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Partially hydrolyzed polyacrylamide (HPAM) was widely implemented to improve the rheological properties of displacing fluids, but the high temperature and salinity of the reservoir brine limited their applications. Herein, copolymers including HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM), and zwitterion/PEG-modified HPAM (zp-HPAM) were prepared by free radical polymerization in an aqueous solution. The viscosity of these copolymers under different temperature and salinity was measured in aqueous solution. It is found that the viscosity of the HPAM under the harsh condition (90oC, 20 × 104 mg/L salinity) is only 9.6% of that value under the normal condition (25oC, pure water), while the z-HPAM can significantly improve salt resistance by the effects of salting-in effect and intermolecular electrostatic crosslinking, showing a viscosity retention of 22.9% under the harsh condition. The addition of PEG-containing monomer can strengthen hydrogen bonding between the polymer chains and form a sterically ordered structure with improved salinity and temperature resistance. The synergistic effect of zwitterion units and PEG units endows the zp-HPAM with good salinity and temperature resistance; thus, the sample viscosity under the harsh condition remains 170 mPa s, which retains 29% of the value under the normal condition. The enhanced rheology properties of the zp-HPAM under the harsh condition are significant for the enhanced oil recovery of water-soluble polymer flooding.
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INTRODUCTION
Polymer flooding has better viscoelasticity and better sweep efficiency than simple water flooding for the enhanced oil recovery (Wever et al., 2011; Abidin et al., 2012; Wang et al., 2019). Especially in recent decades, water-soluble polymers such as partially hydrolyzed polyacrylamide (HPAM) have been widely implemented to improve the rheological properties of displacing fluids. However, such HPAM flooding system is limited by temperature and salinity of the reservoir brine because the viscosity of the displacing fluids will be severely reduced under the harsh conditions above 75°C and 3 × 104 mg/L salinity in most oil reservoirs (Kamal et al., 2015). There are many reasons for the viscosity loss of water-soluble polymer fluids. For example, at high temperatures, (1) some polymer molecules will undergo thermal degradation and hydrolysis, and then the shortening of the polymer chain will result in a significant decrease in the intermolecular friction; (2) intensive thermal motion of the polymer chain reduces the stacking and tangling of the polymers; and (3) intensive thermal motion of solvent water molecules thins the hydration layer on the polymer chain, and the subsequent coiling and collapsing of the polymer chains cause the microscopic phase separation of the polymers from water. Otherwise, under a high salinity, (4) the strong “salting-out” effect promotes the phase separation of the polymers from water, because monovalent cations can shield the electrostatic repulsion among the carboxylate charges along the HPAM chains and compress the electric double layer of hydration film on the polymer surface, causing the polymer chain to coil and collapse (Liang et al., 2019); meanwhile, divalent ions, particularly Ca2+ and Mg2+, can complex with the carboxylate groups, leading to the precipitation of the HPAM chains in the brines (Peng and Wu, 1999).
