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ABSTRACT: In this article, the morphology, particle size, and plugging properties of crosslinked polyacrylamide (CPAM) microspheres
were investigated through optical microscopy, scanning electron microscopy (SEM), nuclear-pore membrane filtration experiments, a
micro-visual model, sandpack experiments, parallel twin-tube plugging, and oil displacement experiments. The results revealed that
the primary particle sizes of the CPAM microspheres ranged from several hundreds of nanometers to 5 pm; however, after the micro-
spheres were fully swelled in water, their sizes increased by approximately five times of their original sizes. As a CPAM microsphere
dispersion system had good dispersibility and deformation capabilities, a 1.2 pm nuclear-pore membrane as well as the deep part of a
sandpack tube could be effectively plugged. Consequently, the flow diversion effect was achieved in the vertical and planar directions.
When the CPAM microspheres migrated in porous media, they could displace residual oil on the pole wall and water flow channel to
realize the synchronization of profile control and coordination and improve recovery efficiency. © 2016 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2016, 133, 43666.
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INTRODUCTION

Acrylamide-based polymers are widely used in oilfield develop-
ment,'™ water treatment,> paper,’ textiles, food, agriculture,”
medicine,® and other basic fields and are indispensable to these
fields. This is especially true for the oil and gas development
field, in which acrylamide-based polymers are considered to be
one of the earliest and most often used oil recovery agents due
to their good water solubility, low concentration, ability to
increase viscosity, and good selectivity.” However, the partial use
of hydrolytic polyacrylamides (HPAM) is greatly limited in
some respects because they undergo hydrolysis at high tempera-
tures and exhibit poor salt resistance. Thus, they are not suita-
ble for use in high temperature and high salinity oil reservoirs.
Therefore, crosslinked gel particles (crosslinked polymer micro-
spheres), which are prepared by copolymerizing acrylamide and
other monomers, have been developed to enhance the salt toler-
ance of HPAM.'*!!

The inverse emulsion polymerization method, which is used to
prepare polyacrylamide (PAM) microspheres, not only solves
the problems of high viscosity and the difficulty of removing
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polymerization heat by stirring for acrylamide polymers, but
also has certain advantages, such as a high polymerization rate,
a large molecular weight of the product, mild reaction condi-
tions, and powdery or granular products can be obtained
directly.'” Furthermore, it is also a relatively mature technology
and has been extensively applied. But industrialization is easily
realized due to the simple process, the easy removal of polymer-
ization heat, and the simple post-treatment.

The two most important factors of oil reservoir development
are the sweep coefficient and oil displacement efficiency.'>'* For
a heterogeneous reservoir, the sweep coefficient is an important
parameter for evaluating water flooding. It represents the spread
of water flooding and affects the ultimate recoverable reserve
and production of 0il.'>'® Therefore, enhancing the sweep coef-
ficient and improving the heterogeneity of oil reservoirs are
important issues. The principle of in-depth profile control and
water shutoff uses plugging materials to allow flow to the deep
part of the reservoir along with displacement fluid and block
the high permeable channel, which leads to flow diversion such
that the water flooding and volume are expanded. Specifically,
excellent in-depth profile control and water shutoff materials

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.43666


http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

Table I. Twin-Tube Oil Displacement Experimental Results of the Microsphere Dispersion System

QOil displacement Total oil
Sandpack Permeability Porosity Original contained efficiency by water displacement
tube (um?) (%) oil saturation (%) flooding (%) efficiency (%) EOR %
High permeability 1.42 353 71.5 77 77.6 0.6
Low permeability 0.57 32.6 73.0 34 82.2 48.2

should have characteristics of “going in, blocking up, and trans-
portation.” An excellent candidate material for these applica-
tions is crosslinked polyacrylamide (CPAM) microspheres.'”
CPAM microspheres have certain advantages compared with
HPAM, such as high molecular weight, controllable particle
size, high water absorbency, anti-shearing, and applicability
under harsh reservoir conditions.'®** In particular, the plugging
properties and deformation capabilities of CPAM microspheres
are both enhanced after the microspheres are swollen, which
meets the basic requirements for the profile control of water
materials.

