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ABSTRACT: Knowledge of micrometer-size polyacrylamide
elastic microsphere (MPEM) transport and retention mech-
anisms in porous media is essential for the application of
MPEMs as a smart sweep improvement and profile
modification agent in improving oil recovery. A transparent
micromodel packed with translucent quartz sand was
constructed and used to investigate the pore-scale transport,
surface deposition-release, and plugging deposition—remigra-
tion mechanisms of MPEMs in porous media. The results
indicate that the combination of colloidal and hydrodynamic
forces controls the deposition and release of MPEMs on pore-
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surfaces; the hydrodynamic forces also influence the remigration of MPEMs in pore-throats. MPEMs can plug pore-throats
through the mechanisms of capture-plugging, superposition-plugging, and bridge-plugging, which produces resistance to water
flow; the interception with MPEM particulate filters occurring in the interior of porous media can enhance the plugging effect of
MPEMs; while the interception with MPEM particulate filters occurring at the surface of low-permeability layer can prevent the
low-permeability layer from being damaged by MPEMs. MPEMs can remigrate in pore-throats depending on their elasticity
through four steps of capture-plugging, elastic deformation, steady migration, and deformation recovery.

1. INTRODUCTION

Extracting a greater volume of the oil trapped in rock pores is
fundamental to meet future oil demand."” Oil recovery from a
conventional reservoir is characterized by three stages. In
primary recovery, the pressure of the reservoir pushes the crude
oil to the surface. The secondary recovery relies on pressurized
gas and water injection to drive the residual crude oil. Water
and gas injection leads to bypass flow due to either an
unfavorable mobility ratio between dis 3plalcing and displaced
fluid or heterogeneity in permeability.” As a result, a large
fraction (up to 70%) of the oil is not contacted by the injected
fluid. Tertiary or enhanced oil recovery (EOR) involves
removing these remaining hydrocarbons. One of the more
promising methods is to block the path through which the
injected fluid flows by using micrometer-size polyacrylamide
elastic microspheres (MPEMs) and force the flow through
section of the reservoir that still contains the hydrocarbons*™®
(Supporting Information (SI) S1). MPEM treatment is a cost-
effective method, as proven by field applications in the Shengli,
Jidong, and Dagang Oilfields in China.”~®
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The transport and retention of MPEMs in porous media is a
complex issue. Their elasticity enables them to pass through the
pore-throats after a certain deformation under pressure when
they are captured by pore-throats.'’ This is in contrast to
conventional particles that have difficulty to remigrate once
captured by the pore-throats.'"'> Few studies have focused on
the pore-scale transport and retention mechanisms of these
particles. Little is known about how these particles are
deposited on pore-surfaces, how they block pore-throats, or
on their remigration mechanism of the blocked particles."

Most research to investigate the transport and retention of
different types of nano- and submicrometer-particles in porous
media involved traditional column experiments.'*'> Although
the breakthrough curves and retention profiles from these
column experiments can provide valuable insights, they do not
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clearly distinguish the ways that hydrodynamic conditions affect
particles transport."> In two-dimensional transparent etched-
glass micromodels, MPEM transport and retention can be
visualized, but these models do not accurately reflect the three-
dimensional porous media characteristic of actual reser-
voirs.'®"” In addition, the size of MPEMs and that of pores
and pore-throats in the etched-glass micromodels are of the
same order, and finally these models are problematic to reuse
due to difficulties in cleaning after MPEM injection.

In this work, a transparent micromodel packed with
translucent quartz sand was constructed to avoid the problems
of the etched-glass micromodels. A bright-field microscope was
used to obtain the pore-scale images of MPEM transport and
retention. On the basis of these images, the mechanisms
controlling MPEM transport and retention were theoretically
analyzed. Thus, the aim of this research was to elucidate the
pore-scale transport, surface deposition-release, and plugging
deposition—remigration mechanisms of MPEMs.

2. MATERIALS AND METHODS

2.1. Transparent Micromodel. The transparent micro-
model with an interior chamber of 8.0 cm length, 1.5 width, and
0.3 cm depth was constructed from clear acrylic sheets. Details
for the manufacture procedures are given in SI S2. This
micromodel is a three-dimensional model and can reflect the
pores and pore-throats distribution of actual reservoirs more
accurately than etched-glass micromodels. Besides, this micro-
model is convenient to clean and can be packed with sand
repeatedly.

