadvantages of PAA also include poor
solubility, due to which these polymers do not fully meet the requirements of the
growing demand of industry and environmental protection [46, 47]. Therefore, stud-
ies on the processes of PAA synthesis in an aqueous solution, which contribute to
the formation of more PAA with high structure-forming characteristics, are of great
practical importance.

This paper demonstrates the synthesis of water-soluble (co)polymers based on
radical (co)polymerization of acrylamide (AA) and maleic acid (MA) in an aqueous
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medium and the results of a study of their hydrolysis process taking into account the
molecular weight and viscosity characteristics of solutions of the obtained products.

Materials and methods
Reagents used

Acrylamide (AA) (JSC “Navoiyazot”) was chosen as the starting material for the
synthesis of polyacrylamide. Before use, technical AA was recrystallized from
a solution in benzene and dried in a vacuum to a constant mass at room tempera-
ture. AA purified in this way had the following characteristics: #,,qjn,. = 84.65 °C,
p=1.13 g /cm?, Bidistilled water, acetone (clean for analysis.), potassium persul-
fate—K,S,04 (c.f.a.), sodium sulfite—Na,SO; (c.f.a.), potassium chloride—KCl1
(ch.p.), potassium hydroxide—KOH (c.f.a.), potassium dihydrophosphate—KN,PO,
(c.f.a.), and hydrochloric acid—HCI (p=1.025 g/cm?).

Determination of polymer characteristics

To determine the main characteristics of polymers, their solutions were prepared
48 h before measurements. At the same time, regular mixing was carried out at cer-
tain intervals to homogenize the system. The acid number (AN) was determined by
the method of reverse titration of the polymer solution and its hydrolysis product
[in accordance with ASTM D4662-93 and ISO 2114:1996]. According to the found
values of AN, the change in the number of carboxyl groups during hydrolysis of the
initial copolymers was judged. The nitrogen content in polymers was determined by
the generally accepted Kjeldahl method [48].

Spectral analysis

The composition of the initial reagents and the products of their polymeranalogi-
cal transformations was determined by determining the acid number and nitrogen
content, as well as by removing their IR and NMR spectra. The IR spectra of the
synthesized materials were taken on the Avatar 360 FT-IR Nicolet iS50 Thermo
Fisher Scientific spectrometer with Fourier transform in the frequency range of
400-4000 cm— 1. To do this, dried polymer samples were crushed and used to pre-
pare tablets with KBr.

NMR spectra were recorded on a JNM-ECZ600R spectrometer (Jeol, Japan)
at an operating frequency of 600 MHz for 'H in D,O solutions. The water signal
(4.80, i11ionms) Was used as the internal standard in the '"H NMR spectra. In the *C
NMR spectra, the chemical shift of acetone added to the solution (30.89 m.d. rela-
tive to TMS) was used as the internal standard.
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Determination of the amount of unreacted acrylamide and maleic acid

This determination was carried out on the basis of polarographic analysis data
[49], which makes it possible to obtain kinetic dependences of copolymerization,
construct an integral and differential curve of polymer heterogeneity and estimate
the degree of heterogeneity. To do this, a sample of the mixture in an amount of
0.1-0.2 cm? is diluted with bidistillate, and the resulting solution is transferred
to an electrolytic cell and purged with hydrogen to remove oxygen in the system
and then polarographically measured. The integral polarogram of maleic acid and
acrylamide is recorded with a potential Eyj=— 0.4 and — 1.0 V, and the half-wave
potential is — 0.74 and — 1.34 V, respectively. According to the obtained data of
the diffusion current, the concentrations of MA and AA in the reaction mixture
were calculated on the basis of a calibration graph obtained for individual solu-
tions of MA and AA with concentrations from 0.001 to 0.05 g/100 cm?>.

Determination of the molecular weight of the polymer

The molecular weight of polyacrylamide polymers was determined on the basis
of gel chromatographic analysis and determination of the viscosity characteristics
of their solutions.

Gel chromatographic analysis (TSK GM PWXL, Germany) was performed
on an Agilent 1260 Infinity liquid chromatograph (USA) with a refractometric
detector using a chromatographic column. As an eluent, water and a solution of
sodium nitrate with a concentration of 0.1 mol/l were used, and the flow rate of
the eluent was 0.5 ml/min. Fine-dispersed pullulan standards (PSS, Germany)
were used as polymer standards for the calibration of the chromatographic col-
umn. The results of the analysis were processed using the Windows ChemStation
computer program.

