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Abstract The hydrophobically associating copolymer poly (acrylamide/butyl
styrene/sodium 2-acrylamido-2-methylpropane sulphonate) (PASA) is micro-
crosslinked with a small amount of phenolic aldehyde (PL) to obtain the micro-
crosslinked polymer PASA-PL with excellent liquidity and water solubility. After
crosslinked, the critical association concentration of copolymer reduces in the brine
solution with high NaCl concentration and PASA-PL displays much better thick-
ening and anti-aging properties in brine solutions at low polymer concentrations.
The contribution of micro-crosslink of PASA with PL to the associating structures is
investigated by fluorescent probe and scanning electron microscope (SEM). The
fluorescent probe results show that a large amount of hydrophobic microdomains
with very strong non-polarity are formed because of greatly strengthened inter-
molecular hydrophobic association for the PASA-PL polymer in aqueous and brine
solutions, and PASA and NaCl concentration greatly influence intermolecular
hydrophobic association in PASA-PL brine solutions. SEM measurements show
that continuous associative structures with huge sizes are formed in PASA-PL
aqueous and brine solution.

Keywords Acrylamide - Fluorescent probe - Scanning electron microscope -
Hydrophobic association - Viscosity

Introduction

The flooding polymers widely applied in enhanced oil recovery (EOR) are partially
hydrolyzed polyacrylamide (HPAM) with superhigh molecular weight and
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acrylamide-modified polymers. However, the maximum applied temperature of
these polymers in oil reservoirs is presently not higher than 85 °C. For high-
permeability oil reservoirs, in order to improve temperature resistance, the HPAM
polymer is generally micro-crosslinked with a small amount of organic trivalent
aluminum, organic trivalent chromium, aldehydes, phenols, etc. [1-3]. However,
while the linear HPAM with superhigh molecular weight is micro-crosslinked, the
polymer gel with too high molecular weight is easily formed. As a result, the micro-
crosslinked polymer dehydrates in brine solutions and pore throats in the oil
reservoirs are likely to be plugged up. Moreover, the micro-crosslinked HPAM also
oxidatively degrades above 85 °C, resulting in the abrupt decrease in solution
viscosity. To obtain the flooding polymer whose solution properties are accordant
with the expected molecular structure and properties of polymeric oil-displacing
agent applied in high-permeability oil reservoirs with high salinity and temperature
(=85 °C), the hydrophobically associating copolymer poly [acrylamide (AM)/butyl
styrene (BST)/sodium 2-acrylamido-2-methylpropane sulphonate (NaAMPS)]
(abbreviation: PASA) with low molecular weight is micro-crosslinked with a small
amount of phenolic aldehyde (PL), and so the micro-crosslinked polymer PASA-PL
with excellent liquidity and water solubility were synthesized. For the PASA
polymer, above the critical associated concentration (C,*) in aqueous solution, the
polymer molecules can aggregate to form reversible supermolecular associating
structures via intermolecular association of hydrophobic groups, resulting in a
dramatical increase in apparent viscosity. Upon shearing, the associating structures
are disrupted and the degradation of polymer does not occur. However, upon
removal of shearing, the association can reform, resulting in the absolute recovery
of polymer solution viscosities. The PASA polymer also exhibits good solution
behavior such as salt-thickening, anti-aging, and temperature-thickening below
40 °C [4]. However, C,* of PASA is on the high side in brine solutions, the
viscosity below C,* is low because of low molecular weight, and the apparent
viscosities remarkably reduce above 50 °C due to destroying of the intermolecular
association. After micro-crosslinked with PL containing phenyl groups, the unique
solution properties of PASA are further improved, and the above mentioned
problems are solved due to the increase in molecular weight and the rigidity of
polymer chains. In this article, we explore intermolecular hydrophobic association
of PASA-PL in aqueous and brine solution by fluorescent probe and scanning
electron microscope (SEM) measurements to reveal the relationship between
solution properties and microstructures of hydrophobically associating micro-
crosslinked polymers in solutions.

