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The growing energy demand requires maximization of oil recovery from known reserves, while enhanced oil re­covery (EOR) techniques are focused on sweeping residuals available in reservoirs previously flooded with water. Polymer additives are widely applied in EOR processes, as they can increase the viscosity and reduce the water permeability leading to mobility decrease of the injected solution. In this study, structural and rheological char­acterizations of a partially hydrolyzed polyacrylamide (FLOPAAM 3630S) were performed in a wide range of salinity relevant to conditions in existing oil reservoirs. Macromolecular solutions were identified at low polymer concentrations and/or at elevated salt levels, while gelation, i.e., formation of coherent structure, was observed at high FLOPAAM 3630S doses at low salinity. The transition points between these stages were determined and a comparison of scattering and rheology measurements revealed that the driving force of such a transformation is of non-electrostatic origin, but rather relies on the hydrophobic intermolecular interactions. The results bring new insights into the design of efficient EOR processes applied in oil reservoirs of different salt levels. © 20XX
1. IntroductionPolymers are widely used in the oil production industry [1-4]. Ac­cordingly, they are applied in near-well treatments to expand the per­formance of water injectors by blocking off high-permeability zones [5], as reactants to be cross-linked in situ to plug high conductivity zones at depth in the reservoir [6] and as additives to reach lower wa­ter-oil mobility ratio [7]. The latter function of the polymers in the oil­field chemical industry is exploited in polymer flooding processes, which is one of the most profitable and extensively applied chemical enhanced oil recovery (EOR) techniques [8]. Furthermore, conven­tional EOR processes include chemical flooding, gas injection and ther­mal recovery. These methods involve the addition of the displacing sub­stance into the reservoir through the injection well to displace the re­maining oil, and such substances are usually aqueous solutions of sur­factants and polymers in chemical flooding [2,9,10]. The recovery of oil from subsurface reservoirs frequently requires the injection of water to improve oil sweep and maintain the reservoir pressure. Based on the most assumed reservoir model, the lifetime of a hydrocarbon reservoir is commonly divided into three main stages. While in the primary pe­riod, the recovery occurs via naturally driven oil extraction mecha­nisms, in the secondary phase, the recovery is carried out by techniques 