In the past years, to overcome the negative impact of high temperature on the HPAM fluid systems, the concept of “thermoviscosifying polymer” was proposed to have a response to high temperature and bring a rise of the system viscosity (L'Alloret et al., 1995; Hourdet et al., 1997; Petit et al., 2007). Such polymers, like poly (N-isoprpylacrylamide) and poly (ethylene glycol) (PEG), with a character of lower critical solution temperature (LCST), were attached to the skeleton of the HPAM; then, the thermally triggered response of these polymers brought an increase of the viscosity and elastic modulus at temperatures above LCST (Chen et al., 2013; Sarsenbekuly et al., 2017b; Chen et al., 2020; Li et al., 2021). Moreover, the dynamic simulation demonstrated that the HPAM incorporated with PEG units should have larger viscosity and stronger salt tolerance at high temperature because the modified monomers with alkyl ether bonds bring a steric hindrance and will reduce the curliness of the molecule chains (Yao et al., 2012; Zhang et al., 2015). Meanwhile, the incorporation of HPAM by hydrophobic long-alkyl groups displayed enhanced temperature and salinity tolerance (Lai et al., 2013; Liu et al., 2013; Ye et al., 2014; Gou et al., 2015c; Sarsenbekuly et al., 2017a), the modified HPAM by hydrophilic sulfonate groups also exhibited relatively high viscosity at high salinity and temperature (Gou et al., 2014; Li et al., 2018; Zhang et al., 2018; Hu et al., 2019; Ji et al., 2020; Tchameni et al., 2020), and even the incorporated HPAM by both long-alkyl groups and sulfonate groups showed improved rheological properties and salt resistance (Yuan et al., 2013; Deng et al., 2014; Gou et al., 2015b), but these results were not sufficient to meet the viscosity requirements of the polymer fluids in the brines from high-temperature and high-salt reservoirs. In addition, the structures of β-cyclodextrin in the HPAM skeleton displayed better temperature and salt tolerance due to the hydrophobic associating effect (Liu et al., 2013; Wei et al., 2015; Pu et al., 2016; Zhang et al., 2018; Peng et al., 2019), and some nature polysaccharides as flooding polymers were found to have a relatively low viscosity dependence on temperature and salinity (Gou et al., 2017; Liang et al., 2019), but the cost of polysaccharides, as well as β-cyclodextrin, limited their practice in the oil fields.
Zwitterionic polymers are composed of the main backbone chain and many side chains with positive and negative ions (Ladd et al., 2008). They are very hydrophilic because the solvation of zwitterions on the polymer chains can produce high solvent water retention and form a deeply hydrated layer around the polymer chains through anionic and cationic hydration (Leng et al., 2015). They also have strong salt affinity because the zwitterions on the polymer chains can electrostatically adsorb salt counterions in water (Li et al., 2020). So, zwitterionic polymers readily stretch in salt solution and have greater solubility in salt solution than in pure water (Mary et al., 2007), which is named as anti-polyelectrolyte behavior, i.e., “salting-in” effect (Yang et al., 2015; Xiao et al., 2018). Obviously, such superhydrophilicity and “salting-in” effect of zwitterionic polymers can reduce the dehydration of polymer chains at high temperatures, and thus can possibly overcome the “salting-out” effect of polymers under high salinity. Unfortunately, only little literature has focused on this topic for the enhanced oil recovery (Gou et al., 2015a; Dai et al., 2017; Liu et al., 2020). A modified HPAM with zwitterionic betaine groups and long alkyl groups reported by Kang et al. showed salt thickening behavior; a salt thickening mechanism was proposed that the destroyed inner salt bond of zwitterionic betaine groups in salt solution brought a greater hydrodynamic diameter of polymer molecules, and the inter-molecular hydrophobic interaction of the long alkyl groups in salt solution produced a stronger hydrophobic association (Zhu et al., 2017).
Herein, both zwitterionic sulfobetaine acrylate monomer and PEG-containing acrylate monomer were copolymerized with acrylamide (AM) and acrylic acid (AA) to prepare zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM), and zwitterion/PEG-modified HPAM (zp-HPAM) in order to study the rheological properties at different salinities and temperatures. The structures of these copolymers are shown in Scheme 1. It is found that zwitterionic sulfobetaine-unit incorporated HPAM (z-HPAM) obviously increases the viscosity under high salinity and high temperature, the incorporated HPAM with PEG units (p-HPAM) also exhibits enhanced salinity and temperature tolerance. The optimized zp-HPAM containing zwitterionic units and PEG units shows relatively high viscosity and good viscosity retention at 90°C in a synthetic brine of 20 × 104 mg/L salinity. The synergistic combination of zwitterionic units and PEG units in the zp-HPAM is considered to enhance the tolerance to high salinity and high temperature.
[image: Scheme 1]SCHEME 1 | Molecular structures of HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM) and zwitterion/PEG-modified HPAM (zp-HPAM).
