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ABSTRACT: Understanding the synergetic effects of wettability
alteration by low-salinity waterflooding and mobility control by
polymer flooding are important to assess the outcome of low-
salinity polymer flooding in sandstone reservoirs. Moreover,
investigating the interfacial chemical interactions within a
polymer−brine−sandstone rock system allows for further under-
standing of the mechanistic mechanisms that dictate hydrolyzed
polyacrylamide (HPAM) polymer’s viscosity and adsorption on the
sandstone surface. In this work, we utilize triple-layer surface
complexation modeling in combination with the Derjaguin−
Landau−Verwey−Overbeek (DLVO) theory to investigate the
HPAM polymer−brine and sandstone−brine interactions that
govern the polymer rheological properties. The ζ potential
predicted from the proposed triple-layer model was used to investigate how salinity, polymer concentration, and temperature
affect the viscosity of the HPAM polymer. We also propose the application of the novel concept of maximum energy barrier,
calculated from the DLVO theory’s interaction potential curve, as an indicator of polymer adsorption on the rock surface. Analysis
revealed that polymer solution viscosity and ζ potential are potentially inherently correlated. Moreover, analysis results showed that
the maximum energy barrier can indeed be used to predict the polymer adsorption on the rock surface. Analysis of the factors
controlling polymer adsorption using the maximum energy barrier concept led to the conclusion that higher brine salinity and lower
temperature result in higher polymer adsorption. This is explained by the reduction in the energy barrier when higher brine salinity
and lower temperature are encountered, which results in lower system stability leading to higher attraction between the polymer
chains and the rock surface.

1. INTRODUCTION
In recent years, the idea of combining low-salinity water-
flooding (LSWF) with other enhanced oil recovery (EOR)
methods has been explored. Many research studies were
conducted to evaluate the effectiveness of combining LSWF
with other methods such as polymer flooding, surfactant
flooding, gas injection, and hot waterflooding. This combina-
tion allows us to make use of the working mechanisms behind
LSWF such as wettability alteration in synergy with other EOR
mechanisms i.e., oil viscosity reduction, interfacial tension
(IFT) reduction, and mobility control.1−5 Mechanisms other
than wettability alteration have been used to explain the low-
salinity effect, such as fines migration, multicomponent ion
exchange (MIE), pH increase and alkali-like effect, oil
desorption, and electrical double-layer expansion among
other mechanisms,6−10 however, in this work wettability
alteration is assumed to be the main mechanism.
Combining low-salinity waterflooding with gas injection can

be conducted in different modes such as water alternating gas

(WAG) and simultaneous water alternating gas (SWAG).
Experimental studies show that LSWF coupled with gas
injection results in a reduction in oil viscosity due to better gas
solubility, leading to higher oil recovery in comparison with
continuous gas injection.1 Jiang et al.11 studied this synergetic
effect by injecting both LSW and miscible gas into a sandstone
core sample in a WAG mode using high-viscosity crude oil.
They found that the gas solubility in crude oil was enhanced
due to the LSW, which enhances the mobility ratio between
the displacing fluid and displaced fluid leading to improved oil
recovery. The same trend has been observed in other
experimental studies.12−14
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A low-salinity waterflooding and surfactant flooding hybrid
makes use of the wettability alteration mechanism of LSWF
and IFT reduction of surfactant flooding. Oil recovery
improvement due to the combined effect of low-salinity
water and surfactant flooding has been reported in
coreflooding experiments by Alameri et al.15 in oil-wet
carbonate core samples. Jha et al.16 observed that a
combination of low-salinity waterflooding, surfactant, and an
optimum concentration of nanoparticles resulted in a
significant improvement of oil recovery compared to low-
salinity surfactant flooding. Kumar et al.17 evaluated the use of
a novel nanofluid formulation (positively charged Ludox CL
silica nanoparticle and anionic Aerosol-OT surfactant) in a
low-salinity seawater base brine through spontaneous
imbibition core tests. Their results showed that this nanofluid
formulation led to the highest oil recovery from a Berea
sandstone sample compared to the cases in which deionized
water, LSW, pure silica nanoparticles, or pure surfactant
(AOT) were used. This was attributed to the strong wettability
alteration of the rock sample, significant IFT reduction and
excellent stability of the nanofluid.
1.1. Low-Salinity Polymer Flooding. The focus of this

work is modeling a combination of low-salinity waterflooding
and polymer flooding. Polymer flooding is the injection of
polymer-containing aqueous solution into the reservoir from
an injector driving the oil into the producer. Addition of
polymer to the injected water increases the viscosity of the
displacing (injected) phase, which improves the sweeping
process by resulting in a favorable mobility ratio.18−20

