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ABSTRACT: Polymers are widely applied in enhanced oil
recovery (EOR) utilizing the increased viscosity to sweep oil
residuals from reservoirs, and thus, various types of polymers are
available in the market. The salinity of the oil reservoirs is a key
question in EOR processes since the chemical composition and
concentration of salts in the underground water highly affect the
viscoelastic properties of the EOR polymers. Here, four types of
commercially available polymers containing AAM, AAC, and
AMPS and hydrophilic monomers were studied, considering
rheology, size, and charge features in aqueous solutions. The
salinity-dependent coherent−incoherent (gel−sol) structural tran-
sitions were characterized by the transition salt concentration
(TSC) values, which were sensitive to the valence of the
counterions in the systems. The TSC data were also dependent on the rheology setup (rotational or oscillation), indicating the
importance of the flow conditions in the oil reservoirs. The obtained data revealed that kosmotrope ions such as Ca2+ are efficient in
stabilizing the sol, i.e., macromolecular solution, state in contrast to chaotrope ions like Na+, whose presence led to higher TSC
values. Other polymer−counterion interactions such as ion binding and charge screening also play crucial roles in the structure
formation, size, and charge features of the polymers. The reported data are important to choose polymer solutions for EOR
applications in reservoirs of different salinities.

1. INTRODUCTION
The world’s economy still strongly relies on existing oil
resources, and efficient recovery is the subject of academic and
engineering research activities, as indicated by recent re-
views.1−3 In many reservoirs, a significant amount of crude oil
remains after water flooding, which can be exploited during
enhanced oil recovery (EOR) including processes using
various chemicals such as polymers,4,5 surfactants,2,6 or other
substances.7,8 Besides chemical-based EOR, various physical
methods such as gas injection3 or heat treatment9 have also
proven to be successful in the tertiary recovery of oil residuals.
Regarding polymer flooding, natural10 and synthetic11

macromolecules are both potential candidates in EOR, alone
or together with additives.12,13 For instance, during surfactant−
polymer flooding, the amphiphilic molecules gradually
decrease the surface tension, and the improved displacing
effect and mobility ratio induced by the polymer lead to an
increased sweep efficiency.14,15 The main requirements for
EOR polymers include an optimal molecular weight range,
filterability and stability, parameters that are responsible for the
solution structure, and subsequent rheological features, as well
as durability under the experimental conditions present in the
reservoir. As frequently used EOR polymers, partially hydro-
lyzed polyacrylamides showed good efficiency in tertiary
recovery processes, while such an efficiency remarkably

decreased at extreme environmental conditions, e.g., at high
salinity or elevated temperature.16 These facts prompted the
idea to use novel polymers showing considerable resistance in
their viscosity and transport processes in porous media against
changes in salinity and temperature.17

It is evident that the viscoelastic properties of the polymers
highly influence their applicability in EOR technologies, and
these features must be tuned according to the experimental
conditions in the reservoirs. In general, polymer chains
assemble in coherent structures (gel) at a high concentration
and low salinity due to the intermolecular interactions of
hydrophobic, electrostatic, or hydrogen bonding origin.16,18

Such an interconnected gel-like structure gives rise to
improved viscosity and sweep efficiency. Nevertheless, elevated
salt levels and the presence of multivalent ions often induce the
collapse of coherency, and thus, macromolecular solutions
(sol) containing individual, separated polymer chains form.17
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Such a sol−gel transition depends not only on the salinity and
polymer concentration but also on other factors like temper-
ature, chemical composition, and porosity of the oil reservoir,
while it can be tuned by additives including surfactants,15,19

solid particles,20−23 or other surface active compounds.8,12 It is
obvious from these facts that a direct comparison of the
efficiency of EOR polymers can be given only under the same
reservoir conditions due to the sensitivity of the sol−gel
transition process to environmental factors.2,16

The role of the ionic environment present in the reservoirs is
of particular importance since ion-specific effects are
responsible for the structural and physicochemical properties
of polymer or polymer−surfactant solutions.24 The effect of
the chemical composition of the electrolyte on the structure of
polymers (or their charged version called polyelectrolytes) has
already been reported in the past and was explained with the
Hofmeister series of ions.25−27 Accordingly, the presence of
kosmotropes (or water-structure-forming ions) stabilizes the
conformation of well-hydrated polymeric chains, while chaot-
ropes (or water-structure-breaking ions) disturb the hydrogen
bonding pattern in polymer solutions and, hence, lead to the
unfolding of the macromolecules.28 Despite its clear
importance, such an ion-specific effect induced by dissolved
salt constituents has rarely been studied and compared for
EOR polymers.
Therefore, the present work aims at the comprehensive