At present, studies on the structure, particle size, and swelling
characteristics of crosslinked polyacrylamide microspheres are
relatively mature,'®*>** and there are some recent studies that
have conducted research on the plugging properties of oil field
depth profile control agents and their flow diversion effects. Yao
et al. studied the selectivity, optimal matching factor, visco-
elastic properties and microscopic flow and displacement mech-
anisms of pore-scale elastic microspheres and their use as a
novel profile control and oil displacement agent.>*® Lin et al.
studied the plugging mechanism of nanoscale polymer micro-
spheres® and microspheres®” (with sizes ranging from several
microns to tens of microns) in porous media.

In this article, CPAM microspheres with sizes ranging from sev-
eral hundreds of nanometers to 5 um were synthesized and
studied using a micro-visual model, nuclear-pore membrane fil-

Figure 1. SEM image of CPAM emulsion.
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tration and sandpack experiments. By the means of three differ-
ent plugging experiment models (from plane to stereoscopic),
from macroscopic to microscopic scales, the plugging properties
of CPAM microspheres on different profiles were studied, and
their in-depth profile control mechanism was also proposed.

EXPERIMENTAL

Reagents and Instruments

Span80, acrylamide, acrylic acid, anhydrous ethanol, N-pentane,
and NaHSO; were all analytical reagents that were purchased
from Beijing Yili Chemical Co., Ltd. Both (NH,),S,05 and
methylene blue, were analytically pure and purchased from Ann
Nike Ju Chemistry. The deionized water was filtered by a
0.22 mm cellulose acetate microporous membrane. The nuclear-
pore membrane with a diameter of 1.2 pum and thickness of 10
pm was provided by the China Institute of Atomic Energy. The
BX-41 optical microscope was purchased from Japanese Olym-
pus Co. Industrial white oil, with a boiling range between
150°C and 300 °C, was chosen as continuous phase.

Methods

Synthesis and Purification of Crosslinked Polyacrylamide
Microspheres. A certain amount of Span-80 and Tween-60 was
dissolved in white oil as the oil phase, and acrylamide, acrylic
acid, sodium hydroxide, and the crosslinking monomers were
dissolved in water as the aqueous phase. Then, the two phases
were mixed to form a W/O emulsion. With regards to oxidation
of the reduction system, (NH,),S,05-NaHSO3, was used to ini-
tiate system polymerization with a temperature increase from
22°C to 70°C. The reagents reacted isothermally for two hours

Figure 2. Microscopic image of 100 mg/L CPAM in water dispersion sys-
tem after swollen for 5 days at 50 °C. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Filtration volume versus filtration time curves of the 100 mg/L
CPAM system after swollen for 5 days at 50 °C and 100 mg/L HPAM solu-
tion under 50 kPa filtration pressure. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

to afford an emulsion containing crosslinked polyacrylamide
microspheres.

The emulsion with a volume ratio of 1:10 was dipped into
anhydrous and fully facilitate de-
emulsification, which generated much white flocculation sedi-
ments at the bottom of the container. The system was filtered
to obtain a filter cake. Then, the cake was washed with ethanol
with a volume ratio of 1:5. Upon filtering the cake, it was dried
naturally. To remove the surfactant in the filter cake, the dried

ethanol stirred  to

cake was pounded with a glass rod, placed into the previously
prepared filter tube, and the tube mouth was sealed. The paper
tube was placed in a Soxhlet extractor cable extractor and
extracted with 240 mL of a pentane solution for 48 h. The
treated crosslinked polyacrylamide microspheres were white
powders.

Observation with Optical Microscopy. The liquid sample was
dropped onto a glass slide and then covered with a cover glass,
and then the conformation of crosslinked polyacrylamide
microspheres was observed under the light microscope BX-41
produced by Japan Olympus company.

