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Abstract 
 

In this paper, the synthesis of zwitterionic copolymers for enhanced oil recovery (EOR) was studied in detail. The copolymers 
were synthesized via free-radical copolymerization. Different molar ratios (2:98, 10:90, 20:80, 30:70) of zwitterionic 
sulfobetaine-N-(3-dimethylamino)propyl methacrylamide (P(SB-DMAPMA)) copolymerized with acrylamide (AM). Resulted 
in copolymers characterized by nuclear magnetic resonance (NMR) and Fourier Transform Infrared Spectroscopy (FTIR). The 
molecular weight of copolymers was measured with the Static Light Scattering method. Reactivity ratios of the monomers 
were calculated using three methods: Fineman-Ross, Kelen-Tudos, and Mayo-Lewis. The study also discussed the thermal 
stability of zwitterionic copolymers and rheological properties in pure water and in high-salinity conditions with different 
charges. Increased viscosity after adding different salts was analyzed by rheological measurements, and the images of 
structures of molecules were taken by Transmission Electronic Microscope (TEM). The findings of this study can be useful to 
enhance the efficiency of EOR processes, paving the way for more advanced oil recovery techniques. 
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1. Introduction 

Zwitterionic polymers are a group of polymers that contained 

both positive and negative charges on a molecule. These 

unique properties make the zwitterionic polymers important 

for various applications which has triggered an increased 

interest in the synthesis of Zwitterionic copolymers. 

Zwitterionic polymers are regarded as a new class of non-

adherent materials which can be applied in biomedical and 

biconical uses.[1] The zwitterionic-copolymer synthesis 

proceeds by conventional copolymerization techniques, which 

is the incorporation of hydrophilic monomers with both 

positive and negative charges on polymer chains. Due to 

improved biocompatibility, antimicrobial and antifouling 

properties of these copolymers become suitable for use in 

biomaterials, drug delivery systems and as well as membrane 

technologies. Many studies have demonstrated the broad 

applicability and efficacy of zwitterionic copolymers. It has 

been noted that the zwitterionic block copolymers greatly 

improved the stability of colloids and surfaces, making them 

suitable for application in nanotechnology and materials 

science.[2] 

Additionally, zwitterionic copolymers have been used as 

crosslinking materials for effective application in organic 

electronics and may uncover novel chances in device 

fabrication and improving performance.[3] Furthermore, multi-

shape memory effects in zwitterionic copolymers have opened 

novel possibilities in materials science. These materials found 

many other applications due to their adjustable properties and 

stimuli-responsive behavior.[4] Various research has outlined 

the possibilities of the use of these copolymers in various areas. 

For example, Bengani-Lutz et al. (2017) reported self-

assembling zwitterionic copolymers as membrane selective 

layers with higher fouling resistance, demonstrating their 

potential application in membranes, drug delivery systems, 
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and sensors.[5] Zhu et al. (2017) developed a superhydrophilic 

zwitterionic polyelectrolyte/PVDF-blend membrane for 

efficient separation of oil from water in the emulsion.[6] With 

this research, they highlighted the potential of zwitterionic 

copolymers in developing advanced membranes for 

environmental applications like water purification. Sathyan et 

al. (2023) used catechol and zwitterion-functionalized 

copolymers to prevent dental bacterial adherence, 

emphasizing the antifouling capabilities and hydrolytic 

stability of zwitterionic polymers for biomedical purposes.[7] 

Walker et al. (2019) also studied surface modified zwitterionic 

networks and their resistance to bovine serum albumin 

adsorption, highlighting the potential of zwitterionic 

copolymers in the development of bioinert environments.[8]  

