Silicon (2023) 15:2067-2082
https://doi.org/10.1007/512633-022-02160-1

ORIGINAL PAPER q

Check for
updates

Synthesis and Solution Properties Evaluation of AATA Quaternary
Copolymer

Tianhong Zhao'? - Qionggiong Guo'-? - Sijia Li"? - Wushan Sun'-2

Received: 4 July 2022 / Accepted: 3 October 2022 / Published online: 13 October 2022
© Springer Nature B.V. 2022

Abstract

In this study, temperature-resistant functional monomer (TEPA) and hydrophobically associating salt-resistant monomer
(APC) were synthesized, respectively. These functional monomers were polymerized with acrylamide (AM) and acrylic
acid (AA) to prepare a temperature-resistant and salt-resistant polyacrylamide oil displacement agent with siloxane groups.
The viscosity of quaternary copolymer (AATA) solution was taken as evaluation index, the optimum polymerization condi-
tions were determined by single factor experiment. The structure of AATA was characterized by Fourier-transform Infrared
(FTIR), "H NMR spectroscopy and SEM. The thermal decomposition capability was analyzed by TG. The oil displacement
efficiency of AATA was evaluated by core flooding experiment. The results showed that AATA had better oil displacement
ability than binary copolymer (AM/AA). The enhanced oil recovery was 19.92% at 60 °C and more than 10% even at 90 °C.

Keywords Temperature-resistant polymer - Organo siloxane group - Dehydration condensation - Enhanced oil recovery

1 Introduction

Global energy markets have become more turbulence and
unrest because of coronavirus disease 2019 (COVID-19).
Inevitably, oil resources have also been hit badly [1]. How-
ever, the global demand for oil energy is still large, and it
is even expected to reach a peak by 2030 [2]. Therefore,
enhanced oil recovery (EOR) technology is highly valued
[3-7]. In addition, polymer flooding technology had a
broad prospect with the gradual growth of polymer materi-
als science [8]. Injecting of high-viscosity polymer solution
into the formation could improve the oil-water mobility
ratio and expand the swept volume, thereby enhancing oil
recovery [9]. In addition, under the action of stress field,
pressure field and flow velocity field, the viscoelasticity of
the polymer solution is improved, so the recovery factor is
also improved [10].
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However, most oil pools with good reservoir condi-
tions have been exploitation by water flooding and poly-
mer flooding for many years, and it was more difficult
to increase production steadily. In particularly, the devel-
opment of high temperature and high salinity reservoirs
faced greater difficulties. Since the traditional partially
hydrolyzed polyacrylamide (HPAM) was not suitable for
high temperature and high salinity reservoirs, it was urgent
to find a suitable polymer flooding agent for high tempera-
ture and high salinity reservoirs [3, 11-13]. In order to
improve the temperature and salt resistance of polyacryla-
mide solution, scholars have deeply studied the molecular
structure [13—17], solution performance and mechanism
of polymer flooding agent.

Kujawa et al. [18, 19] introduced 2-acrylamido-2-methyl-
propanesulfon-ic acid (AMPS) and hydrophobic monomers
into macromolecular chains through micellar polymeriza-
tion, and synthesized polyacrylamide polymers containing
strong electrolytes with good viscosification and excellent
salt resistance. Charles et al. [20] prepared a series of oil-
soluble hydrophobically associating polyacrylamide by
copolymerization of N-alkyl acrylamide and AM, which
showed better viscosity and salt-resistance than traditional
polyacrylamide. Zhang et al. [21] prepared a terpolymer
with high viscosity retention at high temperature and salin-
ity by introducing n-vinylpyrrolidone (NVP) and diacetone
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acrylamide (DAAM) into polyacrylamide. Wang et al.
[22] also introduced the organic siloxane structure into the
polyacrylamide oil displacement agent, and the quaternary
copolymer with excellent temperature-resistance and salt-
resistance were synthesized by copolymerization of vinyl-
triethoxysilane (VETO), hydrophobic monomer, strong elec-
trolysis monomer and AM. In addition, it was reported that
APP4 polymer solution with concentration of 1750 mg/L
and viscosity of 351.3 mPa-s could enhance oil recovery by
14.3%. The CAB20 polymer solution with concentration of
1750 mg/L and viscosity of 289.5 mPa-s could enhance oil
recovery by 15.9%. The HTPW polymer solution with con-
centration of 1750 mg/L and viscosity of 78.0 mPa-s could
enhance oil recovery by 18.8% [23]. Xu et al. [24] reported
that the porosity was 34.1% and the the permeability was
0.2 pm?, xanthan gum and welan gum could enhance oil
recovery by 26.5% and 34.5%, respectively.