EXPERIMENTAL
Materials
Acrylamide (AM, 99%), acrylic acid (AA, >99%), and zwitterionic monomer [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium inner salt (MDSA) were supplied by Shanghai Aladdin Biochemical Technology Co., Ltd., China. Poly(ethylene glycol) monomethyl ether acrylate (H2C = CHCO2(CH2CH2O)nCH3, n ≈ 9, PEGMA) was provided by Shanghai Xianding Biotechnology Co., Ltd. Potassium persulfate (K2S2O8), NaOH, anhydrous alcohol, NaCl, MgCl2, and CaCl2 were purchased from Sinopharm Chemical Reagent Co., Ltd. All reagents were of analytical grade and used directly without further purification. All aqueous solutions were prepared using ultrapure water with a resistivity of 18.25 MΩ cm.
Synthesis of Copolymers
For the copolymer synthesis, the total mass of AM and AA was fixed at 20 g, and a calculated volume of water was used to dilute the reactants to a monomer concentration of 10 wt%. In a typical process, a certain amount of AM, AA, and zwitterionic monomer MDSA were respectively dissolved in water, and the AA solution was then neutralized by isostoichiometric NaOH. All solutions were added to a 500-ml round-bottom three-necked flask, and a certain amount of PEGMA was added into the mixture. The monomers’ molar ratio, namely, nAM:nAA:nMDSA:nPEGMA, was signed as x/y/z/V (x + y = 10) to label the sample. Next, the reaction solution was placed into a water bath at 70°C and bubbled with N2 under stirring at least for 30 min to exclude dissolved oxygen. Subsequently, 10 ml of aqueous solution of potassium persulfate (0.57% of the total monomer mass) was added to the reaction mixture to initiate free radical polymerization. The reaction mixture was stirred under N2 atmosphere for 3 h to form a viscous copolymer solution.
Characterization
For the measurements of 1H NMR spectroscopy and FT-IR spectroscopy, the copolymer samples were precipitated and washed with anhydrous ethanol to remove water, unreacted monomers, and initiator, followed by a drying under vacuum at 50°C for 10 h. 1H NMR spectra were recorded on a Bruker AV 500 MHz spectrometer in D2O at 25°C. FT-IR spectra were measured on a Bruker Vertex 70 spectrometer according to the KBr-disk method between 4000 and 400 cm−1. Morphology observation of the copolymer solutions was performed on a JSM-6700F scanning electron microscopy (SEM) with a voltage of 5.0 kV, in which the copolymer solutions (2.5wt%) were first dropped onto quartz sheets, quickly frozen in liquid nitrogen, and then freeze-dried before being coated with gold.
Preparation of Salt Solutions and Viscosity Measurements
In order to prepare solutions for viscosity measurement, the as-obtained 10 wt% copolymer solution was diluted with water and continually stirred to obtain a homogeneous solution of 5 wt% copolymers. Then, different amounts of salts were dissolved in deionized water to prepare synthetic brines, in which the molar ratio of Na+/Ca2+/Mg2+ was fixed at 25.3/1/1.6. Thereafter, 50 ml of copolymer solution (5 wt%) was mixed with 50 ml of synthetic brines to obtain a series of copolymer solutions with different salinities from 1 × 104 to 20 × 104 mg/L of the total dissolved solids (TDS). All viscosity measurements were carried out on a Rheolab QC (Anton Paar, Austria) rotational rheometer using CC39 concentric-cylinder testing cup between 25 and 90°C by ascending shear rate ramps from 0.1 to 100 s−1. The shear viscosity at different temperature was recorded at a fixed shear rate of 100 s−1.