Combining the low-salinity waterflooding with polymer
flooding utilizes the advantage of the wettability alteration
induced by LSWF and the improved mobility control resulting
from polymer flooding.
Low-salinity polymer flooding (LSP) has been investigated

experimentally in different studies. Kozaki et al.21 found that at
a low polymer concentration of 300 ppm, LSP gave very high
incremental oil recoveries ranging between 10 and 17% in their
coreflooding runs on the Berea sandstone cores. Shiran and
Skuage22 studied the possibility of combining low-salinity
waterflooding and polymer flooding utilizing coreflooding in
Berea sandstone samples. Results showed that injection of low-
salinity polymer resulted in a 10% reduction in the residual oil
saturation and that the maximum oil recovery was achieved
with fewer pore volumes injected. In carbonate coreflooding,
AlSofi et al.23 found that the performance of the combined
smart water/polymer flooding required significantly lower
polymer concentration in comparison with high salinity
polymer flooding. The combined process also resulted in
6.5−9.9% additional oil recovery in comparison with the oil
recovery expected from the individual processes. Table 1
presents a summary of the published experimental studies
conducted to investigate the performance of low-salinity
polymer flooding.
1.2. Polymer Rheological Properties. The most widely

used synthetic polymers are polyacrylamide (PAM) and
hydrolyzed polyacrylamide (HPAM), while xanthan gum is
the most popular natural polymer for EOR applications.30

Hydrolyzed polyacrylamide (HPAM) is preferred in enhanced
oil recovery mainly due to its good viscosity improvement
properties. With several successful polymer flooding field
applications reported in the literature, the common expectation
of incremental oil recovery is between 15 and 20% over
waterflooding.31 However, the HPAM polymer tends to

degrade at high temperatures and is sensitive to salinity.30

For this reason, the combination of polymer flooding with low-
salinity waterflooding helps to reduce the extent of polymer
degradation. It was also found that polymer adsorption
decreases with decreasing salinity. Polyacrylamide tends to
strongly adsorb on the rock surface. Hence, the polymer is
partially hydrolyzed to reduce this adsorption by converting
some of the amide groups (CONH2) to carboxyl groups
(COO−) as shown below32,33

Polymer rheological properties and adsorption are strongly
dependent on brine salinity. Luo et al.34 suggested that the
polymer viscosity is more sensitive to divalent cations such as
Ca2+ and Mg2+ than monovalent cations i.e., Na+. This is
particularly important in polymer flooding and low-salinity
polymer flooding, as the targeted dissolved solids for salinity
reduction are mainly the divalent cations due to their higher
effect on ionic strength and oil adhesion.33,35−38 Temperature
increase causes rapid thermal degradation of the HPAM
polymer, reducing its viscosity.39−41 As temperature increases,
the activity of the polymer chain increases, and the friction
between the molecules decreases causing the viscosity to
decrease.34 Hence, the inclusion of the temperature effect on
the polymer’s viscosity in modeling and simulation is
important for the accurate prediction of polymer flooding
performance.
To predict the viscosity of HPAM polymer solution, the

power-law model (eq 1) can be used to describe its
pseudoplastic behavior

K n
p

( 1)= (1)

where μp is the viscosity of the polymer in cP, γ̇ is the shear
rate in s−1, K is the flow consistency index, and n is the flow
behavior index. The effect of polymer concentration and
salinity on the polymer viscosity at zero shear rate, μp0, can be
described by the Flory−Huggins equation (eq 2)

A C A C A C C(1 ( ) )p
0

w p1 p p2 p
2

p3 p
3

sep
Sp= + + + (2)

where μw is the water viscosity, Cp is the polymer
concentration, Csep is the effective salinity of the polymer,
and Ap1, Ap2, Ap3, and Sp are polymer-specific empirical
constants. To calculate the viscosity of HPAM at temperature
T based on a known viscosity μp,ref at a reference temperature
Tref is given as follows
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where Ea is an empirical constant. The ζ potential of a polymer
is also reliant on the concentration, salinity, and temperature of
the polymer among other factors. In this work, we propose the
use of the ζ potential to evaluate the viscosity of the HPAM
polymer.

1.2.1. Polymer−Brine−Rock Interactions. The presence of
(−COO−) in the polymer solution reduces adsorption and
increases polymer viscosity due to repulsion between the
similarly charged (−COO−) groups which causes the polymer
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chain to expand. However, hydrolysis makes the polymer chain
more sensitive to the ionic environment as more (−COO−)
surface groups are produced, and they react easily with the
cations in the aqueous solution. These reactions with the
cations result in the screening of the charge at the end of
polymer chains resulting in a coil shrinking effect as well as
increasing adsorption on the clay surface, especially in the
presence of multivalent cations.42 Higher temperatures also
result in less polymer being adsorbed on solid surfaces. This is
a result of the enhanced electrostatic repulsion as the negative
charge on both the rock surface and polymer chains increases
as the temperature rises.
Polymer adsorption on the rock surface is also dependent on

the type of rock. Carbonate rocks are known to have a positive
surface charge under normal reservoir conditions, which results
in a higher attraction between the negatively charged −COO−
and the positively charged carbonate surface. Polymer
adsorption on the sandstone surface is dependent on the
clay content and sandstone mineralogy. Sandstone rocks with
higher clay content have a higher number of surface site
densities available for cations to adsorb on, incurring the
higher negative surface charge screening. Hence, higher clay
content leads to a higher attraction between the polymer
chains and sandstone surfaces resulting in more polymer
adsorption.43

