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Abstract: Two acid thickeners, ADMC and ADOM, were prepared by aqueous solution polymeriza-
tion using acrylamide (AM) and methacryloyloxyethyl trimethyl ammonium chloride (DMC) as raw
materials, with or without the introduction of octadecyl polyoxyethylene ether methacrylate (OEMA).
It was characterized by FTIR, 'H NMR, and the fluorescence spectra of pyrene. The double-layer
thickening mechanism of ADOM was proved by comparing the thickening and rheological properties
of ADMC and ADOM tested by a six-speed rotary viscometer and a HAKKE MARSIV rheometer
during the acidification process. The results showed that the synthetic product was the target product;
the first stage of the self-thickening ADOM fresh acid solution during high-temperature acidification
was mainly affected by Ca®* concentration, and the second stage of self-thickening was mainly
affected by temperature. The residual viscosity of the 0.8 wt% ADOM residual acid solution was 250,
201.5, and 61.3 mPa-s, respectively, after shearing at 90, 120, and 150 °C for 60 min at a shear rate of
170 s~ 1. The thickening acid ADOM with a hydrophobic association structure has good temperature
resistance and shear resistance, which can be used for high-temperature deep-well acid fracturing. In
addition, no metal crosslinking agent was introduced in the system to avoid damage to its formation,
and ADOM exhibited good resistance to CaZ*, which could provide ideas for the reinjection of the
acidizing flowback fluid. It also has certain advantages for environmental protection.

Keywords: hydrophobic association; high-temperature resistance; acid self-thickening; thickening
acid; cationic polyacrylamide

1. Introduction

Fracturing is one of the most important means to develop unconventional resources
and improve the production of oil and gas wells. However, conventional hydraulic fractur-
ing technology has limited effects on the transformation of tight carbonate reservoirs [1].
Carbonate reservoirs have become an important field for oil and gas exploration and
development. The distribution of carbonate reservoirs worldwide is also very extensive,
with enormous exploration and development potential. Due to the complex geological
conditions and strong heterogeneity of carbonate reservoirs, the development of carbonate
reservoirs poses certain difficulties. Usually, carbonate reservoirs require reservoir transfor-
mation in order to achieve the goal of understanding the reservoir and increasing storage

Polymers 2024, 16, 679. https:/ /doi.org/10.3390 /polym16050679

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym16050679
https://doi.org/10.3390/polym16050679
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://doi.org/10.3390/polym16050679
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym16050679?type=check_update&version=1

Polymers 2024, 16, 679

20f13

and production [2-4]. Acid fracturing is one of the important measures to transform tight
carbonate reservoirs [5-7]. The small viscosity and large acid-rock reaction rate make the
acid leak serious, and it is difficult to communicate with the formation far away from the
wellbore. How to reduce acid filtration is the primary problem to improve the effect of acid
fracturing [8,9].

In order to reduce acid filtration, special acid systems have been developed, including
emulsified acid, variable—viscosity acid, and thickened acid. Among them, emulsified acid
is the emulsification of acid liquid wrapped in oil droplets through an emulsifier. Before
demulsification, the contact between the acid and rock should be avoided as much as
possible so as to reduce the reaction rate of the acid rock. However, its limited application
is mainly due to the high cost, large construction friction, and immature system. Variable
viscosity acid is obtained by introducing a temperature-sensitive or salt-sensitive crosslink-
ing agent into the acid solution. The crosslinking agent in variable viscosity acid begins to
crosslink to increase the viscosity of the acid when the formation rises to a certain tempera-
ture (temperature sensitivity) or the acid and rock reacts to a certain extent (salt sensitivity).
However, the application of variable viscosity acid is limited because the crosslinking agent
currently used is mainly a metal crosslinking agent and metal ions are more harmful to the
reservoir [10,11]. The viscoelastic surfactant variable viscosity acid (VES) obtained by the
association between surfactants can also improve the effect of acid fracturing [12,13]. The
viscoelastic surfactant variable viscosity acid (VES) obtained by the association between
surfactants can also improve the effect of acid fracturing. Poor temperature resistance
leads to the limited application range of the acid system. The thickened acid system has a
certain viscosity and small friction, which can effectively control the acid-rock reaction rate.
However, the insufficient temperature resistance of thickened acid limits its application in
the acid fracturing of high-temperature wells [14-17]. After investigation, it was found that
the temperature resistance of the existing thickened acid was basically below 140 °C [18-21].
In addition, because the acidizing flowback fluid contains a large amount of Ca** when it
is used to prepare conventional thickened acid, the viscosity is low, the viscosity increase
rate is slow or even has no viscosity, and the flowback fluid cannot be reused, resulting in
greater pressure on environmental protection.