used to maintain the reservoir pressure through water or gas injection. EOR is typically applied for oil reservoirs, once secondary recovery op­erations have been carried out, as the third stage [11].In a pioneering study by Sandiford [12], polymer flooding has been recommended as an EOR procedure to improve the viscosity of the dis­placing fluid. This discovery was followed by extensive research at­tempts with the objective to apply non-Newtonian displacing fluids in EOR [13,14]. Frequently, the mobility ratio between displacing medium and displaced oil is unfavourably large, which results in a sig­nificant amount of bypassed oil. Therefore, instead of pure water or sur­factant solution, the polymer was added to injection water to enhance waterflooding sweep efficiency by increasing the viscosity of the in­jected fluid and reducing its mobility. While polymer flooding is a rela­tively well-studied and widely discussed method in the literature [4,8, 15,16], the mechanism, and phenomena of polymer flow in a porous medium are not yet completely understood [17]. The challenges in un­derstanding polymer flow in porous media arise from the intricate in­teractions between the polymer solution and the porous structure. Fac­tors such as molecular weight, concentration, and viscosity of the poly­mer, as well as the porosity and permeability of the media, affect the flow behavior. In addition, possible polymer adsorption on porous sur­
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2 Z. Vargáné Árok et al. / Journal of Molecular Liquids xxx (xxxx) 122192faces, shear-thinning or thickening, and viscoelastic effects further complicate the interpretation [18].Another phenomenon that has been much discussed but not yet elu­cidated is immiscible viscous fingering, and accurate modelling, which is essential in understanding the fluid distribution in the reservoirs [19]. This manifestation of propagating chemical patterns can be de­tected by injecting another fluid of lower viscosity, immiscible, into a viscous liquid. The loss of interface stability results in the formation of finger-like shapes, unstable fronts, or detached fluid islands [20]. The phenomenon was first studied and noted by Hill [21], and then Taylor and Saffman explored the arrangement, in which a higher viscosity fluid is located above a lower viscosity fluid in a water-oil and glycerin- oil system from both experimental and theoretical points of view [22]. When examining the deformation of a surface due to a difference in vis­cosity, it has been found that there is a critical value for the wavelength of the resulting pattern and at smaller values, the surface tension is still able to stabilize the shape of the pattern. Numerical simulations pro­vide an opportunity for theoretical modelling of the patterns resulting from viscosity change [23], which is being integrated into reservoir en­gineering tasks. Therefore, it can be concluded that the most detailed physicochemical characterization of the fluid to be injected during polymer flooding can help to run more accurate numerical simulations and thus, to design the correct fluid technology plan. Among the first at­tempts for simulation of viscous fingering in porous media, in the pio­neering work of Peaceman and Rachford [24], partial differential equa­tions illustrating miscible displacement of fluids in porous media were derived.The salinity of water present in oil reservoirs is another important challenge to tackle during polymer flooding [25,26]. Accordingly, opti­mization of the flow behavior of polymer solutions in heavy oil tanks in the presence of electrolytes, whose concentration can be extremely high, is challenging due to the lack of comprehensive experimental data on the viscoelastic properties of polymers recorded at relevant condi­tions [27]. Moreover, the EOR efficiency of the displacing medium is highly dependent on the colloidal stability of the surfactant-polymer systems, which is sensitive to the solution environment such as pH, tem­perature, and salinity. Therefore, the oil industry has shown great inter­est in the maintenance of ideal polymer selection and stability in a wide range of total dissolved solids [28-30]. Salinity also influences the non­Newtonian shear-dependent in-situ rheology of polymer solutions through the impact on polymer injectivity under reservoir conditions. The main challenge that faces prognostication of polymer injectivity in field applications is the non-Newtonian characteristics of polymer solu­tions [17,26], which may indicate complex behavior including shear­thickening at high flow rates in addition to the typical shear-thinning character at low rates. Precise and detailed modelling of these phenom­ena is crucial to perform, as it provides a deeper understanding of fluid distribution in the reservoir before polymer flooding.Therefore, in the present paper, the solution characteristics of a FLOPAAM 3630S polymer were systematically investigated by rheol­ogy and light scattering techniques in a wide range of polymer concen­trations and salinity. FLOPAAM is a series of partially hydrolyzed poly­acrylamides along with SUPERPUSHER and FLOCOMB, which are wa­ter-soluble co- and ter-polymers frequently used in EOR flooding appli­cations. The advantages of applying FLOPAAM polymers include their low cost and high molecular weight [31]. The polyacrylamide derivate used in this study is a commercially available liquid thickener and its salinity-dependent viscoelastic properties were not studied in the past in detail. The present results contribute to the design of an improved polymer solution composition under the desired EOR conditions.

2. Experimental

2.1. MaterialsPartially hydrolyzed polyacrylamide (FLOPAAM 3630S, SNF Flo- erger) was received from MOL Plc and NaCl was purchased from VWR (Debrecen, Hungary). For FLOPAAM 3630S, the manufacturer reported an average molecular mass of 2 x 107 g/mol and 30% anionic charge. All reagents were used without further purification. Ultrapure water was produced with a VWR Puranity TU + device for all sample prepa­rations. Salt solutions were filtered with a 0.1 mm PVDF syringe filter purchased from Millex (Budapest, Hungary). The measurements were performed at (25.0 ± 0.1) oC.
2.2. Methods

