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ABSTRACT: Conformance control during waterﬂooding in an oil
reservoir is utilized to redistribute water and increase the sweep
eﬃciency and hence oil production. Using preformed gel particles
can eﬀectively redirect the ﬂow by blocking the high-permeability
zones and forcing water into low-permeability zones where the oil
is trapped. However, the size of such gel particles can limit their
applications deeper within the reservoir and can result in shearinduced degradation near the well bore. Here, we fabricate core−
shell nanohydrogels with delayed swelling behavior; their volume
increases by a factor of 200 after about 30 days in brine under
reservoir conditions. We study their eﬀect on the ﬂow behavior in a three-dimensional porous medium micromodel consisting of
randomly packed glass beads. Using confocal microscopy, we directly visualize the spatial variations of ﬂow in the micromodel before
and after nanohydrogel injection and swelling. The swollen nanohydrogels block some pores reducing the permeability of the
micromodel and diverting the water into low-permeability regions. A core ﬂood experiment further conﬁrms that the nanohydrogels
can signiﬁcantly reduce the permeability of a reservoir sample and divert the ﬂuid ﬂow. Our results demonstrate that these core−
shell nanohydrogels might be useful for ﬂow control in porous media and can be used as a conformance control agent.
KEYWORDS: core−shell nanohydrogels, delayed swelling, conformance control, porous media, core ﬂood test

1. INTRODUCTION
Recovery of crude oil is always limited, even in the best of
reservoirs, with amounts as large as 70% of the original crude
left in place, even after the use of the most standard recovery
method, the injection of water to displace the crude oil in the
reservoir.1,2 The origin of this low displacement ratio lies in the
mismatch in the viscosities of the displacing ﬂuid with that of
the crude and in the intrinsic heterogeneity of the reservoir.
The mismatch in viscosity results in an inherent ﬂow
instability, viscous ﬁngering, where the displacing ﬂuid ﬂow
forms channels through which it is transported in the reservoir,
leaving large quantities of oil behind.3,4 This is exacerbated by
heterogeneities in the porous medium, where the ﬂuids ﬂow
through regions of high permeability, bypassing all of the oil in
the neighboring regions of low permeability.5,6 The combination of these eﬀects leads to very poor sweep eﬃciency,
resulting in large amounts of residual oil left in place. This
motivates the use of many diﬀerent techniques for enhanced
oil recovery.7−23 One important feature of these methods is to
improve the sweep eﬃciency by improving conformance by
reducing ﬂow in the regions of high permeability to force the
displacing ﬂuid into regions of lower permeability, where much
of the residual oil lies. Many techniques for conformance
control have been developed.17−26 One of the most promising
approaches is the use of preformed particles such as
© 2020 American Chemical Society

submicron- to micron-sized polymeric gel particles, insoluble
but completely dispersible in water and stable for up to one
year at reservoir conditions, including the higher temperatures
found in each reservoir.20−26 While dispersed in water, these
particles can be injected and penetrate into the porous
medium, blocking pore throats and increasing the resistance of
the high-permeability paths, thereby diverting the ﬂuid to
zones with low permeability, which are more poorly swept.
This process requires suﬃcient particles with sizes larger than
the pores to be transported into the reservoir to block the highpermeability paths. However, it is diﬃcult to deliver suﬃcient
particles deep into the zone where most residual oil is located
due to the relatively large particle size, which causes them to be
trapped in pore throats near the injection well rather than
deeper within the reservoir where they are most needed. One
way to force these particles to be transported deep into the
reservoir is to increase the injection pressure, which deforms
the particles enabling them to pass through the pore
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Figure 1. Synthesis of core−shell nanohydrogels. (A) Swelling mechanism of the core−shell nanohydrogel. The inner yellow region represents the
core particle and the brown circle represents the shell. After the nanohydrogels are suspended in brine at 50 °C, the shell starts to degrade, and the
water penetrates inside the core to gradually swell the nanohydrogel. (B) Synthesis reaction of the hydrogel core particle. (C) Synthesis reaction of
the shell on the core particle.

medium consisting of packed glass beads and observing ﬂow
patterns using confocal microscopy. The appearance of new
ﬂow streams in the previously poorly swept regions conﬁrms
the eﬀectiveness of the nanohydrogels in blocking highpermeability zones and redirecting the ﬂow of the displacing
ﬂuid into low-permeability zones. We also conduct a core ﬂood
test using these nanohydrogels and show that the permeability
of the core is signiﬁcantly decreased after injection and
swelling of the nanohydrogels. These results establish a proof
of concept that this approach can be developed successfully.