2.2. Materials and Reagents. The micron-size poly-
acrylamide elastic microspheres (MPEMs) used in this study
were prepared through the method reported by Yao et al.'® The
MPEM density is ~1.0 g/cm®. The initial particle size range is
16.5—63.6 ym, and the d,,, value is 27.4 um (see SI Figure S3).
The swelling times (d/d,)me Of MPEMs is ~1.8 in NaCl
solution of 5000 mg/L at 60 °C."* The viscosity of 0.1%—0.4%
(mass fraction) MPEM suspension is <2.0 mPas at 60 °C, and
the pH value is ~7.0. The MPEMs are nonflammable,
nonexplosive, noncorrosive, and nontoxic to the environment.
Translucent quartz sand provided by AGSCO (Hasbrouck
Heights, NJ) was selected as the porous media. The sand was
further sieved to a size range of 420—500 um. Detailed
chemical properties of the sand are reported in Zhang et al.*’
Prior to use, the sand was acid-washed to remove surface
impurities and to minimize chemically attractive microsites on
the sand, as described by Zevi et al.”' The NaCl solution with a
salinity of 5000 mg/L was used as the injected brine water.

2.3. Apparatus and Process. The principal components of
the experimental apparatus included a micro pump, three
piston containers, a capillary, a steel ruler, a transparent
micromodel, a jacket heater, a circulating water bath, a sample
collector, a vacuum pump, a bubble tower, a computer, a bright
field microscope (KH-7700 Hirox-USA, River Edge, NJ), and
imaging software in the computer. The experimental process is
schematically illustrated in SI Figure S4.

2.4. Methods and Procedures. The translucent quartz
sand was packed into the interior chamber of micromodel to a
porosity of ~0.39 cm?®/cm?® Before each experiment, the
micromodel was saturated with deionized (DI) water. Then
fluids were added in four phases, as illustrated in SI Figure SS.
The first three phases are the same for all four experiments and
different for phase 4. In phase 1, one pore volume (PV) of
brine water with a salinity of 5000 mg/L NaCl was pumped
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into the chamber with a Darcy velocity of 0.02 cm/s. For phase
2, 2.5 PV of MPEM suspension of 0.1% by weight in 5000 mg/
L NaCl was supplied to the chamber with the same Darcy
velocity of 0.02 cm/s. In phase 3, 1.0 PV of brine water with a
concentration of 5000 mg/L NaCl was injected at a Darcy
velocity of 0.02 cm/s. In phase 4, two PVs were injected in the
chamber consisting of either DI water or brine water with a
concentration of 5000 mg/L NaCl at two different fluxes as
follows: in Exp 1, two PV of DI water was injected at a Darcy
velocity of 0.02 cm/s; in Exp 2, two PV of brine water was
injected at a 5-fold increase Darcy velocity of 0.10 cm/s; in Exp.
3, two PV of DI water was injected at a Darcy velocity of 0.10
cm/s and finally in Exp. 4, two PV of brine water with a salinity
of 5000 mg/L NaCl was injected at a Darcy velocity of 0.02
cm/s. Pore-scale images were collected with the bright field
microscope as per Morales et al.”* throughout the injection
process. The injection pressure was measured with a small
piezometer filled with water at the model inlet. The effluent
MPEMs concentrations were analyzed using a spectropho-
tometer (Spectronic 501, Milton Roy, Ivyland, PA) at a
wavelength of 590 nm. All experiments were conducted at 60
°C. At the end of each experiment, the relative mass of MPEMs
recovered in the effluent (MB,, %) was calculated using eq 1.2

/0 oL, t) dt
B Cot

MB

w

X 100%
(1)

where C; is the injected MPEM concentration, L is the porous
media length, 7 is the MPEM injection duration, C(L, t) is the
effluent MPEM concentration, and t; is the time after the
injection started.

