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ABSTRACT: To enhance apparent viscosities in brine
solutions with high salinities for associative water-soluble
polymers, a novel macromonomer (APEO): allyl-capped
octylphenoxy poly(ethylene oxide) (degree of polymeriza-
tion: 14) was synthesized, and a novel tetra-polymer (PAVO)
was synthesized by copolymerizing APEO, acrylamide
(AM), sodium 2-acrylamido-2-methylpropane sulfonate
(NaAMPS), and vinyl biphenyl (VP). The macromonomer
and the PAVO polymer were characterized with Fourier
transform infrared (FTIR) spectroscopy and proton nuclear
magnetic resonance (1H-NMR). The apparent viscosities of
PAVO in pure water were very low over all polymer concen-
trations, and the critical association concentration (C*p) was
0.15 g dL�1. However, in brine solutions above 40 g L�1

NaCl or 10 g L�1 CaCl2, the intermolecular hydrophobic

associations of octylphenyl groups and biphenyl groups
were enhanced dramatically, the polymer chains were still
comparatively extended due to the incorporation of APEO
into the polymer, C*p was reduced to 0.10 g dL�1, and the
apparent viscosities were significantly higher than in pure
water. The PAVO brine solutions exhibited excellent salt-
thickening induced by metallic univalent or bivalent cations,
heat-thickening effect, shear-thickening behavior, and thixot-
ropy. Moreover, the brine solution also performed good
resistance to ageing because of the simultaneous incorpora-
tion of bulky side groups. VC 2012 Wiley Periodicals, Inc. J Appl
Polym Sci 000: 000–000, 2012
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INTRODUCTION

The anionic associating water-soluble polymers,
which contain a small amount of small hydrophobic
monomers without long hydrophilic chains, display
unique solution properties such as good resistance
to shear, excellent thickening effect in pure water,
salt-thickening in a narrow salt concentration
range.1–5 In addition, the heat-thickening effect is
observed for the associative polymers containing
nonionic hydrophobic monomers.6 Such polymers
have potential industrial applications in enhanced
oil recovery (EOR), hydraulic fracturing, drilling
fluid, drag reduction, and flocculation.7–10 These lin-
ear polymer chains are inevitably coiled in brine sol-
utions because of the charge shielding throughout
all polymer concentrations. Consequently, with the
addition of salt, the intermolecular hydrophobically
associative structures collapse, and the solution vis-

cosities are reduced sharply and are much lower
than those in pure water. Moreover, these types of
polymers are easily precipitated from brine solutions
and the phase separation occurs at the salinities
higher than 70 g L�1. To enhance the associations
and the apparent viscosities in brine solutions for
associative polymers, we synthesized a comb-like
terpolymer (PVEA) of acrylamide (AM), sodium 2-
acrylamido-2-methylpropane sulfonate (NaAMPS),
p-vinylbenzyl-terminated octylphenoxy poly(ethyl-
ene oxide) (degree of polymerization: 18) (VBPEO).11

Compared with the linear associative polymers with-
out side chains, the resistance to salt of PVEA is
improved remarkably. Such polymer exhibited the
salt-thickening behavior twice in a NaCl concentra-
tion range of 2–150 g L�1, and high apparent viscos-
ities (>500 mPa s, measurement condition: 30�C and
7.34 s�1) in the brine solutions below 10 g L�1 NaCl
as well as in pure water at the polymer concentra-
tions of 0.2 g dL�1. However, for this polymer at the
NaCl concentrations higher than 50 g L�1, the solu-
tion viscosities are not high and are obviously lower
than those in pure water throughout all polymer
concentrations. Moreover, the electrostatic shielding
effect from the Ca2þ ions is strong for PVEA, result-
ing in a great decrease in apparent viscosity with
the addition of CaCl2. Therefore, to meet the needs
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of technical applications in oil fields, the solution
viscosities are expected to be increased substantially
for oil-flooding polymers used in the oil reservoirs
with salinities higher than 50 g L�1.

In this article, we seek to enhance the intermolecu-
lar associations and the solution viscosities in the
brine solutions with NaCl concentrations higher than
50 g L�1, and weaken the electrostatic shielding effect
from the Ca2þ ions for associative water-soluble
polymers. Thus, a novel macromonomer APEO: allyl-
capped octylphenoxy poly(ethylene oxide) (degree
of polymerization: 14) was first synthesized.12 Then
a novel polymer (PAVO) was synthesized from
acrylamide, sodium 2-acrylamido-2-methylpropane
sulfonate (NaAMPS), vinyl biphenyl (VP), and
APEO.13 The solution properties of PAVO were inves-
tigated as a function of polymer and salt concentra-
tions, temperature, shear rate, and ageing time.
Consequently, the solution behavior of such polymer
was completely different from those of the associating
polymers without long side chains reported by
literatures.14,15 The water-soluble copolymers with a
macromonomer have been extensively studied, but
most of them are used as polymer surfactants,16-18

hydrogels,19,20 carriers in drug delivery systems,21 etc.
A few of them exhibit thickening behavior 22,23 but
the apparent viscosities of PAVO in brine solutions
are much higher.

The rationale of architecture design was as follows
for the PAVO polymer. It was found that the tetra-
polymer of acrylamide, NaAMPS, VP and VBPEO
exhibited poor resistance to salt and was precipitated
by a small amount of salt because of too strong inter-
molecular hydrophobic associations. Thus, the phenyl
group at the beginning of the side chain was not con-
sidered, and the molecular structure of APEO was
determined. AM is a commonly used monomer in
EOR and has good water-solubility and copolymer-
ization activity. NaAMPS is a salt-tolerant monomer
and expand polymer chains because of charge repul-
sion. VP can not only be used as a hydrophobic mono-
mer but also enhance the resistance to ageing because
of the presence of bulky biphenyl group.