The polymer rheological properties are governed by the
polymer−brine interface interactions, hence, understanding
and quantifying these interactions should be of great
importance in any modeling approach. This allows for the
adsorption mechanism and forces acting between the polymer
chains and the rock surfaces to be evaluated mechanistically.
Surface complexation modeling utilizes the thermodynamic
equilibria theory to describe the adsorption of ions from an
aqueous phase to the surface groups of a solid surface. Various
surface complexation models are present and differ in their
description of the electrical interfacial layer. In this work, we
utilize triple-layer surface complexation modeling which
describes the electrical interfacial layer as three layers, the
inner and outer Helmholtz layers and the diffuse layer. The
inner and outer Helmholtz layers together are known as the
stern layer. A depiction of a triple-layer model of the negatively
charged solid surface is presented in Figure 1.
A limited number of surface complexation models were

developed to understand the polymer−brine interface
interactions. Three surface complexation models were
developed by Katz and Hayes44 to describe the adsorption of
the cobalt polymer on solid surface hydroxyl groups, these are
the surface solid solution model, surface polymer model, and
continuum model. Modeling results were compared with
experimental spectroscopic data for a wide range of surface
coverage. They found that the continuum model, which allows
for the formation of surface polymers and precipitants,
represents the most logical option to simulate polymer
adsorption compared to the surface solid solution model and
surface polymer model. However, their work is based on the
assumption that the polymer is a sorbed species rather than a
sorbing surface itself. Moreover, the adsorption of the cobalt
polymer on the solid surface was described by geochemical and
surface complexation reactions, instead of including the
repulsive and attractive interaction forces between the
polymer−brine and rock−brine interfaces.
Saha and Streat45 proposed a surface complexation model to

describe the polymer−brine interfaces of the macronet

polymer, MN-600, and acrylic resin, C-104E. Their model
described the deprotonated carboxyl groups (−COO−) as the
sorbing surface groups on the polymer’s surfaces and
considered the sorption of the H+, Cu2+, Zn2+, and Ni2+ as
the potential determining ions (PDIs) on them. Their surface
complexation modeling results showed good agreement with
experimental results, especially for the macronet polymer.
However, their work was limited to MN-600 and C-104E
polymers and the adsorption of only H+, Cu2+, Zn2+, and Ni2+
on the polymer’s surface groups. Hence, their surface
complexation model cannot be applied in the case of using
the HPAM polymer in sandstone reservoirs where the ionic
composition of the formation brines significantly differs from
the modeled PDIs.
This work focuses on investigating the interfacial chemical

interactions within a polymer−brine−sandstone rock system
which dictates HPAM polymer’s viscosity and adsorption on
the sandstone surface. To achieve this objective, a novel
approach is presented, which includes the development of a
new triple-layer surface complexation model (TLM) to
describe the HPAM polymer−brine interface. The proposed
model overcomes the shortcomings of previously developed
models by describing (i) the polymer as a sorbing surface
rather than a sorbed species and specifically defines the
carboxylic groups as the sorbing species on the polymer’s
surface, (ii) the adsorption of various potential determining
ions to the polymer’s −COOH groups including H+, Na+,
Ca2+, and Mg2+, which are the most expected cations in the
formation water of a typical sandstone reservoir. This model is
based on the assumption that the polymer−brine interface can
be depicted as a triple-layer model. Moreover, the literature
review revealed that there is a lack of comprehensive surface
complexation models to account for the HPAM polymer−
brine−sandstone interactions. Hence, polymer−brine the
proposed TLM will be analyzed with our previously developed
sandstone−brine TLM46 to gain insights into the relationship
between the polymer adsorption to the rock surface and the
interactions between the polymer and rock surfaces. Addition-
ally, polymer viscosity and ζ potential are dictated by similar
parameters such as brine ionic composition, temperature, and
polymer concentration, however, the relationship between the
viscosity and ζ potential is not well defined in published

Figure 1. Depiction of a triple-layer surface complexation model of a
negatively charged surface and different ions present in the electric
layer. The different sizes of the circles reflect the different ion sizes
present in the system where the larger oppositely charged ions are
present on the 1-plane closer to the surface.
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studies. This gap is also being exploited in this work thereby
establishing the relationship between the polymer’s viscosity
and ζ potential. Both HPAM polymer viscosity and adsorption
are of particular interest during polymer flooding processes.
This work presents a novel approach to investigating the
interactions occurring within the polymer−brine−rock inter-
faces during polymer flooding and low-salinity polymer
flooding in sandstone reservoirs.