RESULTS AND DISCUSSION
FT-IR and NMR Characterization
The free radical polymerization of AM, AA, sulfobetaine methacrylate, and poly(ethylene glycol) methacrylate was initiated by commonly used potassium persulfate. The as-obtained copolymer samples of HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM (p-HPAM), and zwitterion/PEG-modified HPAM (zp-HPAM) were characterized by 1H NMR spectra, as shown in Figure 1A. For all samples, the peak at 4.68 ppm is due to residue solvent water, while the peaks at 1.56, 1.68, 2.13, and 2.25 ppm are ascribed to the skeleton of acrylate and acrylamide. The characteristic peaks at 4.44, 3.97, 3.14, and 2.94 ppm reveal the presence of zwitterionic sulfobetaine groups in the z-HPAM and the zp-HPAM (Chang et al., 2006; Han et al., 2013), while in the p-HPAM and the zp-HPAM, the peaks at 3.62 and 3.30 ppm correspond to the O-CH2 and O-CH3 unit of PEG, respectively. In the FT-IR spectra of these samples (Figure 1B), the typical peaks at 3,425 and 3,197 cm−1 are attributed to N-H bonds, while those at 2,860 and 2,925 cm−1 are ascribed to CH2 groups, and that peak around 1,654 cm−1 represents carbonyl groups in all samples. The characteristic peaks at 1,041 and 1,190 cm−1 in the z-HPAM and the zp-HPAM are caused by the symmetric stretching vibration of sulfonate groups from the zwitterionic units (Zhao et al., 2010), while that broad peak at 1,125 cm−1 in the p-HPAM and the zp-HPAM is evidence of C-O-C groups in the PEG units. All these results demonstrate that the designed copolymers have been successfully synthesized by the free radical polymerization.
[image: Figure 1]FIGURE 1 | 1H NMR spectra (A) and FT-IR spectra (B) of HPAM (nAM/nAA = 9/1), z-HPAM (nAM/nAA/nMDSA = 9/1/1), p-HPAM (nAM/nAA/nPEGMA = 9/1/0.14), and zp-HPAM (nAM/nAA/nMDSA/nPEGMA = 9/1/1/0.14).
SEM Characterization
The freeze-dried samples of HPAM, z-HPAM, p-HPAM, and zp-HPAM solutions were observed by SEM to investigate the microscopic structure of these copolymers in solution, as shown in Figure 2. It is found that the HPAM sample (Figures 2A–C) shows an irregular spatial network, which should be attributed to the aggregation and entanglement caused by the hydrogen-bond interaction between the amide and carboxyl groups in the polymer chains. The z-HPAM sample (Figures 2D–F) displays a more compact network and the pore size in the network is significantly reduced; the reason should be ascribed to the additional intermolecular electrostatic crosslinking via the ion pairing of two zwitterionic groups attached on different polymer chains. However, an ordered structure can be found in the sample of p-HPAM (Figures 2G–I), which should be related with the “comb-like” structure of the PEGMA segments in the copolymer skeleton, because the additional hydrogen-bond interaction between the PEG units and amide groups in the p-HPAM sample can facilitate the formation of the ordered structure. Comparing Figures 2G–I and Figure 2J–L, the network structure of the later zp-HPAM sample is more ordered than that of the p-HPAM, and the pore size of the zp-HPAM network is much smaller than that of the p-HPAM, which may mean more crosslinking sites in the spatial structure. We think that such a dense and ordered structure reveals that the zp-HPAM chains have more spatial crosslinking sites in the solution, and thus forming more uniform spatial distribution.
[image: Figure 2]FIGURE 2 | SEM images of freeze-dried HPAM (nAM/nAA = 9/1) (A,B,C), z-HPAM (nAM/nAA/nMDSA = 9/1/1) (D,E,F), p-HPAM (nAM/nAA/nPEGMA = 9/1/0.14) (G,H,I), and zp-HPAM (nAM/nAA/nMDSA/nPEGMA = 9/1/1/0.14) (J,K,L).
In aqueous solution, the HPAM sample exhibits a loose spatial network through the hydrogen bonding interaction of the amide and carboxylate, but in the z-HPAM sample, the additional crosslinking effect from the zwitterionic units promotes a formation of a denser network structure. However, for p-HPAM and zp-HPAM samples, the presence of PEG units strengthens the hydrogen bonding interaction and promotes the association of polymer chains to form ordered structures. The enhanced hydrogen bonding by the PEG units and the electrostatic crosslinking by the zwitterionic units in the zp-HPAM sample help to form a more uniform and stable spatial network, which will be beneficial to maintain the system viscosity under the harsh conditions.
