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A zwitterionic polymer containing a hydrophobic long chain, named MANPS, was independently
developed by free radical solution polymerization. The introduction of an hydrophobic long-chain
monomer, namely, octadec-9-enioc acid allylamide (NAE) and an amphoteric ionic monomer, i.e., 3-(3-
methylacrylamide propyl dimethylamino)-propyl-1-sulfonate (MEPS) in conventional acrylamide (AM) and
acrylic acid (AA) enhanced the rheological properties of polymer flooding agents, thereby improving
their temperature resistance and salt tolerance. A series of experiments were performed to determine
the optimal reaction conditions for the polymer; the structure and molecular weight characteristics
of MANPS were confirmed by FT-IR spectroscopy, *H NMR spectroscopy, intrinsic viscosity, high-
performance liquid chromatography (HPLC) and SEM. The rheological test results showed that MANPS
had higher apparent viscosity than the partially hydrolyzed polyacrylamide (HPAM). It exhibited good
shear recovery at a certain shear rate. The reason was considered to be the long-chain entanglement of
molecules and the "anti-polyelectrolyte action” of zwitterions. Thermogravimetric analysis provided
good evidence of the thermal properties of the copolymer MANPS. Evaluating the oil displacement
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DOI: 10.1039/d0nj01687j performance of the oil-displacing agent was an essential part. The results showed that the copolymer
MANPS was comparable to HPAM having a 10.4% higher oil displacement rate under the same
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1 Introduction

In recent years, oil has been an irreplaceable necessity for
human life, such as in the fields of fuels, plastics, asphalt,
clothing and scientific research.’”” However, the production of
oil has not fully met the current needs. Fortunately, some
reliable studies have indicated that much of the crude oil in
the formation can be effectively extracted by polymer
flooding.>™ For polymer flooding, the viscosity and visco-
elasticity of the displacement solution are two key factors.
The reason is that the polymer flooding technology to enhance
oil recovery is mainly conducted by increasing the sweep volume
and displacement efficiency of the displacement solution.®’
Partially hydrolyzed polyacrylamide (HPAM)*® as the commonly
used polymer for enhanced oil recovery (EOR) often suffers
a significant decrease in its own viscosity'®!" due to the high
temperature and high salinity of the formation.">™ Consequently,
it is of great importance to develop novel HPAM substitutes with
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good viscosity and viscoelasticity even under high-temperature and
high-salinity conditions.

On the other hand, according to the oil-displacement
mechanism, it is inevitable that the oil-displacing polymer
should have good rheological properties."®° Many studies
have reported that by introducing hydrophobic groups or
anionic and cationic groups into the HPAM molecular chain,
the temperature and salt resistance of the polymer can
be effectively improved through intermolecular interactions
(hydrogen bonds, van der Waals forces, Coulomb forces,
etc.).”** Furthermore, due to the hydrophilic macromolecule
chain and a small amount of hydrophobic groups of the
hydrophobically associating polymer, this kind of polymer
solution has unique properties.>**® In order to further improve
the rheological properties of the HPAM substitutes, an effective
method is to introduce some anionic and cationic groups and
hydrophobic groups to form a novel zwitterionic polymer.

Lately, articles on amphoteric ionic polymers have been
widely reported. Banerjee et al.>® successfully synthesized an
i-lysine-based amphoteric ionic polymer (PLAM) by water-based
synthesis and found that under different acid-base conditions,
the polymer (PLAM) could interact with Cu(u) ions to form
spherical aggregates or dissociate into free polymer chains. Zheng
et al”” reviewed the application progress of an amphoteric ionic
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polymer at the molecular level and pointed out that the ampho-
teric ionic polymer has great development potential in the future.
Ibrahim et al.*® synthesized amphoteric polymer nanoparticles via
distillation—precipitation polymerization (DPP) using [2-(methyl
propylene oxide) ethyl] dimethyl sulfur propyl (3-) ammonium
hydroxide (SBMA) as the monomer and N,N’-methylene double
(acrylamide) (MBAAm) as the crosslinking agent. Blackman et al.”’
summarized the structure of different amphoteric ion monomers
and the preparation methods of their polymers. In addition, their
response behavior and potential applications under different
environmental stimuli (temperature, pH, salt, and dual-reaction
systems) were summarized.