investigation of the structural, rheological, and charging
features of EOR polymers including poly(acrylamide-co-acrylic
acid) (AAM-AAC), poly(acrylamide-co-acrylamido-methylpro-
panesulfonic acid) (AAM-AMPS), their combination (AAM-
AAC-AMPS, see Scheme 1), and an associative polymer
(AAM-AAC-RR) in salt solutions. The salinity level, chemical
composition, and valence of the electrolytes were varied in a
wide range to explore possible effects on the solution and
viscoelastic properties. Rotational and oscillatory rheology as
well as light scattering techniques were applied to obtain
insights into the sol−gel transition phenomenon of the

polymers. The results are useful in the selection of EOR
polymers for oil recovery processes in reservoirs of known
salinity, i.e., where the salt concentrations and compositions
were determined prior to chemical EOR process design.

2. EXPERIMENTAL SECTION
2.1. Materials. The polymers with polyacrylamide backbones

[Flopaam 3330 S (F3330S), reported molar mass of 8000 kDa;
Flopaam AN 125 SH (FAN125SH), 8000 kDa; Superpusher B 192
(SB192), 10,000 MDa; and Flopaam 5205 VHM (F5205VHM),
13,000 Da] were received from SNF Group through MOL Plc.
Chemicals such as NaCl, KCl, CaCl2, and MgCl2 were purchased
from VWR and used without purification.
2.2. Sample Preparation. Ultrapure water produced with an

ADRONA B30 device was used to prepare the solutions. The dust
contamination was eliminated from the electrolyte solutions by
filtration using a 0.1 μm PVDF filter (Millex). In general, a calculated
amount of polymer powder was added to water or to the desired salt
solutions to reach a 5 g/L polymer concentration in the stock
samples, which were stirred overnight using a magnetic stirrer.
Dilution series were prepared from the above stocks by taking
calculated amounts from the most concentrated saline polymer
solution and diluting them with a solution containing ultrapure water
and the polymer in 1 g/L concentration. The salt concentration in the
final samples was in the range of 0.03−270 g/L, and a change in
salinity did not affect the solubility of the polymers. The sample
preparation procedure and all measurements were performed at 25
°C.
2.3. Rheology Investigation. Oscillation and rotational rheology

experiments were carried out with an Anton Paar MCR 302 device by
applying a thermostated double-gap geometry. The experimental
details and protocols are described elsewhere.18

2.4. Electrophoresis. To assess the charge features of the
polymers in electrolyte solutions, the phase analysis light scattering
method was used (Litesizer 500, Anton Paar) using the Univette
accessory. The zeta potentials (ζ) were calculated from the
electrophoretic mobility (u) data using the Smoluchowski model as29

u / r 0= (1)

Scheme 1. Chemical Structures of the Monomeric Units in the AAM-AAC, AAM-AMPS, AAM-AAC-RR, and AAM-AAC-AMPS
EOR Polymers Investigated in the Present Worka

aAAM, AAC, and AMPS indicate acrylamide, acrylic acid, and 2-acrylamido-2-methylpropane sulfonic acid monomers, respectively. RR means
hydrophobic segments, while R1 and R2 mark different kinds of hydrophobic blocks. The principle of the sol−gel transition process is also
indicated.
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where εrε0 is the permittivity and η is the dynamic viscosity of the
medium. The reported zeta potential data represent the average of five
independent measurements. Note that zeta potential measurements
were performed only up to 27 g/L salt concentrations to avoid
polarization of the electrodes and Joule heating.
2.5. Dynamic Light Scattering. The polymer size (hydro-

dynamic radius, Rh) was determined using the recently developed
modulated 3D cross-correlation dynamic light scattering (DLS)
technique30 to avoid multiple scattering events in concentrated
samples. The measurements were carried out with an LS spectrometer
(LS Instruments). The correlation function was collected at a 90°
scattering angle and fitted with the COREEN algorithm. The diffusion
coefficient (D) was calculated from the decay rate of the correlation
(Γ) as follows31

D q/ 2= (2)

where q refers to the numerical value of the scattering vector. D was
converted to Rh with the Stokes−Einstein relation as32

R k T D/6h B= (3)

where kB is the Boltzmann constant and T is the temperature. The
reported values are the means of five DLS measurements.