The bond energy of Si-O-Si is 452 kJ/mol, which is
higher than C-C and C-O bonds [25, 26]. Because the high
bond of Si-O-Si can ensure the stability of polymer struc-
ture, the performance of polymer can be greatly improved
by introducing functional monomers contained organic
siloxane into the polymer molecular chain [27]. There-
fore, in this paper, a functional monomer contained organic
siloxane was designed with acryloyl chloride and 3-amino-
propyltriethoxysilane (KH-550), and a siloxane functional
polyacrylamide with temperature and salt resistance was
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synthesized. Because KH-550 was a kind of alkoxysilane,
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2 Experimental Section

2.1 Materials and Instruments
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Table 1 List of abbreviations used in the paper

Abbreviation Full name

AA Acrylic acid

AATA The synthesized quaternary copolymer

AM Acrylamide

AMPS 2-Acrylamido-2-methyl-propanesulfon-ic acid
AM/AA Binary copolymer

APC Salt-resistant monomer

DAAM Diacetone acrylamide

EOR Enhanced oil recovery

FTIR Fourier-transform infrared spectroscopy

G’ Elastic modulus

G” Viscous modulus

'"H NMR "H NMR spectroscopy

HPAM Partially hydrolyzed polyacrylamide

KHS550 3-Aminopropyltriethoxysilane

KYPAM Salt-resistant comb-like acrylamide polymers
NVP N-vinylpyrrolidone

OP-10 Dodecane phenol polyoxyethylene ether

SDS Sodium dodecyl sulfate

SEM Scanning electron microscope

TEPA (3-Methacrylamidopropyl)triethoxysilane
TG Thermal gravimetric

VETO Vinyltriethoxysilane

V50 2,2-Azobis (2-methylpropamidine) dihydrochloride

hydroxide, 2,2-azobis (2-methylpropamidine) dihydrochlo-
ride (V50), dodecane phenol polyoxyethylene ether (OP-10)
and inorganic salt were purchased from Kelong Chemical
Reagent Factory, Chengdu, China. All reagents were analyti-
cal reagent. In addition, KYPAM was purchased from Bei-
jing Hengju Co., LTD and its molecular weight is 25 million.

2.1.2 Instruments

MS-TS analytical balance which the accuracy was 0.1 mg,
HH-2 constant temperature oil bath pot, RE-201D rotary
evaporator, HASUC vacuum drying chamber. Brookfield
viscositor DV-II viscometer was purchased from Brookfield,
USA. The structure and properties of polymer systems were
characterized by Fourier-transform infrared spectroscopy
(FTIR), 'H NMR spectroscopy, scanning electron micro-
scope (SEM) and thermal gravimetric analyzer (TGA).

Fig.2 Synthetic route of the
functional monomer TEPA

2.2 Synthesis
2.2.1 Synthesis of Functional Monomer TEPA

11.35 g KH-550 was mixed with 60 mL dichloromethane
and added to a 500 mL three-necked flask. Then, 7.27 g tri-
ethylamine (as acid binding agent) and 40 ml dichlorometh-
ane were added to the three-necked flask. The device was
put in O °C water bath with stirring. Finally, 5 mL acryloyl
chloride was dissolved in 20 mL dichloromethane, the solu-
tion was added into the three-necked flask drop by drop,
and the dripping time was controlled for 20 min. The crude
product was obtained after reaction for 3 h. Then, TEPA
was obtained by filtration and rotary evaporation of crude
products. The synthetic route of TEPA was shown in Fig. 2.