In this article, a zwitterionic polymer containing a hydro-
phobic long chain, named MANPS, was independently developed
by free radical solution polymerization using octadec-9-enioc acid
allylamide (NAE) as a hydrophobic monomer. The polymerization
conditions and solution properties of MANPS were investigated.
We analyzed the synthesized amphoteric ionic monomer
3-(3-methylacrylamide propyl dimethylamino)-propyl-1-sulfonate
(MEPS) using FT-IR and 'H NMR, and determined the FT-IR,
'H NMR, SEM and intrinsic viscosity of MANPS. In addition, a
series of rheological tests proved that MANPS had good tempera-
ture resistance, salt tolerance, shear recovery and thixotropy.
It was proved by a simulated flooding experiment that this novel
polymer MANPS can enhance oil recovery in harsh reservoir
environments.

2 Experimental section
2.1 Materials

Acrylamide (AM), acrylic acid (AA), sodium hydroxide (NaOH),
ammonium persulfate ((NH,),S,0s), sodium hydrogen sulfite
(NaHSO3), sodium chloride (NaCl), magnesium chloride (MgCl,),
calcium chloride (CaCl,), N{3-(dimethylamino)propylJmethacryl-
amide, 1,3-propyl sulfonolactone and 4,4’-methylenebis(2,6-di-
tert-butylphenol) were purchased from Chengdu Kelong Chemical
Reagents Corporation (Chengdu, China). HPAM, with a relative
molecular weight of about 1.3 x 107, was from Daqing Refining &
Chemical Company (China). The functional sulfonate monomer
MEPS was prepared in the laboratory. The hydrophobic monomer
NAE was prepared according to the literature.*®

2.2 Synthetic methods

2.2.1 Synthesis of MEPS. The reaction route of MEPS is
clearly shown in Fig. 1(a): 16.83 g of N-[3-(dimethylamino)pro-
pylJmethacrylamide, 40 mL of 1,3-propyl sulfonolactone and
0.05 g of 4,4’-methylenebis(2,6-di-tertbutylphenol) were added
to a 250 mL three-necked round bottom flask with an appro-
priate amount of deionized water. After heating to 55 °C under
oil bath conditions, a mixture of vinyl sulfite inner salt (11.01 )
(according to the literature method®') and 1,3-propyl sulfono-
lactone were slowly added to the flask through a constant
pressure dropping funnel for 4 h. Finally, the white powdery
vinyl sulfite inner salt MEPS was obtained by reduced pressure
distillation.
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Fig. 1 The synthetic routes for (a) MEPS, (b) MANPS.

2.2.2 Synthesis of the copolymer MANPS. The final product,
MANPS, was synthesized by free radical solution polymerization
based on the work above, and the reaction route is given in
Fig. 1(b). According to the optimization results of Tables S1 and
S2 (ESIt), the detailed reaction steps are given. In brief, AM, AA,
functional monomer MEPS and NAE were added to a triple flask
containing 40 mL distilled water at a molar ratio of 330:140:1.5: 1.
After being adjusted to a pH of 7, the solution was then transferred
to a super thermostatic water bath. Initiators (NH,),S,0g and
NaHSO; accounted for 0.0642%o of the total moles of monomer
(the molar ratio was controlled at 1: 1) were added into the reaction
system under a nitrogen atmosphere at the indicated temperature.
After reacting for 8 h at 50 °C, the copolymer gels were precipitated
and washed with anhydrous ethanol to remove the unreacted
monomers and initiators, and then dried at 60 °C in a vacuum
for 10 h to obtain the corresponding copolymers, MANPS.