2.2.1. Preparation of polymer solutionsA stock FLOPAAM 3630S solution (500 mL) was prepared at a con­centration of 5 g/L by dissolving the solid polymer samples in the water while stirring for at least 12 h under a nitrogen atmosphere. To prepare the samples containing electrolytes, the calculated mass of solid NaCl was placed in a 100 mL volumetric flask and then, ultrapure water was added to the crystalline material until complete dissolution. Thereafter, 20 mL of polymer stock solution was added using a plunger glass pipette. The volumetric flask was then filled with ultrapure water and the solution was stirred for at least 12 h to homogenize the sample.
2.2.2. Rheological investigation of polymer samplesThe shear and oscillatory rheology measurements were carried out via a stress-controlled rheometer (MCR 302, Anton Paar) fitted with double gap, concentric cylinder geometry (CC27-SN12793) and pres­sure cell [32]. Controlled shear stress tests were conducted by varying the shear rate. Rheological studies are carried out at six different condi­tions of ionic strength (from 0.462 to 4620 mM adjusted with NaCl) at constant temperature (25 °C) and atmospheric pressure. After loading, the samples were held for 5 min at the test temperature before measure­ments to allow stress relaxation and temperature equilibration. During the rotational tests, a range of shear rate (y) from 1 to 1000 s-1 was ap­plied, while shear stress (r) and apparent viscosity ('l) were recorded at different / values. The data were collected by Anton Paar RheoCompass software. The primary experimental data from the flow curves were an­alyzed using the Herschel-Bulkley model [33]:
T = *0+kf (1)where ro is the yield point, which gives the minimum shear required for the liquid to flow, n is the flow index and k is the consistency index or apparent viscosity that characterizes the resistance of the system against the flow. In the case of a Newtonian fluid, the value of n is near to unity, ro can be determined from the intersection of the extrapolated linear region of the flow curves and k can be derived from the slope of this linear section. When n<\, the Herschel-Bulkley fluid behaves as shear-thinning, whereas if «>1, as shear-thickening material. In addi­tion to the Bingham model [34], the Carreau-Yasuda equation [35] was used to fit the viscosity curves for the shear-thinning polymer solutions:
>! = ri<x, + (>!(i-ri!x,)[i+W)a]‘'" 'y<J (2)This model contains five adjustable parameters (a,ri0, A,«) to fit the model to experimental data (1 as a function of y). At low shear rates in polymeric systems (both melts and solutions), the apparent viscosity approaches a Newtonian plateau, where n is independent of f, referred to as zero-shear viscosity po). Furthermore, polymer solutions also ex­hibit a similar plateau at very high y values leading to the so-called infi­nite shear viscosity (’too). The relaxation time (A) is the time associated with large-scale microscopic motions in the structure of the polymer.



Z. Vargdne Arok et al / Journal of Molecular Liquids xxx (xxxx) 122192 3Besides these parameters, the Carreau-Yasuda model contains two con­stants, namely, the power-law index, where «<1 that characterizes the degree of shear-thinning of the model and the constant a that sets the size and curvature of the crossover region between the Newtonian and shear-thinning behavior.The gel-like samples were subjected to periodic oscillation in ampli­tude frequency sweep tests to evaluate the dependence of the viscoelas­tic parameters, such as the elastic and viscous moduli, upon a change in the frequency. In dynamic measurements, the sample is subjected to a sinusoidal shear strain (/) as:/ = /0 sin (cot) (3)where /o is the shear strain amplitude, co is the oscillation frequency, which can be also expressed as 2n multiplied by the frequency in Hz, and t is the time. The mechanical response, expressed as r of the vis­coelastic materials, is intermediate between an ideal elastic solid (obey­ing Hooke’s law) and an ideal viscous fluid (obeying Newton’s law) and therefore, it is out of phase concerning the imposed deformation as ex­pressed by:
t = G' (co) /0 sin (air) + G" (co) y0 cos (cot) (4)where G' is the shear storage modulus or elastic modulus, and G" is the shear loss modulus or viscous modulus. The elastic modulus de­scribes the capability of the sample to return to the initial configuration after the deformation. The ratio between these moduli is expressed by the loss factor (tan S) as [35]:

chtan <5 = — (5)
where 5 is the phase angle, which is equal to 90° for an ideal viscous fluid, 0° for an ideal elastic material, and o°<5<9O0 for viscoelastic ma­terials. Dynamic viscoelastic measurements of the hydrogel samples were carried out with a strain sweep (0.01-100%) at a fixed frequency of 10 Hz. The G' and G" as a function of / were continuously deter­mined during the test. Based on the shape of these functions the flow point (ri>) and cross-over point (Gap) of the viscoelastic fluids were evaluated by the above-mentioned rheological software.Primary experimental and fitted data from rotational and oscillatory measurements are presented in the Supplementary data (SD) in Table S1, Fig. S1 and Fig. S2.