Despite their wide range of applications, zwitterionic 

polymers are widely used in Enhanced Oil Recovery (EOR) 

due to their favorable properties of dual charge, which 

improves water solubility and reduces adsorption on rock 

surfaces. These properties of zwitterionic polymers allow for 

increased oil displacement efficiency, while increasing the 

viscosity of pumped fluids and providing stability under high 

salinity and temperature conditions. Experimental studies of 

scientists like Kamal et al. evaluated the thermal stability and 

rheological properties of various terpolymers with and without 

zwitterionic amidosulfobetaine surfactants. Rheological 

measurements showed that polyacrylamide, the most widely 

used polymer in EOR, decreased viscosity due to charge 

screening under saline conditions. However, the addition of a 

small amount of zwitterionic surfactant increased the stability 

of polyacrylamide in saline media, increased viscosity and 

improved oil displacement efficiency.[9] In addition, Alcázar-

Vara et al. studied the multifunctional properties of 

zwitterionic polymers and showed that zwitterionic molecules 

even inhibit asphaltene aggregation. Thus, it should be 

emphasized that zwitterionic molecules are of great 

importance in solving problems in oil extraction processes.[10] 

One of the key mechanisms of action of zwitter-ion polymers 

in EOR is their ability to significantly reduce the interfacial 

tension between oil and water, thereby contributing to the 

release of oil droplets from the porous medium of the 

formation.[11] Another important advantage of these polymers 

is their high chemical compatibility with other reagents 

commonly used in enhanced oil recovery processes, such as 

surfactants and alkaline solutions.[12] This opens up the 

possibility of developing complex methods using 

multicomponent mixtures that simultaneously improve the 

dispersion of oil and prevent its re-capture in porous media. In 

addition, zwitter-ion polymers exhibit resistance to hydrolysis 

and oxidation, which increases their service life in the 

reservoir and reduces the need for frequent re-injection of the 

polymer. This factor is important for the economic efficiency 

and overall sustainability of the EOR process.[13] 

Other studies have investigated the surface and interfacial 

properties of five zwitterionic surfactants at air–water and oil-

water interfaces. The results of the study showed that longer 

alkyl chains decrease the critical micelle concentration and 

surface tension. And hydroxyl groups increase the critical 

micelle concentration and decrease the surface tension at the 

critical micelle concentration. Hydroxypropyl sulfobetaine 

surfactant C14HSB significantly reduced the interfacial tension 

(IFT) between oil and water under high temperature and 

salinity conditions, indicating that zwitterionic molecules are 

very promising candidates for oil production.[14] 

In a different study, the monomers phenylsulfonamide N-

allyl-4-methylbenzenesulfonamide and N,N-diallyl-4-

methylbenzenesulfonamide were copolymerized with 

acrylamide, acrylic acid, and zwitterionic 3-(3-

methacrylamidopropyl-dimethylammonio)-propane-1-

sulfonate via free-radical micellar copolymerization in 

deionized water for enhanced oil recovery (EOR). The 

zwitterionic copolymers demonstrated exceptional salt 

tolerance compared to HPAM. Core flooding experiments 

revealed significantly higher EOR values for the two 

zwitterionic copolymers, at 11.4% and 13.8%, versus 3.5% for 

HPAM. These findings suggest that zwitterionic copolymers 

outperform HPAM and gas injection methods in EOR under 

harsh conditions.[15-19]  

Based on the above references, we can say that zwitterionic 

molecules can lower the surface tension at the oil-water 

interface and reduce the interfacial tension by breaking the 

cohesive forces. They also increase the viscosity through 

electrostatic interaction and hydration, form a stable network 

that thickens the solution, and increases the efficiency of oil 

recovery. Therefore, we can see that zwitterionic polymers are 

new polymers that can be used in the field of oil production. 

However, the large charge density of zwitterionic molecules 

can reduce their reactivity, which can reduce the rate of 

polymerization and the molecular weight of the resulting 

polymers.Hence, in this study, we investigated the reactivity 

of zwitterionic monomers and their effect on the molecular 

weight of the polymer when reacted with polyacrylamide, 

which is widely used in EOR. 