2.3 Characterization

FT-IR spectra of the samples were obtained via a WQF-520
Fourier transform infrared spectrometer in the optical range of
4000-500 cm™". "H NMR spectra were measured on a Bruker AM
400 MHz NMR spectrometer using D,0 as the solvent. The intrinsic
viscosity of the MANPS copolymer was determined by the dilution
method® with an NCY automatic Ubbelohde capillary viscometer
(0.55 mm) (Shanghai Sikeda Scientific Instruments Inc., Shanghai,
China) at 30 & 0.1 °C. Copolymer composition was determined by
HPLC (LC-20A, Hitachi, Tokyo, Japan). The test conditions were set
as follows: ODS column, V(H,0): V(CH;OH) = 1:9, 210 nm, 40 °C,
1.0 mL min~ ", Scanning electron microscopy (SEM) analyses of
HPAM and MANPS were acquired with an FEI Quanta 450 (FEI,
USA). TG-DTG was carried out on an STA449 F3 synchronous
thermal analyzer under a nitrogen flow rate of 60 mL min~" with
the heating rate of 10 °C min~". It is worth noting that the
temperature range was 40-800 °C.

2.4 Rheological properties

2.4.1 Viscoelasticity. Two kinds of 2000 mg L™ " solution
of polymer HPAM and MANPS were prepared in simulated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Table 1 lonic composition of the simulated stratum water

Inorganic ions Na* Mg”* Ca** ClI° CO;>° HCO; SO,

Content (mg L™') 2903 150 236 5185 164 285 100

brine (Table 1). In order to ensure consistent experimental
conditions, the experimental temperature was set to 25 °C, and
the storage modulus (G’) and the energy dissipation modulus
(G") of the copolymer solution were tested by a HAAKE MARS III
rheometer.

2.4.2 Thixotropy. The formation and destruction of the
structure of MANPS were characterized by thixotropy. The area
between the upper and lower curves reflects the thixotropy of
MANPS. In the first stage, the shear rate increased from 0.01 5~
to 10 s~ *. In the second stage, the shear rate was maintained at
0 s~' for 40 seconds. In the third stage, the shear rate was
reduced from 10 s~* to 0.01 s~ . In this experiment, the MANPS
solution was measured by adjusting three parameters in the
rotary mode on a HAAKE MARS III rheometer.

2.4.3 Shear reversibility and shear thinning. When a poly-
mer solution is injected into the formation, its molecular
structure is easily broken due to the high shear rate, resulting
in a lower apparent viscosity and a decreased efficiency in the
oil displacement. On this basis, both copolymer solutions,
HPAM and MANPS, with mass concentration of 2000 mg L ™"
were sheared under certain steps. The specific steps were as
follows. (1) Continuous shearing at 25 °C for 3 min at 170 s~ .
(2) The shear rate changed to 510 s~ ' for shearing for 3 min.
(3) The shear rate decreased to 170 s~ * for 3 min of continuous
shearing. (4) Both (1) and (2) were repeated and the apparent
viscosity of the copolymer solution was observed. The polymer
was formulated into a 0.1% solution and its apparent viscosity
was measured by a HAAKE MARS III rheometer at different
shear rates.**™*

2.4.4 Apparent viscosity. The polymers HPAM and MANPS
were prepared in brine to a concentration of 2000 mg L™, then
the apparent viscosity of the polymer solution under different
conditions (such as temperature, salt solution concentration)
were tested using a HAAKE MARS III rheometer.

2.5 Displacement experiment

The displacement efficiencies of the two polymers, HPAM and
MANPS, were evaluated by core flooding experiments. The injec-
tion pressure was recorded to calculate the resistance factor (RF)
and residual resistance factor (RRF), and the method to obtain the
results was as follows:

_ PP/Qp
RRF = Put/Qut )
Pws/QwS

where P, and P, (MPa) are the stable pressures of the copolymer
solution and the saturated salt solution, respectively. Q, and
Qus (ML min~") are the injection rates of the copolymer solution
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and the saturated salt solution. P,; (MPa) is the stable pressure of
water flooding. Q¢ (mL min~') is the injection rate of water
flooding. A salt solution of a copolymer of 2000 mg L™" was
prepared. The ionic composition of the simulated stratum water
can be seen in Table 1.

First, the water flooding was carried out at a speed of
0.7 mL min " until the water content reached 99%. The copolymer
solution was then injected for displacement at the rate of
0.7 mL min~". Finally, the water flooding was performed again
until the water content was 99%. The EOR percentage was
obtained as follows:

EOR =E — E, 3)

where EOR (%) is the enhanced oil recovery; E (%) is the oil
recovery of the whole displacement process; E,, (%) is the oil
recovery of water flooding.