Hydrophobically associated polyacrylamide is mainly prepared by acrylamide and
long-chain alkyl hydrophobic monomers. By introducing a hydrophobic side chain on
the main chain, the aqueous solution can form a network structure under a hydrophobic
association to improve its temperature and shear resistance [22-26]. Good temperature and
shear resistance can meet the requirements of fracturing fluid to form cracks and joints
under the action of a thermal and hydraulic transition and shorten the time of maximum
crack opening displacement (COD) [27].

Herein, based on this research background, the acid thickener ADMC was prepared
from acrylamide (AM) and methacryloyloxyethyl trimethyl ammonium chloride (DMC)
by an aqueous solution. The acid thickener ADOM with a hydrophobic association struc-
ture was prepared by aqueous solution polymerization with AM, DMC, and octadecyl
polyoxyethylene methacrylate (OEMA) as raw materials. The acid solution of ADOM can
show two levels of the self-thickening phenomenon in the process of high-temperature
acidification without introducing a crosslinking agent so as to avoid damaging the metal
crosslinking agent during the formation. The change in Ca?* concentration and temperature
made hydrophobic side chains entangled with each other, which improved the viscosity and
the temperature resistance of ADOM acid. It provided theoretical support for improving
the temperature resistance and service temperature of thickened acid.

2. Materials and Methods
2.1. Materials

Acrylamide (AM, CP), methacryloyloxyethyl trimethyl ammonium chloride (DMC,
75%), ammonium persulfate (APS, AR), sodium bisulfite (SBS, AR), hydrochloric acid (HC],
AR), calcium chloride (CaCl,, AR), calcium carbonate (CaCOs3, AR), and anhydrous ethanol



Polymers 2024, 16, 679

30f13

(>99.7%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China),
2,2'-Azobis(2-methylpropionitrile) (AIBN,99%), 2,2'-Azobis(2-methylpropionamidine) di-
hydrochloride (V-50,97%), and pyrene (97%) were purchased from Aladdin Reagent Net-
work (Shanghai, China) alongside octadecyl polyoxyethylene methacrylate (OEMA, 50%)
were purchased from Shanghai Palimo New Materials Co., Ltd.(Shanghai, China).

2.2. Equipment

INVENIO Fourier transform infrared spectroscopy, AVANCE NEO 600 MHz nuclear
magnetic resonance spectroscopy, the FS5 fluorescence spectrometer, six-speed rotational
viscometer (ZNN-D6B), an Attension tensiometer (Sigma 702, Biolin Scientific, Espoo,
Finland), HAKKE MARSIV rheometer, and a field emission scanning electron microscope
were used (SEM, Regulus 8100,Tokyo, Japan).

2.3. Synthesis of ADMC and ADOM

The 213 g (3 mol) AM, 207 g (1 mol) DMC, and monomer were dissolved in 580 g of
water and fully stirred. The pH of the solution was adjusted to 6 with hydrochloric acid
to obtain the ADMC reaction solution. The reaction solution of ADOM was obtained by
adding 3.38 g (0.01 mol) of the OEMA monomer to the above ADMC reaction solution.
The system was cooled to 5 °C using an ice water bath and poured into a thermos flask.
After deoxygenation by nitrogen for 30 min, 0.048 g (0.0002 mol) of ammonium persulfate,
0.022 g (0.0002 mol) of sodium bisulfite, 0.5 g of AIBN (0.003 mol), and 0.14 g (0.0005 mol)
of V-50 were added, and the reaction was kept at atmospheric pressure for 4 h. After the
reaction was completed, the product was granulated by a granulator, dried at 60 °C and
ground to obtain the white powder products ADMC and ADOM. Purified with ethanol,
vacuum drying was performed 24 h after characterization and performance testing. The
synthetic routes of the self-thickening agents ADMC and ADOM are shown in Figure 1
and Figure 2, respectively.