2.2.2 Synthesis of Functional Monomer APC

Zhang et al. [27] introduced the synthesis method of salt-
resistant functional monomer APC. 120 ml dichlorometh-
ane, 20 g OP-10 and 7.3 g triethylamine (as acid binding
agent) were added in a 500 ml three-necked flask. After-
wards, 5 ml acryloyl chloride and 20 ml dichloromethane
were mixed evenly and added in the three-necked flask.
The reaction was carried out at 0 °C for 6 h. After that,
triethylamine hydrochloride was removed by filtration, and
the filtrate was washed repeatedly with acetone. APC was
obtained by rotary evaporation. The synthetic route of APC
was shown in Fig. 3.

2.2.3 Synthesis of AATA Quaternary Copolymer

Appropriate amount of APC, pure water and SDS were
added into a beaker in turn, and the clear and transparent
solution was obtained after ultrasonic stirring. A certain
amount of AM and AA were successively added to the
solution, and the pH was adjusted with 15 wt% NaOH solu-
tion. A certain amount of TEPA was added to the system
and stirred well. The V50 was added after a water bath for
20-30 min. Some gel-like polymer products were obtained
after a certain reaction time. The product was cut into pieces
(volume less than 0.5 cm?) and placed in a 60 °C constant
temperature oven to dry. The synthetic route of AATA was
shown in Fig. 4.
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Fig.3 Synthetic route of the
salt resistant monomer APC
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Fig.4 Synthetic route of the AATA

Table 2 Simulated water parameters

Na* (mg/L) Ca’* (mg/L) Mg* (mg/L) CI~ (mg/L) Total
miner-
alizatio
(mg/L)

64620 10000 2000 123380 2x10°

2.3 Performance Evaluation of AATA Quaternary
Copolymer Solution

2.3.1 Evaluation of Temperature-Resistance

The viscosity of the polymer solution at different tempera-
tures (25 °C to 85 °C) was measured by the Brookfield
viscositor DV-II viscometer. The effect of temperature on
the viscosity of polymer solution was investigate.

2.3.2 Evaluation of Salt-Resistance

The viscosity changes of different polymer systems under
Na*, Ca>*, Mg?* and different mineralization degree sim-
ulated water conditions were investigated at fixed tem-
perature and concentration. The composition of simulated
water was shown in Table 2. The different mieralization
degree solution was diluted according to the formula.

@ Springer

2.3.3 Evaluation of Anti-Aging

Three different types of acrylamide polymer solution were
placed in 90 °C oven for 90 days, and their viscosity was
regularly tested. The anti-aging of different types of polymer
solution at 90 °C were investigated.

2.3.4 Evaluation of Shear-Resistance

The viscosity changes of AATA solution, AM/AA
solution and KYPAM solution at different shear rates
(0.1 57 ~1000 s7!) were investigated.

2.3.5 Evaluation of Viscoelasticity

Dynamic shear flow experiments were carried out on three
different types of polymer solutions at 25 °C to investi-
gate the viscoelasticity of three different types of polymer
solutions.

2.4 Core Flooding Experiment

The oil displacement efficiency of AATA was evaluated at
60 °C, 75 °C and 90 °C. The oil displacement efficiency of
AATA and AM/AA were compared at 60 °C. In addition,
the mineralization degree of simulated water used in oil dis-
placement experiment was 1 x 10° mg/L. The flow chart of
core flooding experiment was shown in Fig. 5 and the core
parameters were shown in Table 3.
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Fig.5 Schematic flow diagram
for the flooding system
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Table 3 Core parameters for

. - Core Diameter (cm) Length (cm) Dry weight (g) Wet weight (g) Perme-
flooding experiment ability
(mD)
#1 3.820 7.252 144.78 164.19 95.10
#2 3.816 7.273 145.43 164.74 94.66
#3 3.816 7.302 161.37 179.32 94.96
#4 3.821 7.326 146.29 165.58 95.39

3 Results and Discussion
3.1 Single Factor Experiment

In this paper, the viscosity of copolymer solution with
concentration of 2 g/L was used as the single factor evalu-
ation basis to explore the influence of various factors on
the viscosity of polymer. As can be seen in Fig. 6, the opti-
mal concentrations of SDS, initiator, AA and TEPA were
1.4 wt%, 0.08 wt%, 4 wt% and 0.02 wt%, respectively.
When the reaction temperature was 55 °C and the reaction
time was 6 h, the viscosity of the polymer was highest.
Meanwhile, the best monomer concentration was 20 wt%.