3 Results and discussion
3.1 Characterization

Before the tests below, the influencing conditions, such as
monomer ratio, initiator ratio, temperature and pH, etc., of the
synthetic polymer MANPS were optimized through experiments.
The specific optimization schemes are shown in Tables S1 and S2
(ESIt), and Table 2 gives the optimal reaction conditions.

3.1.1 FT-IR spectra of MEPS and MANPS. Thin slices of the
purified MEPS and MANPS were prepared through mixing with
dried KBr to investigate the FT-IR spectra using a Fourier
infrared spectrometer, as shown in Fig. 2. For MEPS, the
stretching vibration absorption peak of N-H in -C(O)-NH- in
MEPS was at 3477 cm™ ', A distinct stretching vibration peak
assigned to C-H in MEPS was at 2977 cm™ ' and peaks at

Table 2 The optimal reaction conditions of synthetic MANPS

AM : AA: MEPS : NAE* Initiators (%o, molar) pH T/°C

330:140:1.5:1 0.0642 7 50

% The ratios are the molar ratios.

(MEPS)

1666
(MANPS)

2940 1110
3477

4000 3500 3000 2500 2000 1500 1000 500
Wave number(cm-)

Fig. 2 FT-IR spectra of MEPS and MANPS.
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1666 cm~ ' and 1040 cm™ ' belonged to C=C and C=O,
respectively. The copolymer MANPS exhibited strong absorption
peaks at 3417 cm ™', 1665 cm™ ' and 1110 cm ™, which respectively
reflected the peak spectra of -OH, C—=0 and S—O. Additionally,
another peak appeared at 636 cm ', which was the bending
vibration absorption peak of N-H in the amide. Based on IR
spectroscopy, the sample structure was in line with the designed
macromolecular structure, indicating that the functional
monomer MEPS was successfully introduced into the backbone
of MANPS, and the expected effect was achieved.

3.1.2 'H NMR spectra of MEPS and MANPS. In order to
describe the structures and purity of the monomer MEPS and
copolymer MANPS more accurately, we conducted nuclear
magnetic tests on these two substances, and the test results
are shown in Fig. 3. As illustrated in Fig. 3(a), the "H NMR
spectrum of the monomer MEPS was given. The chemical
shifts at 4 = 5.52 ppm and 5.76 ppm were attributed to the
unsaturated olefin hydrogen -C(CH;3)=—CH, proton peak, and
the chemical shift at 6 = 3.00-3.04 ppm was attributed to the
—-CH,-CH,-SO;- proton peak. The proton signals at 3.39-3.40 ppm
showed the existence of -C(O)-NH-CH,~- groups. The chemical shift
at § = 3.15 ppm was attributed to the -N"(CHz),~ proton peak, and
the chemical shift at § = 3.42-3.54 ppm was attributed to -CH,-
N'(CH;),~CH,-. The proton signals at 2.06-2.12 ppm were due to
-C(O)-NH-CH,-CH,- groups. The chemical shift at = 1.97 ppm

o o TASOASANTASADN WO =N DO a
S MERITIa~cE3qaaaa==SeSg
w o« R R R R R R R R R R B R R R D o
P RN AN BRI SA AA Y
o
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a NH/\/\\_/\/\/\

d /\ h SO

Fig. 3 H NMR spectra: MEPS (a) and MANPS (b).
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was attributed to the -CH,—C(CH;)- proton peaks. The proton
signals at 2.23-2.29 ppm were due to -CH,-CH,-SOs- groups.