2. METHODOLOGY
A triple-layer surface complexation model (TLM) is developed
to describe the interactions at the HPAM polymer−brine and
brine−rock interfaces as depicted in Figure 2. The polymer−
brine interface model shown in Figure 2 and adopted in this
work is considered a simplification of the real-life case of
polymer−brine which takes the shape of coiled spring. This is
more complex than the flat plane adopted here and
consequently the model shall only provide an approximation
of the expected charging behavior at polymer−brine interface.
The proposed model was then coupled with the extended
Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory to
analyze polymer rheology as a function of the polymer solution
interfacial properties.
2.1. HPAM Polymer−Brine Triple-Layer Surface

Complexation Model. A TLM was developed in this work
using the charge distribution multisite surface complexation
model (CD-MUSIC) module in the state-of-the-art geo-
chemical code PHREEQC version 3. Triple-layer surface
complexation models allow for the modeling of both inner and
outer sphere complexes compared to double-layer models.
TLMs also enable the placement of adsorption planes at

different varying distances depending on the adsorbed species.
For these reasons, TLMs are more robust than double-layer
models in modeling surface complexation behavior.47,48 To
develop a polymer−brine TLM, the following parameters are
defined: polymer surface complexation reactions and equili-
brium constants, capacitances of the inner and outer
Helmholtz layers, charge distribution, polymer surface group
site density, and polymer-specific surface area. The carboxylate
(−COOH) group is proposed as the surface-acting group on
the polymer surface in this model. It is assumed that the
surface site density of the −COOH group is a function of
polymer concentration and polymer hydrolysis. Hence, the
surface site density can be calculated as follows

N

N

site
nm

hydrolysis (%) polymer concentratio

n(ppm)

spolymer 2

0

= ×

×

i
k
jjj y

{
zzz

(4)

where N0 is a polymer-specific parameter that we determined it
to be 0.002 in our current work by fitting the predicted ζ
potential value to the experimental values adopted from the
literature. Equation 4 is proposed to estimate the polymer’s
surface site density and can be physically explained by the fact
that the number of available sites are expected to be higher
with higher polymer concentration. The percentage of
hydrolyzed polymer chains i.e., hydrolysis, dictate the
percentage of polymer chains that were hydrolyzed to convert
amide groups (CONH2) to carboxyl groups (COO−). Hence,
the higher the hydrolysis the higher the number of adsorption
sites. And because polymers have different chemical structures,
the polymer-specific parameter, N0, was introduced. The

Figure 2. Representation of (top panel) polymer−brine-rock interface, (bottom panel) rock−brine, and polymer−brine triple-layer models.
Reproduced with permission from.46 Copyright 2022. Elsevier.
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polymer-specific surface area was fixed at 1 g/m2 for
simplification and due to its negligible influence when the
cation affinities for adsorption are relatively high.49 The
potential determining ions (PDIs) adopted in the developed
polymer−brine model are H+, Na+, Ca2+, Mg2+, and SO42‑. The
association and dissociation equilibrium constants for the
PDIs, H+, Ca2+, and Mg2+, were optimized by comparing the ζ
potential predicted using the developed polymer−brine TLM
with experimental ζ potential values from Al-Busaidi.50 While
the association constants for Na+ and SO42− were adopted
from Saeed et al.51 because the carboxylic surface group is also
active on the oil surface. Hence, the reactions, capacitance
values, and charge distribution for the developed polymer−
brine TLM in this work are listed in Table 2. The capacitance
values depend on the adsorbed ion size, more details on the
capacitance calculations are reported by Saeed et al.51

After validating the developed polymer−brine TLM by
comparing the model-predicted ζ potential with the exper-
imental ζ potential values from Al-Busaidi,50 experimentally
measured viscosity values adopted from the published
literature were analyzed using the modeled ζ potential.
Because both polymer viscosity and ζ potential are dictated
by the electrical surface properties and interactions. Fur-
thermore, by utilizing regression analysis, correlations between
the polymer viscosity and ζ potential, at varying salinities,
polymer concentrations, and temperatures were developed.
The details of the correlation development and their
performance against experimental data are further detailed in
Section 2.4.

2.2. Sandstone Rock−Brine Triple-Layer Surface
Complexation Model. The sandstone−brine TLM utilized
in this work is adopted from Saeed et al.46 where the developed
model was validated against various experimental datasets
under varying conditions and for different types of sandstone
rocks. The adopted sandstone−brine model was run using the
CD-MUSIC module in PHREEQC. The sandstone surface
groups, > AlOH and > SiOH, go through various protonation/
deprotonation and association/dissociation reactions with the
PDIs present in the brine. The sandstone rock−brine surface
complexation reactions, their equilibrium constants, capaci-
tance values, and charge distribution adopted in the model are
summarized in Table 3. Further details of the adopted
sandstone−brine TLM can be found in Saeed et al.46