2.2.3. 3D cross-correlation light scattering measurementsThe basis of dynamic light scattering (DLS) experiments for nano­sized objects is based on the Brownian motion and the scattered inten­sity is plotted as a function of time and the autocorrelation function is analyzed to determine diffusion coefficient and to relate their values to hydrodynamic diameter via the Stokes-Einstein equation [36,37]. While in a conventional DLS test, multi-scattering events can sharply af­fect the results, a 3D cross-correlation experiment eliminates multiple scattering during the measurement and considers individual single scat­tering events [38]. This can be implemented by using two laser beams that impact the analyzed spot and two high-speed detectors. Thereby, translucent, and turbid samples can be measured even at a high concen­tration of dispersed material and the need for dilution tests to obtain re­liable results is drastically lowered. Based on this practical solution, time-dependent behavior, such as particle-particle interactions or growth of agglomerates can directly be observed at high concentrations of the scattering objects.For 3D DLS in the present work, the measurements were performed on a LS spectrometer (LS Instruments) that implements the 3D cross-correlation technology, mentioned above. The device is equipped with a 660 nm Cobolt laser with a maximum power of 100 mW and two detectors. The scattering angle was set to 90° and the data were recorded at 20 °C. Data analysis was performed using the CORENN al­gorithm (LS Instruments).
2.2.4. Electrophoretic light scattering measurementsThe electrophoretic light scattering measurements were performed on a Litesizer 500 device (Anton Paar) using a 40 mW semiconductor laser operating at a 658 nm wavelength. The samples for this type of light scattering measurements were prepared in the same way as de­tailed in chapter 2.2.1. The polymer solutions were allowed to stand for 2 h at room temperature before filling in 700 ^L omega-shaped plastic cuvettes (Anton Paar). The reported records are the average of the re­sults of five individual measurements. The obtained electrophoretic mobility data were converted to zeta potentials based on the Smolu- chowski equation [39].
3. Results and discussion

3.1. Rotational rheology of FLOPAAM 3630STo examine the flow behavior of the polymer solutions studied, rota­tional tests were performed first. The flow curve recorded for the aque­ous FLOPAAM 3630S polymer solution of 1.0 g/L concentration (Fig. 1) 

Fig. 1. Flow curves (shear stress versus shear rate) of 1.0 g/L FLOPAAM 3630S polymer dissolved in deionized water (empty circles) and 270 g/L NaCl solution (empty triangles) in log-log (A) and Bingham (B) representation. The filled symbols refer to the viscosity values at different shear rates. The viscosity and flow curves were fitted by the Carreau-Yasuda (A) and Herschel-Bulkley (B) equations and these fits are shown with solid lines.