EXPERIMENTAL

Reagents

AM was recrystallized twice from chloroform, 2-
acrylamido-2-methylpropane sulfonate (AMPS) from
Lubrizol Company. Vinyl biphenyl was purchased
from Acros Organics Company. Tetrahydrofuran
(THF) is dried with anhydrous sodium sulfate
(Na2SO4) before use. Partially hydrolyzed polyacryl-
amide (HPAM) (intrinsic viscosity [g]: 54.39 dL g�1,
weight–average molecular weight Mw: 2.5 � 107 g
mol�1, hydrolysis degree: 25%, [g] ¼ 3.20 � 10�4

Mw
0.707) was purchased from DaQing Polymer Com-

pany in China. Other reagents were analytically
pure and used without further purification.

Instrumentation

The FTIR spectrum was conducted in a NICOLET-
560 FTIR spectrophotometer with a resolution
capacity of 1 cm�1 and the scanning number of 32.
The KBr disks were prepared with the purified poly-
mer sample. A solution of the purified APEO in
CDCl3 and a solution of the PAVO polymer in D2O
were studied with a 400 MHz Inova-400 instrument
(Varian Company, USA) at the room temperature.
The concentrations of the samples in CDCl3 and
D2O were 10 mg mL�1. The carbon, nitrogen, and
sulfur contents of the polymers were determined
with a Carlo Esra-1106 elemental analyzer (Italy).
The molar percentage compositions of the PAVO
polymers were calculated from the measured data
using eqs. (1)–(7), where A, E, V, and P are the
moles of AM, APEO, VP, and NaAMPS in 100 g of
terpolymer, respectively. The coefficients are the
numbers of carbon, nitrogen, and sulfur in each
monomer.

% C=12:01 ¼ 3Aþ 45Eþ 14V þ 7P (1)

% N=14:01 ¼ 1Aþ 1P (2)

% H=1:01 ¼ 5Aþ 82Eþ 12V þ 12P (3)

% S=32:01 ¼ 1P (4)

mol % AM ¼ 100A=ðAþ Eþ V þ PÞ (5)

mol % APOE ¼ 100E=ðAþ Eþ V þ PÞ (6)

mol % VP ¼ 100V=ðAþ Eþ V þ PÞ (7)

mol % NaAMPS ¼ 100P=ðAþ Eþ V þ PÞ (8)

The steady shear was investigated with a Gemini
200 dynamic rheometer (Malvern Instruments Com-
pany, England) with cone-plate geometry (angle: 4�

and diameter: 40 mm). The constant temperature
was controlled at 45�C via a thermostatic system,
and the accuracy degree was 6 0.1�C. The shear rate
ranged from 0.1 to 300 s�1 and the measuring time
of a shear cycle was 12 min. The apparent viscosities
of the polymer aqueous and brine solutions were
measured at 45�C with a Brookfield DVIII R27112E
viscometer at a shear rate of 7.34 s�1. The intrinsic
viscosities were measured with a 0.6 mm Ubbelohde
capillary viscometer in a 1 mol L�1 sodium nitrate
solution at (30.0 6 0.1)�C.

Synthesis of the APEO macromonomer

The APEO macromonomer was synthesized as fol-
lows. Poly(ethylene oxide) octylphenyl ether with
the degree of polymerization: 14 (20 g, 0.0243 mol)
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and 30 mL of dry THF were added into a 250-mL
three-necked flask, and Na (0.7266 g, 0.0316 mol)
was then added in the flask. After the mixture was
stirred for 2 h at the room temperature under the
nitrogen atmosphere, the solution of allyl chloride
(1.5546 g, 0.0203 mol) in 15 mL of dry THF was
added dropwise. The mixture was then heated and
refluxed for 48 h. After cooling to the room tempera-
ture, the crude product solution was filtered and
then concentrated by rotatory evaporation under
vacuum. Finally, the crude product was purified by
the column chromatography (ethyl acetate/ethanol
15 : 1, v : v) to give 7.58 g of pure product as a buff
liquid (43.27% yield ). 1H-NMR (400 MHz, CDCl3)
shifts d (ppm): 5.287 (d, 1H, Ha), 5.183 (d, 1H, Hb),
5.896 (dd, 1H, Hc), 4.021 (s, 2H, Hd), 3.579–3.782 (m,
52H, He–Hh), 3.837 (s, 2H, Hi), 4.113 (s, 2H, Hj),
6.831 (d, 2H, Hk), 7.130 (d, 2H, Hl), 2.551 (s, 2H,
Hm), 0.600–1.576 (m, 15H, Hn). FTIR absorption
peaks (cm�1): C¼¼C of CH2¼¼CH stretch, 1643.73;
¼¼CAH of CH2¼¼CH stretch, 3035.40; ¼¼CAH of
CH2¼¼CH bending, 944.64; aromatic C¼¼C stretch,
1609.5, 1580.29, 1511.28; aromatic ¼¼CAH bending,
834.62; ACH3, ACH2 stretch, 2929.39, 2870.38; ACH3,
ACH2 bonding, 1351.88, 1459.43; A(CH2)7 –bending,
751.01; CAOAC stretch, 1112.77; ¼¼CAOAC stretch,
1249.11.