The viscosity values of polymer sample solutions were determined using an Ost-
wald viscometer (water expiration time 58 s, capillary diameter 0.56 mm) at a tem-
perature of 25 °C, depending on the concentration [50]. For this purpose, appropri-
ate solutions with different concentrations (0.50-0.01 g/100 ml) were prepared by
dilution with water or 0.1 N KCI solution. Based on the data obtained, a graph of the
Nspec/C (Mgpec—specific viscosity, C—concentration, g/100 ml) dependence was con-
structed from C. Using the graph data according to the Mark—Houwink equation, the
values of the average molecular weight of the polymer were found [51].

Synthesis of polyacrylamide and its isolation from solution

The available data show that a 6-8% aqueous solution is traditionally used for the
polymerization of acrylamide [28]. In the experiments, 10-15% aqueous solutions
of AA were used. A mixture of the redox system of potassium persulfate and sodium
sulfite was used as the initiator. The use of the redox system allows for the reduction
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of the polymerization temperatures in comparison with the monoinitiator system
[52].

To obtain polyacrylamide with the necessary composition and structure, radical
polymerization was carried out in aqueous AA solutions in the presence of mix-
tures of initiators at pH values created by the monomer and in slightly alkaline and
strongly alkaline media. The polymerization process was carried out in the tempera-
ture range from 20 to 60 °C and initiator concentrations of 0.01-0.2% by weight of
the monomer at molar ratios of persulfate and sulfite 1:1.5 according to previously
known data [53].

The sequence of the synthesis process is as follows: 100 cm? of a solution con-
taining 0.14 mol AA, and mixtures of initiators were poured into a four-necked
round-bottomed flask with a volume of 300 ml, equipped with a system for purging
with nitrogen, a thermometer, a stirrer, and a return refrigerator. The resulting reac-
tion mass was purged with nitrogen to remove air from the system. The pressure
in the reaction vessel was regulated by the supply of a certain amount of nitrogen
and its removal. The mixture was kept in a thermostat for 1-6 h at a temperature of
20-60 °C, with constant stirring. The pH of the initial solution is 2.4. As a result of
the reaction, a thick, homogeneous, transparent mass with a pH value of 2.1-2.2 is
formed.

The synthesized polymer was isolated from the reaction medium by adding ace-
tone portions at room temperature until its complete precipitation was achieved. The
precipitate was separated from the liquid medium, washed with acetone, and dried
in a vacuum to a constant mass, the yield values and the composition of the poly-
mer were determined. The residual content of the monomer was determined by the
bromide-bromate method [54].

Synthesis of acrylamide and maleic acid copolymer

Copolymerization was carried out in an aqueous solution, and all conditions of the
copolymerization process were the same processes of PAA synthesis. The molar
ratio of the initial monomers, i.e., maleic acid (MA) and AA varied from 1:5 to
1:10, while the pH of the solutions reached values from 1.65 to 2.18. The synthe-
sized copolymer was isolated from the reaction medium by adding acetone portions
at room temperature until its complete precipitation was achieved. The precipitate
was separated from the liquid medium, washed with acetone, and dried in a vac-
uum to a constant mass, the yield and composition of the obtained copolymers were
determined.

Hydrolysis of synthesized polymers

The process of alkaline hydrolysis was carried out in the same flask in which the
synthesis process was carried out. Fifty milliliters of the polymer solution was
poured into the reaction vessel and thermostatted at the process temperature and
with constant stirring. The effects of temperatures from 50 to 98 °C were studied.
Upon reaching the set temperature, KOH calculated in the stoichiometric ratio
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was added to the reaction medium during stirring, while taking this moment as the
beginning of the process. In studies, the duration of the process varied from 0.5 to
3 h. The kinetics of hydrolysis was controlled by a potentiometric method with pH
determination. The degree of hydrolysis was determined by taking a sample in the
amount of 2 ml, which underwent potentiometric titration. To do this, the solution
was acidified with 0.1 N HCI solution until pH=3 was reached. The resulting solu-
tion is titrated with a standard solution (0.1 N) KOH. The number of equivalents of
carboxylate groups and the degree of hydrolysis were calculated according to the
consumption of the KOH solution before reaching pH="7 [38].

