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ABSTRACT: The morphology of polyacrylamide microgel
in gelation and degelation procedures is characterized by
atomic force microscopy. The polymer concentration, the
cross-linker concentration, and the type of cross-linker have
significant influence on the microstructure of polyacryl-
amide. The changes in aggregation status result in changes

in the rheological properties of the polymer solution and
microgel. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 94:
1375-1380, 2004
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INTRODUCTION

Gelling fluids are widely used today to improve pe-
troleum production. During a well treatment process,
the fluids are injected into the fractures or highly
conductive zones to form elastic gels. The permeabil-
ity of problem zones is thus reduced and the injected
water can be diverted to the unswept zones. More
petroleum can thus be produced.

Microgel, which was proposed in the 1960s," is dif-
ferent from normal polymer gels and is a colloid-like,
flowable, and irregular gel. It is an intramolecularly
cross-linked macromolecule, that is dispersed in nor-
mal or colloidal solutions, depending on the degree of
cross-linking and on the nature of the solvent.”

The viscosity of the microgel is higher than that of
the polymer solution of same concentration, but it is
much lower than that of the normal polymer gel.
This property makes it suitable for reducing the
flow of water substantially through the regions con-
tacted by the gel. Microgel can also act as a sweep-
ing fluid. Microgel has a higher viscosity the poly-
mer solution of the same concentration than that of
addition of a small amount of polymer can achieve
moderate gel viscosity. Such properties make it pos-
sible to significantly decrease the cost of the gelling
fluids.

Organic salts, especially chromium carboxylate,
are widely used as the cross-linker in preparing
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microgels.>® Low-cross-linked phenolic aldehyde
resins are sometimes used in order to prolong the
gelation.

The variations of the rheological properties of poly-
acrylamide during the gelation procedure and the
structure of the microgel have been investigated in
detail.* Chen et al.’ studied the microstructure of poly-
acrylamide microgel and found that microgel eventu-
ally formed self-assembly branch-like fractal struc-
tures. Zhang et al.” investigated the gelation behavior
and the morphological structure of HPAM/lead ci-
trate microgel by optical microscopy. However, the
changes in the microstructure of polyacrylamide dur-
ing the gelation and degelation procedure have sel-
dom been studied.

In this paper, the changes in microstructure of the
polyacrylamide during the gelation and degelation
procedure are characterized by atomic force micros-
copy (AFM). The differences in the gelation behavior
of the gelling fluids cross-linked with different cross-
linkers are compared. The relationship between the
microstructure and the viscosity of the gelling fluids is
also investigated.

EXPERIMENTAL
Materials

Polyacrylamide, 3530S (molecular weight 1.7 X 107,
21.0% hydrolyzed), was the commercial product of
SNF Flocculant Co., Ltd. (France). Other reagents were
of CP or AR grade.
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TABLE 1
Sample Compositions and Pretreatment Methods

Polymer Cross-linker
Sample no. concentration (mg/L) Cross-linker concentration (mg/L) Aging time (h)
1 80 None 0 0
2 600 None 0 0
3 600 Chromium acetate 100 0
4 600 Chromium acetate 100 5
5 600 Chromium acetate 100 12
6 600 Chromium acetate 300 12
7 600 Chromium acetate 100 360
8 600 Phenolic aldehyde 600 240
9 600 Phenolic aldehyde 1000 240
10? 1000 None 0 0
117 1000 Chromium acetate 100 24

@ The polymer solutions were stirred at a rate of 10,000 r/min for 30 s.

Methods

Two kinds of cross-linkers, i.e., chromium acetate and
phenolic aldehyde resin, were used in this experiment.
Chromium acetate was prepared by reacting chro-
mium chloride with sodium dichromate and acetic
acid. Phenolic aldehyde was prepared by reacting
phenol with formaldehyde in the presence of sodium
hydroxide.

A stock solution of polyacrylamide and a stock so-
lution of cross-linkers and other chemicals, as well
additional water were added into the vial according to
the compositions listed in Table I. The pH was ad-
justed to 6.5. Then the solutions except for Samples 1,
2, 3, and 10 were aged at 80°C in a forced-air oven.
Finally, all samples were transferred onto a newly
cleaved mica sheet, spread, and warmed to form a
film.

