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ABSTRACT: In this study, a new profile control and flooding agent “polyacrylamide nanomicrospheres” with particle size of 120-180
nm was prepared by inverse microemulsion polymerization. The viscoelasticity of polyacrylamide nanomicrospheres and the swelling
property of polyacrylamide nanomicrospheres in aqueous solution were characterized. Using sand pack models, the profile control
and flooding performance of polyacrylamide nanomicrospheres was studied. The results show that the polyacrylamide nanomicro-
spheres have better elasticity; the polyacrylamide nanomicrospheres have obvious swelling property, which depends on the concentra-
tion of NaCl and temperature; the polyacrylamide nanomicrospheres can plug sand pack effectively and have better ability of trans-
porting and plugging in porous media; the polyacrylamide nanomicrospheres prefer to plug high permeability layer selectively so
as to increase the swept volume and enhance oil recovery of low permeability layer and low permeability area in high permeability
layer; the polyacrylamide nanomicrospheres can enhance oil recovery by 11-14%. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:
000-000, 2012
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INTRODUCTION

The oil recovery of reservoirs is mainly controlled by the sweep
factor and oil displacement efficiency. For the heterogeneous
oilfields, the sweep factor of sweep factor of water flooding is
an important evaluation parameter. It not only represents the
sweep status of water flooding status of water flooding, but also
influences the ultimate recoverable reserves and oil recovery.

In recent years, many profile control and flooding agents have
been used to control water and enhance oil recovery in high
water-cut stage of heterogeneous oilfields. Koch and McLaugh-
lin' used inorganic gels to control profile for water injection
wells successfully. Chen® researched nonpolymer gels for water
control treatment of reservoir treatment of reservoir .However,
due to nonorganic gels was not selective on oil, the success rate
of construction was low and the selective profile control and
flooding technology based on polymer or crosslinked polymer
gels got a better development and application. Nanda et al.’
studied the characteristics of polyacrylamine-Cr®" gels used for
reducing water/oil ratio. Liang et al.* found that gels could
reduce water permeability more than oil permeability. Herbas
et al.’ set up a model to study polymer gels treatment test to
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improve the injection profile and the sweep factor in a water in-

1°% and in situ

jector. Gels for high-temperature water contro
gels have also been studied in recent years. Cheng et al.’
obtained “colloidal dispersion gels” by crosslinking low concen-
tration polymer solution with small amount of chromium ace-
tate or aluminum citrate. Chauveteauu et al.'®™'* invented the
microgels for water control. The microgels are colloidal particles
of acrylamide-based polymeric gels crosslinked with zirconium
whose properties are affected by salinity, pH, shear rate etc.
Therefore, their resistance is weak. Particle gels'>™® have also
been used to improve the water injecting profile, but the parti-
cle gel had no define shape.

The relationship between sandstone permeability (k, um?), po-
rosity (¢, function), and average radius of pore throats (r, um)
can be expressed by the equation'®:

r=/8k/p 1)

For the sandstone formation with permeability of 0.001-10 yum?
and porosity of 30%, the average radius of pore throats is
0.163-16.3 pum. The result shows that the pore throats of
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Table I. A Recipe for Preparing Polyacrylamide Nanomicrospheres

Phase Material Mass/g

0 [D] m(Sapn80) : m(Tween60) 9.80
= 3 : 2 (emulsifier)

n-Hexane (dispersion agent) 65.30

W [AM] Acrylamide (monomer) 3.30

[MBA] N,N’-methylene bisacrylamide 0.08
(crosslinking agent)

[APS] Ammonium persulfate (initiator) 0.16

Deionized water 21.35

sandstone reservoirs are nanoscale/microscale. Therefore, the
size of an ideal profile control and flooding agent should also
be nanoscale/microscale. Based on this idea, a new profile con-
trol and flooding agent “polyacrylamide nanomicrospheres” was
designed.

In this article, the polyacrylamide nanomicrospheres were pre-
pared by inverse microemulsion polymerization. The storage
modulus (G’) and loss modulus (G”) of the polyacrylamide
nanomicrospheres were measured using M5600 HPHT Rhe-
ometer. The variation of average particle size was used to
characterize the swelling property of polyacrylamide nanomi-
crospheres in aqueous solution. Using a long sand pack
model, the migration and plugging properties of polyacryl-
amide nanomicrospheres were studied. At last, a series of
two-tube heterogeneous sand pack models were used to simu-
late the heterogeneity of reservoirs, and the profile control
and flooding performance of polyacrylamide nanomicro-
spheres was studied.