Synthesis of the PAVO polymer

The PAVO polymer was prepared by the aqueous
free-radical copolymerization. A 100-mL three-
necked round-bottomed flask was equipped with a
mechanical stirrer, a nitrogen inlet, and an outlet.
AM (5.0 g, 0.0704 mol), AMPS (1.6713 g, 0.008064
mol), and sodium dodecyl sulphate (SDS) (1.3608 g)
were dissolved into 41.6 mL of distilled water, and
the mixture solution was then placed in the flask.
NaOH was used to control the pH value of the reac-
tion solution between 5 and 7. The mixture solution
was stirred for 15 min, and APEO (0.8354 g, 9.6770
� 10�4 mol) and VP (0.2180 g, 1.2096 � 10�3 mol)
were then added into the reaction flask. The flask
was purged with N2 for half an hour. The reactant
solution was heated to 60�C in a tempering kettle
under a nitrogen atmosphere, and 2.2 mL of
0.05 mol L�1 K2S2O8 solution was then added to the
solution. After the polymerization proceeded for
24 h at 60�C, the polymer mixture was diluted with
400 mL of distilled water, and 600 mL of propanol
was then added with stirring to precipitate the poly-
mer. The polymer was washed with propanol twice
and extracted with propanol by the Soxhlet extractor
for 2 days. Finally, the polymers were dried in vacuo
at 50�C for 3 days.

1H-NMR (400 MHz, D2O) shifts d (ppm): 9H
(ACH of biphenyl), 7.612; 4H (¼¼CH of octylphenyl),

6.780; ACH2 of PEO, 3.613; 17H of octyl and 2H
(ACH2 of APEO main chain), 1.062; 1H (ACH of
APEO main chain), 1.715; 6H (ACH3 of AMPS side
chain), 1.304; 2H (ACH2 of AMPS side chain), 3.520;
2H (ACH2 of NaAMPS main chain), 1.637; 1H (ACH
of AMPS main chain), 2.206; 2H (ACH2 of AM main
chain), 1.524; 1H (ACH of AM main chain), 2.085;
2H (ACONH2 of AM), 4.930. FTIR absorption peaks
(cm�1): ANAH stretch, 3437.30; C¼¼O stretch,
1643.64; ACH3, ACH2, ACH stretch, 2872.58,
2929.39, 2777.89; ACH3, ACH2, ACH bending,
1421.30, 1452.89, 1353.98; C¼¼C in phenyl stretch,
1575.62; CAO of PEO stretch, 1123.23; CAO of phe-
nol stretch, 1180.23; ASO3

�: 1041.14, 605.68.

RESULTS AND DISCUSSION

Polymerization of PAVO

Composition analysis

The molecular structure of APEO was determined by
1H-NMR (Fig. 1) and FTIR (Fig. 2) spectra. Both spec-
tra confirmed the allyl group, poly(ethylene oxide)
chain and octylphenyl group. Figure 1 showed the
peaks ascribed to vinyl group (5.287, 5.183, and
5.896 ppm) and phenyl group (6.831 and 7.130 ppm).
Figure 2 displayed the peaks of vinyl group (1643.73
and 3035.40 cm�1) and phenyl group (1609.5, 1580.29,
and 1511.28 cm�1). The peaks ascribed to biphenyl
group (7.612 ppm), octylphenyl group (6.780 and
1.062 ppm), EO group (3.613 ppm), amido group
(4.930 ppm), and propane sulfonate group
(3.520 ppm) were observed in 1H-NMR spectrum of
PAVO (Fig. 3). This proved the polymerization of

Figure 1 Schematic molecular structure and H-NMR
spectrum of APEO.
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AM, NaAMPS, APEO, and VP. The polymerization
conditions, viscosities, and polymer molar composi-
tions of the PAVO samples are shown in Tables I
and II. As shown in Table II, the intrinsic viscosities of
PAVO were very low in comparison with HPAM
used in EOR, which indicated that the molecular
weights of such polymers were very low. Thus, the
PAVO polymers could be easily dissolved. Further-
more, their intrinsic viscosities changed remarkably
with the polymerization conditions. The apparent
viscosities were significantly higher in 100 g L�1

NaCl than in pure water at the polymer concentration

of 0.2 g dL�1 for most samples. In contrast, for HPAM
traditionally applied in EOR, the intrinsic viscosities
are commonly higher than 15 dL g�1, and the appa-
rent viscosities reduce remarkably with increasing
salt concentration at all polymer concentrations
and are especially low in brine solutions with high
salinities. Therefore, HPAM cannot be applied in the

Figure 3 Schematic molecular structure and H-NMR
spectrum of PAVO.

Figure 2 FTIR spectrum of APEO.

TABLE I
Synthesis Conditions, Yield, and Viscosity of PAVO

Sample

Reaction conditions

Yield
(%)

Apparent viscosity
(mPa s)a

M1 : M2 : M3: M4b
K2S2O8

c

(mol %)
Monomersd

(wt %)
SDSe

(wt %) Water
100 g L�1

NaCl

PAVO-PS0 92.0 : 6.0 : 1.0 : 1.0 0.12 15 2.0 91.2 29 36
PAVO-PS1 90.0 : 8 : 1.0 : 1.0 0.12 15 2.0 88.5 66 84
PAVO-PS2 88.0 : 10 : 1.0 : 1.0 0.12 15 2.0 85.3 85 183
PAVO-PS3 86.0 : 12 : 1.0 : 1.0 0.12 15 2.0 81.0 40 61
PAVO-IN1 88.0 : 10 : 1.0 : 1.0 0.14 15 2.0 87.1 92 317
PAVO-IN2 88.0 : 10 : 1.0 : 1.0 0.16 15 2.0 92.7 20 95
PAVO-SD1 88.0 : 10 : 1.0 : 1.0 0.14 15 1.0 44.5 33 54
PAVO-SD2 88.0 : 10 : 1.0 : 1.0 0.14 15 3.0 90.3 76 572
PAVO-SD3 88.0 : 10 : 1.0 : 1.0 0.14 15 4.0 – – –
PAVO-EO1 88.2 : 10 : 0.8 : 1.0 0.14 15 3.0 82.5 41 219
PAVO-EO2 87.8 : 10 : 1.2 : 1.0 0.14 15 3.0 87.8 59 824
PAVO-EO3 87.5 : 10 : 1.5 : 1.0 0.14 15 3.0 – 22 159
PAVO-VP1 88.3 : 10 : 1.2 : 0.5 0.14 15 3.0 90.6 23 7
PAVO-VP2 87.3 : 10 : 1.2 : 1.5 0.14 15 3.0 88.0 72 1210
PAVO-VP3 86.8 : 10 : 1.2 : 2.0 0.14 15 3.0 – 48 235
PAV 88.5 : 10 : 0 : 1.5 0.14 15 3.0 92.0 259 41
PAO 88.8 : 10 : 1.2 : 0 0.14 15 0 89.4 54 2