The microcosmic shape of the gel was observed
using a NanoScope III SPM/AFM manufactured by
Veeco Corp. at room temperature using the tapping
mode. Topographic images were recorded using the
retrace signal. Si cantilever tips with a resonance fre-
quency of ~300 Hz and a spring constant of ~40
Nm ™" were used. The scan rate was in the range of 0.5
to 1.5 Hz/s. The sample line was 512 and the target
amplitude was 2 V.

The viscosities of the gel-forming fluids and the
microgels were measured using a Brookfield rotary
viscometer at 30°C.

RESULTS AND DISCUSSION

The variations in microstructure of polyacrylamide
before gelation, after gelation, and after degelation
were recorded. The influences of polymer concentra-
tion, cross-linker concentration, and temperature on
the microstructures of polymer were studied. The im-
ages were compared with the viscosity data of the
gelling fluids and microgels.

Microstructure of polyacrylamide in gelling fluids

Figure 1 shows the topographical image of the poly-
mer film formed from an 80 mg/L polyacrylamide
solution. Many tiny particles are distributed in the
whole scanning range. The average diameter of the
particles is 56.1 nm. These particles represent the ag-
glomerated polyacrylamide molecules. The micro-
structure doesn’t change despite the addition of 100
mg/L of chromium acetate.

The film from a 600 mg/L polyacrylamde solution
presents fractal branches, as shown in Figure 2. It has
been reported in the literature that the branches were
accumulated by tiny spherical particles.” The differ-
ence between Figures 1 and 2 demonstrates that dif-
ferent concentrations of polymers have different mi-
crostructures. This is probably because the polymer
molecules tend to aggregate at the surface of tiny
particles or the twigs of the macromolecules at rela-
tively high concentration while they don’t aggregate

Figure 1 AFM image of Sample 1.
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Figure 2 AFM image of Sample 2.

at low concentration. The width and the depth of the
branch are 532.9 *£ 0.15 and 49.9 = 0.3 nm, respec-
tively. The average diameter and the height of the tiny
particles are 61.4 * 0.14 and 7.8 £ 0.19 nm, respec-
tively.

For dilute polymer systems, experimental results
indicate that the polymer chains are distributed dis-
cretely before gelation. The polymer chains begin to
aggregate with the increase of polymer concentration
and form branch-like structures.

Figure 3 shows the AFM image of a polymer film
prepared from 600 mg/L of polyacrylamide and 100
mg/L of chromium acetate. Many spherical particles
and island-like structures are observed. Some particles
are inlaid on the surface of the branches. The average
diameter and the height of the particles are 187.5

mm.u LT

Figure 3 AFM image of Sample 3.
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Figure 4 AFM image of Sample 4.

*+ 0.15 and 46.3 = 0.20 nm, respectively. The average
diameter and the height of chromium acetate particles
are 38.9 = 0.05 and 1.4 = 0.14 nm, respectively.

The formation of polyacrylamide microgel is a frac-
tal growth procedure.” The gelling system with the
addition of chromium salt tends to grow at the twig of
the branches. In this work, the island-like structures
are also derived from the branches. The branches be-
come thicker until some branches are merged. The
change in the morphology of the polymer chains is
probably due to the addition of the cross-linker that
changes the composition of the solution.

Morphology of microgels

Sample 4 was prepared using solution with the same
composition as Sample 3 but was aged at 80°C for 5 h.
Figure 4 shows its AFM image. Some islands are
formed after 5 h of aging, indicating the aggregation of
polyacrylamide molecules. The length of the long axis
and mini axis is 541.8 = 0.13 and 197.8 = 0.13 nm,
respectively. The height is 14.4 = 0.14 nm. Many chro-
mium acetate particles are dispersed on the surface of
polyacrylamide film. The particles in Sample 4 are
bigger than in Sample 3. It seems that the particles in
Figure 4 are the composites of polyacrylamide and
chromium acetate particles.

Figure 5 shows the AFM image of Sample 5 which
contains 600 mg/L polyacrylamide and 100 mg/L
chromium acetate. The sample was aged at 80°C for
12 h. The sample presents belt structures and spherical
particles. The average diameter and the height of the
particles are 50.9 = 0.13 and 5.5 * 014 nm, respec-
tively, which is much bigger than the chromium ace-
tate particles. These particles are probably the com-
posite of polyacrylamide and chromium acetate par-
ticles. Merged islands, which are typical structures in
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Figure 5 AFM image of Sample 5.

the gelling procedure of polyacrylamide, are also
found.