The 'H NMR spectrum of MANPS is shown in Fig. 3(b). It can
be seen that the -CH—CH- protons in the NAE monomer
appeared at 6 = 5.16 ppm. The proton signal at 3.57 ppm was
due to -CH,-N"(CHj;),~CH,- groups. The signal at 6 = 3.29 ppm
was due to the proton in -CH; connected to N" and in -CH,
connected to -NH. The chemical shift at 6 = 3.07 ppm was
attributed to the —-CH,-CH,-SO;- proton peak. The proton
signal at 2.50 ppm was due to ~CH,-CH,-SO3- groups. Addi-
tionally, the existence of the proton peak at é = 2.36 ppm was
due to -CO-NH-CH,-. The proton signal at 1.98-2.03 ppm
showed the existence of [NH,-CO-CH-] groups and it was
obvious that the protons of the -CH,- group of the main
copolymer chain appeared at 1.44 ppm. The proton peak at
0 = 0.84 ppm was due to -CH; connected to -(CH,),~ groups.

3.1.3 Intrinsic viscosity measurement of MANPS. Intrinsic
viscosity is an effective method for characterizing molecular
weight.***” According to the data (Table S3, ESI), the relationship
curves of #4,/C vs. C and (Inn,)/C vs. C are described in Fig. 4.
Combining Fig. 4 and the formulae #, = t/to, 7, = 1, — 1 and
[n] = HIC,, it was determined that the intrinsic viscosity number of
MANPS was 772 mg L.

3.1.4 Composition measurement of MANPS. High-
performance liquid chromatography (HPLC) is often used to
detect the composition of polymers.>® Here, the standard curve
for each monomer was determined as Ajy = 4.2582 X 107 X
0 + 314374.5; Aga = 1.2982 x 107 X p + 38643.6; Appps =
4218.56 x p + 1105.9. Further, the conversion ratio of each
component and its proportion in the copolymer were calculated
from formula (4), and the results are shown in Table 3.

A
w 2P0y

o= + % 100% 4)
o is the monomer conversion rate (%); W is the monomer raw
charge quality (g); A is the monomer peak area in the chroma-
togram of the ethanol used for purifying the polymer; po/4, is

1.4

R W
134 @ Immr/e

n,,/c & I /e
-
o
1

o
=
1

P [
084 e— @

0-7 T T T T T T T T
02 03 04 05 06 07 08 09 1.0 1.1

Concentration (g/ml)

Fig. 4 The relationship curves of 5/C vs. C and (Iny,)/C vs. C.
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Table 3 The composition of copolymer MANPS?

Molar ratio of reactants (%) Molar composition (%)

Entry AM AA MEPS NAE AM AA MEPS NAE

MANPS 69.93 29.56 0.28 0.23  69.99 29.58 0.25 0.18

“ All data are the average of three measurements with an error of +0.1.

the reciprocal of the slope of the monomer standard curve; V is
the total volume (L) of ethanol used to purify the polymer.

3.1.5 Thermogravimetric testing of MANPS. TG-DTG was
used to investigate the thermal stability of MANPS, and Fig. 5
shows the experimental results. As we all know, the decom-
position temperature of the polymer depends greatly on its
molecular mass and molecular structure. The addition of long-
chain hydrophobic groups and sulfonic acid groups allows the
polymer to have more excellent thermal stability. The results
can be described in five stages of weight loss.

The first weight-loss stage with 4.69% was at 43-173 °C,
which can be attributed to the loss of water, ethanol and other
small molecules. The second stage was at 173-277 °C, with a
7.42% weight loss rate, which was estimated to be the decom-
position of the side group, macromolecular chain and branch-
ing of MANPS. The third stage of weight loss at 277-383 °C was
for the decomposition of the polymer backbone. The fourth
stage occurred at 383-618 °C, which was probably due to the
carbonization of the polymer particles. The last stage of weight
loss caused by the further carbonization of polymer particles
was above 618 °C.

3.1.6 SEM of HPAM and MANPS. The polymers were dis-
solved in 1% NaCl solution then freeze-dried to obtain micro-
morphological images of HPAM and MANPS by SEM; the
results are shown in Fig. 6.