Results and their discussion

The polymerization process of acrylamide and some characteristics
of the reaction products

The influence of the process temperature, the amount of initiator, and the duration
of the process on the viscosity characteristics of synthesized polyelectrolytes were
investigated. Figures 1 and 2 show the dependences of the degree of transformation
of the initial monomer and the viscosity of 0.5% aqueous solution of the reaction
mass on the duration of polymerization at different temperatures of the process.
From the data in Fig. 1, it can be seen that at temperatures below 40 °C, the
polymerization process of acrylamide takes quite a long time. At a temperature of
35 °C, about 8-8.5% conversion is achieved within an hour, after which a rapid
increase in the polymerization rate is observed during the next hour. This polymeri-
zation time is much shorter than the total duration of the process; nevertheless, it is
at this moment that a significant part of macromolecules is formed, as evidenced by
an increase in yield from 8.5 to 38-39%. However, a similar gel effect [24] cannot
be seen during polymerization at a temperature of 45 °C. As shown in Fig. 1 (Curve
2), there is a gradual increase in the values of the curve, which reaches maximum
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Fig. 1 The polymer yield on the duration of the reaction versus the temperatures of its conduct. Initiator
consumption is 0.05% of the mass of the monomer. Process temperature, °C: (1) 35; (2) 40; (3) 45; (4)
50; (5) 55
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Fig.2 Change in the kinematic viscosity of 0.5% of the reaction mass solution depending on the duration
of the process. Initiator consumption is 0.05% of the mass of the monomer. Process temperature, °C: (1)
35(2) 40; (3) 45; (4) 50; (5) 55

values at 2.5-3 h of reaction, which is probably due to a decrease in some degree
of viscosity of the medium and an increase in diffusion processes in the system
(Fig. 3). However, with an increase in the yield of polyacrylamide in the system, the
viscosity characteristics of its solutions should increase [55, 56].

The autoacceleration period for the reaction system at>40 lasts from 0.2 to 1.1 h
from the start of the reaction, after which the reaction rate decreases and the stabili-
zation of the output values are observed. It is known that in polymerization reactions
with high conversion of monomers, the system reaches a critical viscosity, due to
which the migration of monomer molecules slows down.

Analyzing the curves of the dependence of the product yield on the duration of
the process at different temperatures, it can be concluded that for each tempera-
ture under study, a certain value of the yield corresponds [28, 55]. Thus, when the
temperature rises above 45 °C, the output of the process decreases. For all systems
(45-55 °C), almost identical velocity values are observed at the initial moment (up
to 1 h), after which they stabilize to some extent. An increase in temperature, on the
contrary, contributes to an increase in the mobility of the system, thereby increas-
ing the reaction rate and the molecular weight of the product [24, 57]. However,

Fig.3 Change in viscosity of 8
0.5% PAA solution from the w7
process temperature. Initiator 6
consumption is 0.1%, the dura- E\ 5
tion of the process is 2 h Za4
(%)
o 3
(8]
22
= 1
0
25 30 35 40 45 50

Temperature, °C
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high temperature, reducing the viscosity of the system increases the mobility of the
macromolecule. This leads to an increase in diffusion processes and an increase in
the proportion of interaction between the ends of growing chains [58]. Therefore,
the decrease in the yield of the polymerization process observed in experiments at
a temperature of more than 45 °C can be attributed to a decrease in the molecu-
lar weight of the polymer, thereby reducing the proportion of reaction products
deposited in acetone and vice versa by increasing the proportion of lower molecular
weight and oligomeric acrylamide conversion products. Similar changes in the yield
of the polymerization process were also observed in many works [13, 28, 41, 42, 55,
59].

Figure 3 shows the dependence of the viscosity of 0.5% of the aqueous solution
of the reaction mass on the temperature of the synthesis process at an initiator con-
sumption of 0.1% and a duration of 2 h. It follows from the graph that the viscosity
curve has a maximum at 4546 °C. A further increase in the synthesis temperature
has a negative effect on the viscosity of the synthesized polymers. It is known that
the viscosity of the reaction mass solution reflects the influence of two factors: the
degree of transformation of the monomer and the molecular weight of the polymer
are formed [28]. Probably, the decrease in the viscosity of the reaction mass with an
increase in temperature is primarily due to an increase in diffusion processes in the
system, due to which the possibility of interaction of active groups in neighboring
macromolecules decreases, and as a consequence, structure formation in solution
decreases [41, 42]. At the same time, as already noted, with an increase in tempera-
ture in the reaction system, the mobility of the system increases and the proportion
of interaction between the ends of two growing chains, probably this assumption
also contributes to a decrease in the viscosity of aqueous solutions of the resulting
PAA

Figure 4 shows the rheokinetic curves obtained at different rates of the initia-
tor mixture. It follows from the graphs in Fig. 4 that for all temperature conditions
(curves 1-3), an increase in the growth rate of polymer yield is characteristic as the
flow rate of the initiator mixture increases to 0.05% at the same concentrations of
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Fig.4 Dependence of polymer yield (duration 3 h) on initiator flow in the system, at temperature, °C: (1)
505 (2) 40; (3) 20
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monomers in the reaction system. A further increase in the initiator flow rate to 0.1%
does not lead to a significant change in the output. As the curves of the diagram
show, an increase in the number of initiator mixtures of more than 0.1% of the mass
of the monomer, on the contrary, leads to a decrease in the yield of the polymer
material and its molecular weight.