Sample 6 was prepared by heating the solution con-
taining 600 mg/L polyacrylamide and 300 mg/L chro-
mium acetate at 80°C for 12 h. The AFM image of the
film is shown in Figure 6. Flakes and belts are ob-
served. It is also found that the increase in concentra-
tion of cross-linker results in the change of morphol-
ogy of the polyacrylamide domain. Belts and flakes
appear with some nanoparticles inlaid on the surface
of the film.

Sample 7 was prepared by heating a mixture with
the same composition as Sample 6 at 80°C for 15 days.
Figure 7 shows its AFM image. Belts broader than
those in Figure 6 are also observed, demonstrating
compact aggregation of polyacrylamide chains. This is
probably because many of chromium acetate particles
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Figure 6 AFM image of Sample 6.
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Figure 7 AFM image of Sample 7.

are inlaid between the polymer chains or between the
monolayers. The average diameter of the particles is
found to be 88.6 * 0.20 nm. According to the litera-
ture,"" polyacrylamide chains are usually swollen and
associated after the addition of chromium acetate. The
polymer chains tend to be associated in the presence
of adequate chromium particles.

Several hypotheses on the cross-linking mechanism
of polyacrylamide and Cr (III) salts have been pro-
posed.® ' Some authors suggested that the cross-link-
ing reaction of polyacrylamide and Cr (III) salt takes
place via chemical interaction of the polymer with the
Cr’* oligomer particles or with the colloidal Cr’*
hydroxide particles. The particles of chromium com-
pounds are the reactive center. The polymer molecules
agglomerate around the Cr (III) particles and the twig
of the aggregate contact Cr (III) particles easily and
cross-link with them. Therefore, the twigs of the ag-
gregates grow rapidly and self-assembly fractal struc-
tures are formed. The gelation procedure, i.e., the
cross-linking procedure of Cr (IIl) particles and poly-
acrylamide macromolecules, is the procedure of frac-
tal growth. The concentration of the cross-linker influ-
ences the microstructure of the gel. When a large
amount of Cr (III) ion is added, the average space
between the molecules of cross-linkers is reduced and
the space for chain growth is thus reduced. The poly-
mer molecules must accumulate in a compact way. In
the case of phenolic aldehyde as the cross-linker, the
edges of the fractal branches are not so distinct be-
cause organic cross-linkers do not have such active
centers.

Figure 8 and Figure 9 show the effects of cross-
linker concentration of the morphology of polyacryl-
amide microgel. Sample 8 contains 600 mg/L of po-
lacrylamide and 600 mg/L of cross-linker. Sample 9
contains 600 mg/L of polyacrylamide and 1000 mg/L
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Figure 8 AFM image of Sample 8.

of cross-linker. Some nanoparticles and congeries of
nanoparticles appear in the image. The average diam-
eter of the particles is 83.0 = 0.07 nm and the height is
17.1 = 0.30 nm.

Figure 9 shows the AFM image of the 600 mg/L
polyacrylamide cross-linked with 1000 mg/L phenolic
aldehyde at 80°C for 10 days. Spherical particles and
their congeries are observed. The average diameter
and the height of the particles are 275.4 + 0.26 and
104.1 = 0.40 nm, respectively. The particles are bigger
than those in Figure 8. It is concluded that the increase
in the concentration of cross-linker can promote the
aggregation of the polyacrylamide.

It is interesting to compare the AFM images of
Sample 4 with that of Sample 8. The polyacrylamide
chains accumulate as belts and the islands or flakes

Figure 9 AFM images of the gel from polyacrylamide and
phenolic aldehyde.

61.5 nm

Figure 10 AFM image of Sample 10.

appear on the surface of the film when chromium
acetate is used as the cross-linker. In polyacrylamide-
phenolic aldehyde systems, polyacrylamide chains
tend to appear as spherical particles of accumulated
islands.