Intuitively, the microscopic appearance of both polymers
showed a network structure with attached backbones. Most
notably, the linkage backbone of HPAM was significantly
weaker than that of MANPS with a distinct cavity network
structure. This phenomenon can be attributed to the hydro-
phobic association, thus strengthening the tangle of molecular

0.005
100
T~ 4.69% [ 0.000
90 - }7.42% 5
L -0.005 E
2 80+ 15.65% g
< -0.010
= 70 )
o0 D
2 00152
% 60- 0I5
g
504 --0.020 ~§
40 - F-0.025
30 0.030

100 200 300 400 500 600 700 800
T(@)
Fig. 5 TG-DTG of MANPS,
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Fig. 6 SEM analysis of the polymers in 1% NaCl solution: (a) HPAM;
(b) MANPS.

chains and creating a more robust backbone connection.
In addition, the molecular chains in Fig. 6(a) were sparsely
distributed without forming many crosslinking points or entan-
gling with each other. In contrast, the branched chains in
Fig. 6(b) were entangled with each other, thus forming a dense
crosslinking network. The different micromorphologies of the
two polymers indirectly confirmed the feasibility of the experi-
ment and indicate the potential for the excellent properties
of MANPS.

3.2 Rheological properties analysis of HPAM and MANPS

3.2.1 Viscoelasticity. The viscoelasticity of oil displacing
agents is of great importance for oil displacement performance,*
and different fluids have different flow viscoelastic characteristics.
The viscoelastic properties of the copolymer solution can be
characterized by the storage modulus (G') and the loss modulus
(G"). G' corresponds to the elasticity of the system and G’ corre-
sponds to the viscosity of the system. The relationships between
MANPS and HPAM modulus and strain were shown in Fig. 7.

As shown in Fig. 7, at the scanning frequency of 0.1-10 Hz,
with increased scanning frequency, the long molecular chains
were more severely entangled, the storage modulus (G') and the
energy dissipation modulus (G”) of HPAM and MANPS
both showed a gradual increase. At the scanning frequency of
0.1-0.5 Hz, the growth of G’ of the copolymer MANPS was larger
than that of G”, and G’ < G”, indicating that the copolymer

10

—0=—G' AMNPS
——G" AMNPS
—B—G' HPAM
—v—G" HPAM D»g:@
0.462Hz

Storage Moduli & Loss Moduli (Pa)

0.01 .
0.1 1 10
Frequency (Hz)

Fig. 7 Viscoelasticity of HPAM and MANPS.
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solution was mainly viscous at low frequencies. However, when
the scanning frequency exceeded 0.462 Hz (G’ > G"), the
solution of copolymer MANPS showed mainly elasticity at high
frequencies. However, for HPAM, the demarcation point fre-
quency at viscosity and elasticity occurred at 1 Hz. In addition,
in the scanning frequency range of 0.1-10 Hz, the G’ and G” of
the MANPS copolymer were higher as compared to HPAM, and
the solution of MANPS demonstrated obvious elasticity at lower
frequencies, which was more conducive to improving the oil
displacement performance of the polymer solution. The reason
the viscoelasticity of MANPS was better than that of HPAM was
mainly that its hydrophobic groups aggregated in aqueous
solution owing to hydrophobic interactions, thus inducing
the separation of macromolecular chains. Intermolecular asso-
ciation generated a stable physical cross-linking network,
which allowed MANPS to have excellent viscoelasticity.

3.2.2 Thixotropy. Good thixotropy provides the oil displace-
ment agent with good pumping performance and oil displacement
performance. Therefore, in order to test the thixotropy of the
polymers, thixotropy experiments had been done.”””*® As shown in
Fig. 8, the areas between the upper and lower curves reflect the
thixotropy of the polymers. MANPS had a more pronounced
thixotropic ring (Fig. 8a) as compared to HPAM (Fig. 8b). This was
because the cross-linking of the MANPS system during the shearing
process was reversible and recoverable, endowing MANPS with
better thixotropy. On the other hand, with the increase in the shear
stress, the intermolecular structure of the thixotropic fluid was
destroyed. When the shear stopped, the structure between the
molecules gradually recovered.

The larger area of the MANPS thixotropic ring indicated that
the stability of the molecular structure of MANPS was better
than that of HPAM. Moreover, from both figures we can see that
the viscosity of both polymers decreased as the shear rate
increased. However, when the shear rate gradually decreased,
the viscosity of the two increased but the final viscosity value of
MANPS was closer to the initial value. This shows that the cross-
linked network formed by MANPS has a stable structure and strong
spatial recovery, indirectly implying that the MANPS system would
have excellent shear reversibility. Predictably, the use of the MANPS
oil-displacing agent can greatly reduce the fluid flow resistance,
which will make it more conducive to improving the displacement
efficiency of low permeability reservoirs.