a Polymer concentration: 0.2 g dL�1; measure condition: 45�C, 7.34 s�1.
b M1, acrylamide; M2, NaAMPS; M3, APEO; M4, VP feed molar compositions.
c Molar percentage relative to total monomer.
d Monomers ¼ total monomer concentration, mass percent composition in water.
e Mass percent composition in water.
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reservoirs with high salinities. The intrinsic and
apparent viscosity data of PAVO also suggested that
the thickening properties of such polymers should
not absolutely depend on the molecular weights and
be mainly determined by the supramolecular associa-
tive structures formed with the addition of salt.

The polymer molar compositions of VP, APEO, and
NaAMPS were respectively higher than the monomer
feed compositions (Table II). It suggested that the
reaction rates of VP, APEO, and NaAMPS be higher
than that of AM. AM and NaAMPS were completely
dissolved in the aqueous solution, resulting in the
random distribution of AM and NaAMPS in the poly-
mer backbones. Their reactivity ratios were rAM ¼
0.98 and rNaAMPS ¼ 0.49.24 Therefore, the copolymer-
ization tendency of NaAMPS was higher than that of
AM, leading to the molar composition data of this
unit in PAVO. VP and APEO were solubilized in the
SDS micelles, where local concentrations of APEO
and VP should be higher than that of AM in aqueous
solution. This local concentration effect made the
reactivity ratio of APEO and VP higher than that of
AM, and could lead to the microblock segments of
APEO and VP.6,25–27 As a result, the molar composi-
tions of APEO in the polymer were higher than those
in the feed ratios although this monomer contains
long hydrophilic poly(ethylene oxide) chains and
bulky benzene ring. In addition, it was found that the
polymerization of APEO was indeed rapid at suitable
feed amounts. Similarly, the polymerization were also
rapid for p-vinylbenzyl-terminated alkyl poly(ethyl-
ene oxide)28 and VBPEO containing the benzene rings
at the beginning and the end.11

Effect of NaAMPS feed amount

The nonionic acrylamide-based copolymers are diffi-
cult to dissolve into water, and the polymer chains

are coiled. Therefore, the incorporation of NaAMPS
to the molecular chains can not only improve the
water solubility of polymers but also facilitate
the expansion of molecular chains. Accordingly, the
intermolecular hydrophobic associations are easily
formed. PAVO-PS2 with the NaAMPS feed amount
of 10 mol % displayed the highest apparent viscos-
ities in the aqueous solution (Fig. 4 and Table I). But
for PAVO-PS2, the hydrophobically associating effect
was weak, the variation of apparent viscosity with
polymer concentration was not dramatic throughout
the polymer concentrations, and an obvious critical
association concentration (C*p) was not observed. The
excessive NaAMPS feed amount (12 mol %
NaAMPS) could result in a high charge density in
polymer chains and a low-molecular weight because
of the steric hindrance effect of the bulky side
groups. Moreover, the too strong charge–charge
repulsions could greatly weaken the intermolecular

TABLE II
Feed Composition, Elemental Analysis, and Polymer Composition of PAVO

Sample
Feed composition
M1 : M2 : M3: M4a

Elemental composition

Polymer composition
M1 : M2 : M3 : M4

Intrinsic
viscosity
(dL g�1)

C
(wt %)

N
(wt %)

S
(wt %)

H
(wt %)

PAVO-PS1 90.0 : 8 : 1.0 : 1.0 50.84 14.20 3.50 7.09 86.94 : 10.52 : 1.19 : 1.35 6.47
PAVO-PS2 88.0 : 10 : 1.0 : 1.0 50.55 13.90 3.87 7.07 85.61 : 11.87 : 1.24 : 1.28 5.31
PAVO-PS3 86.0 : 12 : 1.0 : 1.0 49.99 13.89 4.30 7.00 84.53 : 13.24 : 1.07 : 1.16 4.80
PAVO-IN1 88.0 : 10 : 1.0 : 1.0 50.53 13.66 4.04 7.06 84.72 : 12.61 : 1.30 : 1.37 4.56
PAVO-IN2 88.0 : 10 : 1.0 : 1.0 50.39 13.37 4.32 7.05 83.49 : 13.75 : 1.36 : 1.40 3.39
PAVO-SD1 88.0 : 10 : 1.0 : 1.0 50.20 15.36 3.06 7.07 90.01 : 8.60 : 0.85 : 0.54 2.84
PAVO-SD2 88.0 : 10 : 1.0 : 1.0 50.27 13.32 4.46 7.02 83.00 : 14.25 : 1.32 : 1.43 5.17
PAVO-EO1 88.2 : 10 : 0.8 : 1.0 49.88 13.96 4.38 6.97 84.38 : 13.44 : 0.97 : 1.21 5.60
PAVO-EO2 87.8 : 10 : 1.2 : 1.0 50.45 13.40 4.20 7.07 83.93 : 13.35 : 1.42 : 1.30 4.63
PAVO-VP1 88.3 : 10 : 1.2 : 0.5 49.91 13.60 4.32 7.05 84.30 : 13.60 : 1.34 : 0.76 5.48
PAVO-VP2 87.3 : 10 : 1.2 : 1.5 51.12 13.20 3.97 7.11 83.90 : 12.71 : 1.56 : 1.83 4.12
PAV 88.5 : 10 : 0 : 1.5 49.22 15.20 4.63 6.73 85.18 : 13.10 : 0 : 1.72 4.45
PAO 88.8 : 10 : 1.2 : 0 49.12 13.63 4.62 7.03 84.01 : 14.65 : 1.34 : 0 6.03