2.3. Disjoining Pressure, Interaction Potential En-
ergy, and Maximum Energy Barrier. The disjoining
pressure and interaction potential of the polymer−brine−
quartz system can be calculated as the summation of three
components according to the DLVO theory. These three
components are the van der Waals force, the structural force,
and the electrical double-layer force. Calculating the electrical
double-layer force requires the knowledge of ζ potential values
at both polymer−brine and sandstone−brine interfaces. In this
work, we import these required ζ potential values from the
proposed polymer−brine and sandstone−brine TLMs pre-
sented in the previous sections. To calculate the electrical
double-layer forces between two charged interfaces several
methods are present to approximate the solution including
constant potential, constant charge, and charge regulation.52 In

Table 2. Association/Disassociation Constants, Charge Distribution, and Capacitance Values Used in the Polymer−Brine
Model

charge distribution

surface complexation reaction log K @ 25 °C 0-plane 1-plane 2-plane C1 (F/m2) C2 (F/m2)

polymer COOH COO H+ + −4.7 −1 0 0 2.57 2.57

polymer COOH Ca COOCa H2+ ++ + + −3.7 −1 +2 0 3.54 2.57

polymer COOH Mg COOMg H2+ ++ + + −3.7 −1 +2 0 4.92 2.57

polymer COOH Na COONa H+ ++ + −4 −1 +0.5 +0.5 2.57 2.57

polymer COOH SO COO HSO4
2

4+ + −3.3 −1 0 0 2.57 2.57

Table 3. Quartz−Brine TLM Reactions, Charge Distribution, and Capacitance Values Used in the Model46

charge distribution

surface complexation reaction log K @ 25 °C enthalpy (kJ/mol) 0-plane 1-plane 2-plane C1 (F/m2) C2 (F/m2)

AlOH H AlOH2> + >+ + 0.8 −5 +1 0 0 2.57 2.57

AlOH AlO H> > + + −7.5 −40 −1 0 0 2.57 2.57

AlOH Na AlONa H> + > ++ + −4.5 −60 −1 +0.5 +0.5 2.57 2.57

AlOH Ca AlOCa H2> + > ++ + + −3.5 −50 −1 +2 0 3.54 2.57

AlOH Mg AlOMg H2> + > ++ + + −3.5 −50 −1 +2 0 4.92 2.57

AlOH SO AlO HSO4
2

4> + > + −1.5 −1 0 0 2.57 2.57

SiOH SiO H> > + + −6.5 −40 −1 0 0 2.57 2.57

SiOH Na SiONa H> + > ++ + −2 −60 −1 +0.5 +0.5 2.57 2.57

SiOH Ca SiOCa H2> + > ++ + + −2.5 −50 −1 +2 0 3.54 2.57

SiOH Mg SiOMg H2> + > ++ + + −2.8 −50 −1 +2 0 4.92 2.57

SiOH SO SiO HSO4
2

4> + > + −1.5 −1 0 0 2.57 2.57
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this work, we use the constant potential solution, which is
written as follows53

h n k T
h h

h
( )

2 cos ( )

sinh( )
r r r r

electric b b
1 2 1

2
2

2

2=
[ ]

i
k
jjjjjj

y
{
zzzzzz (5)

where nb is the ion density in the bulk solution, kb is the
Boltzmann constant (1.38 × 10−23J/K), ψr1 and ψr2 are the
reduced surface potentials for the rock−brine and oil−brine
interfaces, respectively, and κ is the Debye−Hückel reciprocal
length. The van der Waals forces can be calculated using the
following equation54

( )
( )

( )
( )

h
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( )

15.96 2

12 1 5.32

h

h
vdW

3
2

lw

lw

=
+

+
(6)

where, λlw is the London wavelength and can be assumed to be
100 nm,54 h is the distance between the two plates and A is the
Hamaker constant. The structural forces between two parallel
plates can be calculated by

h A e( ) h h
structural s

/ s= (7)

where As is a coefficient, assumed to be 1.5 × 1010 Pa55 and hs
is the characteristic length, assumed to be 0.05 nm.55 The
specific interaction potential energy can be calculated using the
following equation55

h( ) d
h

h

eq
eq

= ·
(8)

where heq and Πeq are the separation distance and disjoining
pressure at equilibrium conditions, respectively. The maximum
energy barrier (MEB) is defined as the maximum of the
specific interaction potential energy curve, which is an
indicator of the stability of the colloidal system.55 The higher
the MEB, the higher will be the stability of the system. In this
work, we propose the use of the maximum energy barrier as an
indicator of the polymer adsorption to the rock surface. For
this application, it was observed that the MEB for an HPAM
polymer−brine−quartz system occurs at film thicknesses
between 0.5 and 1.5 nm, hence, the MEB for all the evaluated
cases is calculated within this range.
2.4. Correlating the HPAM Polymer Viscosity with ζ