throats.4,10 There is a threshold pressure for suﬃcient
deformation to occur, which depends on the ratio of the
particle size to pore throat size, as well as the mechanical
properties of the particles.23,27,28 However, relying on this
threshold pressure to deliver particles into the deep zone of the
reservoir is technically challenging because of the limitations to
the injection pressure. Moreover, deformation of the particles
while they are transported due to the high pressure can make
them lose their ability to block high-permeability regions.4,28
This is particularly problematic near the well bore, where the
shear forces are the highest and can degrade the hydrogel
particles.28 Thus, there remains a need to fabricate particles
that can be easily transported and penetrate deep into the
reservoir but then block pores and eﬀectively divert ﬂuid into
low-permeability regions. This would also allow more
economic use of particles, as they would be trapped only in
the regions of the reservoir where they are most required.
Here, we introduce a new strategy to address the needs of
microparticles for conformance control for oil recovery. We
fabricate core−shell nanohydrogels that exhibit a delayed
swelling: they are initially very small and can easily penetrate
through the pores, allowing them to be transported deep into
the reservoir. After a controlled time, they swell and become
large enough to block the pores. These nanohydrogels have a
hydrophilic crosslinked core and a degradable shell. While
initially dispersed in aqueous solution, these nanohydrogels
maintain their original size and integrity for many days, with
the time depending on the shell thickness, allowing them to
travel deep into the reservoir. Upon shell degradation, the
hydrogel core uptakes water and swells to its ultimate capacity,
which makes it large enough to eﬀectively block the pores. We
demonstrate the utility of these nanohydrogels by injecting
them into a three-dimensional (3D) micromodel porous

2. RESULT AND DISCUSSION
2.1. Synthesis of Core−Shell Nanohydrogels. We
fabricate nanohydrogels with a core−shell structure that
exhibit delayed swelling under typical reservoir conditions for
conformance control. The main composition of the core of the
nanohydrogels is polyacrylamide, while the shell is made of
butyl acrylate crosslinked by 1,4-butanediol diacrylate. Upon
suspending the nanohydrogels in brine at 50 °C, the ester
bonds in the shell hydrolyze over time, causing the shell to
degrade and enabling water to permeate the core, causing it to
swell (Figure 1A).29 To produce this structure, we use a twostep process, initially fabricating the core and subsequently
coating it with the shell material. We generate water-in-oil
emulsions as the templates for fabricating the core particles
using an ultrasonic processor for 2 min. The water phase
contains four types of monomers: acrylamide, acrylic acid, 2acrylamido-2-methyl-1-propanesulfonic acid sodium salt, and
(3-acrylamidopropyl)trimethylammonium chloride. We also
dissolve N,N′-methylene bisacrylamide and ammonium
persulfate (APS) in the water to serve as the crosslinker and
initiator, respectively. The oil phase is cyclohexane with Span
80 as the surfactant for the emulsion. To enhance the swelling
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of the nanohydrogels, we combine strong positive and negative
charged monomers as core components. These charged
monomers enhance the hydrophilic character of the core
increasing the degree of swelling while also enhancing the
thermal stability. Before swelling, they form a crosslinked ionic
structure in the core; this delays the swelling even after water
penetrates, increasing the penetration of the nanohydrogels
into the reservoir.30−36 To maximize the swelling, we use as
high an initial monomer concentration as possible, 50 wt
%.31,34 After emulsiﬁcation, we maintain the emulsion at 65 °C
in an oil bath with vigorous stirring to polymerize the
monomers with the crosslinker to form the core particles. To
control the crosslinking density and consequently the
swellability of the nanohydrogels, we vary the molar ratio of
the monomers and crosslinker. Since these crosslinked
particles are formed in a fully hydrated state, it is necessary
to dehydrate them to reduce their size prior to coating them
with the shell. This is achieved by adding a mixture of ethanol/
cyclohexane with a 1:1 volume ratio to the oil phase. The
addition of ethanol extracts water from the core by increasing
the water solubility in the oil phase; this results in shrinkage of
the particles. We then add butyl acrylate and 1,4-butanediol
diacrylate with a molar ratio of 10:1 into the external oil phase.
The amphiphilic butyl acrylate has an aﬃnity to the hydrogel−
oil interface, which concentrates on the surface of the
dehydrated core particles. As the initiator, we use ammonium
persulfate; it is water-soluble and hence is concentrated in the
hydrogel core of the particles, thereby further limiting
polymerization of the shell to the surface of the particles,
rather than in the bulk oil phase. We form the shell by stirring
the emulsion overnight and maintaining it at 70 °C. After the
shell is formed, we cool the reaction mixture, centrifuge the
nanohydrogel suspension to remove the oil phase, wash the
particles with ethanol several times, and dry them in a
desiccator for 2 days at room temperature. The chemical
structure of monomers and crosslinkers as well as the reactions
that form the crosslinked network of the hydrogel core and
shell are shown in Figure 1B,C.
2.2. Tuning Synthetic Parameters for Controlling the
Core and Shell. Our goal in formulating these nanohydrogels
is to create particles that are initially small enough that they
can be easily transported deep into the reservoir where they
encounter the residual oil. Once they have been transported
within the reservoir, the nanohydrogels swell to become large
enough to block the pores and modify the conformance of the
reservoir. Thus, the initial size of the nanohydrogels should be
as small as possible to enable them to freely pass through the
pores. To control the initial size of the nanohydrogels, we vary
the surfactant concentration, which controls the size of the
emulsion drops when the particles are formed. In addition, the
size of the nanohydrogels after they swell should be as large as
possible to optimize the conformance control. To vary the
swollen size of the nanohydrogels, we control the degree of
swelling by varying the ratio of monomer to crosslinker. In
addition, to control the time scale upon which the swelling
occurs, we vary the shell thickness through varying the shell
monomer. We ﬁx the monomer to crosslinker ratio at 160:1
and synthesize nanohydrogels using a 3 wt % surfactant with
shell material concentration at 0.5 mol L−1. To visualize the
size and the morphology of nanohydrogels produced, we use
scanning electron microscopy (SEM). They have a spherical
shape with diameters of ∼150 nm, as shown in Figure 2A. To
verify the core−shell structure of these nanohydrogels, we use
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Figure 2. Characterization of core−shell nanohydrogel by SEM and
TEM. (A, B) SEM and TEM images of nanohydrogels with diﬀerent
sizes ∼150 nm. (C, D) SEM and TEM images of nanohydrogels with
a size of ∼250 nm.