3.2 Characterize
3.2.1 FTIR and 'H NMR Spectroscopy Analysis of TEPA
As shown in Fig. 7(a), the chemical structure of KH-550

and TEPA was characterized by FTIR. Among them,
2975 cm™! and 2940 cm™! were the asymmetric stretching

vibration peaks of -CH; and -CH,, respectively [33]. The
symmetric stretching vibration peaks of Si-O bond at
462 cm™! and 754 cm™!. Otherwise, the asymmetric vibra-
tion peak of Si-O-C was at 1041 cm™!, and the symmetric
vibration peaks of Si-O-C were at 800 cm™! and 700 cm™!.
By comparing the spectra of KH-550 and TEPA, the char-
acteristic peaks of C-N (1405 em™!), C=C (1621 cm™)),
C=0 (1664 cm™"), N-H (stretching vibration peak at
3286 cm~! and bending vibration peak and 1554 cm™})
were found in TEPA. These proved that TEPA was suc-
cessfully synthesized.

"H NMR (400 MHz, D,0, 25 °C) of TEPA spectra with
its chemical shifts were as follows; the chemical shift signal
at 4.70 ppm was ascribed to the protons of D,0. The sig-
nal of the protons in —O — CH,— was 2.30 ppm, the signal
of the protons in —CH; was 0.80 ppm [34]. The signal of
the protons in —Si— CH,— was 0.25 ppm, the signal of the
protons in —CH,— was 1.41 ppm, the signal of the protons
in —CH, — N— was 3.04 ppm, and the signal of the proton in
—NH- was 5.56 ppm [35]. The chemical shifts at 5.99 ppm
and 6.07 ppm were respectively ascribed to the protons of
—CH,— at the end and — CH— in the propylene [36, 37].

@ Springer
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3.2.2 FTIR and 'H NMR Spectroscopy Analysis of AATA

As can be seen from Fig. 8(a), there were symmetric stretch-
ing vibration absorption peak (2923 cm™') and antisymmet-
ric stretching vibration absorption peaks (2851 cm™) of C-H
in methylene [38]. The stretching vibration peak and bend-
ing vibration peak of N-H in amide were at 3182 cm™! and
1550 cm™!, respectively. The stretching vibration absorption
peak of C=0 in amide was at 1683 cm™!. The stretching
vibration absorption peak of Si-O at 1122 cm™~! was the char-
acteristic peak of TEPA, which proved that TEPA was suc-
cessfully introduced into AATA. The stretching vibration peak
of C=C in benzene ring at 1517 cm™! and the out-of-plane
bending vibration peak of C-H on benzene ring at 817 cm™"
were both characteristic peaks of APC, which preliminarily
proved that APC was successfully introduced into AATA.

In order to further study the structure of AATA, '"H NMR
analysis was studied. The results were shown in Fig. 8(b).
"H NMR (400 MHz, D,0, 25 °C) of AATA spectra with its
chemical shifts were as follows; the chemical shift signal at
4.70 ppm was ascribed to the protons of D,0. The chemical
shifts at 1.86 ppm and 2.00 ppm were respectively attributed
to the protons of —CH,— and — CH— on macromolecular
main chains, revealed a characteristic broad resonance of the
hyperbranched groups [39, 40]. —-O — CH, — CH, — O— were
detected at 3.48 ppm [41, 42]. The signals at 1.39 ppm can
be assigned to —CH,—ph— [43]. The chemical shift signal at
1.01 ppm was ascribed to the protons of -CH;.

In summary, the analysis of FTIR and "H NMR showed
that AATA was successfully synthesized.