Viscosity of HPAM and Zwitterion-Modified HPAM
The homogeneous copolymer solutions with a concentration of 2.5 wt% were used to measure the rheology properties in pure water and the synthetic brines, and the apparent viscosity of these solutions was recorded at the fixed shear rate of 100 s−1. Figure 3A shows the apparent viscosity change of the HPAM and the z-HPAM at 25oC under different salinity. It is found that the viscosity of the HPAM rapidly drops from 105 mPa s to 70 mPa s when the salinity exceeds 1 × 104 mg/L. However, after adding 10% MDSA to AM/AA in copolymerization, the obtained z-HPAM is found to be more viscous than the HPAM, with a viscosity value between 140 and 190 mPa s. It is worth noting that changing the AM/AA molar ratio from 9/1 to 9.5/0.5 has little effect on the solution viscosity at different salinities. The viscosity of the z-HPAM solution decreases first and then gradually increases with the salinity increasing. The final viscosity under the highest salinity (20 × 104 mg/L) is similar to that value in pure water, which is better than the sufitiobetaine-modified HPAM as reported by Gou et al. (2015a). The salt thickening of the z-HPAM under high salinity can be ascribed to the following possible reasons: (1) The “salting-in” effect of zwitterionic units can overcome the viscosity reduction of the HPAM skeleton by the “salting-out” effect (Mary et al., 2007; Yang et al., 2015; Xiao et al., 2018; Li et al., 2020). The modified HPAM with zwitterionic betaine groups were found to have a larger hydrodynamic diameter in salt solution than in pure water, because the better solubility of zwitterionic betaine groups in salt solution can partially offset the coiling of polymer chains (Zhu et al., 2017). (2) The intermolecular ion pairing of the zwitterionic ions attached on different polymer chains can generate electrostatic crosslinking sites between different polymer chains. (3) The intermolecular crosslinking sites can be formed by the bridging of the divalent cations (Ca2+ and Mg2+) in the synthetic brine (Zhu et al., 2017; Bai et al., 2021). Figure 3B shows the change in the viscosity of the z-HPAM (nAM/nAA/nMDSA = 9/1/1) with respect to salinity at different temperatures. The viscosity in the highest salinity solution is found to be approximately 70% of that value in pure water between 35oC and 75oC, whereas at 90oC, the viscosity value increases under higher salinities. Interestingly, the viscosity value at 90oC under 20 × 104 mg/L salinity reaches 42.8 mPa s, which is about 1.6 times the value at 90oC in pure water.
[image: Figure 3]FIGURE 3 | Solution viscosity change of HPAM (nAM/nAA = 9/1) and z-HPAM (nAM/nAA/nMDSA = 9/1/1 or 9.5/0.5/1) to salinity (A), that of z-HPAM (nAM/nAA/nMDSA = 9/1/1) to salinity (B), and that of HPAM (nAM/nAA = 9/1) (C) and z-HPAM (nAM/nAA/nMDSA = 9/1/1) (D) to temperature.
Figures 3C,D show the viscosity change of the HPAM (nAM/nAA = 9/1) and the z-HPAM (nAM/nAA/nMDSA = 9/1/1) with temperature at different salinities. It is clear that the viscosity of HPAM in pure water or in the synthetic brines gradually decreases to about 10 mPa s as the temperature rises to 90oC (Figure 3C), and the viscosity retention rate at 90oC changes in a range of 10.7%–13.8% of the corresponding value at 25°C under different salinities. The viscosity under the harsh condition (i.e., 90oC, 20 × 104 mg/L salinity, the same below) only retains 9.6% of the value under the normal condition (i.e., 25oC in pure water, the same below). For the z-HPAM sample (Figure 3D), the viscosity data similarly show a decrease with increasing temperature. From 35oC to 75oC, the viscosity of the z-HPAM at higher salinities (10–20 × 104 mg/L) is lower than that at lower salinity cases (0–5 × 104 mg/L), but at 90oC, the viscosity at the highest salinity is greater than that of low salinity. The viscosity retention rate at 90oC gradually increases from 14.1% to 23.6% of the value at 25oC under different salinities from 0 to 20 × 104 mg/L. Such viscosity retention values of the z-HPAM at 90oC are much larger than those of the HPAM at 90oC, indicating an enhanced tolerance to high temperature under the harsh condition. In addition, the viscosity retention rate under the harsh condition is 22.9% of that under the normal condition.