transmission electron microscopy (TEM) to determine their
core size and shell thickness. We observe a clear boundary that
delineates the core and shell. Nanohydrogels with a size of
∼150 nm in Figure 2A have a core that is roughly 100 nm with
a shell that is roughly 25 nm, as shown in Figure 2B. To vary
the nanohydrogel size, we decrease the surfactant concentration to 1 wt % and the shell material concentration to 0.15
mol L−1 and again use SEM and TEM to examine the
morphology and shell thickness. Now, the nanohydrogels have
a core of ∼220 nm and a shell of ∼15 nm for a total size of
∼250 nm, as shown in Figure 2C,D. These results indicate that
increasing surfactant concentration while generating core
emulsion templates results in smaller core particles; increasing
shell monomer concentration produces a thicker shell. Overall,
we can control the nanohydrogel size as well as its shell
thickness by tuning diﬀerent reaction parameters, such as the
emulsiﬁcation time and the polymerization time while
generating the emulsion for core particles and the polymerization time for growing shell.
2.3. Swelling Behavior and Rheological Property of
Core−Shell Nanohydrogels. Several parameters determine
the swelling proﬁle of the nanohydrogel under reservoir
conditions; these include the molar ratio between core
monomers and crosslinkers and the thickness of the shell.
To measure the swelling, we disperse the nanohydrogels with a
size of ∼250 nm in brine at 50 °C for 30 days and measure
their sizes by dynamic light scattering (DLS) at diﬀerent points
during this time interval. The sizes of these nanohydrogels do
not change signiﬁcantly in the ﬁrst few days but then gradually
increase starting on day 5. After 30 days, they are swollen by a
factor of more than 6 in radius, to a value of 1.6 μm, as
indicated by the red dots in Figure 3A. The delay in the
swelling is due to the hydrophobic shell that minimizes water
diﬀusion into the core, preventing swelling initially, while
allowing water to penetrate and swell the hydrogel core once
the shell has degraded. To vary the amount of swelling, we
change the ratio of the monomer to crosslinker of the core
particle in the nanohydrogels. When we use a ratio 75:1, the
size of the fully swollen nanohydrogels is reduced to about 1.0
μm, as shown by the black squares in Figure 3A. By
comparison, when we increase the ratio to 300:1, the size of
34219
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Figure 3. Swelling behavior and rheological property of core−shell nanohydrogels. (A) DLS measurement of the nanohydrogel size at diﬀerent
time intervals for 75:1 (solid black squares), 160:1 (solid blue triangles), and 300:1 (solid red circles) nanohydrogels possessing a 15 nm thick shell.
(B) DLS measurement of 160:1 nanohydrogels with diﬀerent shell thicknesses of ∼15 nm (solid red circles) and ∼30 nm (solid blue squares). (C,
D) SEM images of the nanohydrogels with a diameter of 250 nm and a 15 nm shell before swelling and after swelling in brine at 50 °C, respectively.
(E) Stress as a function of shear rate of 1 wt % nanohydrogel with a diameter of 250 nm when just dispersed in brine. (F) Stress as a function of
shear rate of 1 wt % swollen nanohydrogel suspension.

the swollen nanoparticles is almost the same as 160:1
nanohydrogels, as shown by the blue triangles in Figure 3A;
we believe that this is a result of the high salinity of the ﬂuid,
which limits the total swelling.
To investigate the eﬀect of the shell thickness on the
swelling proﬁle, we ﬁx the ratio of core monomers to
crosslinker at 160:1 and increase the concentration of the
shell materials to 0.6 mol L−1. This results in nanohydrogels
with a diameter of ∼350 nm and a shell of ∼30 nm
(Supporting Information, Figure S1). When dispersed in brine
at 50 °C, these nanohydrogels exhibit a delayed increase in
size, starting only at day 7, and then gradually swelling over 40
days, as shown by the blue squares in Figure 3B. Thus, the
increased shell thickness further delays the diﬀusion of water
into the hydrophobic shell, slowing the initial swelling of the
particles. When the core particles contact water after the shell
degrades, the charged monomers in the core do not hydrolyze,
thus slowing down the degradation of the nanohydrogel
polymer. Moreover, the presence of sulfonated monomers and
amine monomers form an ionic crosslinking structure, which
further delays the swelling and enhances the thermal stability
of the nanohydrogels.28 To further study the morphology of
these nanoparticles, we freeze-dry the nanohydrogels to
maintain their structures before and after swelling and directly
visualize them using SEM. These nanohydrogels when just
dispersed in brine (Figure 3C) are signiﬁcantly smaller than
those of the fully swollen state (Figure 3D). Moreover, we
observe the evidence of shell breakage in the inset image in
Figure 3D, conﬁrming the degradation of the shell.
2.4. Nanohydrogel for Fluid Diversion in 3D Micromodel Porous Medium. To investigate the properties of
these nanohydrogels in ﬂuid diversion, we prepare a sample of
the 160:1 nanohydrogels with a size of ∼250 nm at 1 wt % in
brine. This is the same total polymer concentration of polymer
that is typically used for conformance control in reservoir

