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Abstract: The prerequisite for this study was the influence of the pH of the medium on the copolymerization process and the characteristics of the copolymers of itaconic acid and acrylamide. The aim of the work was to study this effect on the molecular weight of copolymers and their yield. The methodology included copolymerization of IR and AA at different pH values and different mole ratios of monomers, as well as analysis of the molecular characteristics of copolymers and product yield. The obtained data demonstrate that copolymers synthesized under neutral and slightly alkaline conditions have higher molecular weights and yields compared to an acidic medium, which opens up new prospects for tuning the synthesis of copolymers with desired properties.
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Introduction
Water-soluble polymers, derivatives of acrylamide, known as polyacrylamides (PAA), are widely used in various fields of industry and agriculture [1, 2]. They have found their application as effective flocculants for the purification of drinking and wastewater [3], as well as in reverse osmosis membranes [4]. In addition, polyacrylamides are used to stabilize emulsions and suspensions, and in the oil industry - as stabilizers of drilling fluids [5] and additives that reduce hydraulic resistance [6] during transportation through pipelines. These polymers are also used in construction and mineral processing.
The synthesis of polyacrylamide and its copolymers with acrylamide is most often carried out through homogeneous polymerization of acrylamide in an aqueous solution using water-soluble initiators such as ammonium, potassium or sodium persulfates. Modern research is actively studying the effect of mixed initiator systems on the properties of polyacrylamide, as well as polymerization reactions in more concentrated monomer solutions [7].
But not only polyacrylamide, but also its modifications and copolymers with unsaturated acids, have found application in science and industry. They successfully replace polyacrylamide as flocculants, thickeners and structure-forming agents [16]. The researchers' interest in copolymers obtained through radical copolymerization of acrylamide with unsaturated acids, including itaconic acid [17] is due to the high yield of high-molecular compounds using concentrated monomer solutions [18-20]. It is important to note that most studies on the synthesis of these copolymers have been conducted in organic media and aqueous organic emulsions. Therefore, it is important to conduct further research in the direction of synthesis of these copolymers in an aqueous medium.
The experimental part
In the study, high purity acrylamide (more than 99.0%, Servicebio supplier) and itaconic acid (also more than 99.0% purity, Sigma Aldrich supplier) were used to synthesize the acrylamide copolymer. All experiments were carried out using the following reagents: bidistilled water, acetone, potassium persulfate (K2S2O8), sodium sulfite (Na2SO3), potassium chloride (KCl), potassium hydroxide (KOH) and hydrochloric acid (HCl). The molecular weights of the obtained polyacrylamides were determined by gel chromatography on an Agilent 1260 Infinity liquid chromatograph equipped with a refractometric detector and a TSK GM PWXL column. The viscosity of polymer solutions was measured at a temperature of 25 ° C using an Ostwald viscometer, according to the method described in the source [9].