S

Figure 1. The synthetic route of the ADMC molecule.
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Figure 2. The synthetic route of the ADOM molecule.
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2.4. Characterization and Performance Testing
2.4.1. Characterization

The infrared spectra of ADMC and ADOM were measured by the INVENIO Fourier
transform infrared spectrometer(Brooke (Beijing) Technology Co., Ltd.,Bei jing, China).
The 'H NMR spectra of ADMC and ADOM in D,O were characterized by AVANCE
NEO 600 MHz. The fluorescence intensity of pyrene in ADMC and ADOM solutions
was determined by a fluorescence spectrometer. The ring method was used to test the
surface tension of different concentrations of ADMC and ADOM aqueous solutions on an
Attension tensiometer (Sigma 702, Biolin Scientific, Espoo, Finland).

2.4.2. Rheological Properties

The apparent viscosity of 0.8% ADMC- and ADOM-thickened acids prepared with
different concentrations of hydrochloric acid was tested by a six-speed rotary viscometer
(ZNN-D6B, Qingdao Hengtaida Electromechanical Equipment Co., Ltd.,Qingdao, China)
at 25 °C and 100 r/min, and the change rule between the apparent viscosity and acid
concentration was studied. The temperature resistance, shear resistance, and viscoelasticity
of the prepared sample solution were tested by the HAKKE MARSIV rheometer (Thermo
Fisher Science Technology (China) Co., Ltd., Shanghai, China.)

2.4.3. Measurement of Environmental Scanning Electron Microscope

The sample was a 0.8 wt% ADMC and ADOM residual acid solution prepared by
vacuum sublimation freeze-drying technology. The structure of the samples was studied
by field emission scanning electron microscopy (Regulus 8100,Tokyo, Japan).

3. Results and Discussion
3.1. Characterization of Polymers
3.1.1. FT-IR

Figure 3a shows the FT-IR spectra of ADMC and ADOM. Among them, the char-
acteristic absorption peaks at 3350 cm~!, 3180 cm~!, and 1670 cm~! are the stretching
vibration peaks of N-H and C=0 in AM, respectively. The characteristic absorption peaks
at 2952 cm~!, 1735 cm ™!, and 1130 cm ™! are the stretching vibration peaks of C-H, C=0,
and C-O in DMC. The characteristic peak of the bending vibration of the -CH,-N(CHs)3
quaternary ammonium salt group was obtained in DMC. Compared with the FI-IR spec-
trum of ADMC, the FT-IR spectrum of ADOM has an absorption peak at 1403 cm~!. And
the absorption peak at 1403 cm ! is the bending vibration absorption peak of CHj on the
long chain alkyl. The above proves that ADOM was successfully synthesized.
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Figure 3. Cont.
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Figure 3. (a) FT-IR spectra; (b) surface tension of polymers; (c) the dispersion diagram of pyrene in
ADMC aqueous solution; (d) the dispersion diagram of pyrene in ADOM aqueous solution; (e) the
IH NMR spectra of ADMC; and (f) the 1H NMR spectra of ADOM (In (e,f), the lowercase letters a~k
represent different types of protons.).

3.1.2. Surface and Interfacial Tension Tests

The side chain of the thickener ADMC for conventional thickening acid only con-
tains hydrophilic groups such as amide groups and cationic groups. On this basis, the
hydrophobic monomer OEMA was introduced to synthesize the ADOM acid thickener
with a hydrophobic structure. Figure 3b is the surface tension test of ADMC and ADOM at
different concentrations. ADMC only contains hydrophilic side chains, and its aqueous
solution does not exhibit surface activity because its aqueous solution has a certain viscosity,
and the surface tension increases. Therefore, with the increase in ADMC concentration,
the surface tension of its aqueous solution is slightly larger than that of water, showing a
slow upward trend. When the ADMC concentration is 2000 mg/L, the surface tension of
its aqueous solution is 72.52 mN/m. The difference is that the ADOM acid thickener con-
tains both hydrophilic side chains and hydrophobic side chains, and its aqueous solution
exhibits surface activity [28]. With the increase in the ADOM concentration, the surface
tension of its aqueous solution gradually decreases. When the concentration of ADOM
is 2000 mg/L, the surface tension of its aqueous solution is 41.37 mN/m. The variation
in the surface tension of the ADMC and ADOM aqueous solution with concentration
confirmed that the acid thickener ADOM containing a hydrophobic association structure
was successfully synthesized.