applications. Since the polymer is initially in a highly
compressed state within the nanoparticles, the initial volume
fraction of nanohydrogels is low, about 1%, and, as a result, the
viscosity of the suspension is essentially the same as that of the
brine without particles, about 10−3 Pa s (Supporting
Information, Figure S2). The low viscosity and small particle
size facilitate the transport of the nanohydrogels to a greater
depth in a reservoir.14,15,37 The total polymer concentration is
suﬃciently high to inﬂuence conformance upon swelling of the
nanohydrogels. To determine the eﬀects of swelling, we hold
the suspension at 50 °C for 30 days, whereupon the volume of
the nanohydrogels increases by more than 200 times compared
with their volume when initially dispersed in brine. The
eﬀective volume fraction is then greater than 1, which implies
that the nanohydrogels must deform to pack in the suspension.
This results in dramatic changes in the rheological properties
of the suspension. For example, the viscosity at very low shear
rates appears to diverge and has a value of 3 Pa s at a shear rate
of 0.1 s−1, the lowest value measured; this is more than 1000
times larger than the viscosity of the suspension before swelling
and reﬂects the much larger size of the hydrogels and the very
high packing that results. The suspension also exhibits
pronounced shear thinning as the shear rate increases to
about 10 s−1, as shown in Figure 3E.38 Further insight is
obtained by plotting the shear stress as a function of shear rate.
The stress decreases linearly with shear rate until ∼10 s−1,
whereupon the stress becomes nearly independent of shear
rate. This behavior is consistent with that of a yield stress ﬂuid
with a yield stress of about 0.3 Pa, as shown in Figure 3F, again
reﬂecting the compression of the hydrogels upon swelling. This
is also the behavior required for the use of this form of polymer
for conformance control.
To directly investigate the role of these nanohydrogels in
conformance control, we use a 3D micromodel porous
medium made by sintering randomly packed glass beads with
34220
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Figure 4. Nanohydrogel for conformance control before and after nanohydrogel injection and swelling in 3D micromodel at the pore scale. (A)
Height under which the ﬂuid passes through the micromodel as a function of time. The inset image is the zoom-in image while the height is less
than 2 cm. (B, C) Images of two locations chosen at random, 2 mm along the x direction apart. (B(1), C(1)) Flow patterns before 250 nm
nanohydrogel injection. Red lines are the tracer particle pattern representing the ﬂow pattern. (B(2), C(2)) Flow patterns represented by the black
lines after 250 nm nanohydrogel injection and fully swelling after one month. (B(3), C(3)) Overlap images of (B(1)) with (B(2)) and (C(1)) with
(C(2)). Yellow disks represent glass beads. The scale bar is 100 μm. (D) Pressure drop of the Bentheimer core as a function of ﬂow rate during
brine injection after 47 days.

micromodel, stop the ﬂow, and seal the sample. We then
maintain the sample at 50 °C for 30 days to allow the
nanohydrogels to fully swell. When we repeat the ﬂow
measurements, we ﬁnd a noticeable decrease in the
permeability as the ﬂow is slower, as shown by the squares
in Figure 4A. Moreover, at the lowest pressure, the ﬂow seems
to saturate and the time scale gets longer with the data of the
pressure never falling to zero, as highlighted in the inset in
Figure 4A. Interestingly, the height where the data saturate is
about 0.5 cm, which corresponds to a pressure of 50 Pa. Given
that this is the pressure drop across the whole micromodel, this
would correspond to a pressure drop of about 0.5 Pa, which is
the yield stress of the swollen nanohydrogel sample, across a
length of about 300 μm. This behavior is consistent with there
being yield stress within the micromodel due to the
nanohydrogels blocking the pores. These low-pressure
measurements were done after the high-pressure measurements, which presumably displaced some of the microgels.
Indeed, if we begin with the low-pressure measurements, to
test the micromodel completely ﬁlled with the swollen
particles, we ﬁnd that we must do so to even higher pressures
to initiate a noticeable ﬂow rate, again consistent with the yield

a radius of 32 μm in a square quartz capillary tube. The length
of the micromodel is L = 3 cm, while its cross-sectional area is
A = 9 mm2 and its porosity is φ ∼ 41%.39,40 We measure the
ﬂow through the micromodel by setting the hydrostatic
pressure at the inlet and using a balance to measure the time
taken for a ﬁxed mass of ﬂuid, ∼50 mg, to exit the micromodel.
This corresponds to roughly half a pore volume of ﬂuid. We set
the hydrostatic pressure at the inlet by adjusting the height of
the ﬂuid reservoir. We measure the ﬂow of pure brine through
the micromodel and ﬁnd the height to depend approximately
on the inverse of the transit time, as shown by the circles in
Figure 4A. This is expected from Darcy’s law, where the
permeability is
κ=