a M1, acrylamide; M2, NaAMPS; M3, APEO; M4, VP molar compositions.

Figure 4 Effect of NaAMPS feed amount on the apparent
viscosities of aqueous PAVO solutions.
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associations. Consequently, the apparent viscosity of
PAVO-PS3 aqueous solution was low and slowly
varied with polymer concentration.

Effect of APEO feed amount

The thickening properties of the PAVO polymers in
aqueous and brine solutions are greatly influenced
by the APEO feed amount (Fig. 5 and Table I). For
PAVO-EO2 with the optimum APEO feed amount of
1.2 mol %, the aqueous solution showed the most
obvious associative behavior, and C*p was 0.15 g
dL�1. But as the APEO feed amounts were respec-
tively 0.8 and 1.5 mol %, the apparent viscosities of
the corresponding polymers (PAVO-EO1 and
PAVO-EO3) in aqueous and brine solutions were
lower than those of the PAVO-EO2 and gradually
varied with polymer concentration. Although the
apparent viscosity in aqueous solution and the
intrinsic viscosity were higher for PAVO-SD2 (APEO
feed amount: 1.0 mol %), the apparent viscosity in
brine solution was lower because of weaker intermo-
lecular hydrophobic associations. For PAVO-EO2,
the presence of the long side chains containing phe-
nyl group enhanced the steric hindrance of side
groups, leading to the difficult rotation of CAC
bonds in main chains. Thus, the polymer chains
were expanded in aqueous solution and their rigid-
ity were remarkably enhanced. Moreover, the inter-
molecular hydrophobic associations were formed via
the hydrophobic interactions of biphenyl groups and
octylphenyl groups at the end of side chains, but the
associations were not strong because of the interfer-
ence of the hydrophilic PEO side chains. Conse-
quently, C*p was on the high side. As the APEO feed
amount was 1.5 mol %, a large amount of bubble
was produced, and the steric hindrance effect of this
macromonomer occurred. As a result, the tetra-poly-
merization became difficult, and the intrinsic viscos-
ity and yield of the polymer were low.

Effect of VP feed amount

The apparent viscosities of the PAVO polymers in
aqueous and brine solutions are not only dependent
on the expanded conformation of polymer chains as
determined by the APEO amount, but also on the
content of small hydrophobic monomer in polymer
chains. The apparent viscosity of PAVO-VP2 with
the VP feed amount of 1.5 mol % was maximum in
aqueous solution (Fig. 6 and Table I), and C*p was
0.15 g dL�1. The solution viscosity changed slowly
with polymer concentration for PAVO-VP1 with a
low VP feed amount of 0.5 mol %. At constant sur-
factant and APEO concentrations, with increasing
VP amount from 1.0 to 1.5 mol %, the intermolecular
hydrophobic associations were strengthened above
C*p, which resulted in an increase in solution viscos-
ity. However, as the VP amount was increased to
2.0 mol %, the copolymerization was disturbed
because of the steric hindrance of the biphenyl
group, and the PAVO-VP3 with poor thickening
ability was produced.

Solution properties of PAVO

Effect of polymer molecular structure

Figure 7 shows the influence of polymer concentra-
tion on the apparent viscosity for three polymers:
poly(AM/NaAMPS/VP) (PAV), poly(AM/NaAMPS/
APEO) (PAO), and PAVO-VP2 in aqueous solution.
PAV exhibited the most prominent associative
behavior in aqueous solution, and C*p was 0.1 g
dL�1, above which the apparent viscosity increased
abruptly with increasing polymer concentration.
However, the associative phenomenon was not
observed behavior for PAO in aqueous solution, and
the apparent viscosity was very low and gradually
varied with polymer concentration. This indicated
that the intermolecular hydrophobic associations of

Figure 5 Effect of APEO feed amount on the apparent
viscosities of aqueous PAVO solutions.

Figure 6 Effect of VP feed amount on the apparent vis-
cosities of aqueous PAVO solutions.
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octylphenyl groups could not be formed because of
the hydrophilicity of PEO side chains for this solu-
tion. For PAVO-VP2 in aqueous solution, in compar-
ison with PAV, C*p (0.15 g dL�1) was higher, and the
apparent viscosities were much lower above 0.1 g
dL�1 because of the low-molecular weight and weak
intermolecular hydrophobic associations.