3. RESULTS AND DISCUSSION

3.1. MPEM Transport and Retention in Porous Media.
During injection of MPEM:s in phase 2, the individual MPEMs
remained separated and were suspended throughout the liquid
between the sand grains (Figure 1a). It can be clearly observed
that MPEMs prefer to enter into large pores and pore-throats

Lems  MINIGYS0402: Normal: x200 ||
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Figure 1. Pore-scale images of MPEM transport and retention in
porous media during phase 2 in Exp. 1: (a) suspended and dispersed
flow (4 mm from the inlet), (b) preferential flow in large pores and
pore-throats (18 mm from the inlet), (c) transport in large pores and
pore-throats (36 mm from the inlet), and (d) retention on pore-
surfaces and in pore-throats (63 mm from the inlet).

dx.doi.org/10.1021/es500077s | Environ. Sci. Technol. 2014, 48, 5329-5335



Environmental Science & Technology

with low flow resistance, and continue to transport within them
(Figure 1b,c). In addition, some MPEMs are retained on pore-
surfaces or are captured in pore-throats (Figure 1d), due to the
surface adsorption, mechanical capture, hydrodynamic effect,
and interactions between the MPEMs particles.**

Observed breakthrough curves (BTCs) of MPEMs for all
four phases and four experiments are shown in Figure 2. In
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Figure 2. Breakthrough curves (BTCs) of MPEMs throughout the
injection process. Phase 1: brine water injection at a Darcy velocity of
0.02 cm/s; phase 2: MPEM suspension injection at a Darcy velocity of
0.02 cm/s; phase 3: brine water injection at a Darcy velocity of 0.02
cm/s; phase 4: (Exp. 1) DI water injection at a Darcy velocity of 0.02
cm/s, (Exp. 2) brine water injection at a Darcy velocity of 0.10 cm/s,
(Exp. 3) DI water injection at a Darcy velocity of 0.10 cm/s, and (Exp.
4) brine water injection at a Darcy velocity of 0.02 cm/s.

phase 2, the MPEM suspension was injected and then in phase
3 flushed with an MPEM-free background brine water of same
salinity. The MPEMs arrived at the outlet of porous media
when the cumulative pore volume was ~1.8 PV which indicated
a slight retardation compared to a nonadsorbed solute. At the
end of phase 3, only ~10% of the injected MPEMs mass was
recovered in the porous media effluent. This result indicates
that MPEMs have good resistance to water flushing, and the
strength of in-depth plugging is high. In Exp. 1, when the fluid
salinity was reduced from 5000 mg/L (Phase 3) to 0 mg/L of
DI water (Phase 4), although some MPEMs were released from
the pore-surfaces as discussed below, the effluent MPEM
concentration was unchanged, as indicated by the BTCs of Exp.
1 in Figure 2. In Exp. 2 and Exp. 3, when the Darcy velocity was
increased from 0.02 cm/s (Phase 3) to 0.10 cm/s (Phase 4),
some MPEMs were released from the pore-surfaces and
remigrate out of the porous media, which performed at the
recovery of the effluent MPEM concentrations by ~0.7% in
phase 4 as indicated by the BTCs (Exp. 2 and Exp. 3) in Figure
2. While almost no MPEM mass was recovered in the porous
media effluent when the velocity was fixed at 0.02 cm/s in
phase 4 as indicated by the BTCs (Exp. 4) in Figure 2. The
results indicate that the increase of Darcy velocity not only
influences the MPEM release on pore-surfaces, but also
influences the MPEM remigration in porous media.

During phase 2, when MPEMs were injected in the brine
water, the pressure at the inlet increased gradually (Figure 3)
indicating that conductivity of the porous media decreased due
to the blocking of pore-throats. After changing to MPEM-free
background brine water in phase 3, the pressure at the inlet
decreased gradually, but stayed at an elevated niveau, indicating
that some pore-throats remained blocked. In phase 4,
increasing the flux by a factor of S in Exp. 2 and Exp. 3 (blue
and purple line, Figure 3) increased the inlet pressure suddenly
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Figure 3. Injection pressure (water column height) change curves
throughout the injection process. Phase 1: brine water injection at a
Darcy velocity of 0.02 cm/s; phase 2: MPEM suspension injection at a
Darcy velocity of 0.02 cm/s; phase 3: brine water injection at a Darcy
velocity of 0.02 cm/s; phase 4: (Exp. 1) DI water injection at a Darcy
velocity of 0.02 cm/s, (Exp. 2) brine water injection at a Darcy velocity
of 0.10 cm/s, (Exp. 3) DI water injection at a Darcy velocity of 0.10
cm/s, (Exp. 4) brine water injection at a Darcy velocity of 0.02 cm/s.