4 Z. Vargáné Árok et al. / Journal of Molecular Liquids xxx (xxxx) 122192exemplifies the middle transition region of the three characteristic shear rate ranges of the Carreau model, which corresponds to the real (more accurately measurable) experimental region.Based on the mathematical formula proposed by Carreau and Ya­suda [13], the rheological material studied can be characterized by the viscosity function outlined in Fig. 1A. At low shear rates, the behavior of the Carreau fluid corresponding to the model is in line with a New­tonian fluid provided the viscosity is constant at zero-shear. In the inter­mediate or transient shear rate region, pseudo-plastic («<1), Newtonian 
(n = 1) and dilatant or otherwise shear-thickening (n> 1) behaviors are possible (equation (2)), depending on the degree of viscosity shear de­pendence determined by the Ostwald-de Waele power law appearance [40]. At high shear rates, the Carreau fluid is again characterized by a Newtonian viscosity of magnitude different from the zero-shear viscos­ity corresponding to the shear dependence (n) of the viscosity [10,41].To facilitate the handling of experimental data from rheological measurements, a spreadsheet-based evaluation routine was developed for modelling the results of rotational rheological measurements with the Carreau-Yasuda model (grey continuous lines in Fig. 1. A). The spreadsheet routine can determine the infinite-shear viscosity ('?<») and the zero-shear viscosity po) and the value of the shear dependence (») of the viscosity. To calculate the standard deviations of the above­mentioned parameters, the resampling “jackknife” procedure was ap­plied using spreadsheet software [42]. In the case of the aqueous solu­tion of FLOPAAM 3630S polymer at a concentration of 1.0 g/L (Fig. 1), the viscosity shear dependence was found to be n = 0.380 ± 0.002 and it is characterized by = 1.94 ± 0.10 mPas and 
io = 412.5 ± 1.7 mPas zero-shear viscosity. These values changed to 0.912 ± 0.031, 4.31 ± 0.18 mPas and 35.5 ± 2.0 mPas, respectively, in the salt solution containing 270 g/L NaCl. Considering these results, one can conclude that such an extremely high salt concentration radi­cally changes the rheological properties of the investigated polymer so­lution. The deviation in the rheological parameters may originate from the change in the structural coherence of the polymer chains and the corresponding gelation of the samples, as discussed later. Such a gela­tion may occur through hydrophobic intermolecular interactions. To further address this issue a systematic assessment of the flow properties was carried out as follows.
3.2. Effect of salinity on the flow properties of FLOPAAM 3630SThe flow curves of the FLOPAAM 3630S were recorded in the NaCl concentration range of 0-270 g-/L. Although the Carreau-Yasuda rela­tionship gives an excellent description of the flow properties of polymer solutions, the evaluation of a large amount of measurement data be­came necessary to describe the relationship between flow curves with less fitting parameters. Therefore, the Herschel-Bulkley model (equa­tion (1)) was used, as this model is suitable for the investigation of both 

pseudoplastic and Newtonian fluids [33]. The recorded flow curves are shown in Fig. S1 (in SD), while the salinity-dependent yield point, flow index and apparent viscosity values are presented in Fig. 2.The yield point (Fig. 2A) and apparent viscosity (Fig. 2C) values de­creased (although the former one only until the highest salt level), and the flow indices (Fig. 2B) increased with increasing salt concentration (see also Table S1 for the data). This indicates that the intermolecular interactions between the polymer chains as well as the structural co­herency weaken as the salinity increases in the samples. For instance, the decrease in the apparent viscosity reveals that the resistance of the polymer solution to flow is significantly reduced at high ionic strengths, which condition can be found also in the oil storage reservoir environ­ment [25-27]. On the other hand, the trend in the flow index data points to pseudoplastic behavior up to about 10 g/L NaCl concentration and then reaching finally dilatant or shear-thickening condition indi­cated by the flow index around unity in the most concentrated salt solu­tion. Based on this observation, it can be concluded that the flow behav­ior is mainly influenced by the change in the conformation, i.e., the sol­vation state of the polymer, while the value of a flow index greater than one indicates the formation of a dispersive rheological object consisting of particles instead of a coherent colloidal system at elevated salinity. Concerning the increase of the yield point at the highest salt concentra­tion, one can explain it with the findings of a recent report on the in­crease of electrostatic screening length in concentrated electrolytes [43]. Accordingly, it was observed that the Debye length in dilute elec­trolytes follows the expected trend, i.e., it decreases with the ionic strength, as predicted by the Debye-Hückel theory. However, at higher salt concentrations, when the Debye length becomes comparable to the size of molecules, this theory is no longer applicable. Instead, the effects of ion size and ion-ion correlations become significant in this regime, leading to an anomaly that deviates from classical approaches and for instance, influences the extent of inter and intramolecular hydrophobic interactions.
3.3. Oscillatory rheological measurementsTo confirm the results obtained with the above analysis of the flow curves and for a more detailed understanding of the salinity-dependent rheological features of the polymer, oscillation measurements were per­formed. The results of the amplitude sweep tests performed without added salt and in the case of the highest salt concentration (270 g-/L) are shown in Fig. 3A.Typical viscoelastic behavior [44,45] was observed without adding NaCl. Accordingly, the storage modulus (G"), which is the measure of the sample's elastic behavior, was larger by several orders of magnitude than the values of the loss modulus (G'). Moreover, both moduli remain constant within the experimental error indicating that the linear vis­coelastic region (LVE) covers the whole investigated deformation re-