μQL
A ΔP

(1)
−3

where μ is the viscosity of the brine, ∼ 10 Pa s, Q the ﬂow
rate, and ΔP is the pressure drop. From these data, we estimate
that the permeability of the micromodel is 4 × 10−14 m2. To
measure the eﬀects of the nanohydrogels, we use the 160:1
nanohydrogels with an unswollen radius of 250 nm and
suspend them in the brine at a concentration of 1 wt %. We
ﬂow several pore volumes of this suspension through the
34221
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stress behavior of the rheology observed for the swollen
particles.
To gain further insight into the behavior of the swollen
nanohydrogels, we also directly visualize the ﬂuid ﬂow through
the micromodel using a confocal microscope. For this, we use a
micromodel with larger pore sizes fabricated using glass beads
of 75 μm radius but the same length, cross-sectional area, and
porosity as the previous one. We measure the permeability to
be κ ∼ 8.5 × 10−10 m2. We formulate a ﬂuid, which is a mixture
of 88 wt % dimethyl sulfoxide (DMSO) and 12 wt % water, to
which we add 0.005 wt % 1 μm ﬂuorescent tracer particles.
This ﬂuid matches the refractive index of glass beads, enabling
full visualization of ﬂow through the pores.40 We use confocal
microscopy to visualize the ﬂow patterns at the pore scale. This
visualization is easier because we use the larger bead size. We
ﬂow the index-matching ﬂuid into the 3D micromodel using a
syringe pump at a ﬂow rate of 100 μL h−1. To construct the
ﬂow pattern, we record a video of the ﬂuid using confocal
microscopy for 3 min in the xy plane, at 15 frames s−1, and at a
ﬁxed focal plane (z position). We use ImageJ to stack all
frames into a single image, in which the tracer particle pattern
represents the ﬂuid pattern. To visualize the ﬂow at diﬀerent
positions in the micromodel, we acquire additional videos at
the same z position but at diﬀerent locations in the xy plane.
The ﬂow patterns, denoted by the red lines, at two locations
are shown in Figure 4B(1),C(1). We observe that tracer
particles appear in pores where most ﬂow passes through, while
some pores have few tracer particles, indicating less ﬂuid
invading these areas. To investigate the modiﬁcations in the
ﬂow pattern induced by the swollen nanohydrogels, we use a
suspension of the 160:1 nanohydrogels with a diameter of 250
nm and prepare a suspension at 1 wt % in brine. We ﬂush the
micromodel with brine to remove the index-matched probe
ﬂuid and inject 1 pore volume of the nanohydrogel suspension
into the micromodel, seal it, and maintain it at 50 °C for 30
days to fully swell the nanohydrogels. The permeability after
the nanohydrogels have been swollen is measured using brine
as a displacing ﬂuid and is 6 × 10−10 m2. This result indicates
that 1 pore volume of the nanohydrogel suspension after
swelling in the micromodel can signiﬁcantly reduce its
permeability, by ∼30%, presumably because some pores
become blocked and the ﬂuid must ﬁnd diﬀerent ﬂow paths
through the porous medium. To conﬁrm this hypothesis, we
inject the tracer particle-laden, index-matched ﬂuid at a ﬂow
rate of 100 μL h−1 into the micromodel and obtain tracer
particle patterns at the same locations as we did before
nanohydrogel injection; these are represented by black lines, as
shown in the confocal images of Figure 4B(2),C(2). The
signiﬁcant diﬀerence in the ﬂuid ﬂow pattern before and after
the nanohydrogel swelling is directly observed by the
overlapped images, as shown in Figure 4B(3),C(3). Comparing the position of red and black lines, it is clear that more
tracer particles appear in previously poorly swept areas after
nanohydrogel swelling, demonstrating the eﬃcacy of the
swollen nanohydrogels at diverting the ﬂuid. These results
clearly show the eﬃcacy of these nanohydrogels in
conformance control.
2.5. Coreﬂooding Using Nanohydrogel for Conformance Control. To evaluate the eﬃcacy of the nanohydrogels
for reservoir applications, we use a rock sample and perform a
core ﬂood test. We inject 8 pore volumes of suspension of 1 wt
% 250 nm diameter nanohydrogel particles in brine into a
Bentheimer sandstone core sample, with a permeability of 1.2