Table 1 shows the viscosity data of the z-HPAM with different zwitterion content at 90oC under different salinities. Obviously, the viscosity of z-HPAM decreases first and then increases at different salinities, which should be attributed to the “salting-in” and “electrostatic crosslinking” effects of zwitterionic units (Li et al., 2020). Noticeably, the viscosity value obviously decreases at any salinity when the zwitterion content is reduced. When the zwitterion content is 5% relative to AM/AA (nAM/nAA/nMDSA = 9/1/0.5), the z-HPAM sample shows viscosity values similar to those of the HPAM, and when the zwitterion content is 10% (nAM/nAA/nMDSA = 9/1/1), the viscosity is much larger than that of the HPAM. Therefore, we think the content of 10% zwitterionic monomer to AM/AA (nAM/nAA/nMDSA = 9/1/1) is effective for enhancing viscosity under high salinities, and the presence of zwitterionic units can also improve the tolerance to high temperature.
TABLE 1 | Viscosity (mPa·s) of HPAM and zwitterion-modified HPAM at 90°C.
[image: Table 1]Viscosity of PEG-Modified HPAM
The polymers of PEG-containing acrylates were reported to have a thermally triggered response to temperature rising (Han et al., 2003; Ali and Stöver, 2004; Li et al., 2007), and the dynamic simulation demonstrated that the HPAM incorporated with PEG-containing units should have higher viscosity and stronger salt resistance (Yao et al., 2012; Zhang et al., 2015). In this work, poly(ethylene glycol) monomethyl ether acrylate (PEGMA) with a long PEG tail was used to modify HPAM. It was found that the viscosity of the synthesis solution was greatly increased when adding PEGMA in the copolymerization. When the molar content of PEGMA to AM/AA reached 2.0%, the resulting p-HPAM solution after the polymerization reaction showed typical viscoelasticity, and it was difficult to obtain a homogenous copolymer solution through diluting and stirring. In our experiment, a relatively homogenous solution of the p-HPAM was obtained when the PEGMA content was 1.4% (i.e., nAM/nAA/nPEGMA = 9/1/0.14). The rheological results of this p-HPAM sample are shown in Figure 4A. The viscosity values at different conditions are relatively large, ranging from 350 to 880 mPa s. As the salinity increases, the sample viscosity increases at 5 × 104 mg/L salinity, but gradually decreases when the salinity increases from 10 × 104 to 20 × 104 mg/L. The viscosity values at the highest salinity are about 80%–90% of those values in pure water at a same temperature. From another view, the viscosity data can be rearranged according to the temperature change (Supporting information, Supplementary Figure S1A). It is found that the p-HPAM solution at any salinity shows a viscosity decrease with increasing temperature. Under the same salinity, the viscosity values at 90oC (between 347 and 433 mPa s) are about half of the values at 35oC (between 693 and 787 mPa s). The viscosity retention under 20 × 104 mg/L salinity at 90oC is about 44% of the value in pure water at 35oC.
[image: Figure 4]FIGURE 4 | Solution viscosity change of p-HPAM (nAM/nAA/PEGMA = 9/1/0.14) (A) and (nAM/nAA/PEGMA = 9/1/0.12) (B) to salinity at different temperature.
In addition, another p-HPAM sample with a lower PEGMA content (nAM/nAA/nPEGMA = 9/1/0.12) was prepared and characterized by the rheological properties. The solution viscosity values to salinity change are shown in Figure 4B (the rearranged data to temperature change are shown in Supplementary Figure S1B). The viscosity of this sample ranges from 20 to 225 mPa s under all measurement conditions, which is obviously smaller than those of the last p-HPAM sample. The viscosity retention rate of this sample under the harsh condition is only 16% of the value in pure water at 35oC and only 10% of the value in pure water at 25oC. Thus, the PEGMA content in the p-HPAM shows a great influence on the viscosity of the sample and its tolerance to the environmental salinity and temperature. Moreover, based on the comparison of Figures 4A,B, the p-HPAM (nAM/nAA/nPEGMA = 9/1/0.14) has better salinity tolerance than the sample with lower PEGMA (nAM/nAA/nPEGMA = 9/1/0.12).