3.2.3 Microstructure of AATA

To investigate the properties of AATA deeply, the micro-
structure was analyzed. As can be seen from Fig. 9, the
microstructure of AATA solution showed an obvious net-
work structure, which was caused by the hydrogen bond
association in TEPA, the condensation between silanols, the
formation of Si-O-Si structure and the hydrophobic associa-
tion of APC.

3.2.4 Thermal Stability Analysis of AATA

Due to the high formation temperature, it is necessary to
analyze the thermal stability of polymer to avoid high-
temperature abatement [44—47]. Firstly, the thermal grav-
igrams of three different types of polymers were com-
pared. Figure 10(a) showed that the heat loss weight of
AATA was lower than AM/AA in the temperature range
of 40 °C~423 °C and 530 °C~ 600 °C. At the same time,

the heat loss of AATA was less than KYPAM in the tem-
perature range of 40 °C~224 °C, 277 °C~414 °C and
519 °C~600 °C.

As is shown in Fig. 10(b), with the increase of tem-
perature, the copolymer appeared four weight loss stages.
41 °C~ 168 °C was the first weight loss stage, and the
copolymer lost 7.25% due to evaporation of water. The
second weight loss stage was at 212 °C ~235 °C, and the
weight loss of copolymer was 10.6%, which was mainly
due to the cracking of condensation products between
amide groups in the molecular chain. 289 °C ~295 °C was
the third weight loss stage, and the heat loss caused by
the pyrolysis of polymer branched chain was 14.25%. The
fourth stage occurred at 295 °C ~ 444 °C, the weight loss
was 19.26%, which was due to the macromolecular chain
fracture and the carbonization of the copolymer.

3.3 Performance Evaluation of AATA Solution
3.3.1 Viscosity Enhancement Evaluation

In this paper, the viscosity of three different types of poly-
mer solution as a function of concentration was studied. As
shown in Fig. 11, the viscosity of the three polymer solu-
tion increased with the increase of concentration. At the
same concentration, the viscosity of AATA and KYPAM
were higher than AM/AA. Because AATA contained
organic siloxane functional monomer, the siloxane struc-
ture in aqueous solution was hydrolyzed to form silanol,
and dehydration condensation reaction occurred, so that
the polymer microstructure was grid-like, so its viscosity
was higher [48]. The hydrophobic group and hydrophilic
group in KYPAM molecular chain repelled each other,
resulting in larger hydrodynamic radius than AM/AA. So
its viscosity was higher, and the viscosity difference was
more obvious with the increase of concentration [49, 50].

3.3.2 Evaluation of Temperature-Resistance

AATA, AM/AA and KYPAM solution with concentra-
tion of 2 g/L were prepared with pure water. The viscos-
ity at different temperatures was measured. As shown in
Fig. 12(a), with the increase of temperature, the viscosity
of three types of polymer solution showed a downward
trend, and the viscosity of AATA solution decreased most
slowly. As can be seen in Fig. 12(b), the viscosity retention
rate of AATA solution was the highest (73.14%), and AM/
AA solution was only 51.72% at 85 °C.
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Fig.9 The microstructure of
AATA

3.3.3 Evaluation of Salt-Resistance
Since Na*, Ca?* and Mg?* can occur charge shield-

ing effect with carboxylic acid groups, the viscosity of
polymer solution can be reduced [51]. Therefore, it is

@ Springer

necessary to study the salt-resistance of polymer solu-
tion. In this paper, the effects of the Na™, Ca®*, Mg?*
and different mineralization degree simulated water
conditions on the viscosity of copolymer solution were
investigated.
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Fig. 10 (a) Comparison of TG
spectra of three different types
of polymers and (b) TG-DTG
spectra of AATA
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As shown in Fig. 13, with the increase of Na*, Ca**
and Mg?* concentration, the viscosity of AM/AA solu-
tion and KYPAM solution decreased significantly. When
the concentration of Na* was 3 x 10° mg/L, the viscosity
of KYPAM solution and AM/AA solution was very small,