For the polymerization reaction of many monomers [41], a decrease in molecu-
lar weight was observed with an increase in the concentration of initiators, while
increasing the polymerization reaction rate. Shown [28, 41, 42, 60-62], that an
increase in free radicals during the decay of initiator molecules increases the active
polymerization centers, and an increase in free radicals in turn leads to recombina-
tion and breakage of the growing chain. Therefore, while polymerizing acrylamide
and other monomers, the ratio of monomers: initiator should be maintained at a cer-
tain value to maintain higher yields of polymer macromolecules in the system.

As the temperature of the process increases, the shape of the curve of dependence
of the yield on the concentration of the initiator changes, which shows a change in
the nature of interaction in the system. However, in all systems, the induction period
decreases with increasing initiator concentration. Based on the data obtained in the
studied medium, the concentration of the redox system should be kept in the range
of 0.05-0.1% of the mass of the monomer.

The data on the molecular weight of the obtained polymers were obtained by pro-
cessing the corresponding chromatograms (Fig. 5).

As can be seen from A chromatogram at a temperature of 30°with a mixture of
polymer and oligomeric acrylamides is formed. The molecular weight of PAA is
890 kDa, but the content in the resulting mixture does not exceed 25%. Oligomeric
products are characterized by 2800 and 1600 Da, and their contents are approxi-
mately the same. According to the chromatogram B, an increase in the synthesis
temperature by another 5 °C leads to a slight increase in the molecular weight of
the polymer (930 kDa), an increase in the polymer fraction to 40% is observed.
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Fig.5 Chromatogram of polyacrylamide samples synthesized at a temperature of, °C: A 30; C 35; C 40;
E 50 (duration of the process 3 h, initiator concentration 0.05%, initial monomer concentration 10%)
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Carrying out the process at a temperature of (40 °C) increases the molecular weight
of polyacrylamide to 1000 kDa. There are also oligomeric materials in the polymer
in an amount of about 20%. A further increase in temperature (50 °C) reduces the
dispersion of the system and only fractions of 830 and 2.8 kDa were found in it in
the amount of 87 and 13%, respectively. As found, a further increase in temperature
(55-60 °C) leads to a significant decrease in the molecular weight of the reaction
products (below 500 kDa). In these systems, the proportion of oligomeric products
is also increasing, which are characterized by mass values of about 1000-1500 Da,
and their molar amount exceeds 32-34%. Probably, it is due to a decrease in the
molecular weight and an increase in the proportion of lower molecular weight reac-
tion products soluble in acetone that the yield of products at 55 °C has lower values.

Investigation of the copolymerization reaction of acrylamide and maleic acid

Recently, there has been a strong increase in interest in the acrylamide copolymer
[63]. Numerous studies have shown [64, 65] that the mechanism of these processes
is diverse and complex, due to which the resulting macromolecules have different
end groups [66].

It turned out that the introduction of maleic acid into the reaction system sig-
nificantly changes the kinetics of the polymerization process of acrylamide. Unlike
the polymerization reaction of acrylamide, this copolymerization process should
be carried out at a temperature of at least 45-50 °C [67, 68], which is primarily
due to an increase in the viscosity of the reaction system. Probably, in this case, the
increased viscosity values are characterized by the state of the macromolecule and
higher amounts of functional groups along the chain. Therefore, in order to maintain
high yields of a higher molecular weight copolymer, the process temperature was
maintained at a temperature of at least 45 °C.

The effect of the initiator mixture has a practical similarity with the above results.
At concentrations of 0.05% of the components of the initiating system, copoly-
mers with higher molecular weight values can be obtained, but, as the experimen-
tal results have shown, the duration of the process should be increased (more than
4.5 h). As it turned out, an increase in the initiator concentration from 0.05 to 0.1%
(of the mass of monomers) contributes to an increase in the speed of the polymeri-
zation process, maintaining its value for a longer period of time, reducing the time
of this process from 4.5 to 2.5-3 h. At the same time, the yield of the copolymeriza-
tion reaction increased exactly from 86.2 to 95.4%.

As a result of copolymerization, a thick, homogeneous, transparent mass
is formed with a pH value of 2.11 at the ratios of the initial monomers of 1:5
(MA:AA), and an increase in AA amounts to 10 per mol MA leads to an increase in
pH values by another 0.07 units. Under these conditions, in contrast to polyacryla-
mide, copolymer samples were obtained, well diluted with water.