Potential. The experimental dataset of Flopaam 3630s HPAM
as reported by Lee35 was employed to find a correlation
between the measured viscosity and model-predicted ζ
potential under different conditions. The polymer rheological
properties considered are bulk properties and should be
considered within that context of bulk flow. The workflow
followed to develop the correlation is described in Figure 3.
The workflow starts by extracting the power-law coefficients
from the experimental dataset of Lee.35 The next step was to
predict the ζ potential at the polymer−brine interface using the
developed TLM under the experimental conditions. The
extracted power-law coefficients and consequently viscosity is
then correlated with the predicted ζ potential values through
non-linear regression. New correlations are then developed to
predict the power-law coefficients and solution viscosity as a
function of ζ potential, which in turn is a variable in terms of
salinity, polymer concentration, and temperature. The new
correlations were then used to calculate the new power-law
coefficients at specific conditions. The viscosity curves

predicted using the new power-law coefficients as a function
of shear rate are then compared with the experimental results
reported by Lee.35 Furthermore, the developed correlation was
used to perform a sensitivity analysis of HPAM polymer
viscosity to salinity, temperature, and polymer concentration.
2.5. Correlating the HPAM Polymer Adsorption with

the Maximum Energy Barrier. The HPAM polymer
adsorption data reported by Page et al.56 was analyzed with
respect to the calculated maximum energy barrier. The process
of analyzing the HPAM polymer adsorption as a function of
the MEB is described in Figure 4. The process starts by

predicting the ζ potentials at both polymer−brine and
sandstone−brine interfaces utilizing the proposed polymer−
brine and sandstone−brine triple-layer models. The DLVO
theory was then used to calculate the disjoining pressure and
interaction potential. Consequently, the MEB was determined
from the interaction potential curve. Finally, the calculated
MEB was correlated with the HPAM polymer adsorption data
reported by Page et al.56 The adsorption data adopted from
Page et al.56 are measured from bulk adsorption tests and not
from porous media flow tests. Hence, the developed
correlations only reflect the electrochemical adsorption
phenomena rather than the mechanical retention, which
would also play a part in polymer retention during fluid flow
in porous media.

3. RESULTS AND DISCUSSION
In this section, the validation of the developed polymer−brine
TLM and the correlation developed between the polymer’s
viscosity and ζ potential is discussed and validated against the

Figure 3. Workflow for correlating polymer viscosity with ζ potential.

Figure 4. Workflow for correlating polymer adsorption with the
energy barrier.
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Figure 5. Experimental and modeled ζ potential for Flopaam 3630s in (a) CaCl2 brine and (b) MgCl2 brine (experimental results from Al-
Busaidi50).

Figure 6. (a) Comparison between measured and correlation-predicted viscosity curves at various polymer concentrations at 1% NaCl salinity and
25 °C (experimental data from35). (b) Effect of polymer concentration on viscosity and ζ potential.
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experimental dataset reported by Lee.35 Results of the
sensitivity analysis of HPAM polymer viscosity to salinity,
temperature, and polymer concentration are discussed. Later,
the results of correlating HPAM’s polymer adsorption data as a
function of the MEB are reported.
3.1. ζ Potential Validation. The polymer−brine ζ

potential predicted from the developed TLM was validated
against Flopaam 3630s ζ potential data from Al-Busaidi.50 A
comparison between the ζ potential predicted from the TLM
against the experimentally measured ζ potential values in pure
brine and MgCl2 and CaCl2 brines is shown in Figure 5. The
brine salinity ranged from 0 to 14 mM and ζ potential values
were predicted at 25 °C. The model was able to replicate the
experimental trend of ζ potential at varying salinities where the
increase in salinity resulted in an increase of the ζ potential
value. The modeling results showed a 0.92 correlation
coefficient between the model ζ potential and experimental ζ
potential. There is a lack of experimental ζ potential data for
further validating the developed TLM and depending on the
availability of this data, the model can be further validated and
calibrated.

3.2. ζ Potential Predicted Viscosity. The approach
described in Section 2.4 was used to correlate the polymer
solution viscosity and ζ potential as a function of polymer
concentration between 500 and 3000 ppm in 1% NaCl
electrolyte at 25 °C. Regression analysis between the
experimentally measured viscosity, μ, and model-predicted ζ
potential, ζ, revealed the following correlation

R(0.2627e ) , 0.9950.393 (0.0362 0.1624) 2= × =+ (9)

similarly, the correlation at 0.1% NaCl was

R(0.0261e ) , 0.9820.178 (0.0151 0.2563) 2= × =+ (10)

and at 4% NaCl

R(0.4e ) , 0.9611.411 (0.1292 0.487) 2= × =+ (11)

To validate the presented empirical correlation at 1% NaCl
(eq 9), the experimentally measured viscosity values were
compared with the viscosity values predicted from the
correlation. The Flopaam 3630s database presented by Lee35

was used in the validation process. Figure 6a shows the
comparison between the measured and modeled viscosity