Viscosity of Zwitterion/PEG-Modified HPAM
Zwitterion-modified HPAM (z-HPAM) is found to have better rheological properties at high salinity and high temperature than the unmodified HPAM. Similarly, the modified HPAM by PEG units (p-HPAM) exhibits better viscosity retention than the unmodified HPAM at high salinity and high temperature. If both zwitterionic units and PEG units are incorporated into the HPAM skeleton together, we believe that the obtained zwitterion/PEG-modified HPAM (zp-HPAM) may have a synergistic effect on the rheological properties at high salinity and high temperature. Therefore, the zp-HPAM samples were prepared, in which the molar amount of MSDA relative to AM/AA was fixed at 10% and that of PEGMA was 1.4%, 1.0%, and 0.6% for comparison. The viscosity data of these samples are plotted with salinity change (Figures 5A–C) and temperature change (Supplementary Figures S2A–C), respectively. For the sample containing 1.4% PEGMA, the measured viscosity varies from 70 to 1,200 mPa s under all measurement conditions. When the temperature rises from 25oC to 75oC (Figure 5A), the solution viscosity first decreases along with the salinity increase until the salinity reaches 10 × 104 mg/L; then, as the salinity rises from 10 × 104 mg/L to 20 × 104 mg/L, the solution viscosity increases instead. The viscosity at 20 × 104 mg/L salinity maintains more than 70% retention of the value in pure water at a same temperature. However, at 90oC, the solution viscosity is relatively stable under different salinities. Moreover, it is clear that the solution viscosity obviously decreases with the temperature increasing from 25oC to 90oC (Supplementary Figure S2A). The viscosity curve at low salinity (1 × 104 mg/L and 5 × 104 mg/L) or the highest salinity (20 × 104 mg/L) is above the viscosity curve at middle salinity (10 × 104 mg/L and 15 × 104 mg/L), which indicates that the sample solution has a lower viscosity under the middle salinity.
[image: Figure 5]FIGURE 5 | Solution viscosity change of zp-HPAM with nAM/nAA/nMDSA/nPEGMA of 9/1/1/0.14 (A), 9/1/1/0.10 (B), 9/1/1/0.06 (C), and 9/1/0.5/0.12 (D) to salinity at different temperature.
For the sample with 1.0% PEGMA, the viscosity value varies between 30 and 430 mPa s under all measurement conditions (Figure 5B), which is obviously lower than the last sample. Interestingly, under low salinity from 0 to 5 × 104 mg/L, the sample viscosity gradually increases. Then, with the salinity rising from 10 × 104 mg/L to 20 × 104 mg/L, the sample viscosity decreases in turn. Noticeably, at any same temperature, the viscosity of the sample under 20 × 104 mg/L is greater than that in pure water. Moreover, the sample in pure water or under a salinity of 1 × 104 mg/L shows a gradual decrease in viscosity from 25 to 90oC (Supplementary Figure S2B). However, as the salinity is above 5 × 104 mg/L, the sample viscosity increases first between 25°C and 35°C, and then decreases between 35°C and 90°C. It is also noticeable that the viscosity curves under the middle salinity (from 5 × 104 mg/L to 15 × 104 mg/L) are above those under other salinity cases (0, 1 × 104 mg/L and 20 × 104 mg/L). The final viscosity under the harsh condition is 39.7 mPa s, a 20% retention rate of the value under the normal condition.