As it turned out, an increase in the concentration of MA in the composition of
the reaction mixture leads to a decrease in the yield of the copolymer (Fig. 6). This
is apparently due to the fact that MA monomers in an acidic medium are able to
form complexes with AA [69] that are difficult to react with copolymerization due
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Fig. 6 Dependence of the copolymer yield at different values of MA: AA

to hydrogen and other bonds, which reduces the possibility of to enter MA into a
copolymerization reaction with AA. And it is also known that MK is extremely dif-
ficult to undergo radical homopolymerization due to strong electron acceptor effects
and steric effects by neighboring carboxyl groups [70, 71]. It is probably due to
these interactions that the yield of a high molecular substance in the reaction system
decreases, and the proportion of lower molecular and oligomeric reaction products
increases.

The resulting copolymer can usually consist of various microblocks: polyacryla-
mide blocks, maleic acid (MA) blocks, AA, and maleic acid blocks in copolym-
erization reactions without neutralizing the carboxyl groups of MA. The ratio of
these blocks by macromolecule is related to the activity coefficient of monomers.
The Fineman—Ross method was used to estimate the relative activities of monomers

[72]:
F, i i\ F
(E‘1>*E‘r2‘”<£> “E M

where F| and F, are the molar fractions, respectively, of MA and AA in the copoly-
mer, f; and f, are the molar fractions of monomers in the initial mixture, and r; and
r, are the relative activity of MA and AA. For calculations, data on the amounts of
MA and AA as a result of the reaction were used (at the time of low conversion val-
ues of 3-5%), where the mass fraction of the starting substances was 1:5, 1:7, 1:8,
and 1:10, respectively. In this case, the molar fractions of MA in the copolymer are
0.31; 0.33; 0.34, and 0.35, rgspectively. According to these data, a dependency
graph <% - 1) * ,{_] from (;:—‘) * ;—T and along the segment cutoff along the ordinate

2 2
axis, the value of r, was found, and along the angular coefficient of the straight line,

the value of the relative activity of MAA. The values of r; and 1, are 0.96 and 0.10.
From these data, it can be seen that the activity of MC in polymerization reactions is
much greater compared to AA. At the initial moment of the reaction, an increase in
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the proportion of MC in the resulting product [73] and its depletion by AA units
should be expected. An increase in the proportion of MK in the system leads to an
excessive increase in MA-MA blocks, it is known that few MA molecules can bond
with each other (mainly the degree of polymerization does not exceed 10) and forms
oligomers [70]. Probably due to this, the yield of the polymer product and the vis-
cosity characteristics of their solutions are significantly lower with an increase in the
molar fraction of MA in the reaction mixture. Similar results were obtained during
copolymerization of acrylamide with sodium acrylate [24], and it was shown that an
increase in the concentration of sodium acrylate decreases the molecular weight,
and the optimal ratio of the initial monomers is shown to be 7:3. From the value of
the products of r; and r,, we can assume a statistical distribution of monomers in the
macromolecule [74].

The best result in terms of polymer yield and its viscosity was obtained at the
ratios MA and AA 1:7, and at such ratios, the yield was about 96.81% (Fig. 7). This
sample is conventionally designated C1-7. The mass fraction of the main substance
in the resulting solution was not less than. The purity of the isolated polymer was =
99.1%. It was a light yellow, almost white mass.

In order to study the effect of the pH of the reaction medium on the characteris-
tics of the process and the copolymers obtained, in further experiments, the copo-
lymerization of MA with AA was carried out under the same conditions as in the
above method, but, unlike the first, a slightly alkaline medium (pH =8) was created
in the system before the reaction by adding 10% NaOH solution. When an alkali
solution is added, sodium maleate—NaOOC-CH=CH-COONa (MNa) is formed
in the solution from the initial MA. As a result of copolymerization of MNa with
AA in a molar ratio of 1:7, a thick, transparent, and homogeneous mass is formed.
The process of isolation of the resulting copolymer was similar to that in the first
method. The yield of the product was 99.12%, which is more than with the molar
ratios of MA and AA 1:5 and almost the same with the ratio of 1:10. The resulting
copolymer sample is conventionally named C2-7.

——Cl Cc2 C3
11

10

Nx> M2/¢c

5 6 7 8 9 10
The amount of AA per mole of MC, mol

Fig.7 Dependence of the viscosity of copolymer solutions on the ratio of monomers
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As it turned out, the effect of the pH of the medium on the reaction yield can
be clearly seen in the copolymerization reaction compared to the polymeriza-
tion of acrylamide. The acrylamide synthesized at pH=28.1 is characterized by
a molecular weight almost identical to the pH=2.4 system; however, the yield
of polymer products insoluble in acetone is 91.1%, versus 84.2% in an acidic
medium. At the same time, with an increase in the concentration of OH™ ions in
the reaction mixture, the initial velocity increases slightly, which corresponds to
the data [75]. However, from the values of the reaction rate, the slowing effect
of COO" is clearly visible, because it is the number of these ions that is greater
compared to synthesis systems with lower pH. The yield of the polymerization
reaction, in this case, is no more than 78%.