 

2. Materials and methods  

2.1 Materials  

N-(3-dimethylaminopropyl)methacrylamide (DMAPMA) 

(99%, contains MEHQ as inhibitor), 1,3-propane sultone (1,3-

PS), ammonium persulfate, acrylamide, ethanol, acetone 



Engineered Science                                                                                                                                                                                Research article        

 

© Engineered Science Publisher LLC 2024                                                                                                                                                     Eng. Sci., 2024, 31, 1260 | 3  

(≥99.5%), sodium chloride, calcium chloride, aluminium 

chloride, deuterium oxide were purchased from Sigma Aldrich. 

All reagents were used without additional purification and had 

an analytical or higher degree of purity. 

 

2.2 Synthesis of zwitterionic monomers 

The monomer sulfobetaine-N-(3-dimethylamino)propyl 

methacrylamide (SB-DMAPMA) was synthesized through the 

reaction of DMAPMA and 1,3-PS. A mixture of 1,3-PS (6.41 

g, 0.05 mol) and acetone (15 g) was added dropwise to a three-

neck flask containing a mixture of DMAPMA (8.51 g, 0.05 

mol) and acetone (15 g), with stirring over a total period of 0.5 

hours. The reaction mixture was then stirred at room 

temperature for 24 hours. The resulting white powder product 

was filtered, washed with acetone, and dried under reduced 

pressure for 24 hours at 40 °C, the synthetic pathway of the 

reaction is given in Fig. 1. 

 

2.3 Synthesis of copolymers 

For the synthesis of the copolymer P(SB-DMAPMA):AM, the 

total mass of AM was fixed at 20 g, and the calculated volume 

of water was used to dilute the reagents to monomer 

concentrations of 2 and 30 mol%. In a typical process, the 

specified amounts of AM and the zwitterionic monomer were 

dissolved in water. All solutions were added to a 500 mL 

round-bottomed three-neck flask. The reaction solution was 

then placed in a water bath at 60 °C and purged with pure 

nitrogen while stirring for at least 30 minutes to remove 

dissolved oxygen. Subsequently, 10 ml of an aqueous solution 

of ammonium persulfate (0.57% of the total monomer mass) 

was added to initiate free-radical polymerization. The reaction 

mixture was stirred under a nitrogen atmosphere for 6 hours 

until a viscous copolymer solution formed. After the reaction 

was completed, the resulting copolymer was repeatedly 

washed with acetone. Acetone washing was necessary to 

remove unreacted monomers, reaction byproducts and catalyst 

residues that could negatively affect the properties of the final 

material. After washing, a viscous copolymer solution was 

deposited in the form of white crystals. These crystals were 

then dried in a vacuum system at a temperature of 40 °C to 

completely remove the remaining traces of solvents, which 

ensured the high purity and stability of the resulting polymer. 

The synthesis pathway of the copolymer P(SB-DMAPMA) is 

shown in Fig. 2. 

 

2.4 Infrared Fourier spectroscopy (IR Fourier) 

Identification of functional groups in the obtained polymers 

was carried out using FTIR spectroscopy, a Nicolet iS10 FT-

IR spectrometer. 

 

2.5 1H NMR Spectroscopy 

The JNM-ECA 500 MHz nuclear magnetic resonance (NMR) 

spectrometer was used to perform 1H NMR spectroscopy. To 

determine the chemical structure and composition, the 

polymer was dissolved in deuterium oxide (D2O). 

 

2.6 Molecular weight measurement  

To measure the molecular weight of polymers, the Zetasizer 

Nano ZS device was used, providing data on both the size 

distribution and the molecular weight of samples. 

 

2.7 Elemental analysis of CHNS-O UNICUBE  

Elemental analysis was performed using an organic elemental 

analyzer to accurately quantify carbon, hydrogen, nitrogen,  

 

Fig. 1 Synthetic pathway of sulfobetaine-N-(3-dimethylamino)propyl methacrylamide monomer. 
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Fig. 2 Synthetic pathway of zwitterionic copolymer P(SB-

DMAPMA):AM. 