Observation with Scanning Electron Microscopy (SEM). A
small amount of crosslinked polyacrylamide microsphere pow-
der was placed on a clean glass slide, and gold was sprayed on
the surface; the powdered sample was observed under a SEM
Quanta 200F manufactured by the FEI company of the United
States.

Nuclear-Pore Membrane Filtration. The device and method of
nuclear-pore membrane filtration have been reported previ-
ously.'”** The filtration pressure of the crosslinked polyacryl-
amide microspheres through the nuclear-pore membrane was
50 kPa, and the time required to filter 20 mL of the crosslinked
polyacrylamide microspheres was recorded. The nuclear-pore
membrane (diameter of 1.2 um, thickness of 10 um, and pore
density of 5 X 10°/cm?) was provided by the China Institute of
Atomic Energy.
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Sandpack Displacement Experiments. The device and method
of the sandpack displacement experiment are reported in ref.
19. The sand-pack tube was 50 ¢cm long, the flow rate of the
water flooding and crosslinked polyacrylamide microspheres
displacement was 0.40 mL/min, and the experimental tempera-
ture was 50 °C.

Parallel twin-tube oil displacement devices were used to investi-
gate the vertical profile control property of crosslink polyacryl-
amide microspheres. The sandpack tube parameters are shown
in Table I. The crude oil used in the experiment was Dagang
oil, and the length of the sandpack tube was 30 cm. In the
experimental process, both water flooding and the CPAM
microspheres dispersion system were used for displacement.
Furthermore, the sandpack tube was evacuated, and saturated
water was used to measure the pore volume, porosity, perme-
ability of the water phase, saturated oil, bound water prepara-
tion, and subsequent water displacement. When water was
displaced, the pressure, the amounts of produced fluid, and
produced oil were all recorded. After the water amount reached
98%, and according to the requirements, a certain microsphere
dispersion system slug was injected. Then, water flooding fol-
lowed to calculate the plugging efficiency and the recovery
efficiency.

Micro-Visual Model. A 500 mg/L crosslinked polyacrylamide
microsphere solution was injected into the micro-visual model
using a constant-flux pump, and optical microscopy was used
to observe the oil-water distribution when the CPAM micro-
spheres flowed into the model to evaluate the areal sweep of the
crosslinked polyacrylamide microspheres.

RESULTS AND DISCUSSION

Swelling Properties of Crosslinked Polyacrylamide
Microspheres

Figure 1 is a SEM image of the micro crosslinked polyacryl-
amide microspheres emulsion. The microspheres were spherical.
Furthermore, the primary particle sizes of the crosslinked poly-
acrylamide microspheres were not homogenously distributed
(from several hundreds of nanometers to 5 um).

The primary particle sizes of the SEM-observed microsphere
powder samples are the sizes when the microspheres are not
swollen. However, when used for in-depth profile control and
displacement, the crosslinked polyacrylamide microspheres were
dispersed in water and became swollen, leading to particle sizes
that were obviously different from those of the microsphere
powder samples. Figure 2 shows the morphologies and particle
sizes of crosslinked polyacrylamide microspheres at a concentra-
tion of 100 mg/L that were dispersed in deionized water and
observed by SEM. It can be seen that the crosslinked polyacryl-
amide microspheres were regular spheres after they were dis-
persed in water. The particle size distribution was relatively
wide and ranged from several hundreds of nanometers to
approximately 18 pm. Compared with the primary particle
sizes, the particle sizes of the swollen microspheres were approx-
imately five times larger. This indicates that the crosslinked
polyacrylamide microspheres had good swelling properties in
water. The particle sizes of the microspheres in the dispersion
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Figure 4. SEM photos of nuclear-pore membrane penetrated by the CPAM microspheres dispersed system (a) and HPAM solution (b).

system were not homogeneous and displayed a certain level of
polydispersity, which was caused by the random distribution of
crosslinking points during the polymerization process and the
random array of —CONH, and —COONa in the molecular
interior.

