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ABSTRACT: Enhanced oil processing aims to retrieve petroleum
fluids from depleted reservoirs after traditional processing.
Hydrogels and polymeric macromolecules are considered effective
displacing agents in oil reservoirs. In the current work, the authors
used hydrophilic hydrogels based on poly(ethylene glycol)/
poly(propylene glycol) (PEG/PPG) surfmers for oil displacement
processes. Statistical modeling of the rheological properties at 80
°C for the two hydrogels indicates that the viscosity−shearing
profile obeys the power-law model. Also, shear stress scanning
follows the Herschel−Bulkley and the Bingham plastic models. The
two hydrogels exhibit an initial yield stress owing to the formation
of a three-dimensional (3D) structure at zero shearings.
Furthermore, PEG and PPG hydrogels can retain the viscosity after a shear rate of 64.68 S−1. On the scale of surface activity,
the two hydrogels exhibit higher surface areas (Am) of 0.1088 and 0.1058 nm

2 and lower surface excess concentrations (Γm) of 1.529
and 1.567 × 1010 mol/cm2, respectively. A molecular dynamics (MD) simulation was conducted to explore the Flory−Huggins chi
parameter, the solubility parameter, and the cohesive energy density. The results indicate a negative magnitude of chi parameter (χij)
for water and salt, which indicates that the two hydrogels have a good tendency toward saline formation water in the underground
petroleum reservoir. Furthermore, the dissipative particle dynamics (DPD) was performed on a mesoscale to investigate the
interfacial tension, the radius of gyration, the concentration profile, and the radial distribution function. The increased radius of
gyration (Rg) confirms that the two hydrogels are more overextended and can align perpendicularly toward the water/oil boundary.
Experimental displacement was operated on a linear sandpack model using different slug concentrations. The oil recovery factor, the
water-cut, and the differential pressure data during the flooding process were estimated as a function of the injected pore volume.
The obtained results show that the oil recovery factor reaches 72 and 88% in the cases of PEG and PPG hydrogels at 80 °C with
concentrations of 1.0 and 1.5 g/L, which reveals that both hydrogels are effective enhanced oil recovery (EOR) agents for the
depleted reservoirs. This study establishes a new route that employs MD and DPD simulation in the field of enhanced oil recovery
and the petroleum industry.

1. INTRODUCTION

Chemical improved oil recovery through polymer displace-
ment is a general procedure to boost recovered oil amounts in
depleted reservoirs1 since they thicken the injection fluid and
improve the conformance control.2 One of the widely used
polymeric systems is the hydrogels and their modifiers.3

Hydrogels are non-Newtonian cross-linked polymeric net-
works used as water shutoff agents and profile modifiers in
petroleum processing, especially enhanced oil recovery
(EOR).4,5 Although polyacrylates are widely used in polymer
flooding, they undergo chain disintegration at high ionic
strength and thermal impact.5 As a result, the incorporation of
monomers containing hydrophobic moieties such as sulfurated
and poly(ethylene/propylene glycol) (PEG/PPG) into the
hydrogel backbone will enhance its thermal and ionic
resistance and exhibit excellent water solubility owing to

excessive H-bonding formation. The occurrence of polar and
nonpolar groups in the molecular architecture of amphiphilic
substances is responsible for their self-assembly at the oil/
water (O/W) interface.6 Furthermore, the presence of a ring
structure, such as the groups of 1-vinyl-2-pyrrolidone, will
decrease the thermal degradation of the amide group. Also, the
cyclic monomers provide a robust steric hindrance, which
reduces the thermal chain disintegration.7 Implementation of
hydrogels as flooding agents results in their ability to modify
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the injection profiles’ conformance in heterogeneous thief
zones.3 Previous literature reported the synthesis and
application of hydrogels in the EOR process, as indicated by
Alvarado et al.8 In this regard, Sabhapondit et al.9 reported a
polymer with good salt-resistance through copolymerization of
N,N-dimethyl acrylamide with 2-acrylamide-2-methylpropane
sulfonic acid. Malik et al.10 implemented alkyl poly(ethylene
glycol) ether based on nonionic surfactants for EOR
applications. Sampora et al.11 used sulfonated poly(ethylene
glycol) oleate as a polymeric surfactant for EOR processing.
Jalil and Hussein12 reported the wettability alteration of
carbonate rocks using a blend of PEG polymer, nanosilica
suspension, and sodium lauryl sulfate. Zhang et al.7 used
hydrophobically associated polyacrylates as flooding agents
through free radical polymerization. Zhou et al.5 synthesized
tetracopolymer of acrylamide/2-acrylamide-2-methylpropane
sulfonic acid, diacetone acrylamide, and N,N-dimethyl
acrylamide with enhanced resistance toward temperature,
salinity, and shearing effect. Iborra et al.13 studied the
emulsifying properties of lauryl methacrylate and poly(ethylene
glycol)methylethermethacrylate copolymer, which was pre-
pared through atom-transfer radical copolymerization. Wu et
al.14 synthesized hyperbranched copolymers with surface-active
properties for enhanced oil recovery. Aktar et al.6 investigated
the interaction of poly(ethylene glycol) with Triton X-100 in
salt and salt-free solutions. Recent advances are directed
toward the use of solar energy in combination with composite
materials for the enhancement of water production.15 Other
studies have discussed the enhancements of photovoltaic (PV)
cells through cooling with phase-change materials (PCMs) as