3. RESULTS AND DISCUSSION
3.1. General Remarks on the EOR Polymers. Four types

of EOR polymers were studied in the present work. First, the
F3330S copolymer contains AAM and AAC monomers with
25−30 mol % iconicity, which refers to the deprotonated
carboxylic groups of AAC monomers. Second, FAN125SH
consists of uncharged and charged monomers, AAM and
AMPS, respectively. The deprotonation of the latter one leads
to a 25 mol % ionic content. Third, F5205VHM is of complex
structure as all three (AAM, AAC, and AMPS) above-
mentioned monomers are present in the chain, leading to an
iconicity of 25 mol % due to the ionization of carboxylic and
sulfonic groups at appropriate pH values. Fourth, among the

AAM units, SB192 contains other uncharged monomers of
hydrophobic alkyl chains, while the 10−15 mol % line charge
originates from the deprotonation of carboxylic groups in
AAC. In the latter polymer, the hydrophobic segments were
reported to play a critical role in the salt resistance of the
rheological features.33 Note that all of these macromolecules
can be considered polyelectrolytes owing to their significant
line charge density.
3.2. Effect of Salts on the Polymer Flow. Rotational

rheology was used to explore the flow properties of the four
polymers (F3330S, FAN125SH, SB192, and F5205VHM).
First, the flow curves (Figure S1 in the Supporting
Information) were recorded to measure shear stress (τ) data.
The samples were also measured from 1000 to 1 s−1, but
hysteresis was not observed. In general, nonlinear shapes of the
flow curves were observed for each type of polymer at low
salinity, which indicates pseudoplastic flow properties and,
subsequently, the formation of a coherent (gel) structure.34

Besides, the linear shear rate versus shear stress relation at
higher salt levels indicates the existence of Newtonian behavior
and the presence of macromolecular solutions (sol) without
significant interaction between the polymer chains.18 This
generic tendency, i.e., gel−sol transition by increasing the
salinity, was independent of the type of polymers and salts and
has been reported earlier for charged polymers used in EOR
processes.10,16,17 The mechanism underlying this phenomenon
involves charge screening,35 ion pairing,36 and condensation37

involving the dissolved salt constituents, especially the
counterions, which are the cations in this case.
To compare the gel−sol transition of the polymers of

different backbones and functional groups in a more
quantitative manner, the flow curves were analyzed with the
Herschel−Bulkley equation as38

Figure 1. Apparent viscosity data (eq 4) for the F3330S, FAN125SH, F5205VHM, and SB192 polymers in NaCl, KCl, CaCl2, and MgCl2 solutions
of different concentrations. The solid lines guide the eyes.
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k n
0= + (4)

where τ0 is the yield stress and equal to the minimum shear of
the irreversible plastic deformation, n refers to the flow
number, and k is the apparent viscosity, which is related to the
resistance of the polymer solution against the flow. These data
were found to be sensitive to the gel−sol transitions of
polymers.18,39 The ones determined in this study are shown in
Figure 1 (apparent viscosity) and Figure S2 (yield stress and
flow number).
Note that the increase in the flow number indicates the gel−

sol transition, while this process leads to a decrease in the yield
stress and apparent viscosity data. It was found that the change
in the latter parameter is more appropriate to determine the
transition salt concentration (TSC), which separates the salt
regimes in which coherent (gel) or incoherent (sol) structures
form. The data in these regions were fitted with linear
regressions, and the cross points yielded the TSC values, as
represented by an example in Figure S3. The TSC data
determined in all polymer-salt solutions on the basis of the salt
concentration dependence of the magnitude of the apparent
viscosities are shown in Figure 2. Note that the TSC data
determined from the other two Herschel−Bulkley parameters
(Figure S2) also followed the same tendency.

The results in Figure 2 indicate that the TSC values were
always higher in monovalent salts than those in the presence of
multivalent cations. Such a difference was more pronounced
for F3330S and FAN125SH compared to 5205VHM and
SB192, which have a more complex structure. The Hofmeister
series of cations for negatively charged polymeric compounds
predicts the following order in terms of stabilization of
individual chains27,40,41

N(CH ) NH Cs Rb K Na Li Mg Ca3 4 4
2 2< < < < < < < <+ + + + + + + + +

The above order defines ions on the right side as
kosmotropes, which stabilize the conformation of well-
hydrated polymeric chains, while the left-hand side ones are
the chaotropes with water-structure-breaking ability, i.e., they
tend to disturb the hydrogen network and, subsequently,
destabilize polymers or polyelectrolytes in solution. Accord-
ingly, in the presence of Ca2+ and Mg2+ ions, the polymers
form a solution of individual chains (sol) already at lower salt
concentrations, while Na+ and K+ cations did not affect the
coherent (gel) structure at such a low salinity. The data
presented are in line with this explanation since the TSC values