Plugging Properties of Crosslinked Polyacrylamide
Microspheres

In the experimental process of microporous membrane filtra-
tion, the microporous membrane is regarded as a cross-section
of the porous media, which can simulate the blocking effect of
displaced fluid in the porous media. The interception mecha-
nism of a microporous membrane is different due to its shape,
size, structure, surface gravity, and deformation capability. Fig-
ure 3 shows the relationship between filtration volume and fil-
tration time when 100 mg/L CPAM microspheres (underwent
swelling at 50°C for 5 days) and a dilute solution of HPAM of
the same concentration were passed through a 1.2 pm nuclear-
pore membrane. The relationship between the filtration volume
and the filtration time of the polyacrylamide solution were
found to be linear, and the filtration rate was too fast to block
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Figure 5. Relationship between the injection pressure and injection vol-
ume of 600 mg/L CPAM system after swollen for 5 days at 50°C. The
NaCl concentration is 5000 mg/L and the water permeability is 1.34 pm™.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43666 (4 of 7)

the nuclear-pore membrane. In contrast, the filtration curve of
the crosslinked polyacrylamide microsphere dispersion system
of the same concentration was a downward parabola, and its
flow rate gradually decreased, indicating that CPAM micro-
spheres could effectively block a nuclear-pore membrane with a
pore diameter of 1.2 pm. The superior plugging properties of
the crosslinked polyacrylamide microspheres compared with
those of HPAM could be attributed to their different structures.
For instance, in a partially hydrolyzed polyacrylamide solution,
the molecular morphology of HPAM was a random coil that
could be stretched and varied with the streamline. Furthermore,
this morphology could easily become linear as a result of the
flow shear tension under a given amount of pressure, thus caus-
ing HPAM to more rapidly penetrate the nuclear-pore mem-
brane. The rapid flow makes the formation of a bridge between
the HPAM molecules difficult, so effective blockage of the
nuclear-pore membrane was not achieved. However, in a
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Figure 6. Relationship between the watershed rate of parallel twin-tube
displacement and injection volume. The CPAM concentration is 600 mg/L

and has been swollen for 5 days at 50°C. The NaCl concentration is
5000 mg/L. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 7. Appearance of ground glass model after oil saturation. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

crosslinked polyacrylamide microsphere dispersion system, the
microspheres were approximately spherical and there were
crosslinking points that could greatly restrict morphological
changes. Moreover, the average apparent hydrodynamic diame-
ters of the swelled microspheres were close to the pore size of
the nuclear-pore membrane. Thus, crosslinked polyacrylamide
microspheres could more easily adsorb and be retained in a
nuclear-pore membrane, and as a result, the flow resistance was
greatly increased, which led to a greater plugging effect than
that of the HPAM solution.

To further illustrate the plugging effect of the crosslinked poly-
acrylamide microspheres on the nuclear-pore membrane, SEM
measurements were used to observe pore size variations of the
HPAM solution and the CPAM microsphere dispersion system
at the same concentration after they penetrated the 1.2 pum
pores, as shown in Figure 4. The pores of the nuclear-pore
membrane could be clearly observed after the HPAM solution
passed through the nuclear-pore membrane; in contrast, no
HPAM molecules were retained on the nuclear-pore membrane
surface. However, after CPAM microspheres penetrated the
nuclear-pore membrane, the membrane surface was left partially
covered, and a portion of the CPAM microspheres blocked the
internal micropores. In particular, when the particle sizes were
similar to the pore size of the nuclear-pore membrane, the
microspheres could easily pass through the nuclear pore mem-
brane and block the internal micropores with a pressure effect.
As a result, the filtration rate of CPAM microspheres through
the nuclear-pore membrane obviously decreased, and the plug-
ging effect of the nuclear-pore membrane was enhanced.