well as nanofluids.16 These techniques can be upgraded to be
applied in the process of enhanced oil recovery.
Although most of the published literature focus on the

experimental setup, theoretical chemistry and molecular
dynamics simulation have become a widespread trend in
recent scientific research. Molecular dynamics simulation is an
efficient facility to explain the orientation and arrangement of
molecular structures and link the microscopic scale with the
macroscopic scale.1,6,17 In this regard, Remesal et al.18

conducted a molecular dynamics simulation to investigate
the effects of ionic strength and temperature on the interfacial
tension (IFT) at the hydrocarbon/brine interface. Goodarzi
and Zendehboudi19 used molecular dynamics to inspect the
modification of interfacial properties at the O/W interface
relevant to the temperature and salinity. El-hoshoudy et al.1,17

used molecular dynamics and Monte Carlo simulations to
investigate the application of palmitate-guar gum and deep
eutectic solvents as flooding agents in enhanced oil recovery.
The dissipative particle dynamics (DPD) is a mesoscale

simulation conducted for forecasting the interfacial criteria at
the water/oil boundaries.19 Rekvig et al.20 conducted DPD to
scrutinize the impact of surfactant size and structure on
interfacial tension reduction at the oil/water interface.
Ginzburg et al.21 used DPD simulation and the self-consistent
field theory to screen the interfacial tension in the ternary
water/oil/surfactant system. Li et al.22 implemented a DPD
simulation to model the adsorption of cetyltrimethylammo-
nium bromide at the oil/water boundary. Wang et al.23

modeled the performance of water/oil/surfactant through
DPD simulation using various combinations and concen-
trations of nonionic/ionic surfactants. Rezaei and Modarress24

Figure 1. Viscosity−shear rate profile (power-law model) at different salinities and temperature of 80 °C; (a, b) viscosity profiles of PEG and PPG
hydrogels, respectively, at a concentration of 1.0 g/L; (c, d) viscosity profiles of PEG and PPG hydrogels, respectively, at a concentration of 1.5 g/
L. The calculated parameters were assigned to their consistent color.
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conducted a DPD for simulating the IFT of cycloalkanes,
aromatics, and aliphatic hydrocarbons. Goodarzi and Zen-
dehboudi19 used DPD molecular dynamics strategies to model
the dynamics and structural criteria of water/oil/surfactant
systems relevant to surfactant concentration, water/oil ratio,
ionic strength, and temperature. Wang et al.25 used DPD to
investigate the flow behavior, rheological properties, phase
behavior, and morphology of the polypropylene/polyethylene
blend under a coupled extension and shearing flow field. The
novel contribution of the current research comprises the
synthesis of poly(ethylene/propylene glycol)-based hydrogels
through the emulsion polymerization technique and then
evaluates their rheological performance under stimulated
reservoir conditions. Moreover, molecular dynamics simulation
was implemented to assess some crucial parameters, including
the Flory−Huggins chi parameter and cohesive energy density,
which will be used as input for dissipative particle dynamics
(DPD) to evaluate the interfacial tension behavior. Finally,
polymer flooding experiments will be conducted on the lab
scale to assess the polymer ability in EOR processes. The
commercial impact of this study can guide petroleum engineers
in maximizing the recovered oil amount through polymer
flooding techniques. The theoretical impact comprises the
employment of MD and DPD simulation in the field of
enhanced oil recovery to investigate the hydrogel/oil
miscibility and the interfacial properties, which in turn
establish a novel foundation that links the theoretical and
quantum studies to the field of EOR.

2. RESULTS AND DISCUSSION

2.1. Assessment of Rheological Performance. Polymer
flooding in underground reservoirs is affected by salinity,
temperature, and shearing action of fluids. However, polymer

assessment was conducted relative to these factors individually,
as discussed in our previous studies.3,26−31 In this section, the
performance of two hydrogels is screened as a function of
simulated reservoir conditions collectively. The reservoir
temperature is a constant value, while the salinity and shearing
action vary vigorously depending on variation of the injection
and producing zones, pumping action, and heterogeneous
reservoir nature. Consequently, the rheological criteria were
evaluated at different salinities and shearing behaviors at a
constant temperature of 80 °C. Long-term thermal aging under
high ionic strength reduces the viscosity of the gel system.32

During hydrogel injection in underground perforation,
viscosity loss owing to mechanical, thermal, and ionic
degradation takes place since the stress resistance of chemical
bonds in the hydrogel architecture cannot resist the tensile
stress enforced by severe underground conditions.4,5 With
further temperature increase, the molecular associations
deteriorate, and the internal movement of the single bond
increases, leading to molecular chain curling.5 Figure 1a−d
displays the viscosity−shear rate profile of the PEG and PPG
hydrogels at concentrations of 1.0 and 1.5 g/L, respectively.
Both hydrogels follow the allometric power-law model
according to eq 1 and exhibit shear-thinning behavior3 as
indicated from the calculated parameters displayed in Figure 1.