as expected and then stayed steady. In the next sections, we will
consider the mechanisms of attachment and release of the
MPEMs with grains and the deposition in pore throats.

3.2. MPEMs Deposition and Release on Pore-Surfaces.
Whether MPEMs can be deposited on pore-surfaces depends
on the properties of the MPEMs and pore-surfaces, and the
interactions between the MPEMs and fluid. As reported by
Khilar and Fogler,25 there are four colloidal forces between the
MPEMs particles and pore-surfaces, ie, Vander Waals
attraction (F,), electric double layer repulsion (F,), Born
repulsion (F,), and acid—base interaction (F,). In addition,
there are five hydrodynamic forces between the MPEMs and
fluid, and they are the drag force (Fy), frictional force (F,),
flotage (Fy), gravity (F,), and inertial force (F), respectively.
The combined effect of colloidal and hydrodynamic forces
controls the transport and deposition states of MPEMs on
pore-surfaces (see SI Figure S6). When the resultant force of
these nine forces favors adsorption, the MPEMs will be
deposited on the pore-surfaces. Observed pore-scale images of
MPEMs deposited on pore-surfaces at a salinity of 5000 mg/L
NaCl and a Darcy velocity of 0.02 cm/s are shown in Figure 4.

Figure 4. Pore-scale images of MPEMs deposited on pore-surfaces at a
salinity of 5000 mg/L NaCl and a Darcy velocity of 0.02 cm/s in phase
3 in Exp. 2: (a) 0,, ~ 0° (upstream stagnation point area, 45 mm from
the inlet), (b) 0,, ~ 10° and 0,, ~ 45° (48 mm from the inlet).

It can be seen that the kinetics of this deposition is strongly
anisotropic, being more at the upstream stagnation point area
and less as the azimuthal angle (6,,) with respect to flow
direction increases.

Additionally, when the fluid property and flow state are
changed, the deposition state of MPEMs on the pore-surfaces

dx.doi.org/10.1021/es500077s | Environ. Sci. Technol. 2014, 48, 5329—5335
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will be changed too. Whether the MPEMs can be released from
the pore-surfaces depends also on the properties of the MPEMs
and pore-surfaces, and the interactions between the MPEMs
and fluid, i.e,, it is controlled by the colloidal and hydrodynamic
forces.” If the resultant force of colloidal and hydrodynamic
forces favors repulsion, then the MPEMs will be released.
MPEM release from pore-surfaces is controlled by colloidal and
hydrodynamic forces. The colloidal forces largely depend on
the content of salt ions in the fluid (i.e., the fluid salinity), while
the hydrodynamic forces mainly rely on the fluid velocity.
Figure S shows the pore-scale images of MPEM release
caused by a change in colloidal and hydrodynamic forces. It is
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Figure S. Influence of fluid salinity (C;) reduction and Darcy velocity
(v) increase on MPEMs deposition and release on pore-surfaces: (a)
C, = 5000 mg/L, v = 0.02 cm/s (48 mm from the inlet in phase 3 in
Exp. 1); (b) C, = 0 mg/L, v = 0.02 cm/s (48 mm from the inlet in
phase 4 in Exp. 1); (c) C, = 5000 mg/L, v = 0.02 cm/s (48 mm from
the inlet in phase 3 in Exp. 2); and (d) C, = 5000 mg/L, v = 0.10 cm/s
(48 mm from the inlet in phase 4 in Exp. 2).

obvious in Figure Sa,b, that when the fluid salinity is reduced
from 5000 mg/L to 0 mg/L in phase 4 or in Figure Sc,d, the
Darcy velocity is increased from 0.02 to 0.10 cm/s in phase 4,
the MPEMs deposited at the upstream stagnation point area of
pore-surfaces will be released. It is obvious that the velocity
change mainly affects the drag force. The greater the velocity,
the larger the drag force becomes. Thus, some of the MPEMs
will be released at greater Darcy velocity. In addition, the
MPEM retention is affected by the depth of the secondary
minimum. A secondary minimum exists for saline water and
holds the MPEM s at the surface.'* When DI water is added, the
secondary minimum disappears, and the MPEMs are released.