 

oxygen and sulfur content. This method guarantees an 

accurate quantitative measurement of these components in 

copolymer samples. 

 

2.8 Viscosity measurement 

The viscosity of the polymers was measured using an MCT 

302 hydrometer. This technique evaluates rheological 

characteristics and intermolecular associations within a 

polymer solution. 

 

2.9 Analysis of the polymer structure 

The composition of the obtained polymers was analyzed using 

a transmission electron microscope JEM-1400 Plus. This 

method allows you to obtain high-resolution photographs of 

the morphology and structural organization of the polymer. 

  

3. Results and discussion 

3.1 FTIR studies of zwitterionic P(SB-DMAPMA):AM 

copolymers 

Figure 3 shows the results of the FTIR spectra of acrylamide, 

sulfobetaine-DMAPMA and synthesized copolymers in their 

various molar ratios. Characteristic NH2 peaks for acrylamide 

at 3328 and 3150 cm can be observed in all 4 copolymers and 

the peaks of the SO group characteristic of sulfobetaine-

DMAPMA are observed at 1173 and 1033 cm. Copolymer 

peaks were identified at the same wavelength, which indicates 

the successful synthesis of copolymerization of acrylamide 

and sulfobetainimidazole. The successful synthesis of 

polymerization is also indicated by the fact that the 

pronounced peak of the C = C bond at 1610 cm of acrylamide 

is not observed in all four copolymer samples.  

 

3.2 1H NMR studies of zwitterionic P(SB-DMAPMA):AM 

copolymers  

Figure 4 shows the 1H NMR spectrum characterizing 

zwitterionic copolymers based on acrylamide (AM) and 

sulfobetaine-N-(3-dimethylamino) propyl methacrylamide 

(SB-DMAPMA). The spectra show a change in chemical 

shifts depending on the ratio of monomers in the polymer 

chain (30:70, 20:80, 10:90 and 2:98). The main peaks 

correspond to different protons in the polymer structure and 

can be identified by the following characteristics. Peaks in the 

range from 1.0 to 2.0 ppm correspond to methyl and  

 
Fig. 3 FTIR spectra of monomers and zwitterionic polymers.
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Fig. 4 1H NMR spectra of zwitterionic polymers. 

 

methylene groups in the side chains of acrylamide and 

sulfobetaine. The presence of these signals indicates that the 

side chain is structurally correct. The region of 2.0-2.8 ppm is 

associated with protons of methylene groups located next to 

amino groups in the DMAPMA structure. The intensity of 

these peaks increases with an increase in the content of SB-

DMAPMA in the composition of the copolymer, which can be 

observed when comparing spectra at different molar ratios.[20] 

Peaks in the range of 2.6-3.8 ppm is associated with methylene 

groups in the structure of sulfobetaine and dimethylamine 

fragments, characteristic of zwitterionic polymers such as 

P(SB-DMAPMA). Polymers containing sulfobetaine groups 

tend to exhibit noticeable peaks due to the high polarity and 

ionic interactions in the system.[21] 

 

3.3 Molecular weight determination 

To determine the molecular weight of zwitterionic copolymers, 

the process of static light scattering (SLS) was used. This 

method is non-invasive and is used to characterize molecules 

in solution. The laser installed in the Zetasizer Nano ZS 

equipment illuminates the particles and scatters light in all 

directions. After static light scattering uses the average 

intensity of the scattered light over time, the light intensity is 

measured over a period of 10 to 30 seconds and the 

accumulation is calculated for a series of concentrations of the 

polymer sample. This time averaging eliminates the inherent 

fluctuations in the signal, hence the term "static light 

scattering".[22] Based on this, we can determine the molecular 

weight (Mn) of zwitterionic polymers and the results are 

presented in Table 1. 

Table 1. Molecular weight of zwitterionic copolymers. 