Experimental
Reagents

AM was recrystallized twice from CHCl;, and 2-acrylamido-2-methylpropane
sulphonate (AMPS) was purchased from Lubrizol Co. PL with low molecular
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weight and butyl styrene were prepared in the laboratory [5, 6]. Other reagents were
analytically pure and used without further purification.

Instrumentation

The UV spectrum was obtained with a UV-240 spectrophotometer. The FT-IR
spectrum was conducted with a NICOLET-560 FT-IR spectrophotometer by using
KBr disks. The purified PASA copolymer solution in D,O was measured by a
400 MHz INOVA-400 instrument to obtain the 'H-NMR spectrum. Fluorescence
spectra were recorded on a Hitachi-7000 spectrophotofluorometer at 45 °C, and the
pyrene concentration in the polymer solutions was 3 x 10~ mol L™". The carbon,
nitrogen, and hydrogen contents of the PASA polymer were determined by CARLO
ESRA-1106 elemental analyzer.

The apparent viscosities of polymer solutions were measured by a Brookfield
DVIII R27112E viscometer at the shear rate of 7.34 s~ at 45 °C. The intrinsic
viscosities were measured by a 0.6 mm Ubbelohde capillary viscometer at
(30.0 £ 0.1) °C and 1 mol L~! sodium nitrate is used as a solvent.

The scanning electron microscope images were made by S-3000 N SEM
(Hitachi, Japan). The resolution of the SEM is 3 nm, and the magnifying multiple
ranges from 3 to 300,000. Polymer solutions were prepared by dissolving the
purified polymer in distilled water or NaCl aqueous solution. The conductive rubber
was first adhibited on a special round metal plate with the diameter of 10 mm. The
polymer solution sample was then dropped on the rubber and naturally dried to form
the thin film at room temperature. Finally, gold was automatically sputtered on the
polymer film under high vacuum for electric conduction.

Synthesis of PASA and PASA-PL

The PASA copolymer was synthesized by the free radical micellar copolymeriza-
tion [7]. A 100 mL three-necked round flask was equipped with a mechanical
stirrer, nitrogen inlet and outlet. AM (5.0 g, 0.0704 mol), AMPS (1.6357 g,
0.007892 mol), and sodium dodecyl sulphate (SDS) (1.0105 g) were dissolved in
20.21 mL of distilled water and the solution was placed in the flask. NaOH was used
to control the pH value of the reaction solution between 6 and 7. The mixture was
stirred for 15 min and BST (0.1010 g, 6.3139 x 10~* mol) was then added into the
reaction flask. The flask was purged with N for half an hour. The reactant solution
was heated to 50 °C with stirring in a tempering kettle under nitrogen atmosphere,
and 5.98 mL of 0.005 mol L™ K,S,05 solution was then added into the reactant
solution. After the polymerization proceeded for 16 h at 50 °C, the reaction mixture
was diluted with 500 mL of distilled water, and two volumes of acetone was then
added with stirring to precipitate the polymers. The polymers were washed with
acetone twice and extracted with ethanol by the Soxhlet extraction instrument for
2 days to remove surfactant, residual monomers and initiator. Finally, the polymers
were dried under vacuo at 50 °C for 3 days.
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The main component of PL with low molecular weight is 2,4,6-trimethylolphe-
nol. PL used as the crosslinking agent was added into the PASA solutions, and the
pH values of the mixtures were adjusted between 8 and 11. The mixtures were
placed in the color comparison tubes. After sealed with rubber stopples and medical
rubberized fabric, the tubes were placed in the constant temperature oven, and the
crosslinking reaction proceeded for 3-4 days at 90 °C to obtain the micro-
crosslinking polymer PASA-PL.