3.1.3. Fluorescence Spectrum Test of Pyrene

In the steady-state fluorescence spectrum of pyrene, the intensity of the first peak
(I1) and the intensity of the third peak (I3) are larger than those in the polar environment,
which could sensitively reflect the polarity change in the microenvironment in the solution.
The greater the polarity, the greater the ratio of Iy /I3. Therefore, it is possible to determine
whether the system contains a hydrophobic association by measuring the fluorescence
intensity of pyrene. In the ADMC solution, the dispersion state of pyrene is similar to that
in clear water, which is in a crystal state. As shown in Figure 3¢, the ratio of I /I3 is close to
two, and there is no hydrophobic association with the microdomain. The acid thickener
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ADOM has a hydrophobic association structure, which can form a hydrophobic association
microdomain in the water to make pyrene leave the aqueous phase and solubilize into the
system. As shown in Figure 3d, the value of I /I3 becomes smaller and close to one. The
different I; /I3 values of pyrene in the ADMC and ADOM aqueous solutions prove that
there are hydrophobic association microdomains in the ADOM aqueous solution, which
indirectly proves that ADOM is the target product [29].

3.1.4. 'TH NMR

To further demonstrate the structure of ADMC and ADOM, the 'H NMR spectra of
ADMC and ADOM were shown in Figure 3e and Figure 3f, respectively. From Figure 3e,
the solvent peak is 4.70 ppm (D;0). In Figure 3e, 1.57 ppm is -CHj- from AM, 2.2 ppm is
-CH- from AM, 1.7 ppm is CH;-C- from DMC, 3.3 ppm is -CH,-N from DMC, 3.9 ppm is
O-CH; from DMC, 1.2 ppm is -C-CHj3 from DMC, and 3.1 ppm is N-(CHj3)3 from DMC. In
Figure 3e, the proton peak height at 1.57 ppm is twice as high as that at 1.7 ppm, while in
Figure 3f, the difference between the proton peak height at 1.7 ppm and that at 1.57 ppm is
smaller. This is because part of the proton peak comes from -CH,-C- in OEMA. In Figure 3e,
the height of the proton peak at 1.2 ppm is twice as high as that at 1.7 ppm, but in Figure 3f,
the ratio of the height of the proton peak at 1.2 ppm to the height of the proton peak at
1.7 ppm is significantly larger. This is because some of the proton peaks are provided
by-C-CHj3 and (-CHj-)17 from OEMA; 3.5 ppm is-OCH;CH;-O from OEMA. The results
show that the synthesized product was consistent with the target product. The 'H NMR
spectrum of ADMC and ADOM data is further summarized in Table 1.

Table 1. The 'H NMR spectrum of ADMC and ADOM data.

5, ppm Protons from ADMC Protons from ADOM

1.2 d, -C-CHj;, (DMC) d, h, k, -C-CHj3, (DMC), -C-CHj3, (-CH;-)17, (OEMA)
15 a, -CH;-, (AM) a, -CHj-, (AM)

1.7 ¢, -CH,-C-, (DMC) ¢, i, -CH,-C-, (DMC), -CH,-C-, (OEMA)

22 b, -CH-, (AM) b, -CH-, (AM)

31 g N-(CHy)s, (DMC) g N-(CHs);, (DMC)

3.3 f, -CH,-N-, (DMC) f, -CH»-N-, (DMC)

3.9 e, O-CH,-, (DMC) e, O-CH,-, (DMC)

3.5 / j, (CH,CHj,-O-)n, (OEMA)

3.2. Study on Thickening Mechanism of ADMC and ADOM Acid Solution

The external factors affecting the rheological properties of hydrophobic-associated
polymers are mainly salt and temperature.

3.2.1. Effect of Salt

During the acid-rock reaction, the concentration of H* decreases, and the concentration
of Ca?* increases. And, in general, divalent ions have a greater effect on the rheological
properties of polymer solutions than monovalent ions. It is necessary to study the effect
of salt on shear behavior. Salt increases the polarity of the solution and enhances the
hydrophobic association, which means that as the network structure increases, the viscosity
of the solution increases, and the temperature and shear resistance is enhanced [30,31]. The
viscosity of the fresh acid solution and residual acid solution of ADMC, ADOM, and the
viscosity of simulated residual acid solution of ADOM conform to this change rule.