EXPERIMENTAL

Materials

Acrylamide (AM, purity above 98.5%), n-Hexane (purity above
99.5%), dispersion stabilizer (D, Span80 and Tween60) and am-
monium hydroxide (NH,OH, purity above 99.5%) were all pur-
chased from Sinopharm Chemical Reagent (China). N,N'-meth-
ylene bisacrylamide (MBA, purity above 98.0%) was obtained
from Shanghai Chemical Reagent Company of Sinopharm
(China). Ammonium persulfate (APS, purity above 98.0%) was
supplied by Shanghai Aijian Degussa Initiator (China). Sodium
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Figure 1. Basic parameter of (a) long sand pack model and (b) heteroge-
neous sand pack model.
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Figure 2. SEM micrograph of polyacrylamide nanomicrospheres in aque-
ous solution.

chloride (NaCl, purity above 99.5%) was obtained from Nanjing
Chemical Regent (China). All reagents were used without any
further purification. Deionized water was used for the prepara-
tion of all aqueous solutions. The sand of size 10-100 mesh was
obtained from Block Gudao in Shengli Oilfield in China. The
simulated oil sample with viscosity (u,) of 18 mPa s and den-
sity (p,) of 947.2 kg m > at 50°C was prepared using degassed
crude oil from Block Gudao in Shengli Oilfield in China mixing
a certain proportion of kerosene.

Preparation of Polyacrylamide Nanomicrospheres

The polyacrylamide nanomicrospheres were prepared through
inverse microemulsion polymerization.'”'® The polymerization
was carried out in a 250 mL three-neck flask. The flask was
equipped with mechanical stirrer, reflux condenser, dropping
funnels, and constant temperature water bath. A typical recipe
for the inverse microemulsion polymerization is presented in
Table 1. First, 65.30 g of n-Hexane (dispersion agent) and 9.80 g
of emulsifier [m (Sapn80) : m (Tween60) = 3 : 2] were intro-
duced into the three-neck flask. The flask was then placed in
the water bath at the constant temperature of 33°C with a stir-
ring rate of 360 rpm. After complete dissolution of the
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Figure 3. Particle size distribution of polyacrylamide nanomicrospheres.
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Figure 4. Storage modulus (G) and loss modulus (G”) of polyacrylamide
nanomicrospheres (without solvent) versus frequency at 50°C.

emulsifier in n-Hexane, the aqueous solution of AM, MBA, and
APS (3.30 g of AM, 0.08 g of MBA, and 0.16 g of APS were dis-
solved in 21.35 g deionized water) in the dropping funnel was
dripped into the reactor with an appropriate dripping rate (1-2
drops per second). Simultaneously, the mixture in the flask was
stirred with a stirring rate of 360 rpm. When the water phase
was suspended in the oil phase completely to form W/O micro-
emulsion, the temperature was increased to 75°C to initiate the
polymerization of monomers. NH,;OH (20 wt %) was added to
adjust the pH to about 7.0. Then the temperature was kept at
75°C for 60 min. Finally, the mixture in the flask was cooled
and filtered. Thus, polyacrylamide nanomicrospheres were
obtained.

Characterizations
EVO 18 scanning electron microscopy (Carl Zeiss, Germany)
was used to analyze the physical structure of the polyacrylamide
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Figure 5. Storage modulus (G) and loss modulus (G”) of polyacrylamide
nanomicrospheres (without solvent) versus temperature at 1 Hz.
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Figure 6. Variation of average particle size of polyacrylamide nanomicro-
spheres in aqueous solution versus time at different salinity (50°C).

nanomicrospheres. The particle size of the polyacrylamide
nanomicrospheres was measured by Rise-2008 laser particle size
analyzer (Jinan Runzhi Science and Technology Corporation,
China) at 25°C. M5600 HPHT rheometer (Grace) was used to
measure the storage modulus (G) and loss modulus (G”) of the
polyacrylamide nanomicrospheres (without solvent) versus tem-
perature and frequency. The variation of particle size was meas-
ured to characterize the swelling property of polyacrylamide
nanomicrospheres in aqueous solution. Long sand pack model
with four survey points was used to characterize the migration
and plugging properties of polyacrylamide nanomicrospheres in
porous media. Using a series of two-tube heterogeneous sand
pack models, the profile control, and flooding performance of
polyacrylamide nanomicrospheres in heterogeneous reservoirs.
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Figure 7. Variation of average particle size of polyacrylamide nanomicro-

spheres in aqueous solution versus salinity at different temperature
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Figure 8. Variation of pressure at each survey point during polyacryl-
amide nanomicrospheres moving in long sand pack model at 30°C.