The molecular structures of PASA and PASA-PL are shown in Fig. 1. The
intrinsic viscosities of PASA is 6.72 dL™' g and the molar composition of the
polymer is AM:NaAMPS:BST = 88.33:10.65:1.02. There is a typic absorption
peak at 230 nm attributed to the phenyl group for the UV spectrum of PASA. FT-IR
peaks of PASA (crnfl) are: —-N-H stretch, 3433; C=0 stretch, 1647; —CH;, —CH,,
—CH stretch, 2863, 2928, 2787; —CH;, —-CH,, —-CH bending, 1455, 1354, 1325;
=C-H in phenyl stretch, 3090; —SO3™:1205, 1120, 1041, 634. Besides the above
peaks of PASA, FT-IR peaks of PASA-PL (cm_l) include —OH in PL stretch, 3206;
—OH in PL bending, 1410; —C=C- in phenol stretch, 1612, 1560.

The observed '"H-NMR (400 MHz) shifts § (ppm) of PASA are: 4H (-CH of
phenyl), 7.028-7.787; 2H (—CH, of BST main-chain), 2.105; 1H (-CH of BST
main-chain), 2.772; 6H (-CH; of NaAMPS side chain), 1.674; 2H (-CH, of AMPS
side chain), 3.439; 2H (-CH, of NaAMPS main-chain), 1.781; 1H (-CH of AMPS
main-chain), 2.355; 2H (-CH, of AM main-chain), 1.500; 1H (-CH of AM main-
chain), 2.246; H (-NH, of AM side chain and -NH of AMPS side chain), 6 4.716—
4.967.
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Fig. 1 Schematic representation of molecular structures of PASA and PASA-PL
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Results and discussion
Effect of polymer concentration on solution viscosities

Figure 2a shows the influence of polymer concentration on apparent viscosity for
the linear PASA polymer in 50 g L~' NaCl solution. The solution viscosity
increases sharply with increasing polymer concentration above 1.5 g L™, indicat-
ing that the critical association concentration (Cp*) is 1.5 g L~'. For the micro-
crosslinked polymer PASA-PL in 50 g L~" NaCl solution, an obvious increase in
solution viscosity with increasing polymer concentration is exhibited in Fig. 2b
above 0.7 g L™' which is Cp*. The result shows that the PASA polymer is micro-
crosslinked with PL to result in the obvious decrease of Cp* and the great increase in
solution viscosities. The micro-crosslink of PASA with PL can increase the
molecular weight of polymer and improve the rigidity of polymer chains, and
consequently intermolecular hydrophobic association and viscosification effect of
the polymers in brine solution are strengthened, leading to high solution viscosities
at low polymer concentrations.

Effect of NaCl concentration on solution viscosities

The plot of apparent viscosity of the PASA-PL brine solution versus NaCl
concentration is displayed in Fig. 3a. With increasing NaCl concentration, the
solution viscosity of PASA-PL with 1.0 g L™' PASA and 0.3 gL~' PL first
decreases, then sharply increases, and finally begins to decrease above 10 g L™!
NaCl. In the range of 2-5 g L' NaCl, charge shielding effect of Na™ on —SO;~
groups along the polymer chain results in coiled molecular conformation and
weakened intermolecular hydrophobic association, and with the increase of NaCl
concentration from 5 to 10 g L™, the solution polarity induced by electrolytes
increases, resulting in reinforced intermolecular association of the hydrophobic
groups and the good salt-thickening behavior of the PASA—PL polymer. With the
further increase in NaCl concentration, the associating microstructures turn more
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Fig. 2 Influence of polymer concentration on apparent viscosities for PASA and PASA-PL in 50 g L™
NaCl solution: a PASA; b PASA-PL
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Fig. 3 Influence of NaCl concentration on apparent viscosities of polymer brine solutions: a PASA-PL
(filled square PASA concentration: 1.0 g L™"); b PASA (filled square 2.0 g L™, open square 1.0 g L™")