K nμ γ= − (1)

The shear stress−shear rate profile was assessed at 80 °C and
different polymer concentrations, as displayed in Figure 2. The
result indicates that PEG and PPG hydrogels obey the
Herschel−Bulkley and Bingham plastic models33 according
to eqs 2 and 3, respectively, with a high precision degree.

K n
0τ τ γ= + (2)

Figure 2. Shear rate−shear stress profiles (Bingham and Herschel−Bulkley models) at different salinities and temperature of 80 °C; (a, b) stress−
shear profiles of PEG and PPG hydrogels, respectively, at a concentration of 1.0 g/L; (c, d) stress−shear profiles of PEG and PPG hydrogels,
respectively, at a concentration of 1.5 g/L. The calculated parameters were assigned to their consistent color.
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K0τ τ γ= + (3)

PEG and PPG hydrogels exhibit initial yield stress (τ0) and
shear-thinning performance. The presence of yield stress
indicates the formation of a three-dimensional (3D) structure
at zero shearings owing to the cross-linking density and
hydrogen-bond formation in the hydrogel.3 The shear-thinning
action reverts to dilation of the solution, and the disintegration
of cross-linkage bonds by the shearing rate increases.3 PEG and
PPG hydrogels can retain the viscosity after excessive shearing
scission. This behavior is confirmed by the reduction of
solution viscosity gradually by a shear rate increasing until
64.68 S−1; then, the solution viscosity reaches a nearby steady
state. The effect of salinity on PEG and PPG performances was
evaluated through monitoring viscosity values in different
saline solutions (20, 40, and 80 g/L) at 80 °C. The saline
solutions consist mainly of NaCl and CaCl2 salts. As salinity
increases, the viscosity value diminishes to a specific limit
owing to compression and collapsing of the hydrophobic
associations through the polymeric network. By thermal
treatment, hydrolyzed polyacrylates (HPMs) dissociate into a
carboxylic acid (−COOH) group at temperatures >75 °C, so
the solution viscosity is reduced.3 PEG and PPG hydrogels
exhibit reasonable thermal stability owing to the occurrence of
hydrophobic groups through the hydrogel matrix, which
shields the interaction of Na+ and Ca2+ ions with polymer
chains. Furthermore, it reduces the ability of Na+ and Ca2+ to
compress the hydrodynamic volume of the polymeric net-
work.5 Owing to the steric effect of the bulky branched groups
of vinylpyrrolidone, the expansion degree of the polymeric
network enriches, leading to enhancement of the solution
viscosity.7 Moreover, the sulfonate groups boost the hydrogen
bonding, thus enhancing the solution stability.7 The hydro-
phobic association is an endothermic process, which is boosted
by heat intake and enhances the solution viscosity owing to the
stretching of the macromolecular chain.14 The viscosity−shear
rate profiles show that the PPG hydrogel exhibits higher
viscosity values compared to the PEG hydrogel. This behavior
may be justified by increasing the hydrophobic carbon chain in
the PPG skeleton, thus giving rise to solution viscosity rather
than the PEG hydrogel.
2.2. Interfacial Tension (IFT) and Surface Activity. IFT

assesses the free energy required for an interface arrangement
between two phases in a specific surface area.19 During EOR
processing, IFT acts as a critical parameter adjusting the oil
displacement efficiency34 and the conformance profile.35 The
insertion of a surfactant in the polymer backbone structure
enhances the surface activity at the oil/water interface, thus
improving oil recovery.19,36 PEG and PPG hydrogels exhibit a
higher surface activity at the O/W interface owing to the
presence of PEG and PPG surfmers in their structures. The
excess surface concentrations and the minimum surface area
exerted by PEG and PPG hydrogels at the interface can be
calculated from the Gibbs isothermal model, as formulated in
eqs 4 and 5 and summarized in Table 1. Here, (δσ/δC)max,T is

calculated from the slope of the plot of surface tension (σ)
versus concentration (ln C) at constant temperature (T).37

The excess surface concentration (Γm) is the maximum value
achieved by molecule adsorption and measures the effective-
ness of the molecule adsorption at the O/W interface.13

According to the Gibbs adsorption equation, Γm is calculated
according to eq 4. The minimum surface area (Am) per
molecule at the interface is the minimum area occupied by that
molecule and reveals the extent of packing degree and particle
orientation at the O/W interface.13 It can be formulated as a
function of the surface excess concentration (Γm) as
formulated in eq 5, where Γm is inversely proportional to
Am.