Synthesis processes were also carried out in highly alkaline media with a pH
value of 11. The required amount of NaOH was taken from the calculation of neu-
tralization of carboxyl groups of MA and for partial hydrolysis of amide groups
of AA. As a result of copolymerization, the formation of a thick, transparent,
and homogeneous polymer mass is observed. The copolymer isolation process
was similar to the earlier methods. In this case, higher yields and higher viscos-
ity characteristics are also obtained at the ratios of the initial monomers 1:7. The
copolymer yield was 95.87%. This sample was conventionally designated C3-7.

However, despite the large yields of the copolymer process compared to the
reaction of obtaining PAA, this process takes quite a long time (at least 3 h). The
obtained copolymers are characterized by higher values of viscosity characteris-
tics, which is associated with a larger molecular weight of copolymers based on
MA and AA (Table 1).

As it turned out, all reaction systems contain oligomeric products and their
molecular weights range from 2 to 12 kDa. The highest M, values were obtained
in a slightly alkaline medium and reaches values of 1800 kDa.

In order to increase the water solubility and improve the structure-forming
abilities of the synthesized polymers, alkaline hydrolysis processes were carried

Table 1 Experimental values of

. Copolymer M, kDa Content in the
molecular Welght of copolyrpers mixture, %
of acrylamide and maleic acid*

C1-7 2100 84
600 11
10-12 3
2-5 2

C2-7 2800 88
500
<10

C3-7 2100 87
<5 13

*The duration of the process is 4 h, the initial concentration of mon-
omers is 10%, and the amount of initiator is 0.1%
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out. The influencing factors on the degree of hydrolysis were studied: tempera-
ture, duration of the process, consumption of the hydrolyzing agent, etc.

It is known that in the process of alkaline hydrolysis of PAA, etc., AA copoly-
mers have the effect of neighboring units, i.e., the effect of reacted functional groups
in the macromolecule on the reactivity of neighboring groups. As a result, the reac-
tivity of functional groups may change with a change in the degree of conversion
[33, 34]. Obviously, the first stage of the hydrolysis reaction proceeds rather quickly
and is completed at an output of about 40% [34]; however, the second stage after
reaching such a degree of conversion is reduced by more than 10 times. With an
increase in the hydrolysis yield, the amide groups are blocked by two neighboring
ionized COO™ groups, which leads to incomplete alkaline hydrolysis of polyacryla-
mide (under normal conditions, the degree of conversion does not exceed 70%) and
a slowdown in the reaction rate [76]. The slowdown may also be related to the size
of macromolecules, which increases the viscosity of this system [77].

To obtain polyelectrolytes based on synthesized PAA and copolymers with
the desired degree of hydrolysis, this process was carried out by adding potas-
sium hydroxide to the initial solution based on the molar ratio AA to KOH
1.0:0.5-1.0:1.5, because before the copolymerization process, the carboxyl groups
of MA were neutralized. The influence of the duration and temperature of hydrolysis
from 30 to 180 min and from 50 to 98 °C, respectively, was studied. Table 2 shows
the results of a study of the hydrolysis processes of PAA and C2-7 samples, which
differ only in the duration of the synthesis process (for PAA 3, and C2-7 4 h).

As the data in Table 2 show, sample C2-7 is characterized by lower nitrogen con-
tents and higher hydrolysis degrees. In the first 1.5 h of the hydrolysis process, an
increase in the acid number (AN) of the obtained polymers is observed, which indi-
cates the formation of new acid groups, i.e., carboxyl groups due to the transforma-
tion of amide groups in the polymer composition. The continuation of the process

Table 2 Effect of hydrolysis

) ' i Sample T, h Cy % Hydrolysis AN, mg
time on tbe .composmon an degree, % NaOH/g
characteristics of polymers A
(hydrolysis temperature 60 °C, PAA _ 16.12 0.00 156
molar ratio NaOH/polymer=1)

0.5 15.61 9.78 211
1 13.52 25.16 302
1.5 11.54 30.64 364
2 1091 37.74 401
3 9.86 43.23 398
C2-7 - 15.97 0.00 201
0.5 14.61 11.18 286
1 12.96 30.11 356
1.5 12.1 41.25 376
2 10.26 48.49 387
3 9.21 53.12 357

(T is the duration of hydrolysis; Cy is the amount of nitrogen in the
polymer)
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slightly increases the values of AN and after 2 h of hydrolysis, the values of this
indicator decrease in both samples, probably due to a decrease in the amounts of
free carboxyl groups due to their transition to COONa forms as a result of hydrolysis
in an alkaline medium.