compact and the apparent viscosity decreases. However, the apparent viscosity still
reaches 85 mPa s at 100 g L' NaCl. Figure 3b shows the electrolytical effect of
the linear PASA polymer. Compared with PASA-PL, the similar influence tendency
of NaCl on apparent viscosity is displayed for the 2.0 g L™' PASA polymer
solution, but the maximum viscosity (134 mPa.s) of 1.0 g L~' PASA-PL brine
solution is higher than that (90 mPa.s) of 2.0 g L~! PASA solution. For the
1.0 g L™! PASA polymer solution, the apparent viscosity tends to be constant over
the range of NaCl concentration because of the very weak intermolecular
hydrophobic association below C,* (1.5 g L.

Aging effect

Figure 4a displays the variation of apparent viscosity with aging time at 90 °C for
the linear 1.0 g L™' PASA polymer in 50 g L™' NaCl solution with saturated
oxygen. After aging for 30 days, the apparent viscosity of the brine solution reduced
from 9.8 to 6.4 mPa s and the viscosity retention ratio is 65.3%. The apparent
viscosity almost remains invariable after the brine solution was further aged for
60 days. Figure 4b displays the plot of apparent viscosity versus crosslinking and
aging time at 90 °C for the PASA—PL polymer with 1.0 g L™' PASA and 0.3 g L™
PL in 50 g L' NaCl solution with saturated oxygen. As shown in Fig. 4b, the
apparent viscosity of the PASA-PL brine solution increases to 45.5 mPa s after
crosslinking for 1 day, then sharply increases to 119.1 mPa s as further crosslinking
for 3 days. After 4 days pass, the crosslinking reaction is over and the apparent
viscosity begins to decrease. The apparent viscosity reduces from 119.1 to
103.6 mPa s after aging for 26 days, and the viscosity retention ratio is 87.0%. The
apparent viscosity almost remains constant with the further increase of aging time.
The results show that the anti-aging properties of the PASA-PL polymer is
excellent in comparison with the linear PASA polymer at low polymer concentra-
tion at 90 °C. These results also reveal that the PASA—PL polymer can be applied in
the oil reservoirs with the temperature higher than 85 °C and high salinity. The
excellent thermal stability of the PASA-PL brine solution is due to the
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Fig. 4 Influence of aging time on apparent viscosities of polymer brine solutions. PASA concentration:
10g L’l; NaCl concentration: 50 g L' a PASA; b PASA-PL

incorporation of the rigid bulky pendant side groups into crosslinking polymer
chains. These groups include phenyl groups, (4-butyl) phenyl groups and 2-
acrylamido-2-methylpropane sulphonate groups, which are stable and can effec-
tively interfere with the hydrolysis of amido groups in the polymers and oxidative
degradation of polymer chains.

Influence of micro-crosslink on hydrophobic association

In order to explore the contribution of micro-crosslink of PASA with PL to
the supermolecular associating structures, the fluorescent probe technique is
used for investigating the formation of hydrophobic microenvironment, and
the probe is commonly pyrene, whose solubility in water is very low (about
1.0 x 1077 mol L") and is preferably solubilized into hydrophobic microdomains.
Among the various fluorescent probes, the vibrational fine structure of emission
spectrum for pyrene is most sensitive to the change in located microenvironment [8—
11], and the intensity ratio I,/I3 of the first (375 nm) to the third (384 nm) vibronic
peaks in the fluorescence emission spectrum is sensitive to the polarity of the local
microenvironment of the pyrene probe. Thus, the formation of hydrophobic
microdomains in aqueous solution can be evidenced by a decrease of 1,/I5 value, and
the lower I,/I3 value is, the stronger the non-polarity is.