3838

RT C
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A m
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The higher surface area (Am) and lower surface excess
concentrations (Γm) of both PEG and PPG hydrogels confirm
their higher surface activity, which is a critical parameter
through the EOR application.39 PPG exhibits more significant
surface tension reduction at the critical micelle concentration.
This behavior may result in increasing the surface activity by
increasing the length of the hydrophobic carbon chains in
poly(ethylene glycol)dimethacrylate (PEG) as well as poly-
(propylene glycol)dimethacrylate (PPG) surfmers.37 The
interfacial tension of PEG and PPG hydrogels was assessed
with different slug concentrations at a salinity of 80.0 g/L and a
temperature of 80 °C displayed in Figure 3. The ability of

interfacial tension reduction results in hydrophilic−lipophilic
associations through the network of PEG and PPG hydrogels.
Furthermore, the amphipathic nature of PEG and PPG
surfmers owing to the presence of polar and nonpolar groups
in their molecular architecture allows their self-assembly at the
oil/water (O/W) interface,6 which in turn give rises to a
micellelike structure or development at the O/W interface,
thus reducing IFT.40 The interfacial tension (IFT) can be
formulated as a function of PEG and PPG concentrations (Cp)
through an empirical correlation,39 as expressed in eq 6, with
its constants displayed in Figure 3. Validation of these

Table 1. Surface Properties of PEG and PPG Hydrogels

property PEG hydrogel PPG hydrogel

bulk concentration, g/L 1.5 1.5
surface tension, mN/m 36.58 33.01
Γm × 1010, mol/cm2 1.567 1.529
Am, nm

2 0.1058 0.1088

Figure 3. Interfacial tension relevant to PEG and PPG hydrogel
concentrations.
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developed models will be investigated in the upcoming work,
where the model will be trained through an artificial neural
network, or Aspen plus software,41 using single-factor and
orthogonal experiments and compare the calculated results
with the experimental one.

a b C c CIFT exp( )p p
2= + × + × (6)

3. MOLECULAR MODELING AND SIMULATION
3.1. Molecular Dynamics (MD) Simulation. Molecular

dynamics simulation was conducted to assess the Flory−
Huggins chi parameter using the solubility parameter and
cohesive energy calculations.19 The DPD repulsive interaction
parameter (aij) was calculated from the dependence of the
dimensionless chi parameter on the system temperature using
molecular dynamics.19 The chi parameter (χbs), and the mixing
energy between the base and screen, can be calculated using
the following expression42

X
E
RTbs

mix=
(7)

E Z E T Z E T Z E T

Z E T

1/2 ( ) ( ) ( )

( )
bs
mix

bs bs sb sb bb bb

ss ss

= [ ⟨ ⟩ + ⟨ ⟩ − ⟨ ⟩

− ⟨ ⟩] (8)

The PEG and PPG hydrogels built with Random Copolymer
Builder were implemented in DS Biovia Material Studio43 with

a chain length of 10.0 units after setting the geometry of the
repeating monomers. The detailed computational summary for
MD and DPD simulation is provided in Table 2. All
calculations were conducted using the “COMPASS” forcefield
assigned and the Berendsen thermostat at medium quality.43

Condensed-phase Optimized Molecular Potential for Atom-
istic Simulation Studies (COMPASS) is an ab initio forcefield
conceived explicitly for polymer calculations.1,39 Geometry
optimization for a mixture of water, NaCl salt, and PEG and
PPG hydrogels was carried out using the forcite module. All
molecules were geometry-optimized explicitly before calcu-
lation, where separated polymer molecules were first optimized
and then the polymer was created. The amorphous cell module
is used to construct an amorphous three-dimensional periodic
configuration of polymeric construction using monomer
repeating units, which will be used as inputs for the blend
module.
Blends provide a way to shorten the discovery process by

estimating the miscibility behavior of binary mixtures. These
include solvent−solvent, polymer−solvent, and polymer−
polymer mixtures. Blends predict the thermodynamics of
mixing directly from the chemical structures of the two
components and, therefore, require only their molecular
structures and a forcefield as inputs.43,44 Simulation boxes
conducted using cubic lattice type with dimensions of 17.42 ×
17.42 × 17.42 Å3, vacuum thickness of 20 Å, crystal thickness
of 40.99 Å, and surface cleavage of (−1 1 1) at equilibration

Table 2. Computational Details of MD and DPD Simulation

(i) molecular dynamics (MD) simulation

Geometry Optimization
quality medium displacement 0.5 Å
algorithms smart maximum iteration 500
energy convergence 0.001 kcal/mol forcefield COMPASS
force 0.005 kcal mol−1 Å−1 charges forcefield assigned
truncation cubic spline spline width 1.0 Å
cutoff distance 12.5 Å buffer width 0.5 Å
van der Waals interaction atom-based electrostatic interaction group-based