are lower for the divalent counterions and higher for the
monovalent ones. Moreover, the TSC data for Mg2+ ions are
always slightly higher than those for Ca2+, in line with the
Hofmeister series. Nevertheless, no unambiguous trend was
observed with the monovalent cations. Obviously, other
interactions than ion-specific effects may also act during
destabilization of the coherent structure by increasing the
salinity, and they involve electrostatic charge screening,35,42,43

for instance.
To further explore the flow features in the polymer-salt

solutions, oscillation rheology experiments were performed.
The viscoelastic properties and, hence, the gel−sol transitions
were characterized by the alteration of the shear storage
modulus (G′) and the shear loss modulus (G″), resulting in a
loss factor (tan δ)44

G Gtan /= (5)

The G′ value indicates the energy storage by the elastic
structure, while G″ indicates the energy dissipated in the
sample. Accordingly, if G′ and G″ are equal, the viscoelastic
property appears (gel), while they are different by orders of
magnitude in the case of macromolecular solutions (sol).
Therefore, their ratio, the loss factor, was found to be
appropriate to follow gel−sol transitions in the polymer
solutions studied (Figure 3). The value of the loss factor is
infinite in the case of viscous liquids and zero for elastic
samples. A substance is in the process of changing from a
liquid to a solid form if its loss factor is 1. The term “gel point”
refers to this transition point.
In all samples, loss factor values were close to unity at low

salt concentrations, indicating the coherent structures, and
they suddenly increased at higher salinity due to the formation
of the macromolecular solutions. Accordingly, the salt-induced
gel−sol transition could be clearly detected by these data, from
which the TSC values were also determined by fitting the
points with a mathematical function (see Figure S4 in the
Supporting Information). The TSC data determined from the
loss factor versus salt concentration data are shown in Figure
S5. There are two observations that deserve discussion. First,
the TSC values are at least a factor of 2 lower than the ones
determined in rotational rheology measurements. This could
be due to the sensitivity of the different techniques applied.
This issue may be addressed in a future study by combining
experimental and theoretical approaches. Second, the differ-
ences between the TSC measured for mono- and multivalent
ions are striking for FAN125SH and F5205VHM, while they
are moderate for SB192 and not unambiguous for F3330S.
These results indicate that TSC determination can be
performed by these techniques; however, the flow conditions
in the reservoir should also be considered prior to choosing the
method.
3.3. Hydrodynamic Size Assessment. The structural

aspects of the above gel−sol transition were further
investigated by measuring the hydrodynamic radius of the
polymers over a wide range of salt concentrations (Figure S6).
At salt levels below the TSC, where a coherent state of the
polymers is expected on the basis of the rheology results, the
DLS measurements were not reliable and reproducible.
Nevertheless, at salinity above the TSC, this problem was
not observed, and the hydrodynamic radius values were
determined with low experimental errors. To address this issue,
the intensity correlation functions were investigated, and it was
found that they do not follow the exponential decay at low salt

Figure 2. TSC data were determined in rotational rheology
measurements using the apparent viscosity data for all polymer-salt
systems studied.
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Figure 3. Loss factor data were determined from the loss and storage moduli (eq 5) for the F3330S, FAN125SH, SB192, and F5205VHM polymers
as a function of the salt (NaCl, KCl, CaCl2, and MgCl2) concentration. Lines are eye guides.

Figure 4. DLS intensity correlation function versus the lag time for the polymer (F3330S, FAN125SH, SB192, and F5205VHM) solutions below
(0.03 g/L, marked with empty circles) and above (54 g/L, marked with red circles) the TSC in NaCl solutions. The solid lines fit the CORENN
algorithm, and the symbols are the experimentally measured values.
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concentrations, but the tendencies rather confirm the presence
of a coherent structure45,46 with no individual macromolecular
chains. Besides, an exponential decay was observed at higher
salt levels, above the TSC (Figure 4), indicating the Brownian
motion31 of the individual polymer chains without significant
interactions between them.
These facts clearly confirm the gel−sol transition again by

increasing the salinity of the solutions. The hydrodynamic radii
determined at 54 g/L, above the TSC in all systems, are
compared in Figure 5.