The pyrene emission spectrum is shown in Fig. 5a for 1.5 g L™' PASA aqueous
solution, and according to the emission spectra, the 1,/I5 value is 1.558 and is lower
than that in pure water (1.76) [12]. The result indicates that hydrophobic
microdomains are formed via intermolecular van der walls interaction of (4-butyl)
phenyl groups at the polymer concentration of 1.5 g L™'. As shown in Fig. 5a, a
broad featureless spectral emission peak occurs at about 475 nm, and the peak is
also called the pyrene excimer emission peak (intensity I.). The fluorescent
emission spectrum of the excited pyrene in the absence of pyrene—pyrene
interactions consists of major peaks at 375, 384, and 399 nm (monomer emission
peak, intensity I,), and only when the concentration of pyrene in the hydrophobic
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Fig. 5 Fluorescence spectra of pyrene in PASA and PASA-PL aqueous solutions. Polymer
concentration: 1.5 g L™'. a PASA aqueous solution; b PASA—PL aqueous solution

microenvironment is high enough for an excited pyrene (Py*) and a pyrene in its
ground state to come into close proximity during the Py* lifetime, pyrene excimers
are formed. Hence, the I./I, ratio has often been used as an indicator of the degree
of interaction between fluorophores [13]. For hydrophobically associating polymer,
the I./I, ratio provides a measure to characterize the association degree of
hydrophobic segments on the polymer chains and microviscosity of hydrophobic
microdomains. For 1.5 g L™' PASA aqueous solution, the I/, value is 1.118,
indicative of strong hydrophobic association. The pyrene emission spectrum is
shown in Fig. 5b for the PASA—PL polymer aqueous solution with 1.5 g L™' PASA
and 0.3 g L™' PL. The I,/I; value is 0.948 and is greatly lower than that in
PASA aqueous solution. The 7./l value is 3.717 and is greatly higher than that in
PASA aqueous solution. In addition, the fluorescent intensity in the red brown
PASA-PL aqueous solution is much lower than that in the colorless PASA aqueous
solution because of fluorescent quenching in the presence of phenol. Figure 5a, b
suggest that for the PASA-PL aqueous solution, a large amount of hydrophobic
microdomains are formed because of increased molecular weight and reinforced
hydrophobic associations, and the sizes of aggregates and the concentration of
pyrene excimers dissolved in hydrophobic microdomains increase abruptly.

Figure 6a, b show the pyrene emission spectra of 1.5 ¢ L' PASA and 1.5 g L™
PASA-PL in 50 g L™' NaCl solution, respectively. For 1.5 g L~' PASA brine
solution, the I;/I5 and I./I,, values are 1.128 and 1.524, respectively. For 1.5 g L™!
PASA-PL brine solution, the I;/I5 value is 0.848 and lower than that (0.948) in
aqueous solution and that in 1.5 g L™' PASA brine solution. The I./I,, value is
6.537 and is much higher than that (3.717) in aqueous solution and that in 1.5 g L™
PASA brine solution. The fluorescent probe results indicate that the increased
solution polarity by addition of NaCl makes the hydrophobic groups in the PASA—
PL brine solution arrange more close, resulting in much stronger hydrophobic
associations and the remarkable increase of non-polarity of hydrophobic
microdomains.
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Fig. 6 Fluorescence spectra of pyrene in PASA and PASA-PL brine solutions. Polymer concentration:
15¢g Lfl, NaCl concentration: 50 g L~'. a PASA brine solution; b PASA-PL brine solution
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Fig. 7 Fluorescence spectra of pyrene in PASA—PL brine solutions with different PASA concentration.
NaCl concentration: 50 g L™"'. PASA concentration: circle 1.0 g L™"; plus 1.2 g L™"; triangle 1.5 g L™";
asterisk 2.0 g L~'. a Whole fluorescence spectra; b enlarged fluorescence spectra