Amorphous Cell Construction
lattice type cubic no. of configurations 10
temperature 298 K total density of final configurations 1.0 g/cc
Ewald accuracy 0.001 kcal/mol

Blend Module (Mixing Task)
cutoff 12.5 Å energy samples 10 × 106

spline width 1.0 Å energy bin width 2.183 kcal/mol
algorithm smart cluster samples 1000
time step 1.0 fs iteration per cluster 20
simulation time 5.0 ps reference temperature 298 K

Forcite Module (Cohesive Energy Density Task)
quality medium total simulation time 5.0 ps
ensemble NVT thermostat Berendsen
time step 1.0 fs temperature difference 10.0 K
(ii) dissipative particle dynamics (DPD) simulation
bead density 3.0 interaction parameter 25.61
no. of beads 8142 beads bead mass 54 amu
time step 254.117 fs radius 3.23 Å in a physical unit
production run 5000 steps electrostatic interaction Ewald summation
initial velocities random configuration van der Waals interaction bead-based method
temperature 298 K (kBT = 1) truncation cubic spline
cutoff method 12.5 Å dissipation strength 0.08854 Å
spline width 1.0 Å dissipation radius 8.0 Å
buffer width 0.5 Å
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temperature of 298.0 K17 utilizing the NPT ensemble
(consistent number of moles, pressure, and temperature)
with periodic boundaries and initial random velocities to avoid
truncation and miscalculations result from inhomogeneous box
density.
After equilibrating the initial geometries, the interaction

energies, miscibility, and Flory−Huggins chi parameter were
calculated through mixing tasks in the blend module. The
blend module was employed to calculate the binary mixtures’
miscibility and the chi parameter depending on the molecular
formula of the inputs (i and j beads) as well as the assigned
forcefield, where PEG and PPG are the bases. At the same
time, water and NaCl salt are the screens. After that, the forcite
module runs to estimate the cohesive energy density and the
solubility parameter. The solubility parameter is a temperature-
dependent factor, which is employed to obtain the mixture
solubility behavior based on the cohesive energy density.19 The
output calculations of the blends and forcite module are
summarized in Table 3. The obtained simulation results are in
close agreement with the published literature data. Figure 4
summarizes the initial configurations and outputs obtained
through conducting MD simulations (blends and forcite) on
PEG and PPG hydrogels. Figure 4a−e are the input
parameters, while Figure 4f−s are the outputs.
Figure 5 indicates that, by temperature increases, the

magnitude of the chi parameter decreases, leading to an
increase in the molecule’s miscibility. A higher cohesive energy
density indicated the highest solubility.45 Typically, a small or
negative value of χij for PEG and PPG hydrogel/water, PEG
and PPG hydrogel/salt, means that the two hydrogels have a
good tendency toward water and salt, which are the major
components of a petroleum reservoir. These results confirm
the possible implementation of these hydrogels in the EOR
application. The analysis of MD simulation operated by the
forcite module for PEG and PPG hydrogels at 298.0 K is
provided in Figure S1, which indicates that an increase in the
radius of gyration (Rg) confirms that the molecules are more
overextended and aligned perpendicularly toward the water/oil
boundary.
3.2. Dissipative Particle Dynamics (DPD). DPD is a

mesoscopic coarse-graining molecular dynamics simulation. It
relies on the coarseness of the grains for modeling the
interfacial density and interfacial tension of complex fluids on a
mesoscopic scale.25,46 DPD was developed to simulate
complex fluids,47 polymer blends, petroleum fluids,19 and
complex configurations.48 In this simulation, the water

molecules, salt, and PEG and PPG hydrogels are represented
by a set of soft beads (DPD particles) interacting with
neighbor particles via soft potentials49 and move freely
according to Newton’s second law19 as shown in Figure 6.
The soft potential allows a longer time step and length scale
than classical molecular dynamics (MD) simulation.22 The
particles are subjected to a set of conservative, dissipative, and
random momentum forces.50 Furthermore, DPD is employed
to simulate the oil/water/hydrogel system.22 The concept,
analysis theory, and the mathematical expressions used in DPD
simulation are reported elsewhere for further reading.19,50 In
DPD, conservative ( f i), random (Fij

R), and dissipative (Fij
D)

forces act between two particles i and j with rij apart
represented by the following expressions

f F F F( )i
i j

ij ij ij
C R D∑= + +

≠ (9)

F a r R r r R

r R

(1 / ) ( ),

0, (

ij ij ij ij ij

ij

C
c c

c

= { − <

>

∧

(10)

F w r r( )ij ij ij ij
R Rσ θ=

∧
(11)

F w r r r( )( . )ij ij ij ij ij
D Dη ν= −

∧ ∧
(12)

The combined effect of these two forces is a thermostat, which
conserves momentum and, hence, gives the correct hydro-
dynamics. aij, σ, and η determine the amplitudes of the
conservative, random, and dissipative forces, respectively.22