3.3. Mechanisms for Plugging Pore-Throats with
MPEMs. The three mechanisms for plugging pore-throats
with MPEMs in porous media are capture-, superposition-, and
bridge-plugging.

(1) Capture-Plugging occurs when an MPEM becomes stuck
in a pore-throat with a smaller diameter than the MPEM
particle size, as shown in Figure 6. The main forces acting
on these MPEMs include the driving force of fluid (Fy)
and supportive force of pore-throat walls (F,), as shown
in SI Figure S7. Increasing the MPEM particle size,
MPEM concentration, and fluid velocity and the smaller
elasticity are related to increased plugging.*®*’ This
plugging mechanism is similar to the Jamin effect of
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Lens  MN(G)-S040Z: Normal: x200

Figure 6. Pore-scale images of MPEMs capture-plugging in pore-
throats in phase 3 in Exp. 1: (a) 42 mm from the inlet, and (b) 58 mm
from the inlet.

bubbles. The similarity lies in the fact that they both can
produce an additional flow resistance. The difference is
that the Jamin effect relies on the interfacial tension
(IFT) of bubbles, while the MPEM capture-plugging
phenomenon depends on the elasticity of MPEMs.

Superposition-Plugging is different from capture-plugging
in that it involves several MPEMs that are larger than the
pore-throats. The number of MPEMs can vary from two
to four or more, as shown in Figure 7. It is equivalent to

)
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Figure 7. Pore-scale images of MPEM superposition-plugging in pore-
throats with MPEM quantities of (a) three (43 mm from the inlet),
(b) five (44 mm from the inlet), (c) six (46 mm from the inlet), and
(d) seven (49 mm from the inlet) in phase 3 in Exp. 1.

the superposition principle of the Jamin effect. Thus, for
the same pore-throat, the superposition-plugging resist-
ance to flow is obviously greater than for capture-
plugging. This plugging mechanism is very important to
enhance the plugging strength of MPEMs in actual
reservoirs.

Bridge-Plugging involves plugging by two or more
MPEMs that are smaller than pore-throats, as demon-
strated in Figure 8. The main forces acting on these
MPEMs include the driving force of fluid (Fy),
supportive force of pore-throats walls (F,), extruding
force (f,), and frictional force (f;) between MPEMs.
Taking the bridge-plugging of two MPEM:s for example,
the main forces acting on MPEMs are given in SI Figure
S8a. When the relative movement between the two
MPEMs is ignored, the two MPEM:s can be simplified to
an equivalent large MPEM, as shown in SI Figure S8b
(where Fy is the resultant force of Fy; and Fyp). The

©)
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Figure 8. Pore-scale images of MPEM bridge-plugging in pore-throats
in phase 3 in Exp. 1: (a) 40 mm from the inlet, and (b) 41 mm from
the inlet.

bridge-plugging strength is clearly affected by the pore-
throat size, MPEM particle size, MPEM elasticity,
MPEM quantity in bridges, and compaction degree of
MPEMs. In general, a greater number of MPEMs in a
bridge causes more compaction and more resistance to
water flow. Bridge-plugging provides an efficient way for
MPEMs to plug large pore-throats in actual reservoirs.