Effect of polymer concentration on hydrophobic association

Figure 7a shows the pyrene emission spectra for the 50 g L™' NaCl solutions of
PASA-PL with different PASA concentration and 0.30 g L' PL, and the pyrene
emission spectra in the fluorescent wavelength range of 360—430 nm are enlarged to
obtain Fig. 7b. According to above pyrene emission spectra, the plots of /,/I5 and 1./
I, versus PASA concentration are, respectively, displayed in Fig. 8a, b. As shown
in Fig. 8a, the I,/I5 value obviously decreases from 0.980 to 0.848 with increasing
the PASA concentration from 1.0 to 1.5 g L™', and then slowly decreases up to
0.800 at the PASA concentration of 2.0 g L™", indicating that the non-polarity in
hydrophobic microenvironment is higher than that of isopropyl ether (7,/I; = 0.88)
[14]. The variation of I;/I; with PASA concentration reveals that with the increase
in PASA concentration, the number of polymer chains crosslinking with PL
increases, resulting in the increase in molecular weight of PASA-PL and the
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Fig. 8 Influence of PASA concentration on I,/I3 and I./I,, values in PASA-PL brine solutions. NaCl
concentration: 50 g L~'. a I,/I; versus PASA concentration; b I./I,, versus PASA concentration

number of microcrosslinked polymer chains. Therefore, intermolecular hydrophobic
association is remarkably strengthened. Figure 8b shows that with increasing the
PASA concentration, the I./I,, value first gradually increases, and then abruptly rises
from 6.537 at 1.5 g L' PASA to 12.690 at 2.0 g L™" PASA. The result reveals that
despite the slow increase in the non-polarity of hydrophobic microenvironment, the
number and sizes of hydrophobic microenvironment sharply increase because of
the reinforced intermolecular association of PASA-PL. Compared with Fig. 2b, the
fluorescent probe results are consistent with the thickening effect of PASA-PL in
brine solution.

Effect of NaCl concentration on hydrophobic association

The pyrene emission spectra are displayed in Fig. 9a, b for the PASA-PL brine
solutions with different NaCl concentration, 1.5 g L~' PASA and 0.30 g L~!' PL,
where (a) is enlarged in the wavelength range of 360—420 nm to obtain (b), and the
plots of I,/I; and I./I,, versus NaCl concentration are displayed in Fig. 10a, b,
respectively. As shown in Fig. 10a, with the increase in NaCl concentration from 0O
to 80 g L7, the I /I3 value first increases, then obviously decreases and the
minimum reaches at 10 g L' NaCl, and finally increases again. However, the all I,/
I5 values are below 0.90 in the range of 10-80 g L' NaCl. The result suggests that
the non-polarity in microdomains is the strongest at 10 g L' NaCl and the number
and sizes of network structures are also the largest at the NaCl concentration,
resulting in the highest solution viscosity, but huge associative structures of PASA—
PL are still formed above 10 g L' NaCl. Moreover, as displayed in Fig. 10b, the I/
I, value abruptly decreases from 3.717 to 1.950 with the increase in NaCl
concentration from 0 to 5 g L_l, which is due to the electrostatic shielding of
intermolecular repulsions and the formation of coiled polymer chains. Thus,
intramolecular association interferes with intermolecular association. The I/l
value remarkably increases from 1.950 to 6.537 with increasing NaCl concentration
from 5 to 50 g L™, and finally the I./I,,, value tends to be constant above 50 g L'
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Fig. 9 Fluorescence spectra of pyrene in PASA-PL brine solutions with different NaCl concentration.
PASA concentration: 1.5 g L™"; PL concentration: 0.30 g L™". NaCl concentration: filled circle 0 g L™";
open circle 5 g L™"; filled inverted triangle 10 g L™"; asterisks 30 g L™"; filled triangle 50 g L™"; open
triangle 80 g L™'. a Whole fluorescence spectra; b enlarged fluorescence spectra
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Fig. 10 Influence of NaCl concentration on /;/I3 and I/I, values in PASA-PL brine solutions. PASA
concentration: 1.5 g L~!; PL concentration: 0.30 g L~ a I,/I; versus NaCl concentration; b I/I,, versus
NaCl concentration

NaCl. Figure 9 shows that the non-polarity of microdomains slightly decreases
above 10 g L™' NaCl, but the compact degree of associative microdomains
increases, resulting in the increase in pyrene dissolved in the microdomains.