As used for in-depth profile control, the dispersion system of
crosslinked polyacrylamide microspheres must be able to enter
the deep part of an oil reservoir to effectively block the major
channel; however, the nuclear-pore membrane filtration experi-
ment can only illustrate that crosslinked polyacrylamide micro-
spheres have certain plugging properties. Therefore, a 600 mg/L
CPAM microspheres dispersion system was swelled at 50°C for
5 days and injected into a sand packed tube with a permeability
of 1.34 um* (50 cm in length, three isometric pressure points)
at a certain linear flow rate. Throughout the experiment, the
pressure of the water flooding was initially stable, and then, the
2.5 Vp crosslinked polyacrylamide microsphere dispersion sys-
tem was injected, and the water flooding was subsequently
replaced. Figure 5 illustrates the relationship between injection
pressure and injection volume at three different positions in the
sandpack tube. After the water was injected, the pressure
reached equilibrium. Then, the 600 mg/L CPAM dispersion sys-
tem was injected and the pressure at the three different posi-
tions in the sandpack tube increased with an increase in
injection volume of the CPAM microspheres dispersion system.
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Figure 8. Sweep area change of ground glass model after water flooding
ends. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

After 2.5 Vp of the polyacrylamide microsphere dispersion sys-
tem was injected, the first pressure (P1) close to the inlet end
increased from approximate 10 to 50 kPa, the second pressure
(P2) at the middle position increased from approximate 8 to 30
kPa, and the third pressure (P3) close to the outlet end
increased from approximate 7 to 25 kPa. When water was
injected, the pressures P1, P2, and P3 continued to rise with a
slight fluctuation but finally remained at approximate 100, 90,
and 35 kPa, respectively, and had high resistance coefficients
and residual resistance coefficients. All of the above results indi-
cate that the CPAM microspheres dispersion system had certain
plugging effects on the sandpack tube.

And the system could also enter the deep part of the sand tube
to form effective plugging, which played the role of in-depth
profile control. The CPAM microspheres were first adsorbed,
then accumulated, bridged, and blocked the pores, which were
close to the inlet end and lead to an increase in the P1 pressure.
Furthermore, as the injection volume of the polyacrylamide
microspheres increased, more and more crosslinked polyacryl-
amide microspheres accumulated in the pore of the inlet end,
so the pressure P1 increased rapidly. Moreover, because the par-
ticle size of the swelled CPAM microspheres was small and had
certain deformation properties, they could be deformed to pen-
etrate through the first measuring point and reach the second
and third measurement points under certain pressure. Then, the
polyacrylamide microspheres adsorbed, accumulated, bridged,
and blocked the second and third locations, which resulted in
the increase of the P2 and P3 pressures and the injection vol-
umes. After the water was injected, the P1, P2, and P3 pressures
continued to which further indicated that the
crosslinked polyacrylamide microspheres had good deformation
capabilities and could enter the deep part of the oil reservoir by
deformation under pressure. Thus, the CPAM microspheres dis-
persion system played the role of in-depth profile control.

increase,

Vertical Profile Control Property of Crosslink Polyacrylamide
Microspheres

Parallel twin-tube oil displacement devices were adopted to
investigate the oil displacement and profile control performance
of the CPAM microspheres dispersion system. When water was
displaced in the high permeability and low permeability twin-