3.4. Mechanism for Interception with MPEMs Partic-
ulate Filter. MPEM particulate filters occur mainly at the
entrance of pore-throats that are filled with MPEMs but not
completely closed to flow, as shown in Figure 9. In addition,

Leas  MX(G)-S0402: Normal: 200

HeView £S1mm
Resolve 0.001 mm
e

Figure 9. Pore-scale images of MPEM interception with MPEM
particulate filters in phase 2 in Exp. 1: (a) 10 mm from the inlet, and
(b) 14 mm from the inlet.

this particulate filter forms at the surface of low permeable
zones. Interception with MPEMs particulate filter affects the
fluid flow in actual reservoirs in two ways. First, it enhances the
plugging of pore-throats forcing the influent to follow a
different path. Second, it protects the low-permeability zone'®
by intercepting the MPEMs before entering, thus preventing
these MPEMS from damaging this zone, as shown in SI Figure
S9. The intercepted MPEMs near pore-throats or low-
permeability zones are unstable and can be flushed away easily
in actual reservoir.®

3.5. Mechanisms for Remigration of MPEMs in Pore-
Throats. When MPEMs plug pore-throats, there is still a
possibility as shown by the decrease in pressure at the inlet in
Figure 3, that depending on the elasticity and fluid pressure
difference, MPEMs can pass through the pore-throats after
capturing. In Figure 10a, an MPEM is captured by a pore-
throat. When the pressure difference between both ends of the
pore-throats is great enough, the MPEM deforms and gradually
enters into the pore-throat (Figure 10b). Further down in the
pore-throat, the MPEM transforms to an ellipsoid, and then it
continues to migrate in the pore-throats smoothly (Figure 10c).
After the MPEM passes through the pore-throat, it will recover
to its original shape and size quickly (Figure 10d) as a result of
its chemical and physical charaterisics.'” Additionally, the
fluctuant variation of the injection pressure throughout the
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Figure 10. Pore-scale images of MPEMs remigration in pore-throats in
phase 4 in Exp. 2 (37 mm from the inlet): (a) capture-plugging, (b)
elastic deformation, (c) steady migration, and (d) deformation
recovery.

injection process (Figure 3) also indirectly indicates the
remigration phenomenon of MPEMs in pore-throats.

Whether the MPEMs can pass through the pore-throats
depends on the pressure difference between both ends of the
pore-throats, pore-throat size, MPEM particle size, and MPEM
deformability. In general, the smaller the pore-throat size, the
greater the required pressure difference to push the colloid
through the pore-throats. Figure 11 shows the forces acting on
MPEMs while they remigrate in pore-throats. Initially, the main
forces acting on the MPEMs include the driving force of fluid
(Fg) and the supportive force of pore-throat walls (F,) (see
Figure 11a). Once the MPEMs are in the pore throats, they
deform elastically, and the friction between the walls and the
deformed MPEMs need be taken into account in the force
balance (see Figure 11b). When the MPEMs enter further into
the pore-throats, the deformation of MPEMs reaches the
maximum value, and the friction force (F,) is the greatest, and
the force needed to push MPEMs through the pore-throats
reaches a maximum value (AP,,,). Once through the narrowest
part of the pore-throats, the MPEMs migrate easily with a
decreasing friction force (see Figure 11c). Finally, when the
MPEMs leave the pore-throats completely, the MPEMs recover
to their original shape and size quickly, and the fluid flow
resistance also decreases rapidly (see Figure 11d).

For the MPEMs in this work, the elastic modulus (E) is
~0.058 kPa, the Poisson’s ratio (i) is ~0.3, and the friction
drag coefficient of pore-throat walls (f) is ~0.011.'”*® For the
remigration of MPEMs with a diameter of 40 um in pore-
throats with a diameter of 30 ym, it can be calculated using the
theory in SI S10, that the maximum additional flow resistance
(AP,,,,) is ~0.036 kPa, and the additional flow resistance (AP;)
for the stable migration of MPEMs in pore-throats is ~0.0004
kPa. The results quantitatively indicate the additional flow
resistance values of MPEMs remigration in pore-throats.

Additionally, although only the remigration mechanism of
single MPEM in pore-throats was observed in the experiments,
it can be imaged that the MPEMs occurring superposition-
plugging and bridge-plugging in pore-throats are expected to
pass through the pore-throats, depending on their elasticity. In
these cases, the required pressure difference between the both
ends of the pore-throats would be greater.

dx.doi.org/10.1021/es500077s | Environ. Sci. Technol. 2014, 48, 5329-5335
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Figure 11. Force analysis for remigration of MPEM:s in pore-throats.
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