A 600 mg/L polyacrylamide solution was placed in
a stirrer and then stirred at the rate of 10,000 r/min for
15 s. The sheared polyacrylamide solution was spread
on the mica sheet until a film was formed. Figure 10
shows the AFM image of the film. Branches were still
observed although they were not so integrated as
those in Figure 3. Some fragments were also found.
The AFM image indicated that the major part of poly-
acrylamide chains was reserved after shear treatment
and that the fragments were broken off from the edges
of the branch structures.

Tiny particles were also observed. The average di-
ameter of the particles is 77.5 = 0.26 nm and the height
is 17.9 = 0.20 nm. The possible reason for the existence
of fractal branches is that the macromolecules of poly-
acrylamide are not completely degraded during the
shear treatment. In normal cases, polyacrylamide mac-
romolecules being sheared exhibit petaline structures.
That indicates that the shear strength in our experi-
ment was not enough to break the polymer chains
completely. The irregular bright zones are probably
the fragments of the polyacrylamide molecules.

In the degelation procedure, the framework of poly-
mer molecules tends to become thinner and the vis-
cosity of the microgel is also decreased.

Figure 11 shows the AFM image of a gelation sys-
tem that contains sheared polyacrylamide and chro-
mium acetate. Fractal branches are observed. The
width and the depth of the branch are 155.2.8 = 0.15
and 35.5 = 0.3 nm, respectively. The size is much
smaller than that in Sample 2. The polymer molecules,
although being sheared, still can react with the cross-
linkers and form gels.
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Variations of viscosity

A series of gel-forming fluids was prepared by mixing 600
mg/L of polyacrylamide and different cross-linkers. The
variations of viscosities were recorded (see Figure 12).

As shown in Figure 12, the viscosities of the samples
increased in the initial stage of gelation. For polyacryl-
amide-chromium acetate systems, the viscosity
achieved its maximum value within 2 days. For the
polyacrylamide—phenolic aldehyde system, the viscosity
achieved the maximum value within 8 days. The viscos-
ities began to decrease after reaching their maximum
value. Based on the results above, the variation of vis-
cosities can be divided into three stages: gelation stage,
stable stage, and degelation stage. During the gelation
stage, the viscosity increases until microgel was formed.
After that, the viscosity remains stable for several days.
After the stable stage, the viscosity decreases. An inter-
esting fact was found by comparing the morphology of
the gelling system with the viscosity—time curve: the
viscosity increases while the polymer chains agglomer-
ate in a relatively compact or cross-linked way. On the
other hand, the viscosity tends to decrease in the dege-
lation stage while the polymer chains accumulate in a
relatively loose way. It can be concluded that the in-
crease in viscosity is derived from high density of accu-
mulation of polymer molecules.

The polyacrylamide being stirred at 10,000 r/min
also formed a gel in this experiment, but the viscosity
was much lower. This is probably because the average
molecular weight of the polymer is reduced by the
shear and it becomes difficult to achieve adequate
intramolecular cross-linking.

In this study, the viscosity of the microgels began to
decrease after 12 days of aging. The result doesn’t
indicate that the gelling system is unstable for field
use. As a matter of fact, many stabilizers, e.g., EDTA,
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Figure 11 AFM image of Sample 11.
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Figure 12 Variations of viscosities of gel-forming fluids
and microgels: (A) 100 mg/L chromium acetate; (B) 300
mg/L chromium acetate; (C) 600 mg/L phenolic aldehyde;
(D) 600 mg/L sheared polyacrylamide + 100 mg/L chro-
mium acetate.

thiocarbamide, and hexamethylenetetramine, can be
added to improve the stability of polyacrylamide
gels.12 In this experiment, we wished to observe the
viscosity variations in a relatively short period, so the
stabilizers were not employed.

CONCLUSIONS

Polyacrylamide molecules are dispersed in solution as
discrete particles at low concentration, but they aggre-
gate as branches at relatively high concentration. The
gelation procedure of polyacrylamide is a fractal
growth of polymer chains. Many factors, e.g., polymer
concentration, the type and concentration of cross-
linker, time, and shearing, have a significant influence
on the microstructure of polyacrylamide.

Relationships exist between the variations of the
microstructure and that of the viscosity of polyacryl-
amide. The viscosity increases when the polymer
chains accumulate in a compact way and the viscosity
decreases when the polymer chains accumulate in a
relatively loose way.
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