Figure 7. Comparison between measured and correlation-predicted viscosity curves at various polymer concentrations at 25°C (a) 4 wt % NaCl
salinity and (b) 0.1 wt % NaCl salinity (experimental data from35).
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curves against shear rate for various polymer concentrations
between 500 and 3000 ppm in 1% NaCl electrolyte at 25 °C.
Results show small discrepancies at 3000 ppm polymer
concentration, however, the rest of the modeling results at
lower concentrations are satisfactory compared to the
measured data. Figure 6b exhibits how the polymer
concentration affects both the measured viscosity and TLM
predicted ζ potential values. It demonstrates that an increase in
the polymer concentration leads to higher polymer viscosity
and higher negative ζ potential magnitudes The increase in the
polymer concentration means a higher number of −COOH
surface sites, which in turn deprotonate to give the negatively
charged −COO− leading to a more negative polymer surface
charge and ζ potential. This increase in the negative charge at
the polymer chains causes repulsion between the polymer
chains making them stretch, enhancing the polymer solution
viscosity. Similarly, the correlations (eqs 10 and 11) were then
used to predict the viscosity of the polymer at concentrations
between 500 and 3000 ppm at both 0.1 and 4 wt % NaCl
solutions and compare them with the measured values.35 The
comparison is depicted in Figure 7 and it shows that the
proposed correlations give accurate predictions for the polymer

viscosity. However, in the case of NaCl salinities of 0.1 wt %
and 4% at a higher shear rate, the predicted viscosity shows
contrast to the measured viscosity values. This is because the
HPAM polymer exhibits shear thickening behavior at higher
shear rates and the power-law model does not accurately
capture such behavior.35 This shear thickening behavior may
also be attributed to instrument inertia effects (delays or
inaccuracies in measuring changes in viscosity at high shear
rates) and secondary flow effects (the formation of secondary
flow patterns in the fluid, which can cause local variations in
the shear rate). Both phenomena may contribute to the shear
thickening behavior at higher shear rates.57

A correlation (eq 12) between the viscosity and ζ potential
was developed as a function of salinity between 0.1 and 4 wt %
NaCl at 25 °C at a fixed 2000 ppm polymer concentration

R(47.725e ) , 0.9960.043 (0.0053 0.207) 2= × = (12)

Figure 8a presents a comparison between the measured and
modeled viscosity values for various shear rates. This
comparison demonstrates the model’s ability to capture the
effect of varying concentrations of NaCl on the polymer’s

Figure 8. (a) Comparison between measured and correlation-predicted viscosity curves at various salinities at 2000 ppm polymer concentration
and 25 °C (experimental data from35). (b) Effect of salinity on viscosity and ζ potential.
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viscosity. The model-predicted viscosity values were in
agreement with the experimentally measured viscosities. In
Figure 8b the effect of NaCl salinity on both the polymer’s
viscosity and ζ potential is presented. The decrease in viscosity
and decrease in the negative ζ potential magnitudes with the
increase in the salinity can be explained by the increased
concentration of the monovalent Na+ ions in the electrolyte.
This increase in the positively charged sodium ions results in
higher screening to the polymer surface’s negative charge,
which in turn leads to less repulsion between the polymer
chains causing them to coil, hence decreasing the viscosity
exhibited by the polymer. The enhanced negative charge
screening is also reflected on the ζ potential as its magnitude
becomes less negative which can be seen in Figure 8b.
Therefore, the increase in salinity decreases the viscosity and
increases the ζ potential value.
Another correlation (eq 13) was developed between the

viscosity and ζ potential as a function of temperature between
25 and 90 °C using 2000 ppm concentration in 1 wt % NaCl
electrolyte

R

( 0.0171 0.2608 101.58)

,

0.985

2

(3 /10 0.0021 0.6361) 22 5

= + *

=

+ +

(13)

Figure 9a presents both the measured and model-predicted
viscosity values using 2000 ppm concentration in 1 wt % NaCl
electrolyte. Results show that the correlation viscosity was in
satisfactory agreement with the experimentally measured
values. Some discrepancies do exist at some data points
between the measured and model value, however, overall, the
correlation gives viscosity values within proximity to the
measured data at high temperatures. This suggests that the
empirical correlation presented in eq 13 can be used to capture
the polymer’s viscosity behavior at 2000 ppm concentration
and 1 wt % NaCl electrolyte. Figure 9b, exhibits the impact of
temperature on viscosity and ζ potential. It is apparent from
two curves that increasing the temperature decreases the
viscosity and increases the negative ζ potential magnitudes,
which is a result of the degradation the polymer solution goes
through the temperature increases leading to lower viscosities.

Figure 9. (a) Comparison between measured and correlation-predicted viscosity curves at various temperatures at 2000 ppm polymer
concentration and 1 wt % NaCl salinity (experimental data from35). (b) Effect of temperature on viscosity and ζ potential.
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While the increase in temperature increases the value of the ζ
potential at the polymer−brine interface as a result of the
enhanced deprotonation of the (−COOH) to give the
negatively charged (−COO−) surface groups.
3.3. Correlation between Adsorption and Maximum