Fig. 2. Yield point (A), flow index (B) and apparent viscosity (C) of aqueous FLOPAAM 3630S polymer solutions at different NaCl concentrations determined by fit­ting the flow curves with the Herschel-Bulkley model (equation (1)). The continuous red lines are eye guides. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Amplitude sweep test of FLOPAAM 3630S in water and 270 g/L salt solution at 1 g/L polymer concentration at 1-100 shear deformation and 10 Hz oscilla­tion frequency (A). Storage (G'') and loss (G') moduli of the polymer solutions as a function of NaCl concentration (B). The polymer concentration was 1 g/L in all samples. The continuous lines serve to guide the eyes.
gion. In contrast, at high salt concentrations, such a viscoelastic prop­erty disappears, and the values of storage and loss moduli are nearly the same. These results also shed light on the fact that the coherent (or gel­like) structure of FLOPAAM3630 collapses upon salt addition.To further quantify the coherent-incoherent structure transition, the mean values of the storage and loss moduli (Fig. 3B) were determined by amplitude sweep tests at various NaCl concentrations (Fig. S2 in SD). Although these parameters are nearly constant in the LVE range, the standard deviation of their average value can also be significant due to the unique properties of the samples and the measurement conditions. Accordingly, storage and loss moduli with a small standard error were determined at low and high salt concentrations, while the data were more uncertain in the coherent-incoherent transition regime, which was located between 0.5 and 2.0 g/L salt NaCl concentration. These re­sults indicate that the rheological features of the FLOPAAM 3630S solu­tions dramatically change from viscoelastic to simple viscous behavior in this intermediate salinity regime, which is relevant to salinities exist­ing in oil reservoirs [46,47].

3.4. Structural assessment of FLOPAAM 3630S solutionsLight scattering techniques are powerful tools to investigate the structural features of polymer solutions [48-50]. However, finding the optimal conditions is challenging, since low polymer concentration leads to insufficient scattering signal, while multiple scattering events affect the measurements at high concentrations, e.g., in turbid samples [51]. The 3D cross-correlation technique [38] allowed to perform DLS experiments to assess the influence of the structural coherency of FLOPAAM 3630S on the correlation function at 1 g/L concentration, at which reliable DLS measurements could not be performed with conven­tional DLS instruments applying autocorrelation of the intensity of the scattered light. The intensity correlation functions obtained with the 3D cross-correlation technique for the FLOPAAM 3630S solutions at low (0.27 g/L) and high (270 g/L) NaCl concentrations are presented in Fig. 4. The striking difference between the samples measured at low (Fig. 4A) and high (Fig. 4B) NaCl concentrations is the tendency in the decay of the correlation function. While it follows the expected exponential decay [52] at elevated salinity, non-ergodic behavior indicating the for­mation of polymeric gels, whose density fluctuations are partially

Fig. 4. 3D cross-correlation functions recorded with DLS using 1 g/L FLOPAAM 3630S polymer solutions in low (A, 0.27 g/L) and high (B, 270 g/L) salinity samples.
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NaCI Concentration (g/L) NaCI Concentration (g/L)