An equimolar ratio of potassium persulfate and sodium sulfite was used as the initiator of polymerization, which is described in the literature [10]. The polymerization process was carried out at various temperatures and concentrations of the initiator, strictly observing the stoichiometric proportions of persulfate and sulfite. The synthesis procedure included the stages of purging the reaction mixture with nitrogen, maintaining a set temperature in a thermostat with constant stirring, as well as precipitation of the polymer when acetone was added. To remove impurities, the precipitate was repeatedly washed with acetone and then dried under vacuum, which made it possible to evaluate the yield and characteristics of the synthesized copolymers.
Results and their discussion
Our previous studies [13] have shown that for polymerization of acrylamide (AA) with an optimal monomer content in the reaction system of 10%, the mass of the initiating mixture should not exceed 0.1% of the mass of the monomer. The polymerization temperature should be maintained at 45 ± 1 °C, since under these conditions the maximum viscosity values of polyacrylamide solutions are reached. The introduction of itaconic acid into the reaction system has a significant effect on the kinetics of the polymerization process of acrylamide. Unlike conventional polymerization of acrylamide, copolymerization should be carried out at a higher temperature, at least 45-50 ° C, and this is primarily due to an increase in the viscosity of the reaction medium. Similar results were obtained during copolymerization of AA with other unsaturated acids [13, 22, 23]. Probably, the increase in viscosity is associated with a change in the state of macromolecules and an increase in the number of functional groups along the chain that participate in structure formation in the system and lead to an increase in viscosity [13, 23-25]. To ensure a high yield in a higher molecular weight copolymer, the process temperature should be at least 50°C.
In the course of early experiments, a decrease in the yield of AA polymerization was recorded at a temperature exceeding 45 °C, which is associated with an increase in the proportion of acrylamide conversion products with a lower molecular weight and oligomeric forms. To ensure a high yield of polymer macromolecules in the system, the ratio of AA to the sum of K2S2O8 and Na2SO3 should be maintained at 0.05, which corresponds to about 0.1%. The effect of a mixture of initiators has an almost similar effect on the process of copolymerization and polymerization of AA [13]. At concentrations of the components of the initiating system at the level of 0.05%, copolymers with a higher molecular weight can be obtained, however, as the experimental results have shown, this requires an increase in the duration of the process (more than 4.5 hours versus 3 hours for AA polymerization). However, an increase in the initiator concentration from 0.05% to 0.15% (by weight of monomers) contributes to an increase in the polymerization rate, maintaining this rate for a longer time and reducing the process time from 4.5 to 2.5-3 hours. This also leads to an increase in the copolymerization yield from 84.5 to 95.9%.
During copolymerization, with an initiator consumption of 0.1%, a dense, homogeneous and transparent product is formed with a pH level of 2.11, which is achieved with a ratio of the initial monomers of itaconic acid to acrylamide of 1:5. An increase in the proportion of acrylamide to 10 mol per mol of itaconic acid leads to a slight increase in pH by 0.07 points. Under such conditions, in contrast to the process of obtaining pure polyacrylamide, the copolymers turn out to be easily soluble in water.
It was found that an increase in the content of itaconic acid in the reaction mixture leads to a decrease in the copolymer yield, which is illustrated in Fig. 1. It is assumed that this is due to the formation of complexes between itaconic acid monomers and acrylamide in an acidic medium, which, due to hydrogen bonds and other interactions, are poorly involved in copolymerization [14]. It is also known that itaconic acid, along with other unsaturated acids such as methacrylic and fumaric acids, is poorly subjected to radical homopolymerization due to significant electron acceptor and steric influences due to the close location of carboxyl groups [15]. It is assumed that such interactions lead to a decrease in the amount of high-molecular product and an increase in the proportion of low-molecular and oligomeric products in the system.
The highest copolymer yield and viscosity are observed with the ratio of itaconic acid monomers to acrylamide in the range from 1:5.5 to 1:6.0, while the yield reaches approximately 96.81%, as shown in Fig. 1. This copolymer has been labeled as 1AA:IR-5.5. The main substance in the resulting product was at least 99.1% by weight, and the polymer itself had a light yellow or almost white color.
Fig. 1. Dependence of the copolymer yield at different IR values:AA.
In order to study the effect of the pH of the medium on the characteristics of the process and the characteristics of the obtained copolymers, subsequent experiments on the copolymerization of itaconic acid (IC) with acrylamide (AA) were carried out under similar conditions, but with the preliminary creation of a slightly alkaline medium (pH = 8) by adding a 10% solution of sodium hydroxide (NaOH). As a result of copolymerization of IR and AA in a molar ratio of 1:5.5, a dense, transparent and homogeneous mass was formed. The extraction process of the resulting copolymer was similar to the previous method. The yield of the product was 99.12%, surpassing the results obtained with the molar ratios of IR and AA 1:4 and practically comparable to the ratio of 1:10. This sample of the copolymer was conventionally named 2AA:IR-5.5.
Studies have confirmed that exposure to the pH of the medium has a strong effect on the yield of the copolymerization reaction in comparison with the polymerization of acrylamide. For example, the synthesized polymer AA at pH = 8.1 had an almost identical molecular weight compared to the reaction at pH = 2.4 [13], however, its yield in the form of polymer products insoluble in acetone was 94.5%, while in an acidic medium this yield was 85.8%. These data show that an increase in the concentration of OH ions in the reaction mixture changes the kinetics of the process, increases the initial reaction rate and sharply increases the yield of the copolymerization reaction in the initial stage [21].
The synthesis processes were performed in an environment with a high pH value of 11. A certain amount of NaOH was used to achieve the neutralization of carboxyl groups and partial hydrolysis of amide functions. During copolymerization, the formation of a homogeneous, transparent and dense polymer mass was recorded. The copolymer extraction process did not differ from the methods used earlier. Under these conditions, an increased yield of copolymers and an increase in viscosity were also achieved with a molar ratio of the initial monomers of 1:5÷6, while the copolymer yield reached 95.87%. This sample has been identified as 3AA:IR-5.5.