× 10−12 m2, at a ﬂow rate of 6 × 104 μL h−1, and at a
temperature of 50 °C chosen to match the temperature of
several reservoirs. After a little over 1 pore volume of injected
ﬂuid, the concentration of nanohydrogels in the recovered ﬂuid
rises to the same value as that injected, conﬁrming that the
nanohydrogels pass freely through the pores with no loss
(Supporting Information, Figure S3). We then stop the ﬂow,
seal the core, and maintain the temperature at the reservoir
temperature of 50 °C for over 1 month to fully swell the
particles. We then ﬂood the core with pure brine and measure
the pressure drop as the ﬂow rate is varied, as shown in Figure
4D. The rock permeability, calculated by Darcy′s law,
decreases signiﬁcantly. At a ﬂow rate of 3 × 103 μL h−1, the
rock permeability is 8.2 × 10−16 m2 . Moreover, the
permeability varies with time, increasing to 3.5 × 10−15 m2
when the ﬂow rate is 1.8 × 104 μL h−1 and 9.0 × 10−15 m2
when the ﬂow rate is 6 × 104 μL h−1; thus, the permeability is
dependent on ﬂow rate. We hypothesize that this behavior is
caused by the displacement of the nanohydrogels within the
core. Increasing the injection ﬂow rate of brine causes the
deformation of nanohydrogels propagating through the pores,
resulting in increased permeability. We also observe
pronounced ﬂuctuations in the pressure drop when the ﬂow
rate is higher than 2.4 × 104 μL h−1, as shown in Figure 4D.
This could be caused by the nanohydrogels temporarily
blocking the pores, which induces high pressure drops, but
then quickly releasing as the nanohydrogels deform and pass
through pores. During this process, the ﬂuid is diverted into
low-permeability regions, similar to that observed in the 3D
micromodel experiment. These results indicate that these
nanohydrogels are also eﬀective in modifying the conformance
even in core samples. These particles clearly retain their
stability for at least the 1 month period during the time that
the swelling occurs. We did not test their stability over even
longer time periods, which would be necessary for ﬁeld
applications, but we have no reason to expect that the particles
degrade signiﬁcantly over longer times.
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3. CONCLUSIONS
In this work, we fabricate core−shell nanohydrogels with
delayed swelling properties that can expand in volume under
oil reservoir conditions. These swollen nanohydrogels behave
as a yield stress ﬂuid and divert water toward low-permeability
zones of the porous medium. The hydrogel core-templated
core−shell fabrication method features the formation of a
degradable shell, which can protect core particles from
immediate swelling in brine. This would greatly reduce any
possible shear degradation at the well bore where the shear
forces are the largest and would enhance particle transport
through the rock near the well bore, thereby improving the
utility of these nanohydrogels for conformance control deeper
within the reservoir. Eventually, core particles can swell to
more than 200 times their volume, taking over 30 days to do
so. To demonstrate the capability of these nanohydrogels for
ﬂuid diversion, we inject the nanohydrogel brine suspension
into a 3D glass-bead micromodel and visualize the ﬂow proﬁle
using confocal microscopy. By comparing the ﬂow pattern
before and after nanohydrogel injection and swelling, we ﬁnd
the ﬂuid ﬂow is diverted into previously poorly swept regions.
More importantly, the permeability of the micromodel is
reduced by ∼30% after nanohydrogel swelling. To simulate the
process of nanohydrogel injection into an oil reservoir, we
perform a core ﬂood test and conﬁrm that the nanohydrogels
34222

https://dx.doi.org/10.1021/acsami.0c09958
ACS Appl. Mater. Interfaces 2020, 12, 34217−34225

ACS Applied Materials & Interfaces

www.acsami.org

can be transported freely through a rock sample with low
permeability while signiﬁcantly decreasing its permeability
upon swelling and possibly diverting the ﬂuid inside the rock
sample to low-permeability zones. These core−shell nanohydrogels that can swell in the reservoir have great potential as
a conformance control agent in enhanced oil recovery
applications. Further eﬀort is required to ensure that they
can be produced in suﬃcient quantity and a viable price point.
This is particularly true given the current downturn in the price
of oil; nevertheless, the historic cyclic nature of oil prices
suggests that their utility may be much greater in the future.
However, the basic concept of small-size particles that are
easily transported deep within the reservoir and that then swell
to become a viable conformance control material is established
by this work.