3.2.3 Shear reversibility and shear thinning

Shear reversibility. When the polymer solution is injected
into the formation, due to the high shear rate, the easily broken

g

H

S 2
n
@
a:

tinPa

1 in mPa-s
2
2
2

0.05 Fa t:l’n
.05 0.2
—o—mPas | mPas) | 199

0 2 4 6 8 10 0 2 4 6 8 10
yin /s Yin ls

Fig. 8 Comparison of the thixotropy of (a) MANPS and (b) HPAM.
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molecular structure will lead to a lower apparent viscosity,*"
resulting in a decrease in the oil displacement efficiency.
Therefore, for the polymer to have excellent performance, on
the one hand, it should have good shear sensitivity; on the
other hand, its structure should not be destroyed. Fortunately,
from the thixotropy experiment, we found that MANPS had
good shear reversibility, and may be different from HPAM to
some extent. The curves of the shear recovery of the polymers
are shown in Fig. 9a. When the shear rate suddenly changed
from 170 s~' to 510 s, the viscosity of the polymer solution
decreased significantly, which was attributed to the destruction
of the associated spatial network structure under high shear.
Nevertheless, when the shear rate recovered from 510 s™* to
170 s, thanks to the re-formation of the space network, the
viscosity of the polymer solution recovered immediately (Fig. 9a).
For the MANPS polymer solution, the viscosity recovery rate
reached 98.9% as compared to 96.9% for HPAM, indicating that
MANPS performed better in shear recovery.

Shear thinning. As can be seen from Fig. 9b, when the shear
rate increased, the apparent viscosity of both polymer solutions
decreased rapidly. When the shear rate increased to 100 s, the
apparent viscosity of the polymer solution decreased gently; when
the shear rate reached 505 s~ ", the viscosity of the polymer solution
was 33.87 mPa s, which was higher as compared to 14.08 mPa s of
HPAM. The decline in the viscosity of MANPS was 93.30%, while
the decline in that of HPAM reached 94.35%, showing that the two
polymers both had good shear thinning performance.

In summary, the excellent shear sensitivity and shear
recovery properties of MANPS help it maintain a high viscosity
and smoothly reach the formation without the effect of the
high-speed rotation of the injection equipment.

3.2.4 Evaluation of the salt-resistance and temperature-
resistance. In view of the high-temperature and high-salinity
conditions of the oil-bearing reservoir, it is necessary to simu-
late the formation environment for the polymer viscosity test.*

It is important to note that the shear rate was set at 7.34 s~ .

Salt-resistance. In general, from Fig. 10a-c, the apparent
viscosity of the MANPS solution began to show a decline with
the increase in salinity, and then the downward trend suddenly
subsided and some hills were seen due to the effect of the anti-
polyelectrolyte. After the anti-polyelectrolyte effect, the viscosity
dropped sharply and finally became stable. When NacCl, CacCl,
or MgCl, (Fig. 10a-c) was added to the polymer solution, the
viscosity retention of the MANPS solution was 50.67 mPa s,
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Fig. 10 Anti-Na* (a), Ca®* (b), Mg®" (c) performance of the polymer
solution; polymer temperature resistance performance evaluation (d).

38.9 mPa s and 38.04 mPa s, respectively (which was higher as
compared to 40.59 mPa s, 22.67 mPa s, 23.98 mPa s for HPAM).
This suggests that the salt resistance of MANPS was better than
that of HPAM. Additionally, it is important to note here that the
zwitterionic polymer MANPS had equal numbers of anions and
cations,’®** which can cause the inner chain anions and
cations in the deionized water to attract each other and bend
the molecular chain, leading to small hydrodynamic volume
and low viscosity. However, in salt solution, the unequal
numbers of zwitterions weakened the attraction of the inner
chain of the molecule and the hydrodynamics interaction did
not decrease but rise, showing the anti-polyelectrolyte effect.**
This result can be explained by the fact that under the action of
the inorganic salt, the polarity of the solution was increased to
enhance the hydrophobic association of the molecular side
chains, and the structural strength of the dynamic physical
crosslinking network was increased.