T T
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temperature, °C

(b)

only 8.75 mPa-s and 7.32 mPa-s, respectively. However,
with the increase of Na*, the viscosity of AATA solution
increased first and then decreased. When the concentration
of Na™ was 1.6 x 10> mg/L, the viscosity reached the highest
(869.9 mPa-s). It was possibly due to the role of APC in the
polymer, the increase of cation concentration enhanced the
solution polarity and the hydrophobic association between
molecules made the polymer form a more stable network
structure so that the solution viscosity increased. The viscos-
ity of the polymer solution began to decrease after the con-
centration of Na* exceeded 1.6 x 10° mg/L, which was due to
the saturation of the ability of ethoxy to complexation metal
ions at high salinity. The metal ions that failed to complexa-
tion were combined with the anionic groups, which inhibited
the mutual repulsion between the anionic groups and made
the polymer molecular chain easy to curl. In addition, since
the charge of Ca®* and Mg>* was twice as much as Na*, the
electrostatic shielding effect on carboxylate was stronger, so
the decreasing trend of viscosity was more obvious.

Since the strata water was very complex which contained
a variety of cations, it was necessary to study the influence
of different mineralization degree on the polymer solution.
As shown in Fig. 13(d), AATA has better mixed salt-resist-
ance than KYPAM and AM/AA. When the mineralization
degree of simulated water was 2 X 10° mg/L, the viscosity of
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AATA was 46.43 mPa:-s, while the viscosity of KYPAM was
only 11.79 mPa-s, and AM/AA was lower, only 9.27 mPa-s.
This was due to the hydrophobic association and dehydration
condensation of APC and TEPA in AATA to form a network
structure, which made AATA maintain higher viscosity.

3.3.4 Evaluation of Anti-Aging

In order to meet the needs of reservoir, this paper studied the
viscosity change of polymer solution under high temperature
for a long time. Figure 14(a) showed that the viscosity of the
three polymer solution decreased significantly on the first

T T
10 12 0 50 100 150 200

mineralization degree, g/L
@

seven days and remained basically unchanged after 30 days.
On the 90th day, the viscosity of AATA was 47.89 mPa:s,
and the viscosity retention rate was 19.23%, which were
higher than KYPAM and AM/AA. The reason may be that
there was Si-O-Si structure in AATA, and the bond energy
of Si-O bond was higher than C-O and C-C, the stability
was stronger. Therefore, the viscosity loss of the AATA was
smaller at high temperature.

As shown in Fig. 14(b), the viscosity of AATA showed
the same trend with time under different temperature con-
ditions. On the 90th day, the viscosity retention rate of
AATA was the highest at 45 °C, reached 72.34%, while it
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was only 19.23% at 90 °C. It showed that the higher the
temperature, the faster the oxidative degradation rate of
the polymer, the more serious the viscosity loss.

3.3.5 Evaluation of Shear-Resistance

AATA, KYPAM and AM/AA solution with the same concen-
tration (2 g/L) were prepared with pure water to observe the
viscosity changes at different shear rates (0.1 s™' ~1000 s™).
With the increase of shear rate, shear thinning occurred in all the
polymer solution (Fig. 15). When the shear rate was 1000 s~
the viscosity retention rate of KYPAM was the smallest (0.1%),
and AM/AA was 0.26%. At the same time, the viscosity reten-
tion rate of AATA was the largest (2.75%). This indicated that
AATA had stronger shear-resistance under the same conditions.
In conclusion, the decrease trend of viscosity at the same shear
rate was KYPAM > AM/AA > AATA.

3.3.6 Viscoelasticity Evaluation

Viscoelasticity had an important impact on the properties of
polymer solution. Therefore, the dynamic shear experiment was
carried out at 25 °C. AATA, AM/AA and KYPAM solution with
concentration of 2 g/L. were prepared with pure water. As shown

in Fig. 16(a), the elastic modulus (G') and the viscous modulus
(G") of three polymer solution increased with the increase of
the oscillation frequency. The G' of AATA and KYPAM was
always greater than the G”, indicating that AATA and KYPAM
were always dominated by elasticity in the dynamic shear flow
experiment. The G’ of AATA was always higher than AM/AA,
indicating that the viscoelasticity of AATA was stronger.