Fig. 5. The effect of salinity on the electrophoretic mobilities and zeta potentials of FLOPAAM 3630S polymer in NaCl solutions (A). Variation of the dimension­less loss factor (equation (5)) determined for FLOPAAM 3630S as a function of NaCl concentration (B). The polymer concentration was 1 g/L and the solid lines serve to guide the eyes.
frozen due to intermolecular interactions through hydrophobic forces [53] was observed at low NaCl concentration. These findings clearly support the conclusions of the rheological studies, i.e., structural co­herency disappears at high salt levels and the forming macromolecular solution yields typical exponential decay of the correlation function due to the lack of strong interactions between the polymer chains and ab­sence of gel formation.
3.5. Charge-structure relationshipThe nature of the intermolecular interactions, i.e., the origin of the possible intermolecular forces, was studied in electrophoretic light scat­tering measurements. Accordingly, electrophoretic mobilities were de­termined at different ionic strengths and converted to zeta potentials [39]. The data are shown in Fig. 5A.Based on the rheological and light scattering studies' findings, the salt concentration variation leads to the formation of two substantially different colloidal systems. At low salt concentrations, the coherent gel structure is characterized by high negative zeta potential, and then with increasing electrolyte concentration, the potential increases. Moreover, such a tendency can be divided into 2 regions since a sudden increase occurred around 0.5 g/L NaCl concentration, while a linear change in the data was found below and above this value, at which the start of the disappearance of coherent FLOPAAM 3630S structure was detected in the rheology measurements. This can be clearly noticed by the evalua­tion of the loss factor data (Fig. 5B) indicating the significant loss in the coherency in this NaCl concentration regime. In other words, the gel­like system is characterized by a low loss factor value, where <5 is be­tween 0° and 45, in contrast to higher salt conditions leading to the breakdown of the coherent structure. Here, the individual flow units are characterized by a larger loss factor indicating the appearance of a fluid state, where <5 is between 45° and 90°.It is evident from the above results that the electrophoretic behavior of the gel-like state is rather different from the macromolecular solu­tions, the magnitude of FLOPAAM 3630S charge is higher at low salini­ties. This is due to the dual effect of charge screening [54] and counte­rion condensations [55] into the polymeric structure. The latter one is especially favorable since a significant amount of sodium ions can be accommodated into the gel-like structure, while the outer part can be still highly charged. However, once individual polymer chains are pre­sent in the solutions, the charge screening effects are more pronounced giving rise to lower electrophoretic mobility and zeta potential values. Apart from such electrostatic interactions between salt constituents and

FLOPAAM 3630S, intermolecular hydrophobic interactions may also occur, but their occurrence becomes rarer by increasing the salt level. Besides, intramolecular hydrophobic interactions are favorable once electrostatic forces are screened at intermediate salt levels, at which the classical Debye-Hückel theory is applicable to describe the electrostatic screening length [43], while its increase in concentrated electrolytes may lead to different conformation of the polymer chains and thus, to change in the physicochemical parameters of the solutions. However, no direct experimental evidence for the presence of hydrophobic inter­actions could be obtained from the present data.
4. ConclusionsPartially hydrolyzed acrylamides are widely used in EOR processes, while the salinity level of the reservoirs greatly influences the sweeping efficiency of such polymers. Based on the results of rheology, light scat­tering, and electrophoretic experiments, it was concluded that FLOPAAM 3630S forms gel-like structures in low salinity samples, while the coherency decreases by increasing the salt concentrations. The threshold value for the transition is between 0.5 and 2 g/L NaCl concentration. A striking change was observed in the zeta potentials, DLS correlation functions and rheological parameters (e.g., flow index, apparent viscosity, and loss factor) by increasing the salt level and the change was even more remarkable in the above salinity regime. Electro­static salt constituent-polymer interactions play a crucial role in the for­mation and disappearance of the gel-like structure, while hydrophobic interactions may also occur at certain salinities. These findings provide important insights into the structure-rheology relation of an EOR poly­mer, which can be useful in the design of polymer flooding systems to be applied in oil reservoirs of various salt levels since the sweep effi­ciency can be predicted based on the rheological and structural features under different reservoir conditions.
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