The plots of the apparent viscosity versus polymer
concentration were shown in Figure 8 for PAV, PAO
and PAVO-VP2 in a 100 g L�1 NaCl solution. The
thickening behaviors of the three polymers in the
brine solution were significantly different from those
in aqueous solution. The PAVO-VP2 brine solution
displayed the strong intermolecular associative
behavior, and C*p decreased to 0.10 g dL�1. The
apparent viscosities were much higher than those in
aqueous solution at the polymer concentrations
higher than C*p. For example, as the polymer concen-
tration was increased from 0.1 to 0.15 dL�1, the
apparent viscosity increased dramatically from 2 to
173 mPa s; the apparent viscosity was 1210 mPa.s in
0.20 g dL�1 PAVO-VP2. The linear PAV polymer

without side chains also exhibited the hydrophobi-
cally associative behavior in the brine solution, and
C*p was also 0.1 g dL�1. But the viscosity was
reduced remarkably with the addition of NaCl. The
viscosities of the PAO brine solution were very low
over all polymer concentrations.
For the PAVO-VP2 brine solution with the high

NaCl concentration of 100 g L�1, although the elec-
trostatic shielding from Naþ on the repulsive ionic
interactions of ASO3

� groups may occur, the polymer
chains were comparatively expanded because of the
simultaneous introduction of the biphenyl group
and the octylphenoxy poly(ethylene oxide) side
chains. Moreover, the CAO bonds in the PEO side
chains could be complex with Naþ, which resulted
in a decrease of hydrophilicity of PEO chains. This
complexation enhanced remarkably the intermolecu-
lar hydrophobic associations of octylphenyl groups
and biphenyl groups. Hence, a large number of
polymer chains aggregated together to form reversi-
ble supramolecular microstructures, which leaded to
high solution viscosities. In contrast to PAVO-VP2,
the intermolecular hydrophobic associations of octyl-
phenyl groups were not formed through the disturb-
ance of the hydrophilic PEO side chains in the PAO
brine solution. The linear polymer chains were
greatly coiled in the 100 g L�1 NaCl solution for
PAV, and compact aggregates were formed through
the intermolecular hydrophobic associations of
biphenyl groups. Consequently, the apparent viscos-
ity reduced dramatically.

Effect of electrolytes

Figure 9 displays the variation of the apparent vis-
cosity with NaCl concentration for the PAV, PAO,
and PAVO-VP2 brine solutions. The brine solutions
with 0.15 and 0.2 g dL�1 PAVO-VP2 showed the sig-
nificant salt-thickening behavior in a wide NaCl

Figure 7 Effect of polymer concentration on the apparent
viscosities of aqueous solutions with different polymers.

Figure 8 Effect of polymer concentration on the apparent
viscosities of the 100 g L�1 NaCl solutions with different
polymers.

Figure 9 Effect of NaCl concentration on the apparent
viscosities of the polymer brine solutions.
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concentration range of 30-100 g L�1; at high NaCl
concentrations of 40–150 g L�1, their apparent vis-
cosities were high and were much higher than those
in aqueous solution. In contrast to PAVO-VP2, the
brine solution of 0.2 g dL�1 PAV showed a salt-
thickening effect in a narrow range of 20-50 g L�1

NaCl, the maximum apparent viscosity (118 mPa s)
was reached at 50 g L�1 NaCl. The apparent viscos-
ities of all PAV brine solutions were lower than that
in aqueous solution (289 mPa s) over NaCl concen-
trations. The PAO polymer showed a conventional
polyelectrolyte behavior because of the shielding of
charges, and the apparent viscosity reduced
throughout NaCl concentrations. The apparent vis-
cosity of the 0.2 g dL�1 PAVO-VP2 brine solution
decreased from 42 to 19 mPa s with increasing NaCl
concentration from 2 to 30 g L�1. The added NaCl
resulted in the charge shielding of the electrostatic
repulsion of ASO3

� groups, and the intermolecular
hydrophobic associations were influenced and asso-
ciative structures were destroyed. However, as NaCl
concentration continued increasing, the polarity of
the brine solution increased; the Naþ ions could be
complex with the CAO bonds in the PEO side
chains, which resulted in a decrease of hydrophilic-
ity of the PEO chains. Consequently, the intermolec-
ular hydrophobic associations of octylphenyl and
biphenyl groups were greatly enhanced, and the
salt-thickening behavior was performed in a wide
range of 30–100 g L�1 NaCl. But as NaCl concentra-
tion was further increased, the associative micro-
structures became more compact because of the
stronger intermolecular hydrophobic associations.
Hence, the apparent viscosity was reduced. But the
apparent viscosity was still up to 176 mPa s at a
very high NaCl concentration of 150 g L�1 and
higher than that in aqueous solution (72 mPa s). The
brine solutions behaved similarly at 0.15 g dL�1

PAVO-VP2. For the PAV polymer, the linear poly-
mer chains were greatly coiled with the addition of
NaCl. Thus, the intermolecular hydrophobic associa-
tions could be disturbed remarkably in brine solution
in contrast to in water. Moreover, the salt-thickening
phenomenon of such polymer was only attributed
to the increased solution polarity with increasing
NaCl concentration, which resulted in the reinforced
intermolecular hydrophobic associations. As the
NaCl concentration was higher than 50 g L�1, the
hydrophobic microstructures became more compact,
and the apparent viscosity decreased obviously.
Figure 10 displays the excellent resistance to CaCl2

of the PAVO polymers in the brine solutions. Both
of the 0.2 g dL�1 PAVO-VP2 and PAVO-EO2 brine
solutions exhibited the excellent salt-thickening
behavior twice in a wide CaCl2 concentration range
of 2–150 g L�1. The solution viscosities of both poly-
mers were up to 1032 mPa s and 89 mPa s at 120 g
L�1 CaCl2, respectively. They were still completely
dissolved in the 150 g L�1 CaCl2 solution, and the
phase separation phenomena did not appear. Com-
pared with literatures,29,30 the resistance to metallic
univalent and bivalent cations and the apparent
viscosities in brine solutions have been improved for
the PAVO polymer. For example, for the copolymer
of acrylamide and allyl polyoxyethylene-12 ether
with butyl-end group, the apparent viscosity is
109.39 mPa s in the brine solution with 0.222 g L�1

CaCl2 and 0.234 g L�1 MgCl2�6H2O at a polymer
concentration of 2.5 g dL�1 (measurement condition:
7.34 s�1 and 35�C). Doubtless most acrylamide-based
copolymers reported were precipitated from the
brine solutions with the CaCl2 concentration higher
than 10 g L�1. The first salt-thickening mechanism
induced by CaCl2 could be similar to that of PAV in
the NaCl solution; the second salt-thickening mecha-
nism should be the complexation of Ca2þ ions with
the CAO bonds in the PEO side chains, which was
also similar to that induced by NaCl for PAVO-VP2.
The results indicated that the phenyl-containing
PEO side chains not only increased the rigidity of
the polymer backbones but also behaved as the func-
tional groups of resistance to metallic univalent and
bivalent cations.