The radii were always below 100 nm, as expected from
individual polymeric chains. For F3330S and FAN125SH, the
radii were slightly higher in the presence of Ca2+ ions, the
phenomenon of which was absent for F5205VHM and SB192
of more complex structures and higher molecular mass. Apart
from this observation, the type of other ions did not affect the
size of the polymers significantly, and the hydrodynamic radii
were very close to each other for the same polymer and
different salts. These findings indicate that ion-specific effects
on the size of individual macromolecules are not remarkable in
the systems studied. The increase in the values in the F3330S
or FAN125SH-Ca2+ systems can be explained by the
kosmotropic character of the divalent ion (see Hofmeister
series of cations above), which favors hydrogen bonding, i.e.,
hydration of the polymer, giving rise to higher hydrodynamic
radius values. The absence of this effect for the F5205VHM
and SB192 polymers can be likely explained by their high
molecular mass, at which the size is determined by other
factors such as intramolecular interactions between the
polymer segments.
3.4. Salinity-Dependent Charge Features. The zeta

potentials were measured at similar conditions as the
hydrodynamic size in the DLS study; nevertheless, the highest
salt concentration was always 27 g/L due to the limitations of
the instrument used. The full set of data is shown in Figure S7.
In all polymer-salt systems, the zeta potentials increased with
an increase in the salt concentration. The trends and the data
were very similar for the mono (KCl and NaCl) as well as the
divalent (CaCl2 and MgCl2) salts in the individual systems,
indicating that the valence of the counterions determines the
charge properties of the polymers. Such an effect of counterion
valence on the zeta potentials is striking, especially in the
intermediate salt concentration regimes, in which about 15 mV

differences were measured between the data determined for
mono- or divalent salts. Such a difference is due to the joint
effect of the charge correlation between the counterions and
the polymer charges,36 in addition to the higher ionic strength
in the multivalent salt solutions at the same total salt
concentrations. The latter condition gives rise to more
pronounced salt screening35,43 and thus lower magnitudes of
the zeta potentials, whose values measured below (0.03 g/L)
and above (27 g/L) the TSC are presented in Figure 6.

The electrophoretic measurements performed at a low salt
level, i.e., at conditions where rheology results indicated the
formation of the coherent structure, yielded highly negative
zeta potentials. Since the gel-like state gave rise to a relatively
high standard deviation of the data, no unambiguous
tendencies could be observed by changing the composition
of the salts. However, at a 27 g/L concentration, the zeta
potentials were always closer to zero for the multivalent ions,
as explained above with the polymer−ion interactions. The
origin of such a trend can also be discussed in terms of the
Hofmeister effect since the more kosmotropic divalent ions
possess higher affinity to the polymer chains, and hence, the
overall charge of the macromolecules becomes smaller in
magnitude. In other words, divalent ions are more effective in
charge screening due to ion-specific effects and also more
efficiently break the coherent structure by stabilizing the
macromolecular solution in the incoherent state.

4. CONCLUSIONS
In conclusion, the rheology, size, and charge properties of four
EOR polymer solutions were systematically investigated in salt
solutions of different ionic valences and concentrations. In
general, the polymers form coherent structures (gel) at low
salinity, while such a structure collapses and macromolecular
solution (sol) forms at the TSC, which is a characteristic salt
concentration for such a gel−sol transition. The main
parameter that influences the TSC values is the valence of
the counterions, and multivalent ions were found to be more
effective to stabilize polymer solutions due to their
kosmotropic nature, as predicted by the Hofmeister series of
cations developed for negatively charged macromolecules.
Applying different methodologies in rheology experiments
resulted in a systematic deviation of the TSC values. The
hydrodynamic size of the polymers was sensitive to the ionic

Figure 5. Hydrodynamic radius data for the F3330S, FAN125SH,
SB192, and F5205VHM polymers determined in salt (NaCl, KCl,
CaCl2, and MgCl2) solutions of 54 g/L concentration.

Figure 6. Zeta potential data for the F3330S, FAN125SH, SB192, and
F5205VHM polymers determined in salt (NaCl, KCl, CaCl2, and
MgCl2) solutions of 0.03 and 27 g/L concentrations.
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environment, especially in the case of F3330S and FAN125SH,
leading to the largest size obtained in the presence of structure-
making Ca2+ ions. The hydrodynamic radius of more complex
polymers such as F5205VHM and SB192 was less sensitive to
the type of ions present. Zeta potential data depended mostly
on the valence of counterions, and multivalent ions reduced
the charge of the polymers more effectively. The main
conclusion of the present study is that the structure, size,
and charge of the polymers depend on specific polymer−
counterion interactions including binding, screening, and
condensation by the dissolved salt constituent cations. Besides,
such ion-specific effects and the type of counterions play a very
important role in determining the solution features, even a
more pronounced one than the chemical composition of the
polymers. These findings are of importance in the selection of
the appropriate properties of macromolecules to be applied in
polymer flooding processes in reservoirs with known total
salinity, ionic composition, and flow conditions.
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