Associating morphologies of PASA-PL

Figure 11a shows associative morphologies of 1.5 g L™ PASA in aqueous solution,
and the three-dimensional networks are formed because of intermolecular hydro-
phobic association. Continuous associative structures with huge sizes are formed via
micro-crosslink of 1.5 g L™' PASA with PL (Fig. 11b). After the PASA polymer is
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Fig. 11 SEM images of PASA and PASA-PL aqueous solution with 1.5 g ™' PASA: a PASA (x1000);
b PASA-PL (x1000)

Fig. 12 SEM images of 1.5 ¢ L' PASA-PL in brine solutions: a 5 g L™! NaCl (x2000); b 50 g L™!
NaCl (x2000)

micro-crosslinked, the molecular weight obviously increases and intermolecular
hydrophobic association are strengthened, resulting in high apparent viscosity of
PASA-PL aqueous solution.

Figure 12a displays continuous network structures of 1.5 g L™' PASA-PL in
5¢ L~ NaCl solution. However, our previous studies show that continuous
associative network structures cannot be yet formed in brine solution at the
high PASA concentration of 5 g L™ [12]. Compared with PASA, the rigidity of
PASA-PL molecules becomes much stronger and the molecular weight is higher,
resulting in better salt resistance and reinforced intermolecular hydrophobic
association. With varying NaCl concentration from 5 to 50 g L™, the associative
structures become distinctly much huger and more condensed because of
strengthened association caused by increased solution polarity (Fig. 12b). The
SEM images of PASA-PL are accordant with the above fluorescent probe results
and solution viscosity measurement.
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Conclusions

The hydrophobically associating copolymer poly (acrylamide/butyl styrene/sodium
2-acrylamido-2-methylpropane sulphonate) (abbreviation: PASA) with low molec-
ular weight is micro-crosslinked with a small amount of phenolic aldehyde (PL) to
obtain the micro-crosslinked polymer PASA-PL with excellent liquidity and water
solubility. After crosslinked, the critical association concentration of copolymer
reduces in the brine solution with high NaCl concentration and the apparent
viscosities of brine solutions greatly increase. The PASA-PL polymer exhibits good
salt resistance and excellent anti-aging property at high temperature of 90 °C. The
Ii/I3 and I/I,, values for the PASA—PL polymer in aqueous and brine solution
indicate that intermolecular hydrophobic association is abruptly strengthened and a
large amount of hydrophobic microdomains with greatly strong non-polarity are
formed because of micro-crosslink. For PASA-PL in 50 g L' NaCl solution, with
increasing PASA concentration, I,/I; obviously decreases below 1.5 ¢ L™', and
I/I,, abruptly rises above 1.5 g L™'. In the brine concentrations of 1.5 g L™
PASA-PL, the maximum //I; value reaches at 5 g L' NaCl due to the electrostatic
shielding of intermolecular repulsion, the minimum reaches at 10 g L' NaCl,
indicating that the number and sizes of network structures are the largest, and the
1/I,, values show that the compact degree of associative microdomains increase
with increasing NaCl concentration. SEM measurements show that continuous
associative structures with huge sizes are formed via micro-crosslink of 1.5 g L™
PASA with PL in aqueous solution and continuous network structures are still
formed for 1.5 g L~' PASA-PL in 5 g L' NaCl solution. With increasing NaCl
concentration, the associative structures become distinctly much huger and more
condensed. The fluorescent probe results are consistent with the SEM images of
PASA-PL. These characterizations of solution microstructures reveal that after the
PASA polymer is micro-crosslinked with PL, the molecular weight obviously
increases and the rigidity of polymer chains is greatly improved, resulting in
abruptly strengthened intermolecular hydrophobic association. Thus, PASA-PL
brine solutions display high apparent viscosities at low polymer concentrations.
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