The long sand pack model and two-tube heterogeneous sand pack
models were all packed with sand from Block Gudao in Shengli
Oilfield, China. Figure 1 shows the basic parameters of long sand
pack model and two-tube heterogeneous sand pack model.

RESULTS AND DISCUSSION

Physical Property and Structure

The polyacrylamide nanomicrospheres are milk-white. The
effective content is 95-98%. The density is about 1.0 g cm .
The viscosity of polyacrylamide nanomicrospheres solution is
<1.5 mPa s”' and the pH value is 6.0-8.0. Figure 2 is SEM
micrograph of the polyacrylamide nanomicrospheres in aqueous
solution. Figure 2 shows that the polyacrylamide nanomicro-
spheres are spherical particles. The particle size distribution of
the polyacrylamide nanomicrospheres is shown in Figure 3. It
can be seen that the particle size of the polyacrylamide nanomi-
crospheres is 120-180 nm, and the average value is 146.7 nm.
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Viscoelasticity of Polyacrylamide Nanomicrospheres

The storage modulus (G') and loss modulus (G”) of the poly-
acrylamide nanomicrospheres (without solvent) versus fre-
quency and temperature are given in Figures 4 and 5 tempera-
tures are given in Figures 4 and 5. It can be seen that the
storage modulus and loss modulus of polyacrylamide nanomi-
crospheres increase with the increase of frequency and decrease
with the increase of temperature. When the frequency is 1 Hz
and the temperature is 25°C, the storage modulus (G) is 59.25
dyn cm™? and the loss modulus (G”) is 300.71 dyn cm ™% The
storage modulus (G') and loss modulus (G”) are still large even
at a high temperature. At 175°C and 1 Hz, the storage modulus
(G) is 132.07 dyn cm™? and the loss modulus (G") is 16.46
dyn cm™ 2 The results indicate that the polyacrylamide nanomi-
crospheres have better viscoelasticity and can be used in the
high-temperature reservoir. Because of the elasticity, the poly-
acrylamide nanomicrospheres can easily transport into the deep
area of oil formation, resist water to change the flow direction,
and increase the sweep efficiency of oil reservoirs.

Swelling Property of Polyacrylamide Nanomicrospheres

in Aqueous Solution

The polyacrylamide nanomicrospheres through
absorbing water. The original average particle size of polyacryl-
amide nanomicrospheres is 146.7 nm. The variation of the aver-
age particle size of polyacrylamide nanomicrospheres in aqueous
solution is given in Figures 6 and 7. Figure 6 shows that the av-
erage particle size increases with the increase of time and
obtains the maximum value when the time is about 250 h. Fig-
ure 7 shows that the average particle size increases with the
increase of temperature. Figures 6 and 7 also show that the av-
erage particle size decreases with the increase of concentration
of NaCl. When the concentration of NaCl is >10,000 mg L
the variation of average particle size is not obvious. In fact,
polyacrylamide nanomicrospheres are crosslinked particles with
three-dimensional network structure and many free hydrophilic
groups (—CONH,) inside. Polar water molecules can combine
with these groups easily, and cause nanomicrospheres to swell.

can swell

Table II. Enhanced Oil Recovery of Polyacrylamide Nanomicrospheres in Heterogeneous Sand Pack Model

Recovery of
nanomicro-

Recovery of
water flooding

(%) spheres (%) EOR (%)
Concentration of
nanomicrospheres
Model No.  (wt %) Sand pack type k (um?)  Single  Total Single  Total Single  Total
1 1000 High permeability tube ~ 1.81 4886 4080 5490 5208 6.04 11.28
Low permeability tube 0.73 32.73 46.35 13.62
2 1500 High permeability tube ~ 1.75 4583 3797 5260 5032 6.77 12.35
Low permeability tube 0.68 30.11 4597 15.86
3 2000 High permeability tube ~ 1.92 5192 4062 5724 5418 532 1356
Low permeability tube 0.71 29.31 4552 16.21
4 2500 High permeability tube ~ 1.68 4956 39.05 5568 5285 6.12 13.80
Low permeability tube 0.66 28.53 44.88 16.35
5 3000 High permeability tube  1.72 5023 40.09 5541 5395 518 1386
Low permeability tube 0.75 30.15 46.18 16.03
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However, inorganic ions can compress the hydration layer and
reduce the hydration degree. Thus, the particle size is smaller
when the concentration of NaCl is higher. The particle size of
polyacrylamide nanomicrospheres varies with the concentration
of NaCl. High temperature will lead to the polymer network
outward expansion, and the water absorption will increase too.
The result shows that polyacrylamide nanomicrospheres have
better swelling property. This property can increase their plug-
ging capacity in deep formation of reservoirs.