Polymers Mn average (kDa) 

P(SB-DMAPMA):AM (2:98) 746±141.5 

P(SB-DMAPMA):AM (10:90) 576±67.5 

P(SB-DMAPMA):AM (20:80) 452±20.5 

P(SB-DMAPMA):AM (30:70) 402±25.75 

 

With the increase of the proportion of the second monomer 

(DMAPMA) in the copolymer, the average molecular weight 

decreases. This may be due to the change in the molecular and 

chain structure of the polymer with the increase of the content 

of the second monomer. For example, P(SB-

DMAPMA):AM(2:98) has the highest molecular weight of 

746 ± 141.5 kDa, and P(SB-DMAPMA):AM(30:70) has the 

highest molecular weight of 746 ± 141.5. kDa, whereas P(SB-

DMAPMA):AM(30:70) has the highest and lowest atom 402 

± 25.75 kDa. Higher molecular weight values indicate longer 

polymer chains or more repeating bonds in the chain. The 

decrease in molecular weight with increasing content of the 

second monomer may indicate that the inclusion of more 

DMAPMA results in the shortening of the polymer chains or 

a change in the polymerization mechanism, which prevents the 

formation of long chains. 

 

3.4 Elemental analysis 

The data in Table 2 shows that with an increase in the 

sulfobetaine content in the copolymer, the sulfur (S) and 

hydrogen (H) content, as well as the nitrogen (N) content, also 
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increased. This is due to the fact that the chemical composition 

of sulfobetaine contains sulfur and acrylamide, which mainly 

contribute to the nitrogen content in the polymer. The lowest 

sulfur content was observed in the copolymer with a monomer 

ratio of (2:98), which is explained by the minimum amount of 

sulfobetaine in the composition. As a result, with an increase 

in the proportion of sulfobetaine to 30%, the sulfur content 

will increase more than 24 times. 

Table 2. The elemental composition of zwitterionic copolymers. 

Name N (%) C (%) H (%) S (%) 

P(SB-DMAPMA):AM 

(2:98) 
16,485 43,745 7,2505 0,188 

P(SB-DMAPMA):AM 

(10:90) 
15,22 44,04 7,462 1,6375 

P(SB-DMAPMA):AM 

(20:80) 
13,81 44,165 7,87 3,3245 

P(SB-DMAPMA):AM 

(30:70) 
12,605 44,495 8,065 4,5665 

 

The change in the carbon (C) and hydrogen (H) content 

with an increase in the sulfobetaine ratio is also associated 

with differences in the molecular structure of the monomers 

used. Consequently, with an increase in the sulfobetaine 

content, the amount of H increases due to the presence of 

hydrophilic groups in its composition. After determining the 

quantitative elemental composition of the copolymer, the 

actual ratio of the polarities of acrylamide and sulfobetaine is 

calculated based on the sulfur content. Calculations were 

carried out for each of the four copolymers and the results are 

presented in the Table 3. 

Table 3. Molar fractions of monomers in the feed and copolymer.  

Molar fractions of monomers 

in the feed, % 

Molar fractions of monomers 

in the copolymer, % 

M1 (AM) M2 (SB) m1 (AM) m2 (SB) 

98 2 98,8 1,2 

90 10 95,9 4,1 

80 20 90,35 9,65 

70 30 85 15 

 

Table 3 shows that the actual monomer ratio in the 

copolymer differs from the initial ratio in the blend. The 

copolymer has a lower content of sulfobetaine than the initial 

monomer mixture. This may be due to differences in the 

reactivity of the monomers or their different solubility in the 

polymerization medium. Thus, with an initial monomer ratio 

of 98:2 (acrylamide:sulfobetaine), the actual ratio in the 

copolymer is 98.8:1.2, which indicates a slight decrease in the 

sulfobetaine content. As the sulfobetaine content in the initial 

blend increases, the difference between the initial and actual 

ratios increases. For example, with a monomer ratio of 70:30, 

the actual ratio is 85:15. These data are important for 

understanding the polymerization process and accurately 

controlling the composition of the resulting copolymer. The 

difference between the theoretical and actual monomer ratios 

must be taken into account when developing polymer 

materials for a specific application to ensure the required 

properties of the final product. 