Fig. 2. Dependence of the viscosity of copolymer solutions on the ratio of monomers.
The graph in Fig. 2 shows the dependence of the viscosity of copolymer solutions on the ratio of acrylamide (AA) monomers to itaconic acid (IC). 
It can be seen from the graph that with an increase in the AA ratio/IR, the viscosity of solutions of all three copolymers increases. This increase in viscosity is most noticeable in the range from 1:1 to about 1:5 mole of acrylamide per mole of itaconic acid. After reaching a ratio of 1:5, the curves are aligned, and the viscosity of the solutions changes insignificantly with a further increase in the acrylamide content.
The curves for 1AAIK and 2AAIK show similar trends, with the 2AAIK curve being slightly higher over the entire range of ratios. This may indicate a slightly higher viscosity of 2AAIC copolymers compared to 1AAIC at the same AA/IR ratios. The curve for 3AAIC starts with a lower viscosity at a 1:1 ratio, but then coincides with the trend of the other curves, showing a similar increase in viscosity with an increase in the AA/IR ratio.
Based on the graph, it can be concluded that the optimal ratio of monomers to achieve maximum viscosity of copolymer solutions is in the region of 1:5-1:6 mol of acrylamide per mol of itaconic acid. This ratio corresponds to the best polymer yield and viscosity.
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Fig. 3. Dependence of the reaction output on the system temperature.
An analysis of the data in Fig. 3 of the dependence of polymer yields on temperature in general shows that with increasing reaction temperature, the yield of all three copolymers increases (1AA:IR-5.5, 2AA:IR-5.5, 3AA:IR-5.5).
At lower temperatures (40 and 45°C), copolymer yields are significantly lower compared to higher temperatures, especially for 1AA:IR-5.5. This may be due to the slow kinetics of the reaction at low temperatures.
Nevertheless, despite the increase in copolymer yields compared to the PAA production process [13], the time of this process is quite long, at least 3.5-4.0 hours. The obtained copolymers are characterized by higher values of viscosity characteristics, which is due to the higher molecular weight of copolymers based on itaconic acid and acrylamide (Table 1).
*The molecular weight of the components of the AA and IR copolymer system (AA/IR = 5.5) and their process duration is 4 hours, the initial concentration of monomers is 10%, the amount of initiator is 0.1%. 
	Copolymer
	The molecular weight of the reaction products, kDa
	The content in the system, % by weight.

	1АА:IR-5,5
	2700-2800
166
12-15
	85
13
~2

	2АА:IR-5,5
	2900-3000
60
~1
	92
6
≤2

	3АА:IR-5,5
	2500-2600
3-5
	89
11


The presented table summarizes the results of the synthesis of copolymers. Copolymerization was carried out for four hours at an initial concentration of 10% monomers with the addition of an initiator in a volume of 0.1%. Sample 1AA:IR-5.5 demonstrates the molecular weight of copolymers in the range of 2700-2800 kDa. For sample 2AA:IR-5.5 molecular weight ranges between 2900 and 3000 kDa. Option 3AA:IK-5.5 shows the lowest molecular weight values in the range of 2500-2600 kDa. At the same time, the 3AA system:IK-5.5 is distinguished by a higher percentage of polymers in comparison with the 1AA system:IR-5.5, where the proportion of copolymers is 85%. The maximum content of copolymers was found in the 2AA system:IR-5.5, reaching 92% of the total weight, while the remaining part is attributed to oligomers with a lower molecular weight. It is obvious from the data in the table that different copolymers are characterized by diversity both in molecular weight and in percentage content in the system. For example, 2AA:IK-5.5 has the largest molecular weight and the highest percentage, whereas 3AA:IK-5.5 has the lowest molecular weight, but the proportion of polymers is comparable to 1AA:IR-5.5.
Conclusion
In conclusion of this study, it can be noted that the copolymerization of acrylamide with itaconic acid showed the dependence of the properties of synthesized polymers on many factors, including the pH of the medium, the ratio of monomers and polymerization conditions. It was found that the optimal conditions for obtaining copolymers with high yield and good viscosity characteristics correspond to a medium with a pH of about 8.1 and a molar ratio of itaconic acid to acrylamide in the range of 1:5.5 to 1:6.0. At the same time, the copolymer yield reaches approximately 96.81%, and the mass fraction of the main substance in the product is at least 99.1%.
Experiments in highly alkaline media with pH 11 also showed positive results with a copolymer yield of 95.87% and characteristics due to the required amount of NaOH for the neutralization of carboxyl groups and partial hydrolysis of amide groups. The observed formation of a dense, transparent and homogeneous polymer mass indicates the success of the synthesis technique used.
Gel chromatographic analysis revealed differences in the molecular weight of the copolymers, ranging from 2500 to 3000 kDa depending on the ratio of the initial monomers, which emphasizes the influence of the composition of the reaction mixture on the molecular characteristics of the copolymers. The high molecular weight indicates the formation of long-chain polymer structures, which, in turn, affects the viscosity and mechanical properties of polymers.
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