The DPD simulation was conducted using the mesocite
module in the DS Biovia Materials Studio package. The
calculation was performed in a simulated box of a 3D triclinic
lattice of (90 × 90 × 90 Å3), where periodic boundary
conditions are applied in (x,y,z) directions.22 The conservative
interaction was correlated as a function of the Flory−Huggins
parameters for polymers by the following expression25

a a X3.27ij ij ij≈ + (13)

The self-assembled polymeric networks interconnect with
each other leading to a flakelike micelle formation, which
produces a percolated gel-like network under equilibrium
conditions.25 At the simulation commencement, the PEG and
PPG hydrogels are oriented at the interface, so the interface
becomes saturated, and the interface bends to expand, leading
to interfacial tension reduction.19 The relative concentration

Table 3. Calculated Parameters of MD Simulation (Blends and Forcite Modules)

calculation parameter PEG hydrogel PPG hydrogel

blend module analysis base PEG-pol PEG-pol PPG-pol PPG-pol
screen H2O NaCl H2O NaCl
energies PEG-pol_H2O PEG-pol_Nacl PPG-pol_H2O PPG-pol_Nacl
chi (298 K) −458.94 −770.19 −397.37 −720.28
Emix (298 K) −271.78 −456.10 −235.32 −426.54
Ebb avg (298 K) 70.03 70.03 56.92 56.92
Ebs avg (298 K) −10.72 −58.73 −10.64 −60.46
Ess avg (298 K) −2.34 −52.18 −2.36 −52.07

forcite module analysis structure PEG-pol (−1 1 1) PPG-pol (−1 1 1)
cohesive energy density 6.58 × 108 6.32 × 108

solubility parameter 25.65 25.14
interpotential energy −1310.68 −1316.45
inter van der Waals energy 261.28 239.50
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Figure 4. continued
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profiles and the radius of gyration values for different system
beads are displayed in Figure S2. According to the
concentration profile, the concentrations of PEG and PPG
molecules increase at the interfaces. Furthermore, the beads
(water molecules, salt, and PEG and PPG hydrogels) are
tightly packed at the interface, leading to the IFT reduction.
The structural behaviors of the beads are investigated as a
function of the radius of gyration (Rg). Higher Rg values
confirm that PEG and PPG hydrogels straighten and are
oriented perpendicularly at the interface. The increase in Rg
results in H-bonding and electrostatic interaction between
hydrophilic and lipophilic groups in the hydrogel network.19

The DPD simulation indicates the ability of PEG and PPG
hydrogels to reduce interfacial tension at the oil/brine
interface, which in turn increases the displaced oil amount.
These results are in agreement with those of Sharipova et al.51

and Li et al.22

3.3. Assessment of the Oil Recovery Factor. Exper-
imental flooding was conducted on a linear model packed with
unconsolidated sandstone. The criteria of the model, flooding
conditions, the mathematical expression used in the calculation

of the oil recovery factor, as well as the mechanisms of oil
recovery enhancement and permeability reduction through
hydrogel treatment have been reported in our previous
studies.3,26 The flooding process was conducted at a temper-
ature of 80 °C using a slug of PEG and PPG hydrogel solution
with concentrations of 1.0 and 1.5 g/L. The oil recovery factor,
pressure drop, and water-cut are reported through the flooding
process3 as displayed in Figure 7. The flooding process
commences with water displacement, which simulates the
primary and secondary oil recovery stages on the field scale,
where the amount of ejected oil is calculated on a volume basis
until the oil cut reaches <1%. This stage is represented in
Figure 7 with the data captured before 1.6 PV. After 1.6 PV,
this stage simulates the tertiary recovery exerted by the effect
of displacing fluid (PEG or PPG) in our case, where the
flooding process sustained until the oil cut ceased. The reader
will observe that the oil recovery fraction and water-cut seem
weakly dependent on the concentrations of the hydrogels in
the two cases (1.0 and 1.5 g/L). This behavior is attributed to
the displacement process conducted on a narrow scale in the
lab where the total pore volume does not exceed 490 cc as

Figure 4. Result of initial and output configurations from MD simulation.
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Figure 5. continued
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reported in the literature.26 Consequently, the oil recovery
fraction and water-cut difference are weakly dependent on the
hydrogel concentration. On the other hand, there is a
significant pressure drop difference, which results in the
tangible variation of the two-solution viscosity, thus exerting
high ΔP between the inlet and outlet pressures. To investigate
the effect of hydrogel chemistry on oil recovery, the oil
recovery fraction curves of the two hydrogels were super-
imposed, as displayed in Figure 8.