It is established that an increase in the temperature of the polymer hydrolysis sys-
tem contributes to an increase in the degree of transformation. So the temperature
rise is more than 80 °C leads to a sharp rise in the curve of the temperature depend-
ence of the yield (Fig. 8), which is primarily due to a decrease in the viscosity of the
system, due to an increase in the speed of movement of polymer macromolecules
[28]. Probably, due to diffusion processes, the possibility of collision of hydrolyzing
agents and unreacted amide groups increases.

Increasing the ratio of polymer: hydrolyzing agent from 1:0, 5 to 1:1, 5 leads to
an increase in the degree of hydrolysis of both polymers. It is probably completely
wrong to interpret this by saying that this process is associated with an increase
in the reaction rate. Increasing the concentration of the hydrolyzing agent reduces
the viscosity of the system, increases the solubility of the studied polymers, which
makes hydrolysis more efficient.

A comparative analysis of the IR absorption spectra of PAA (Fig. 9) with its
hydrolyzed forms shows that characteristic absorption bands appear in the spectral
curves of the latter in the region of 1710-1690 cm™!, characteristic of valence vibra-
tions of C=0 bonds of the free carboxyl group, showing the course of the hydroly-
sis process with the formation of a characteristic functional group. The greater the
intensity of these absorption bands, the longer the duration of the hydrolysis pro-
cess. In addition, there is a change in the intensity of other frequencies, because of
frequencies in the region of valence oscillations of the hydroxyl and primary amino
groups. In the IR spectra of PAA and C2-7 in the region of 3600-3000 cm™!, a wide
intense band is detected, characteristic of the valence vibrations of hydroxyl and the
primary amino group, due to their laying on top of each other. However, the IR spec-
tra of hydrolyzed bands for 1.0-1.5 h show the manifestation of bands: the first band
in the region of 3500 cm™!, characteristic of the valence vibrations of hydroxyl,

——PAA C2-7

~N 3
S wn

o

/

S W

B A U LN
wnm O W

Hydrolysis output, %
(e}

W W
S W

50 60 70 80 90 100
Temperature, °C

Fig. 8 Dependence of the yield on the temperature of the polymer hydrolysis process. Molar ratio hydro-
lyzing agent: polymer 1:1 (polymer synthesis conditions: initiator consumption 0.1%, temperature 45 °C
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Fig.9 (continued)

and the second band at 3250 cm™!, characteristic of the symmetric valence vibra-
tions of the primary amino group. The detection of these bands, as well as bands in
the region of 1650 cm™!, indicate partial preservation of these samples even after
hydrolysis of the primary amide group (CONH,) without change.

Valence fluctuations of the carboxyl ion in sample C2-7 are observed in the
region of 1400 cm™'. Less intense bands are also observed in PAA samples obtained
at pH values greater than 7.5; however, these bands are not characteristic of PAA
samples synthesized in acidic environments. At the same time, the hydrolyzed forms
of polymer and copolymer are characterized by a shift of these peaks to a region of
lower values.

The changes occurring during hydrolysis are also confirmed by NMR spectros-
copy data. The spectra of PAA obtained in acidic media contain characteristic sig-
nals of the groups: -CONH, (6=6, 8-7, 7) and CH=CH, (6=5, 6-6, 1) (Fig. 10).
According to the NMR spectrum of the AA and MK copolymer, signals of the
groups—CH—-CH—are observed, which is typical for fragments of MK monomers.
At the same time, in this sample and in all hydrolyzed samples, a signal of the CH
group with a negative substituent (COOH, COONa) is observed.

Viscosity of solutions of synthesized polymers and their hydrolyzed forms

At the same time, from the colloidal-chemical point of view, the study of the viscos-
ity of polymer solutions makes it possible to assess the change in the conformational
states of their macromolecules in an aqueous medium. The results obtained in the
study of the viscosity characteristics of polymer solutions are given in Tables 3 and
4,

As the data in Table 3 show, the values of the specific viscosity of PAA solu-
tions differ depending on the pH of the initial reaction mixture. Consequently, we
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Table 3 Dependence of
specific viscosity and pH of
hydrolyzed PAA solutions
(synthesis c.onditi.or?s.: duration 24 0.10 031 6.11
3 h, respectively, initiator

pH of PAA synthesis reac- C, g/L
tion system

Tlspec pH

consumption 0.1%) on its 0.15 0.36 5.96
concentration 0.30 0.41 5.23
0.50 0.49 4.87
1.00 0.69 4.56
2.50 1.31 4.23
5.00 2.01 3.56
8.0 0.10 0.33 6.19
0.15 0.65 6.33
0.30 1.14 6.57
0.50 1.46 6.69
1.00 1.89 6.83
2.50 4.08 7.24
5.00 5.04 7.67
e D O o
C2-7 solutions (synthesis 0.10 0.96 6.14
conditions: duration 4 h,
initiator consumption 0.1%) on 0.15 1.35 6.29
its concentration 0.30 1.81 6.45
0.50 2.45 6.80
1.00 4.19 7.01
2.50 5.11 7.41
5.00 7.19 7.76

can expect an increase in the number of structure-forming groups and the molecular
weight of PAA during the synthesis process in a slightly alkaline medium.