Migration and Plugging Properties in Long Sand Pack Model
In this study, the permeability of the long sand pack model was
1.71 pm? First, the brine water with salinity of 2000 mg L™
was injected for 0.4 PV. Then, the polyacrylamide nanomicro-
spheres solution (1000 ppm) was injected for 0.3 PV. At last,
only brine water was injected for 0.4 PV. Meanwhile, the pres-
sure at each survey point was measured by pressure sensor
(Qingdao Keeasy Biotech, China), respectively. The injection
rate was 1 mL min~' and the experimental temperature was
30°C.

The variation of pressure at each survey point is shown in
Figure 8. It can be seen that during the injection of polyacryl-
amide nanomicrospheres solution, the pressure at survey point
1 increases first, then the pressure at survey point 2—4 increases
in turn. The pressure does not increase until the moving front
of polyacrylamide nanomicrospheres reaches. This result shows
that the polyacrylamide nanomicrospheres can transport into
the deep area of sand pack gradually. In the process of subse-
quence water injection, the pressure at each survey point
increases further. This is caused by the swelling property of
polyacrylamide nanomicrospheres in the sand pack. At the
end of subsequence water injection, the injecting pressure
(survey point 1) keeps about 7.0 kPa, and the resistant factor
is three times more than that of the original water injection.
Besides, the pressure near the exit end (survey point 4) is
still lower than 0.8 kPa. This result shows that the polyacryl-
amide nanomicrospheres in the deep area of sand pack can
be retained in the sand pack and plug the sand pack effec-
tively. These results indicate that the polyacrylamide nanomi-
crospheres have better migration and plugging properties in
porous media.

Profile Control and Flooding Performance in Heterogeneous
Sand Pack Model

In this study, the polyacrylamide nanomicrospheres was
hydrated in NaCl solution of 10,000 mg L' for 10 days at
80°C. First, the brine water with salinity of 3000 mg L' was
injected in sand pack model until the water-cut of output
was 98%. Then, the polyacrylamide nanomicrospheres solu-
tion was injected for 0.5 PV. At last, only brine water with
salinity of 3000 mg L~' was injected until the water-cut of
output was 98%. Meanwhile, the output volume of oil and
water was measured by measuring cylinder, respectively. The
injection rate was 1 mL min~' and the experimental tempera-
ture was 30°C.

The parameter of the five heterogeneous sand pack model and
the experimental results are given in Table II. Table II shows
that the oil recovery of water flooding is 38-41%. After the pro-
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file control and flooding of polyacrylamide nanomicrospheres,
the oil recovery is up to 50-54%. The enhanced oil recovery
(EOR) of polyacrylamide nanomicrospheres is 11-14%. Increas-
ing the concentration of polyacrylamide nanomicrospheres solu-
tion can enhance oil recovery further. However, when the con-
centration of polyacrylamide nanomicrospheres is more than
2500 mg L', the enhanced oil recovery becomes very small.
Comparing the oil recovery of the high permeability tube with
the low permeability tube in each model, it can be seen that the
oil recovery mainly comes from the low permeability tube. This
result indicates that the polyacrylamide nanomicrospheres prefer
to plug high permeability layer selectively to improve the swept
volume of low permeability layer. Besides, the polyacrylamide
nanomicrospheres can also improve the sweep condition and
flooding effect of low permeability area in high permeability
layer.

CONCLUSIONS

A new profile control and flooding agent “polyacrylamide nano-
microspheres” with particle size of 120-180 nm, effective con-
tent of 95-98%, and density of 1.0 g cm > is prepared by
inverse microemulsion polymerization. The polyacrylamide
nanomicrospheres have better viscoelasticity even at 175°C and
can be used in the high-temperature reservoir. The polyacryl-
amide nanomicrospheres have obvious swelling property. How
large they can expand depends on the concentration of NaCl
and temperature. The polyacrylamide nanomicrospheres have
better migration and plugging properties in porous media. The
polyacrylamide nanomicrospheres prefers to plug high perme-
ability layer selectively and improve the sweep condition and
flooding effect of low permeability layer and low permeability
area in high permeability layer. The polyacrylamide nanomicro-
spheres can enhance oil recovery by 11-14%. The results are
very useful for the application of polyacrylamide nanomicro-
spheres in the profile control and flooding of heterogeneous
reservoirs.
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