Effect of temperature

Figure 11 shows the apparent viscosities as a func-
tion of temperature for the 0.2 g dL�1 PAV, PAO,
and PAVO-VP2 brine solutions with 100 g L�1 NaCl.
Curve PAVO-VP2-2 was obtained by the second
measurement after the measured sample was placed
for 3 days. The PAVO brine solution exhibited the
remarkable heat-thickening behavior in the range of
20–30�C, and then the apparent viscosity reduced
sharply as temperature increased from 30 to 40�C.

Figure 10 Effect of CaCl2 concentration on the apparent
viscosities of the polymer brine solutions. Polymer concen-
tration: 0.2 g dL�1.
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Finally, the solution viscosity decreased gradually
above 40�C (PAVO-VP2-1). In contrast, the solution
viscosities of PAV and PAO almost decreased with
increasing temperature because of the faster move-
ment of the polymer chains and the destruction of
hydrogen bonds. The heat-thickening effect of the
PAVO brine solution within 20–30�C should be due
to the strong intermolecular hydrophobic associa-
tions of octylphenyl and biphenyl groups, which
is an endothermic process of entropy increase in a
certain temperature range.31,32 However, when the
temperature was increased from 30 to 40�C, the
water molecules and polymer chains moved faster.
Consequently, the intermolecular hydrophobic asso-
ciations were weakened, and the solution viscosity
decreased. As the temperature further rose, although
the faster movement of the polymer chains could
interfere with the intermolecular hydrophobic associ-
ations, some hydrogen bonds formed by the CAO

bonds in PEO side chains and the water molecules
should be disrupted. The hydrophilicity of PEO
chains simultaneously decreased, which was favor-
able for the formation of the associations. Thus, the
intermolecular associations were weakened more
slowly, and the solution viscosities decreased slowly.
The results indicated that the PEO side chains also
behaved as the heat-resistant functional groups.
Curve PAVO-VP2-2 showed that the polymer chains
were expanded upon heating and shearing at the
first measurement and that the expansion should be
favorable for the intermolecular associations. This
result also indicated that the intermolecular hydro-
phobic interactions were reversible. This reversibility
is significant in polymer-flooding because polymer
chains are sheared and heated continuously and the
shear rate varies with sizes of pore canals in the oil
reservoirs.
The apparent viscosity versus temperature is

shown in Figure 12 for the 0.2 g dL�1 PAVO-VP2
brine solutions with 120 g L�1 CaCl2. After the
measured sample was placed for 3 days, the second
viscosity was much higher than the primary viscos-
ity (Curve PAVO-VP2-2). During the first measure-
ment (Curve PAVO-VP2-1), the PAVO-VP2 brine
solution exhibited the remarkable heat-thickening
behavior in the range of 20-50�C, and then the appa-
rent viscosity decreased slowly as temperature fur-
ther increased. For PAVO-VP2, the heat-thickening
mechanism in the CaCl2 solution should be also
similar to that in the NaCl solution.

Effect of shear rate

Figure 13 displays the influence of shear rate on the
apparent viscosity upon three consecutive shear
cycles for the 0.2 g dL�1 PAVO-VP2 brine solution
with 100 g L�1 NaCl. During the first shear process
with an increase in shear rate, the polymer brine

Figure 11 Effect of temperature on the apparent viscos-
ities of the polymer brine solutions with 100 g L�1 NaCl.
Polymer concentration: 0.2 g dL�1. PAVO-VP2-1: the first
measurement; PAVO-VP2-2: the second measurement.

Figure 12 Effect of temperature on the apparent viscos-
ities of the 0.2 g dL�1 PAVO-VP2 brine solutions with
120 g L�1 CaCl2. Polymer concentration: 0.2 g dL�1.
PAVO-VP2-1: the first measurement; PAVO-VP2-2: the
second measurement.

Figure 13 Effect of shear rate on the apparent viscosity
of the 0.2 g dL�1 PAVO-VP2 brine solution with 100 g L�1

NaCl.
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solution showed a remarkable shear thickening
behavior in a range of 0.1–1 s�1, followed by a
decrease in apparent viscosity. Finally, the solution
viscosity tended to constancy above 100 s�1. In the
first shear reversion with a decrease in shear rate,
the viscosities were almost equal to the primary
ones at shear rates higher than 100 s�1, and then
lower than the primary ones. The viscosities in the
second and third shear reversions were higher than
those in the corresponding shear processes below
10 s�1. This also displayed the shear thickening
behavior of this brine solution. In addition, the appa-
rent viscosity in the first shear process was also
higher obviously than that in the other two shear
cycles in a range of 0.1–100 s�1. Figure 14 shows the
variation of shear stress with shear rate during three
shear cycles for this brine solution. For the first shear
process, the shear stress increased sharply with
increasing shear rate below 1.0 s�1, and then did not
almost changed in the shear rate range of 1.0–187 s�1.
Finally, the shear stress rose dramatically at higher
shear rates. For the other five shear measurements,
the shear stress was almost zero below 1.0 s�1, then
increased slowly with an increase in shear rate within
1.0–100 s�1, and finally increased sharply.