core, respectively. Then, the shell thickness is ΔR = R2 − R1. Using
this simple calculation, we load the amount of shell monomer with the
crosslinker to the co-solvent while growing the shell and also extend
the reaction time to make sure all of the shell monomers have been
consumed. For each batch of samples, we maintain the reaction
volume at 250 mL and weight at 1 g of core particle and increase the
shell monomer quality to three times, six times, and nine times the
total weight of core particle. For each experiment, we keep the solvent
at a ﬁxed volume of 250 mL, which can convert the amount of the
shell materials into shell material concentration. For all samples, we
use TEM to determine the diameters. A shell concentration with three
times monomer quality (0.15 mol L−1) can form a thin layer, which is
∼15 nm, while six times (0.5 mol L−1) and nine times (0.9 mol L−1)
produce ∼25 and ∼40 nm shell, respectively. To synthesize a 30 nm
shell, we increase shell monomer concentration up to 0.6 mol L−1.
4.4. Rheological Measurement. We use an Ar-G2 rheometer to
measure the rheological property of 1 wt % nanohydrogel brine
suspension when nanohydrogels are just dispersed in brine and after
immersing in brine for over a month at 50 °C until they reach the
maximum swelling capacity. Before testing, the nanohydrogel is
directly dispersed in brine with the assistance of a sonicator for 3 min.
The geometry gap is 55 μm.
4.5. Fabrication of the 3D Micromodel. We prepare a rigid 3D
micromodel porous medium by lightly sintering densely packed
hydrophilic glass beads at 875 °C in thin-walled rectangular quartz
capillaries. The 3D micromodel has a cross-sectional area A of 3 × 3
mm2 and a length of the device of 3 cm. The average diameter of the
beads is 150 μm with polydispersity 4% and porosity ∼41%. We also
attach tubes to the inlet and outlet of the 3D micromodel and seal
with 5 min epoxy. Before injecting the index-matching ﬂuid, we put
the whole device in a vacuum for 24 h and then slightly ﬁll the device
with CO2. We fabricate another device following the same procedure
with 63 μm glass beads with the same length and cross-sectional area
as the 150 μm micromodel device.
4.6. Particle Tracking Velocimetry (PTV) in the 3D Micromodel. (1) An index-matching ﬂuid (DMSO and water mixture with
a volume ratio of 7:1) is injected into the 3D micromodel at a ﬂow
rate of 100 μL h−1. The index-matching ﬂuid contains a 543/633 nm
ﬂuorescent tracer particle with a size of 1 μm. We choose a xy position
at the focal plane and record the tracer particle movement at 15
frames s−1 for 3 min. ImageJ is applied to stack all of the images into a
single image as the ﬂow pattern at this position. Other xy positions are
also recorded following the same method. (2) The whole device is
ﬂushed with brine to remove all free tracer particles as much as
possible. The composition of brine is 30 g L−1 NaCl, 7.5 g L−1 CaCl2,
and 5 mg L−1 MgCl2. (3) Further, 1 wt %. nanohydrogels are
dispersed in brine. We inject 1 pore volume of this brine suspension
into the 3D micromodel. (4) The inlet and outlet of the 3D
micromodel are sealed and the whole device is placed in an oven at 50
°C for 1 month, allowing them to reach the maximum capacity.
Afterward, the brine is replaced after ﬂushing with the index-matching
solution for 10 h at 50 μL h−1, and then step (1) is repeated, and the
whole velocity map of the whole device is obtained using a confocal
microscope.
4.7. Permeability of the 3D Micromodel before and after
Nanohydrogel Swelling. We measure and calculate the permeability of the 3D micromodel by applying hydrostatic pressure,
measuring the volumetric ﬂow rate of the eﬄuent ﬂuid, and using
Darcy’s law.
4.8. Adsorption Study. We perform the adsorption test by
ﬂowing tracers (KBr, 1000 ppm) or nanohydrogels (10 000 ppm) into
the core at day 1. The sample is collected at the end of the tube at a
diﬀerent time, and a spectrophotometer is used to analyze the
concentration of nanohydrogels and tracers.
4.9. Process of “Core Flood” Test at the Shell Technology
Center Houston. Core ﬂood conditions: 6 in. (length) × 1 in.
(diameter), Bentheimer core with permeability in brine of 1.2 Darcy
at 50 °C and with a pore volume of 9.17 cm3. The core is mounted in
a Hassler style core holder at test conditions of 2000 psi (1.4 × 107
Pa), initial conditional pressure, and 1000 psi pre- or backpressure

4. EXPERIMENTAL SECTION
All chemicals are purchased from Sigma-Aldrich unless otherwise
mentioned.
4.1. Fabrication of Core−Shell Nanohydrogels. Acrylamide
(AM), acrylic acid (AA), 2-acrylamido-2-methyl-1-propanesulfonic
acid sodium salt (AMPS, 50% in H2O), (3-acrylamidopropyl)trimethylammonium chloride (AMPTAC, 75% in H2O solution), and
N,N′-methylene bisacrylamide are dissolved in water with a
concentration of 50 wt % and the pH of the solution is adjusted to
7 using NaOH. Ammonium persulfate (APS) as initiator is dissolved
in water with a concentration of 0.05 wt %. This aqueous solution is
emulsiﬁed with cyclohexane using a probe sonicator with a power of
40% to generate a water-in-oil emulsion. Span 80 (85548-250ML) is
used as the surfactant to stabilize emulsions. We keep the solution at
65 °C for 1 h and then precipitate the particles into a large amount of
ethanol and cyclohexane mixture with a volume ratio of 1:1 under
vigorous stirring. To generate the shell, we add 1 ml of APS (0.5 wt
%) aqueous solution into the mixture, and then add the shell
monomers/crosslinker in the solution dropwise at a temperature up
to 70 °C. The amount of the shell monomer depends on the shell
thickness. The reaction is kept running for 20 h to complete the
polymerization process. Afterward, we cool the mixture to room
temperature, separate it by centrifugation, wash the particles several
times, and dry the particles in a desiccator under vacuum for 48 h. For
all of the core particles, the ratio of the four crosslinkers is at a ﬁxed
value. The molar ratio of acrylamide, acrylic acid, 2-acrylamido-2methylpropane sulfonic acid, and (3-acrylamidopropyl)trimethylammonium chloride is 34:5:4.75:4.
4.2. Nanohydrogel Core Size Control. The core size can be
controlled by emulsiﬁcation time for generating the emulsion,
surfactant concentration for stabilizing the emulsion, and core
monomer to crosslinker ratio. We keep the concentration of core
monomers at 50 wt % to maintain high mechanical property and vary
the total monomer to crosslinker molar ratio at 75:1, 160:1, and
300:1. We change the surfactant concentration from 1 to 5 wt % to
stabilize the emulsion. For emulsiﬁcation time, we use a high-power
tip sonicator to generate the emulsion in an ice bath as the template
and vary emulsiﬁcation time from 3 to 5 min.
4.3. Nanohydrogel Shell Thickness Control. The shell
thickness can be carefully controlled by varying the quality ratio
between the shell monomer and the core particle. We take the radical
polymerization eﬃciency on the core surface as 60%, and the density
of the core and the shell is the same as it is a polymer-based core−
shell particle. Therefore, the amount of the shell monomer plus the
crosslinker can be calculated using the equation
iji R y3
yz
jj z
z
M (shell) = jjjjjj 2 zzz − 1zzzM (core)
jjj R1 z
zz
k
{
k
{