The flooding data shows that the oil recovery factor reaches
72 and 88% in the cases of PEG and PPG hydrogels,
respectively. The ability of both hydrogels to displace the oil
results in their surface activity, which in turn decreases the O/
W interfacial tension, thus enhancing the displacement
efficiency and improving the oil recovery factor.1,52 The
increased oil recovery in the case of the PPG hydrogel rather
than the PEG hydrogel results in excessive hydrophobic
association in the PPG hydrogel, which in turn increases the

Figure 5. Calculation analysis of the blend module including the chi parameter, mixing energy, energy distribution, and free energies for PEG and
PPG hydrogels (base) relevant to H2O and salt screens.
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solution viscosity, compared to the brine viscosity, thus
improving the sweeping efficiency.31 During brine flooding,
the initial water-cut increases incrementally to reach 90% after
1.6 PV.31 Increasing the pressure difference after brine flooding
(>1.6 PV) indicates that PEG and PPG hydrogels can shut off
the highly permeable zones owing to their gelling and elastic
effects,53 which hinder early water breakthrough, thus
enhancing the oil recovery factor.3

3.4. Cost Estimation and Feasibility Study. The process
of enhanced oil recovery is a key function of the economic cost
of the flooding chemical agents and capital expenditures.
Although the feasibility study was conducted on a field scale as
stated in our previous study,54 in this study, the economic cost
will be conducted on a lab scale to assess the possibility of
industrial application for the synthesized hydrogels. As a result,

the capital expenditure and oil-well overheads will be omitted
from this lab-scale study, while the amount of recovered oil
(bbl) and the cost of displacing chemicals (hydrogel, lb) will
be considered in this study. The cost of chemicals was
calculated depending on their current prices taking into
consideration the reaction conditions and yield amount, while
the recovered oil amount was recorded from the experimental
displacement after waterflooding (1st and 2nd recovery stages)
(i.e., this is the recovered amount from residual oil by the effect
of the hydrogel). The summary of the conducted feasibility
study on the lab scale is summarized in Table 4.
The results displayed that the cost of consumed hydrogel/oil

barrel ranges from $5.51 to $7.58 for each recovered barrel.
Comparing this cost with the cost of oil barrel gave $63.479 at
the time of writing this manuscript. We can conclude that both

Figure 6. PEG- and PPG-hydrogel configurations resulting from the DPD simulation.
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PEG and PPG can be used industrially in the field of chemical
enhanced oil recovery and for achieving high economic profit.

4. CONCLUSIONS
Poly(ethylene glycol) and poly(propylene glycol) surfmers
were used as base moieties to synthesize hydrophilic water-
based hydrogels. The rheological performance was assessed
under harsh reservoir conditions. Both hydrogels follow the
allometric power-law model and exhibit shear-thinning
(pseudoplastic) behavior with reasonable yield stress. The
shear stress−shear rate profile assessed at 80 °C follows the
Herschel−Bulkley and Bingham plastic models. On the scale of
computational chemistry, both MD and DPD simulations were
implemented to investigate the oil/water/hydrogel system.
Based on the experimental and simulation outputs, the
following concluding remarks can be reported.

(1) The rheological performance of PEG and PPG hydrogels
confirms their prosperous implementation in under-

ground reservoirs up to 80 °C, at a shearing rate of 64.68
S−1, and a salinity of 80 000 ppm.

(2) The surface activity represented through the surface area
(Am) and surface excess concentrations (Γm) confirms
that both hydrogels can reduce the W/O interfacial
tension, thus improving the displacement efficiency and
improving the oil recovery.

(3) The negative magnitude of the chi parameter (χij) for
PEG and PPG hydrogel/water, PEG and PPG hydrogel/
salt, confirms their high miscibility with formation water
in underground reservoirs, thus increasing the aqueous
solution viscosity, leading to improvement of the
sweeping efficiency.

(4) DPD simulation indicates that PEG and PPG hydrogels
are oriented at the interface, where the beads (water
molecules, salt, and PEG and PPG hydrogels) are tightly
packed, leading to IFT reduction. Furthermore,

Figure 7. Oil recovery factor (RF), water-cut, and pressure difference in the cases of PEG and PPG hydrogels, respectively, at concentrations of 1.0
and 1.5 g/L.
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increasing the radius of gyration (Rg) confirms the high
spread of hydrogels at the water/oil boundaries.

(5) PEG and PPG hydrogels are effective EOR agents with
enhanced oil recovery factors of 72 and 88%,
respectively, and higher water shutoff values for the
highly permeable zones, so they can be used industrially
during polymer flooding processes on the field scale.

Finally, the combination of classical MD and DPD strategies
was used to investigate the complex behaviors of hydrogels in
underground reservoirs, leading to the development of a new
foundation in theoretical research activities of enhanced oil
recovery (EOR) and oil production.