Temperature-resistance. The experiment describes the change
in the apparent viscosity of the 2000 mg L' MANPS polymer
solution at different temperatures as compared with the HPAM
solution.

The trend of the apparent viscosity with the change in tem-
perature is shown in Fig. 10d. At 7.34 s, the apparent viscosity of
HPAM and MANPS decreased with the increasing temperature but
the apparent viscosity of MANPS was always higher than that of
HPAM at the same temperature (Fig. 10a). This was because the
physically cross-linked network structure of MANPS was more
robust, so the degree of destruction was lower than that of HPAM.
As the temperature reached 90 °C, the apparent viscosity of
MANPS was 50.3 mPa s, which was higher than 25.0 mPa s of
HPAM. When the temperature was 120 °C, the apparent viscosity
of the MANPS was 45.8 mPa s, which was also higher than the
23.6 mPa s of HPAM. This phenomenon showed that MANPS had
a significant improvement in temperature resistance as compared
to HPAM.
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3.3 Enhanced oil recovery of HPAM and MANPS

To compare the displacement effects of the two polymers
HPAM and MANPS, a core displacement experiment was per-
formed, and the results are shown in Fig. 11. Apparently, at the
beginning of the injection, the water content, injection pres-
sure and oil recovery rate all showed a sharp rise and then
gradually stabilized with the injection of simulated formation
water in the water flooding stage. The water drive of each core
was harvested, and the oil recovery rates were 50.5% (a) and
50.0% (b), respectively. When the oil recovery rate could no
longer increase in water flooding, the copolymer salt solution
was injected into the cores, resulting in a larger injection
pressure. With the decrease in the water content, the oil
recovery of the HPAM and MANPS salt solution reached 51%
(Fig. 11a) and 59% (Fig. 11b), respectively, in the polymer
injection stage. Correspondingly, HPAM and MANPS increased
the recovery to 53.5% and 64.4% in the final stage. Conse-
quently, HPAM and MANPS can respectively increase oil recov-
ery by 3.0% and 13.4%, which indicate that copolymer MANPS
had the greater potential in practical oil flooding applications.
Copolymer MANPS produced a hydrophobic association effect
in aqueous solution,***® which made it retain high viscosity
under high temperature and high salinity conditions, effec-
tively reducing the oil-water mobility ratio and thus carrying
more residual oil to improve the oil displacement performance.

4 Conclusions

In this work, a zwitterionic polymer, MANPS, containing a
hydrophobic long chain was prepared from AM, AA, NAE and
MEPS. Its good rheological properties, thixotropic properties
and shear recovery properties endowed it with huge potential
for EOR. Its good temperature resistance and salt tolerance
made it resistant to the high temperature and high salinity of
the formation. The effects of the monomer addition ratio,
reaction temperature, initiator addition amount and pH on
the polymer were investigated systematically. FT-IR, '"H NMR,
intrinsic viscosity, HPLC and SEM were applied to characterize
the structure and molecular weight of MANPS. The visco-
elasticity test results showed that the polymer had excellent
viscoelastic properties. At the shear rates of 0.01 s ' to 10 s 7,
MANPS had better thixotropic properties than HPAM. At a
shear rate of 505 s, the viscosity of the MAPNS solution was
33.87 mPa s, and the decline in the viscosity was 93.30%; at a
shear rate of 170 s~ ', the viscosity of the zwitterionic polymer
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was 47.1 mPa s at 120 °C, indicating its good shear sensitivity.
Thermogravimetric analysis showed that the copolymer had
good thermostability. The rheological results exhibited that
when a certain amount of NacCl, CaCl, and MgCl, were added
to the polymer solution, the viscosity retentions of the MANPS
solution were 50.67 mPa s, 38.9 mPa s and 38.04 mPa s,
respectively. The simulated oil displacement experiment showed
that MANPS had a 10.4% higher oil displacement rate under the
same concentration and test conditions as compared to HPAM,
which indicates its potential for oil displacement.
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