Dynamic shear flow experiments were carried out at 25 °C,
45 °C and 80 °C to investigate the effect of temperature on the
viscoelasticity of AATA. As shown in Fig. 16(b), at 25 °C and
45 °C, the G' of AATA was greater than G”, the elasticity was
dominant and the G” was greater than G’ at 80 °C, the viscos-
ity was dominant. Due to the higher elasticity, the polymer
solution could bring more crude oil through deformation in
the process of oil displacement, so the polymer solution had
better oil displacement effect at lower temperature.

3.4 Flooding
3.4.1 Oil Displacement Effects of Two Polymer Systems

The oil displacement effects of AM/AA and AATA were
compared at 60 °C. As shown in Fig. 17, AM/AA can

Fig. 15 (a) Viscosity changes
of three types of polymers
solutions with shear rate and
(b) viscosity retention changes 3
of three types of polymers solu-
tions with shear rate
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Fig. 17 Oil displacement
performance of two polymer
systems at 60 °C and 1x 10°
mineralization degree (a) AM/
AA flooding and (b) AATA
flooding
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Table 4 Oil displacement performance of AATA various temperatures

Temperature(°C) Water drive Recovery Subsequent EOR (%)

recovery factor of water
efficiency  polymer flooding
(%) flooding recovery
(%) factor (%)
60 42.56 10.29 9.54 19.92
75 40.1 8.64 7.69 16.33
90 42.37 5.66 6.77 12.33

enhance oil recovery by 14.77%, and AATA can enhance
oil recovery by 19.92%, 5.15% higher than AM/AA. The
reason was that the viscosity of AATA solution was higher
than AM/AA solution under the same conditions due to the
hydrogen bond association and dehydration condensation
of silanol in AATA. Therefore, under the same perme-
ability conditions, AATA had stronger ability to control
the flow ratio, which can better suppress the fingering
phenomenon of injection water and improve the sweep
efficiency. Also, AATA had better viscoelasticity and can
carry more crude oil in pores through deformation, so as
to further enhance oil recovery.

3.4.2 Oil Displacement Effects of AATA at Various
Temperatures

The oil displacement efficiency of AATA was measured at
60 °C, 75 °C and 90 °C, respectively. The injection rate was
0.5 mL/min. 2 PV simulated water, 0.5 PV AATA solution and
2 PV subsequent simulated water were successively injected.

As shown in Table 4 and Fig. 18, elevated temperature
had adverse effect on polymer flooding efficiency. At 60 °C,
AATA can improve the recovery by 19.92%. With the tem-
perature increased, the recovery decreased significantly. This
was due to the low viscosity of AATA affected by high tem-
perature and the poor ability to improve the fluidity ratio,
resulting in decrease in recovery. However, because AATA
had a certain temperature and salt resistance, it still showed
a good oil displacement effect at 90 °C, and the enhanced
oil recovery reached 12.33%.

4 Conclusions

In summary, the temperature-resistant monomer TEPA con-
tained siloxane functional group and the hydrophobically
associating salt-resistant monomer APC were successfully
designed and synthesized. TEPA, APC, AM and AA were
copolymerized to obtain AATA quaternary copolymer by
micelle polymerization. The structures of TEPA and AATA
were characterized by FTIR and '"H NMR, which confirmed
that TEPA and APC were successfully introduced into the
copolymer molecular chain. SEM showed that AATA had
obvious network structure. Thermogravimetric analysis
showed that AATA had better resistance to high thermal
decomposition. The oil displacement experiment showed that
the oil displacement efficiency of AATA was better than AM/
AA under the same conditions, and the oil recovery can still be
increased by 12.33% at 90 °C. It indicated that AATA as an oil
displacement agent had good ability to enhance oil recovery.
In short, these results showed that AATA had the possibility
of application in high temperature and high salinity reservoirs
with temperature of 90 °C and salinity of 2 x 10> mg/L.
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Fig. 18 Oil displacement per-
formance of AATA at 1x 10°
mineralization degree and vari-
ous temperatures (a) at 60 °C
(b) at 75 °C and (c) at 90 °C
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