With an increase in the concentration of polymers in solution, the values of their
specific viscosity and pH change. The increase in viscosity indicators is especially
noticeable with an increase in the polymer concentration of more than 1.5 g/l, which
is associated with an increase in the number of contacts between molecules. As a
result of intermolecular interaction, the process of structure formation begins in the
system, which prevents the flow of liquid and an increase in viscosity characteristics.

The experimental data obtained show differences in the viscosity characteristics
of polymers, which is associated with different contents of functional groups that
are more or less involved in the formation of a spatial coagulation structure in the
system, which is also affected by the pH of the system. Comparing the viscosity
characteristics of PAA obtained at different pH values, it can be concluded that the
viscosity characteristics of PAA synthesized at pH=38 are greater compared to the
sample synthesized at a more acidic medium; therefore, there is a sufficient number
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of dissociated carboxyl groups in the first sample, and obviously the effect of neigh-
boring groups is relatively low for such a pH value [75].

The results obtained show that samples synthesized in a slightly alkaline medium
have higher viscosity characteristics. However, a further increase in the pH of the
synthesis system negatively affects the specific viscosity, probably due primarily
to the formation of nitril tripropionamide in the system, which leads to a decrease
in the average molecular weight of the reaction products. Similar results were also
obtained in [78].

In the case of PAA pH=S8, the carboxyl groups are in a more ionized state and,
accordingly, the viscosity (7) of their solutions is greater compared to the sample
obtained at pH=2.4. At the same time, hydrolysis leads to a multiple increase in
the viscosity of polymer solutions and a noticeable increase in pH. Figure 11 shows
the curves of the dependence of the specific viscosity of solutions of hydrolyzed
polymers.

The hydrolysis processes carried out have shown that this process contributes to
the formation of water-soluble polymer materials. Hydrolyzed forms of synthesized
polymers are characterized by higher values of viscosity characteristics, which is
associated with greater structure-forming abilities of functional groups in the hydro-
lyzed forms and a greater molecular weight of the final products of the hydrolysis
reaction [79].

Conclusions

In a reaction system where the mass fraction of AA is 10% and the mass of the
initiating mixture does not exceed 0.1% of the mass of the monomer, polymeriza-
tion should be carried out at 45+ 1 °C temperature. The highest viscosity values of
PAA solutions are observed precisely at such temperature values. In experiments,
a decrease in the yield of the polymerization process at a temperature of more than
45 °C was observed, which was associated with an increase in the proportion of
lower molecular weight and oligomeric acrylamide conversion products. During
the polymerization of acrylamide, the ratio AA: (K,S,04+Na,S0;)=0.05 =~ 0.1%

——(C2-7 PAA (pH=8)

C, gl

Fig.11 Dependence of specific viscosity on the concentration of hydrolyzed polymers in solution. The
duration of hydrolysis is 2 h, the process temperature is 70 °C
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should be maintained to maintain higher yields of polymer macromolecules in the
system.

It is established that the distribution of the units of acrylamide and maleic acid
(maleinate) in the copolymer has a statistical character, as evidenced by the product
of the relative activity of monomers r; and r,, which are determined by the Fine-
man—Ross method. To achieve higher yields and viscosity characteristics of copoly-
mers, the polymerization process should be carried out at 50 °C and a molar ratio
AA/MA =7. (Initiator consumption 0.1% of the mass of monomers, the duration of
the process is 3.5-4 h, pH=28.0.) The copolymer obtained under such conditions is
characterized by the values of kinematic viscosity in 0.5 g/l solution of 10 m?%/s and
a molecular weight of 2800 kDa.

At the same time, the viscosity of polymer solutions is also affected by the pH of
synthesis. Both in the case of a copolymer and PAA during the synthesis process at
pH =28, the carboxyl groups are in a more ionized state and, accordingly, the viscos-
ity (1pec) Of their solutions is greater compared to the sample obtained at pH=2.4.
It has been found that hydrolysis leads to a multiple increase in the viscosity of poly-
mer solutions and a noticeable increase in pH.
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