 

3.5 Calculation of reactivity ratios 

Determining the practical molar ratio of acrylamide to 

sulfobetaine allowed us to calculate the reactivity coefficients 

of the monomers. Three calculation methods were used: 

Fineman-Ross, Kelen-Tudos, and Mayo-Lewis. The results 

are shown in the Table 4. 

Table 4. Comparison of the reactivity ratios determined by 

various methods. 

Methods r1 r2 1/r1 1/r2 r1*r2 

Fineman Ross 1,61 1,35 0,62 0,74 2,1735 

Mayo- Lewis 1,66 1,25 0,60 0,8 2,075 

Kelen-Tudos 1,36 0,912 0,73 1,09 1,24 

 

3.6 Methods for calculating reactivity ratios 

1. Fineman-Ross: This method is based on linear regression in 

which the initial monomer concentration ratio is used to 

determine the reaction rate response. This involves plotting a 

graph in which the slope of the regression line gives the r1 and 

r2 values.[23]  

2. Kelen-Tudos: This modified version of the Fineman-Ross 

method aims to reduce mistakes in determining the initial 

monomer concentration. This approach linearizes the 

copolymer composition equation, accounting for the degree of 

dispersion in experimental data.[24] 

3. The Mayo-Lewis technique employs experimental data on 

copolymer composition to calculate r1 and r2 dependences 

based on polymer kinetic principles. This approach is regarded 

as one of the most accurate methods for determining the 

reaction rate of monomers during copolymerization.[25] 

The reactivity ratios of the monomers r1 (acrylamide) and 

r2 (sulfobetaine) were calculated using three methods, and the 

results show that the values of r1 and r2 vary depending on the 

method: 

According to the Fineman-Ross method, the values for r1 

and r2 are 1.61 and 1.35 respectively, indicating a high 

reactivity and a strong tendency for monopolymerization of 

the two monomers. On other hand, the Mayo-Lewis method 

demonstrates a slightly higher value of 1.66 for r1 and a lower 

value of 1.25 for r2, which confirms the high reactivity of  
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Fig. 5 Fineman-Ross (a), Kelen-Tudos (b), and Mayo-Lewis (c) plots for P(SB-DMAPMA)AM system. 

 

acrylamide. In contrast, the Kelen-Tudos method yields the 

lowest values for r1 and r2, specifically 1.36 and 0.912 

respectively. These values suggest a more accurate assessment 

of the reactivity of sulfobetaine and acrylamide, which can 

mean that the interaction between monomers is stronger and 

the tendency to copolymerization is higher. 

In summary, all three methods exhibit high monomer 

reactivity coefficients (Fig. 5), but the Kelen-Tudos method 

probably provides the most accurate representation of 

monomer interactions during copolymerization, considering 

that the product r1 × r2 values are lower and the reactivity 

coefficient values are more balanced. 

 

3.7 Rheological experiments 

From the Fig. 6 it can be seen that, the viscosities of 

zwitterionic polymer solutions are significantly influenced by 

the presence of salts such as NaCl, CaCl2 and AlCl3. The 

viscosity of P(SB-DMAPMA):AM (2:98) increased after the 

addition of sodium and calcium salts, becoming more viscous 

than polyacrylamide in these salt environments. This increase 

can be attributed to the interactions between the zwitterionic 

groups and salt ions due to the antipolyelectrolyte effect, 

which enhances the hydrodynamic volume of the polymer 

chains, leading to higher viscosity. This phenomenon has been 

observed in multiple studies. For example, Chen et al. (2014) 

investigated the solution behavior of hydrophobically 

associating zwitterionic polymers in saltwater and found that 

the addition of sodium salts increases the viscosity of 

 
Fig. 6 Variation in viscosities of polymer solutions with increasing concentrations of Sodium (a), Calcium (b), and Aluminum 