5. EXPERIMENTAL SECTION
5.1. Materials and Equipment. Poly(ethylene glycol)

(CAS no. 25322-68-3, average Mn ∼ 1450), poly(propylene

glycol) (CAS no. 25322-69-4, average Mn ∼ 400), methacrylic
acid (CAS no. 79-41-4), p-toluenesulfonic acid, benzene
(analytical standard, CAS no. 71-43-2), acrylamide (AM
≥97%), 1-vinyl-2-pyrrolidone (VP ≥99%), 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS ∼99%), potassium
persulfate (KPS ≥99%), acetone ≥97%, and ultrapure ethanol
were used. All chemicals were analytical pure supplied from
Merck and used without further purification. Poly(ethylene
glycol)dimethacrylate (PEG) and poly(propylene glycol)-
dimethacrylate (PPG) surfmers were synthesized according
to the method reported by Shukla and Rai.55 Spectroscopic
characterization was conducted according to the litera-
ture.28,29,56,57 Thermogravimetric analysis (TGA) was per-
formed by SDT Q600 V20.5 Build 15 (TA Instruments). PEG
and PPG hydrogels with weight 10 mg were treated thermally
on a platinum pan from 25 to 623.15 °C under a nitrogen

Figure 8. First, second, and third oil recovery factors (RFs), in the cases of PEG and PPG hydrogels, respectively, at concentrations of 1.0 and 1.5
g/L.

Table 4. Summary of Economic Cost for PEG and PPG Hydrogels on the Lab Scale

hydrogel PEG PPG

hydrogel conc. g/L 1 1.5 1 1.5
hydrogel conc., lb 0.0022 0.0033 0.0022 0.0033
recovered oil volume after waterflooding (recovered from residual oil), cc 10 12 18 22
recovered oil volume after waterflooding (recovered from residual oil), bbl 6.29 × 10−5 7.55 × 10−5 1.13 × 10−4 1.38 × 10−4

slug efficiencya 35.0 43.7 19.4 23.8
cost of chemical, $ 3.81 × 10−4 5.72 × 10−4 5.08 × 10−4 7.62 × 10−4

cost of consumed hydrogel/oil barrelb, $ 6.06 7.58 4.49 5.51
aSlug efficiency was calculated by dividing the mass of injected chemical (pounds, lb) by the volume of recovered oil (barrels, bbl). bCost of
hydrogel/oil barrel was calculated by dividing the cost of chemical, $/recovered oil volume after waterflooding (recovered from residual oil), bbl.

Table 5. Assigned Weights of Monomers

monomer PEG/PPG surfmer AM AMPS VP KPS H2O

weight, g 1.237 15.0 10.78 5.78 0.844 393.60
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atmosphere and a heating rate of 10 °C/min. Infrared peaks
were observed through the American FTS-3000 FT-IR
spectrometer (400−4000 cm−1) using KBr pellets. 1H nuclear

magnetic resonance (NMR) chemical shifts were detected with
a Bruker-NMR 400 MHz spectrometer using the CHCl3
solvent. Viscosity and rheology tests were performed on the

Scheme 1. Preparation of Hydrogel by Poly(ethylene glycol) Dimethacrylate and Poly(propylene glycol) Dimethacrylate
Separately
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Brookfield-LV Rheoclac V3.3 Build 49-1 model furnished with
a temperature controlling unit and an SC4-18 spindle. The
viscosity of solutions is monitored relevant to the salinity,
temperature, and applied shearing effect, according to ASTM
D2196-18. Interfacial tension (IFT) was assessed by the Du
Noüy ring procedure with an uncertainty degree of 0.5 mN/m
at 25 °C.
5.2. Syntheses of PEG and PPG Hydrogels. Under a

nitrogen atmosphere, the process of hydrogel synthesis was
conducted according to the literature.4 Typically, the assigned
monomer amounts were polymerized through the emulsion
polymerization technique at 59 °C for 11.0 h as indicated in
Table 5. After reaction termination, the hydrogels were
subjected to a series of solvent extractions by ethyl alcohol,
followed by acetone. The final hydrogel was subjected to
vacuum-drying using a rotary evaporator at 59 °C for 24 h to
remove the unreacted monomers and extracting solvents. At
the same time, the monomer conversion rate was assigned
through the brominating method as stated elsewhere.26 The
reaction steps are displayed in Scheme 1. The spectral analyses
including Fourier transform infrared spectroscopy (FT-IR), 1H
NMR spectra, and thermogravimetric analysis (TGA) are
provided in Figures S3−S5.
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■ ABBREVIATIONS
μ solution viscosity, cP
τ shear stress (Pa)
γ shear rate (s−1)
τ0 yield stress (Pa)
K flow consistency coefficient (Pa·s−n)
n flow behavior index
Γm surface excess concentration, mol/cm2

σ equilibrium surface tension, mN/m
C hydrogel concentration, mol/L
T absolute temperature = 353 K

R general gas constant = 8.314 J mol−1 K−1

Am minimum surface area exerted by the molecule, nm2

NA Avogadro’s constant = 6.02214 × 1023 mol−1

f i conservative force, expressed as the soft repulsive of Fij
C

aij maximum repulsion between particles i and j
rij distance between particles i and j

rij
∧ corresponding unit vector between particles i and j

Rc cutoff radius, which gives the extent of the interaction
range

νij velocity difference between particles i and j
θ random number between 0 and 1
W weight function
η friction coefficient
σ noise amplitude
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