Energy Barrier. A comparison between the maximum energy
barrier and the experimental adsorption data is presented in
Figure 10a where it can be seen that as the energy barrier
decreases, the polymer adsorption increases. The polymer
adsorption is at its highest value of 243 μg/m2 at the lowest
MEB value of −0.02 mJ/m2. At MEB values higher than 0.5
mJ/m2, the adsorption drops significantly to a range of 0−10
μg/m2. This can be explained by the fact that the MEB
represents the stability of the system. As the MEB increases,
higher system stability is encountered leading to less attraction
between the polymer chains and the rock surface. Hence, the

conditions that promote higher MEB values lead to less
polymer adsorption as well. In Figure 10b, logarithmic values
of adsorption, cad, was plotted against the MEB where the
polynomial correlation of the third-order in eq 12 fits the data
presented with a 0.9243 R2 value.

clog( ) 5.3986 10.69 6.573

4.6781
ad max

3
max

2
max= +

+ (14)

where ωmax is the maximum energy barrier. This finding
indicates that the proposed polymer−brine TLM can be used
with the developed sandstone−brine TLM and the calculated
energy barriers to predict the polymer adsorption expected at
certain reservoir conditions and properties. The correlation
presented above is applicable for a specific HPAM polymer
with a specific concentration. The current correlation can be

Figure 10. Measured polymer adsorption data (from Page et al.56) against the calculated maximum energy barrier on the (a) normal scale and (b)
logarithmic y-axis scale.
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modified to include the polymer concentration as a variable if
more experimental data become available.
To understand the relationship between polymer adsorption

as measured by Page et al.56 and the MEB, the effects of
temperature and salinity were investigated. Figure 11a presents
the effect of altering the temperature between 30 and 90 °C on
both adsorption and energy barrier. The plotted curves show
that an increase in the temperature results in a higher energy
barrier and lower polymer adsorption. This may be explained
by the enhancement in the protonation of the polymer and
sandstone surface groups to produce the negatively charged
−COO− groups leading to higher repulsion between the

polymer chains and the rock surface. This higher repulsion
creates a more stable polymer−brine−sandstone system which
translates into a higher MEB and less polymer adsorption.
Figure 11b presents the results of varying NaCl salinities
between 15 and 100 g/L on the adsorption and energy barrier
at 30 and 90 °C. The disjoining pressure and interaction
potential energy curves calculated at 90 °C are shown in Figure
12, where the interaction potential energy curve shifts lower as
the brine salinity increases. It can be observed from Figure 11b
that the increase in salinity has a condescending effect on the
energy barrier and ascending one on adsorption. This can be
attributed to the higher negative surface charge screening

Figure 11. (a) Effect of temperature on the adsorption and energy barrier, (b) effect of salinity on the adsorption and energy barrier at 30 and 90
°C (adsorption data from Page et al.56).
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expected with the increase in the positive sodium ion
concentration in the electrolyte. Higher charge screening
leads to less repulsion between the polymer and sandstone
surface causing the energy barrier to drop and the adsorption
to grow, which is in line with previous experimental
studies.58−60 The synergic effects of temperature and salinity
can also be evaluated by comparing the curves of 30 and 90 °C
temperatures. Whereas at 90 °C, the high temperature
progressively suppresses the effect of salinity as it increases
in comparison with the 30 °C curves. Hence at 90 °C, the
system is more stable over the studied range of salinity as the
maximum energy barrier is higher than that of 30 °C leading to
lower polymer adsorption at higher temperatures.

4. CONCLUSIONS
In this work, a novel triple-layer surface complexation model
was proposed to describe the interactions within the HPAM
polymer−brine−sandstone rock system. The developed TLM
was employed in tandem with the DLVO theory to investigate
the relationship between the rheological properties and
interfacial properties of the polymer. Analyzing the ζ potential
values predicted from the developed polymer−brine TLM with
polymer viscosity measurements adopted from the literature
review, showed that polymer solution viscosity and ζ potential
are potentially inherently correlated. It was observed that the
increase in salinity and decrease in polymer concentration
leads to a lower negative charge and ζ potential at the end of
the polymer chains resulting in lower chain expansion and
consequently lower viscosity. Moreover, the increase in
temperature shifts the ζ potential towards more negative
values and also decreases the polymer’s viscosity. And because
ζ potential dictates the wettability alteration due to low-salinity
brine injection, it is important to evaluate the effects of salinity,
polymer concentration, and temperature on both ζ potential
and viscosity prior to low-salinity polymer flooding applica-
tions.
The correlation between the polymer adsorption and the

maximum energy barrier was evaluated. Results of the analysis
showed that the maximum energy barrier can indeed be used
to predict polymer adsorption on the rock surface. Analysis of
the factors controlling the polymer adsorption using the

maximum energy barrier concept leads to the conclusion that
higher salinity and lower temperature results in higher polymer
adsorption. This is explained by the reduction in the energy
barrier when higher brine salinity and lower temperature are
encountered, which results in lower system stability leading to
higher attraction between the polymer chains and the rock
surface. The workflow developed in this study should lend
itself to better grasping the control of interfacial interactions
within a polymer−brine−rock system that govern the HPAM
polymer rheological properties for enhanced oil recovery
applications.
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