(c) salts (Cp = 5000 mg/L). 
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zwitterionic polymer solutions.[26] Similarly, Dsouza and 

Parthiban (2019) explored the behavior of polysulfobetaines 

in the presence of calcium salts and indicated that calcium ions 

have a complex effect on the viscosity of zwitterionic polymer 

solutions.[27] 

However, the viscosities of P(SB-DMAPMA):AM (10:90) 

were lower than those of polyacrylamide, likely due to the 

lower molecular weight of P(SB-DMAPMA):AM (10:90). As 

shown in Table 1, the molecular weight of P(SB-

DMAPMA):AM (10:90) is 576 ± 67.5 kD, which is 

significantly lower than that of P(SB-DMAPMA):AM (2:98) 

(746 ± 141.5 kDa). Studies have shown that polymers with 

high charge density tend to have low molecular weights, 

whereas polyacrylamide, which has no charge, typically has a 

molecular weight higher than 1 million kDa.[28-30] The findings 

indicate that both charge effects and molecular mass 

significantly affect polymer viscosity where higher molecular 

weight zwitterionic polymers generally exhibit increased 

viscosity due to the greater entanglement of polymer chains, 

which leads to substantial resistance to flow. 

Interestingly, at higher concentrations of aluminum salt 

solutions, the viscosity of P(SB-DMAPMA):AM (2:98) 

decreased, whereas the viscosity of P(SB-DMAPMA):AM 

(10:90) increased. This may be due to the lower molecular 

mass of P(SB-DMAPMA):AM (10:90), allowing aluminum 

ions to more easily interact with the polymer chains, especially 

given the higher content of the charged monomer (SB-

DMAPMA), which increases the overall charge density of the 

polymer. At higher concentrations of aluminum salts, P(SB-

DMAPMA):AM (10:90) interacts strongly with multivalent 

aluminum ions through electrostatic interactions, resulting in 

a significant increase in viscosity due to enhanced ion bridging 

and network formation. The influence of aluminum salts on 

the viscosity of zwitterionic polymer solutions is less 

frequently studied, and specific references supporting this 

behavior were not found. Although it is known that 

multivalent cations can alter the viscosity of polymer solutions, 

further research is needed to draw definitive conclusions 

regarding the effects of aluminum salts. 

 

3.8 Thermogravimetric Analysis (TGA) analysis of 

polyacrylamide (PAM) and P(SB-DMAPMA):AM 

copolymers 

Thermal stability of polymers is one of the very important 

parameters for the polymers used in EOR because the 

temperature range of many oil reservoirs between 20 - 200 oC. 

Therefore, the polymers used in EOR must exhibit thermal 

stability to maintain their quality and performance under such 

temperatures without degradation. On the other hand, 

polymers with good thermal stability can retain their 

viscosifying properties and rheological behavior at high 

temperatures, leading to improved oil recovery efficiency. 

Polymers that lack thermal stability may degrade or lose their 

effectiveness over time, leading to reduced oil recovery 

efficiency. In our research, we tested thermal stability of P(SB-

DMAPMA): AM copolymers and compared with PAM. The 

thermal stability of the polymer P(SB-DMAPMA):AM 

demonstrates weight loss in several stages. In Fig.7, the first 

loss is at temperatures up to 150 °C, the second at about 200-

250 °C and 330-370 °C is associated with a sulfogroup and a 

quaternary ammonium group associated with a polymer base, 

respectively (25% by weight). The final significant mass loss 

was observed at temperatures above 440 °C. From the graphs, 

it can be seen that at the critical coking temperature, the mass 

loss increases very little with a decrease in the molar amount 

of acrylamide in the copolymer. This is also due to the fact that 

the molecular weight of the copolymers is also decreasing.  