The proposed mechanism supported by Figures 13
and 14 is as follows: for the first shear process, the
PAVO-VP2 polymer chains are expanded upon
shearing below 1.0 s�1. Thus, the intermolecular
hydrophobic associations are strengthened, and the
sizes and number of associative aggregates increase,
resulting in the increase in apparent viscosity. Then
these large supramolecular structures are gradually
disassociated to form the smaller aggregates with
increasing shear rate. Consequently, the brine solu-
tion exhibits an obvious shear thinning behavior.
But the polymer chains are not stretched. This indi-
cates that the conformation of the polymer chains is
comparatively extended in brine solution. Finally,

the polymer chains were greatly expanded and ori-
entated in fluid field above 187 s�1. For the other
five shear measurements, the polymer chains are not
expanded and just the sizes of aggregates decrease
below 1.0 s�1. Then the associative aggregates are
further disrupted and the polymer chains are gradu-
ally expanded within 1.0–100 s�1. The associative
structures are completely destroyed above 100 s�1,
resulting in low solution viscosities and high shear
stresses. For six repetitious shear measurements, the
solution viscosities are different below 100 s�1

but are almost the same at higher shear rates. This
suggests that the degradation of polymer chains
does not occur after repetitive shearing, and
that some disrupted associative structures can not
be immediately reformed at low shear rates
although intermolecular hydrophobic associations
are reversible.

Ageing effect

Figure 15 shows the ageing effect on 0.2 g dL�1

PAVO-VP2, PAV, PAO, and HPAM in 100 g L�1

NaCl solutions with saturated oxygen at 70�C. Pres-
ently the technically applied oil-flooding polymers
are still commonly the linear superhigh-molecular-
weight HPAM polymers in EOR. Thus, the ageing
property of such polymer in the brine solution was
also investigated. The apparent viscosity decreased
slowly from 1210 to 1180 mPa s after the PAVO-VP2
brine solution was aged for 5 days. As ageing time
was increased to 15 days, the apparent viscosity was
still 975 mPa s and the viscosity retention ratio (ratio
of reduced viscosity to primary viscosity) was 80.6%.
Finally, the apparent viscosity was up to 476 mPa s
(viscosity retention ratio: 39.3%) after ageing for 90
days. However, the apparent viscosities of the PAV
and HPAM brine solutions reduced abruptly after
ageing for 15 days. Then as ageing time was
increased to 90 days, their viscosity retention ratios

Figure 14 Effect of shear rate on the shear stress of the
0.2 g dL�1 PAVO-VP2 brine solution with 100 g L�1 NaCl.

Figure 15 Influence of ageing time on the apparent vis-
cosities of the polymer brine solutions at 70�C. Polymer
concentration: 0.2 g dL�1; NaCl concentration: 100 g L�1.
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were only 9.7% (4 mPa s) and 2.8% (1 mPa s),
respectively. These ageing data showed that the age-
ing resistance of PAVO was much better than those
of the other three polymers at 70�C. This was due to
the new polymer architecture of PAVO with the
excellent thermal stability. Its rigid and bulky side
groups consist of the long side chains containing
phenyl group at the end, biphenyl group, and 2-
amido-2-methylpropane sulphonate group. Such sta-
ble groups should effectively retard the hydrolysis
of amido groups in the polymers and the oxidation
degradation of the polymer chains.

CONCLUSIONS

The suitable NaAMPS feed amount could improve
the water solubility of the novel polymers: poly(AM-
NaAMPS-VP-APEO) (PAVO) and expand the molec-
ular chains, which were favorable for the formation
of the intermolecular hydrophobic associations. As
the APEO and VP feed amounts were suitable, the
steric hindrance effect of both monomers did not
occur, and the local concentration effect in SDS
micelles resulted in their molar polymer composi-
tions higher than those in the feed ratios. Their
simultaneous incorporation enhanced greatly the
solution properties of such polymers. The hydrophi-
licity of PEO side chains could interfere with the
hydrophobic interactions of the octylphenyl group
and the biphenyl group in water for PAVO. How-
ever, the APEO macromonomer performed multi-
functional effects in the brine solutions with high
salinities: the intermolecular hydrophobic associa-
tions of the octylphenyl group and the biphenyl
group could be greatly reinforced via the complexa-
tion of the CAO bonds in PEO side chains with the
metallic univalent and bivalent cations; the side
chains with phenyl group could increase the rigidity
of polymer backbones and expand the polymer
chains; the PEO side chains also behaved as the
heat-resistant functional groups. Thus, the polymers
exhibited much stronger intermolecular hydrophobic
associations in the brine solutions than in water, and
the apparent viscosities were much higher than in
water at the polymer concentrations higher than 0.1
g dL�1. Moreover, the PAVO brine solutions exhib-
ited the significant resistance to salt, and excellent
salt- and heat-thickening behaviors. The PAVO brine
solution displayed good ageing resistance because of
the simultaneous incorporation of three kinds of
bulky side groups. The PAVO brine solution exhib-
ited obvious shear thickening behavior at very low
shear rates. This was attributed to the presence of
the extended polymer chains and the remarkable
enhancement of intermolecular hydrophobic associa-
tions upon shearing. However, the associative struc-
tures were greatly destroyed at higher shear rates,

resulting in a significant shear thinning behavior.
The molecular chains orientated in fluid field above
100 s�1 but the shear degradation of polymer chains
does not occur. The repetitious shear cycles sug-
gested that some disrupted intermolecular hydro-
phobic associations could not be immediately recov-
ered although the associations were reversible.
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