(2)

where M(shell) is the mass of the shell, M(core) is the mass of the
core, and R2 and R1 are the radius of the core−shell particle and the
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(NCS of 1000 psi) at a temperature of 50 °C. (a) The nanohydrogel
is dispersed in the brine, stirred at a low speed for 5 min, and then the
nanohydrogel suspension is sonicated at room temperature for
another 3 min to get a homogeneous particle suspension. (b) The
particle suspension is injected into the core sample with a ﬂow rate of
6 × 104 μL h−1. (c) The whole “core” is sealed and incubated at 50 °C
for over 40 days. Afterward, we reinject the brine in the device and
record the pressure by a pressure transducer as a function of ﬂow rate.
For each ﬂow rate, we obtain the mean pressure drop for each ﬂow
rate while calculating the permeability reduction.
4.10. Confocal Microscopy. We record the tracer particle
motion in the 3D micromodel using a confocal microscope (Leica
SP5). The excitation and/or emission for the tracer particle is 543/
633 nm. Speciﬁcally, we use a 10× dry objective with a numerical
aperture of 0.3 to acquire the ﬂuorescent images. HeNe laser (543
nm) as the excitation source and the ﬂuorescence signal is collected
by photomultiplier tube (PMT) detectors through ﬁlters with 560/
650 nm bandpass.
4.11. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) Characterization. We use
SEM (FESEM, Ultra55VP) and TEM (JEOL 2100) to characterize
the morphology and structure of nanohydrogels. To prepare the
samples, we disperse nanohydrogels in DI water with a low
concentration. Afterward, a drop of the suspension containing
nanohydrogels is deposited onto a silica wafer that sticks to the
sample holder, and then the sample is freeze-dried using a lyophilizer
(VirTis AdVantage Plus, SP Scientiﬁc) at a temperature of −80 °C
and pressure 10−3 Pa for 5 h. After drying, we coat the samples with 5
nm thick platinum/palladium (Pt/Pd) using a sputter-coating
machine (EMS 300T D Dual Head Sputter Coater). While imaging,
the operation voltage is 5 kV. To prepare the TEM sample, we
directly disperse the nanohydrogel suspension on the copper grid and
let the sample dry.
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(31) English, A. E.; Mafé, S.; Manzanares, J. A.; Yu, X.; Grosberg, A.
Y.; Tanaka, T. Equilibrium Swelling Properties of Polyampholytic
Hydrogels. J. Chem. Phys. 1996, 104, 8713−8720.
(32) Schweins, R.; K. Huber, K. Collapse of Sodium Polyacrylate
Chains in Calcium Salt Solutions. Eur. Phys. J. E: Soft Matter Biol.
Phys. 2001, 5, 117−126.
(33) Tong, D.; Yesiloz, G.; Ren, C. L.; Madhuranthakam, C. R.
Controlled Synthesis of Poly(acrylamide-co-sodium acrylate) Copolymer Hydrogel Microparticles in a Droplet Microfluidic Device for
Enhanced Properties. Ind. Eng. Chem. Res. 2017, 56, 14972−14979.
(34) Baker, J. P.; Hong, L. H.; Blanch, H. W.; Prausnitz, J. M. Effect
of Initial Total Monomer Concentration on the Swelling Behavior of
Cationic Acrylamide-based Hydrogels. Macromolecules 1994, 27,
1446−1454.
(35) Denisin, A. K.; Pruitt, B. L. Tuning the Range of
Polyacrylamide Gel Stiffness for Mechanobiology Applications. ACS
Appl. Mater. Interfaces 2016, 8, 21893−21902.
(36) Nyström, L.; A′lvarez-Asencio, R.; Frenning, G.; Saunders, B.
R.; Rutland, M. W.; Malmsten, M. Electrostatic Swelling Transitions
in Surface-bound Microgels. ACS Appl. Mater. Interfaces 2016, 8,
27129−27139.
(37) Zhu, D. Y.; Bai, B. J.; Jirui Hou, J. R. Polymer Gel Systems for
Water Management in High-Temperature Petroleum Reservoirs: A
Chemical Review. Energy Fuels 2017, 31, 13063−13087.
(38) Trappe, V. V.; Weitz, D. A. Scaling of The Viscoelasticity of
Weakly Attractive Particles. Phys. Rev. Lett. 2000, 85, 449−452.
(39) Krummel, A. T.; Datta, S. S.; Münster, S.; Weitz, D. A.
Visualizing Multiphase Flow and Trapped Fluid Configurations in a
Model Three-dimensional Porous Medium. AICHE J. 2013, 59,
1022−1029.
(40) Datta, S. S.; Chiang, H.; Ramakrishnan, T.; Weitz, D. A. Spatial
Fluctuations of Fluid Velocities in Flow Through a Three-dimensional
Porous Medium. Phys. Rev. Lett. 2013, 111, No. 064501.

34225

Research Article

https://dx.doi.org/10.1021/acsami.0c09958
ACS Appl. Mater. Interfaces 2020, 12, 34217−34225