 

3.9 TEM analysis of P(SB-DMAPMA):AM copolymers in 

salts with different oxidation states  

To investigate how different salt media affect the polymer 

structure at the nanoscale, we examined the morphologies of

 
Fig. 7 The thermal stability of PAM (a) and P(SB-DMAPMA):AM copolymers (b and c). 
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Fig. 8 TEM images of (a) P(SB-DMAPMA)AM 98:2 in 5% NaCl, (b)P(SB-DMAPMA)AM 98:2 in 5% CaCl2, (c) P(SB-

DMAPMA)AM 98:2 in 5% AlCl3. 

 

synthesized P(SB-DMAPMA):AM copolymers in different salt 

solutions. Fig. 8 provides TEM images of P(SB-

DMAPMA):AM copolymers with a 2:98 ratio in different salt 

solutions: (a) 5% NaCl, (b) 5% CaCl₂, and (c) 5% AlCl₃. The 

TEM image in the NaCl medium shows relatively dispersed 

polymer particles with diameters ranging from approximately 

50 nm to over 200 nm. The particle sizes are relatively small, 

but moderate aggregation can already be observed at some 

points in Fig. 8. This indicates that Na⁺ interacts with the 

polymer and, due to the screening effect, allows the polymer 

chains to aggregate, which results in an increase in the 

viscosity of the polymer solutions. The TEM image of the 

CaCl₂ medium shows larger and more aggregated polymer 

particles, with sizes ranging from approximately 578 nm to 

786 nm. The particles appear more densely packed and 

aggregated compared to the NaCl medium. Ca²⁺, being 

divalent, has a stronger interaction with the polymer chains 

compared to monovalent sodium ions. The divalent nature of 

Ca²⁺ allows it to bridge between different polymer chains, 

leading to increased cross-linking and aggregation. This 

results in larger particle sizes and more pronounced 

aggregation in the TEM image. The higher degree of cross-

linking due to Ca²⁺ ions contributes to an increase in viscosity, 

as previously discussed, by forming a more interconnected 

polymer network. Unlike the TEM images of polymers in 

sodium and calcium solutions, the addition of AlCl₃ resulted 

in a decrease in particle size by approximately 30 nm. 

Aggregation occurred only at some points, forming particles 

with a wide range of sizes, from approximately 248 nm to 586 

nm. This is likely due to the high charge density of aluminum 

ions, which can lead to strong interactions with multiple 

negatively charged groups on the polymer. This strong cross-

linking may result in the formation of a tightly bound network 

or cause the polymer chains to collapse and aggregate. Instead 
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of just increasing the viscosity, excessive cross-linking leads 

to a reduction in viscosity.[31-33] This could be the reason for the 

viscosity differences observed in polymer solutions with 

different salts in Fig. 6. Based on the salt tolerance and 

viscosity studies in this research, zwitterionic polymers offer 

several advantages over traditional methods such as 

acrylamide-based polymers and gas injection, including better 

thermal stability, lower toxicity, and enhanced performance in 

challenging reservoir conditions. These unique properties 

make zwitterionic surfactants a viable alternative for EOR 

applications.[34-38] 

 

4. Conclusions 

The research presents a detailed analysis of the synthesis and 

application of zwitterionic copolymers in enhanced oil 

recovery. The copolymers exhibited superior thermal stability 

and rheological properties, particularly in saline environments. 

The inclusion of zwitterionic surfactants improved viscosity 

and enhanced oil displacement efficiency, outperforming 

traditional hydrolyzed polyacrylamides. The study's findings 

highlight the potential of these copolymers to address the 

challenges of EOR in harsh reservoir conditions, offering a 

promising solution for sustainable oil extraction. Future work 

should focus on optimizing the polymerization process and 

exploring the long-term stability and environmental impact of 

these materials in real-world applications. 
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