Figure 5C and Supplementary Figure S2C show the viscosity data of the sample with 0.6% PEGMA. It is found that the measured solution viscosity varies between 16.5 and 170 mPa s, which is lower than the last two samples. In pure water, the sample solution viscosity varies between 170.2 and 35.1 mPa s at different temperatures (Figure 5C), but when the salinity reaches 1 × 104 mg/L, the viscosity drops sharply to about a half of that in pure water. Then, as the salinity increases, the solution viscosity slowly increases. When the salinity reaches 20 × 104 mg/L, the viscosity is about 60% of that in pure water at the same temperature. Moreover, the solution viscosity gradually decreases with increasing temperature under all salinities (Supplementary Figure S2C). The final viscosity under the harsh condition remains only 12% of that under the normal condition.
Comparing the curves in Figures 5A,B, the sample with 1.4% PEGMA has a higher viscosity in pure water, and the viscosity change shows concave curves with the increase of the salinity (Figure 5A), whereas the sample with 1.0% PEGMA has a lower viscosity in pure water, and the viscosity change shows convex curves with the salinity increasing (Figure 5B). Considering that the high viscosity of the sample with 1.4% PEGMA under low salinity will cause difficulty for fluid pumping in practices, the sample with 1.0% PEGMA is considered as the best one. Moreover, all three samples show a basic downward trend with the temperature increasing (Supplementary Figures S2A–C), but the viscosity of the zp-HPAM samples with 1.4 and 1.0% PEGMA drops sharply when the temperature increases from 75 to 90oC, which implies rapidly lowered viscosity tolerance at 90oC. Obviously, the significant difference in the salinity and temperature resistance of these zp-HPAM samples should be attributed to the different PEGMA content, which will seriously affect the synergistic interaction of the zwitterion units and the PEG units.
It should be noted that the lowered tolerance of the zp-HPAM samples at 90oC (Supplementary Figures S2A,B) should be ascribed to the presence of the zwitterionic units because the p-HPAM samples (Supplementary Figures S1A,B) have exhibited relatively good environment tolerance at 90oC. So, we think that the environmental tolerance of the zp-HPAM at 90oC may be improved if lowering the zwitterion content. Therefore, the ratio of nAM/nAA/nMDSA/nPEGMA in a new zp-HPAM sample was optimized to be 9/1/0.5/0.12. Figure 5D and Supplementary Figure S2D show the rheological properties of this zp-HPAM sample. At any temperature, the viscosity decreases first and then increases with the salinity increasing (Figure 5D) and the corresponding viscosity retentions under 20 × 104 mg/L salinity rise to 53%–73% of those values in pure water. In pure water, the sample viscosity retention at 90oC is about 38% of that value at 25oC (Supplementary Figure S2D), which is comparable with the hydrophobically associating polyacrylamide under similar conditions (Zheng and Huang, 2019). Though the viscosity of the sample in the synthetic brines gradually decreases with the temperature increasing, the final viscosity at the harsh condition remains 170 mPa s, a 29% retention of the value under the normal condition. This retention rate can be considered as a significant value for the HPAM-based fluid systems under the harsh condition.
CONCLUSION
The copolymers of HPAM, zwitterion-modified HPAM (z-HPAM), PEG-modified HPAM, and zwitterion/PEG-modified HPAM (zp-HPAM) were prepared by the free radical polymerization. The rheological properties of these copolymers in the aqueous solutions were studied under different salinities and temperatures. The following points were mainly concluded: (1) The viscosity of the HPAM under the harsh condition was only 9.6% of the value under the normal condition, while the z-HPAM significantly enhanced the viscosity retention to 22.9% under the harsh condition due to the salting-in effect and the electrostatic crosslinking by the divalent cations and the zwitterion units. (2) The PEG units in the p-HPAM samples improved the salinity and temperature resistances because they could strengthen the hydrogen bonding between the polymer chains and form a spatially ordered structure. (3) The zp-HPAM samples with the zwitterion and PEG units showed a complex impact on the rheological properties, the optimized zp-HPAM sample under the harsh condition exhibited a viscosity value of 170 mPa s and a viscosity retention rate up to 29% of the value under the normal condition. The good salinity and temperature tolerances of the zp-HPAM samples should be attributed to the synergistic effects of the zwitterion and PEG units. The enhanced rheological properties of the zp-HPAM under the harsh condition should be significant for the enhanced oil recovery in the water-soluble polymer flooding.
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