Figure 9. Sweep area changes of ground glass model during injection of
600 mg/L CPAM pm microspheres after swollen for 5 days at 50 °C.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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tube model, the oil displacement efficiencies were obviously dif-
ferent: that is, the recovery efficiency of the high permeability
tube was 77%, which was significantly higher than that of the
low permeability tube, and the total oil displacement efficiency
was 56.5%. As mentioned previously, this phenomenon
occurred because water mainly flowed into the high permeabil-
ity tube of low flow resistance when the water was displaced.
When the water flooding concluded, a 1.75 Vp CPAM micro-
spheres dispersion system of 600 mg/L was injected. At this
time, the total oil displacement efficiency of the twin-tube was
80.0%, and the oil displacement efficiency of the microsphere
displacement increased by 23.5% compared with that of water
flooding. After injecting the microsphere dispersion system, the
increased oil displacement efficiency primarily resulted from the
low permeability sandpack tube, which had an oil displacement
efficiency of 82.2% (a 48.2% improvement). In contrast, the oil
displacement efficiency of the high permeability tube was
77.6%, which was only a 0.6% improvement (as shown in Table
I). This was because the microspheres dispersion system resulted
in a plugging and profile control effect. The CPAM micro-
spheres dispersion system was preferentially injected into the
high permeability tube to block the large pores. While water
was subsequently displaced, it was preferentially injected into
the low permeability tube (Figure 6); thus, the residual oil in
the low permeability tube was replaced. The twin-tube experi-
ment demonstrates that the microspheres dispersion system has
a more obvious plugging effect than that of the high permeabil-
ity tube with a certain profile control and displacement effect.

Planar Profile Control Property of Crosslinked
Polyacrylamide Microspheres

To illustrate the planar profile control mechanism of the micro-
sphere dispersion system, a glass sandblasting simulation model
was used to investigate variations in the sweep area of water
flooding and displacement of the microsphere dispersion sys-
tem. For the experiments, the model was prepared by bonding
two pieces of sandblasting glass together (60 um in total width).

During the experiment, vacuumed saturated oil (30% crude oil
simulation oil) was used, and after the oil was saturated, the
ground glass model formed a homogeneous oil region (Figure 7).
Then, the water was displaced, and when the water flooding
ended, the ground glass had clearly breakthrough of a high per-
meability channel (Figure 8). Figure 8 shows that when the oil
was displaced by water in the ground glass model, as the planar
permeability of the ground glass model was inhomogeneous, a
wide water flooding channel formed in the center of the model.
Moreover, there was still an unaffected oil region, which had low
permeability. This indicated that water mainly flowed in the
direction of smallest resistance. When the oil in the channel with
the smallest resistance was replaced, then water was displaced
continuously, and the sweep coefficient increased to a lesser
extent.

After the water flooding concluded, 600 mg/L CPAM micro-
spheres were injected. These CPAM microspheres preferentially
entered the water channel of high permeability. In the channel,
CPAM microspheres were absorbed on the surface of the hydro-
philic quartz sand, and this retention on the surface led to the
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accumulation of subsequent microspheres due to intermolecular
forces. Furthermore, the microsphere retention provided the pos-
sibility of bridging and plugging and increased the flow resistance
of the microsphere dispersion system, thus causing the subse-
quent flooding to flow around. The flow around caused the fluid
displacement to flow to the residual oil channel, which was unaf-
fected by the original water flooding. As a result, the force balance
of the oil hole was broken, which caused the residual oil to be dis-
pelled from its original position. The residual oil then flowed to
the unblocked and high permeability channel. Therefore, it was
found that the microsphere dispersion system injection led to an
expansion of the affected area (Figure 9), and it was also deter-
mined that the crude oil in the original water flooding channel
was continuously displaced. Meanwhile, the residual oil in the
area unaffected by the water flooding was expelled, so the sweep
area and recovery efficiency both improved.

CONCLUSIONS

1. The morphology of the CPAM microspheres was spherical,
with diameters that were between several hundreds of nano-
meters and 5 pm. After swollen in water, the microspheres
retained their spherical morphologies, but the particle sizes
increased by approximately five times of their original size.

2. CPAM microspheres were easily absorbed and retained in
pores and effectively plugged the high permeability channel.
As a result, a flow diversion effect occurred in the vertical
and planar direction, which improved the involved coeffi-
cient and enhanced the recovery efficiency.

3. The CPAM microspheres had good deformation abilities.
They could enter the deep part of an oil reservoir by defor-
mation under pressure; thus, they functioned as an in-depth
profile control in this study. They could displace the residual
oil on the pore wall and water channel when they migrated
in a porous medium, so the synchronous effect of profile
control and coordination was achieved to improve the
recovery efficiency.
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