The 0.8 wt% ADMC fresh acid solution was obtained by completely dissolving 1.6 g
of ADMC in 198.4 g of 20 wt% hydrochloric acid. The residual acid solution with a
hydrochloric acid mass fraction of 15%, 10%, 5%, and ~0% was obtained by completely
swelling the 0.8% ADMC fresh acid solution and adding 13.7, 27.4, 41.1, and 54.8 g of CaCOs3
powder according to the reaction relationship between hydrochloric acid and calcium
carbonate (molar ratio of 2:1). The fresh acid solution of ADOM and the residual acid
solution with different reaction degrees were obtained by the same steps. The simulated
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residual acid solution was prepared with CaCl, and different concentrations of hydrochloric
acid according to the reaction relationship between hydrochloric acid and calcium carbonate
(molar ratio of 2:1). For example, the 10% residual acid solution was obtained by consuming
10 g (0.274 moL) of HCI and generating 15.07 g (0.137 moL) of CaCl, from 100 g of fresh
acid (20 wt%) during the acid-rock reaction. Therefore, the simulated 10% residual acid
solution was prepared by 84.93 g of 10% hydrochloric acid and 15.07 g of CaCl,. The ratio of
hydrochloric acid and CaCl, in the residual acid solution with different acid-rock reaction
degrees is shown in Table 2.

Table 2. Configuration of residual acid solution with different acid-rock reaction degrees.

Simulated
Concentration of 20% 15% 10% 5% ~0%
Hydrochloric Acid
Addition of 100 g of 20% 92.47 g of 15% 84.94 g of 10% 77.41 g of 5% 69.88 & of water
hydrochloric acid hydrochloric acid hydrochloric acid hydrochloric acid hydrochloric acid 08
Addition of CaCl, Og 753 ¢g 15.06 g 2259 ¢ 3012 g

Note: The percentages in the table are mass fractions.

In Figure 4, the viscosity change rule of b (150~579 mPa-s) and e (84~75 mPa-s) is
opposite. The reason for this situation is that there is an increase in the Ca?* concentration
in the acid—rock reaction, the polarity of the acid solution is enhanced, and the hydrophobic
chain segments are entangled with each other. In addition, ¢ (150~190 mPa-s) and d
(84~93 mPa-s) have the same change rule. This is because only the concentration of H* is
reduced, Ca?" is not introduced, and free H* affects the thickening ability of the acrylamide
group in water. This is also the reason why the end viscosity of a (627 mPa-s) is greater than
that of b (579 mPa-s). By comparing the viscosity variation in the residual acid solution, it
is proved that Ca* is the main factor affecting the viscosity of the ADOM self-thickening
acid solution.

700

2 600 F
£ a
i 500 | \
‘z 400 b
g
5 300
; C
E.; 200+ il
(=9
2100 N Vabadi
\e
ol . . . .
20 15 10 5 0
HCI (Wt%)

Figure 4. Viscosity change in the ADMC, ADOM acid solution, and simulated residual acid solution
of ADOM: (a) simulated 0.8% ADOM residual acid solution; (b) 0.8% ADOM residual acid solu-
tion; (c) 0.8% ADOM acid solution; (d) 0.8% ADMC acid solution; and (e) 0.8% ADMC residual
acid solution.

Figure 5a,b is the diagram of the change in the molecular chain aggregation state
of the acid solution of ADMC and ADOM in the process of the acid-rock reaction. In
Figure 5a, the molecular chain is in a normal swelling state in the ADMC fresh acid solution.
During the acid-rock reaction, with the increase in Ca?* concentration in the solution, CaZ*
makes the polarity of the solution stronger, interacts with the cationic side chain (from
DMC) in the ADMC molecular chain, and makes the ADMC molecular chain curl. The
macroscopic performance is that the viscosity of the acid solution decreases. The swelling
state of the ADOM molecular chain in a fresh acid solution is shown in Figure 5b as normal
swelling, which is similar to the swelling state of ADMC in a fresh acid solution. However,
Figure 5a,b also show the differences in the microstructures between ADOM and ADMC.
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ADMC CaCO,

On the one hand, during the acid-rock reaction, Ca?* makes the polarity of the solution
stronger, and the presence of cationic groups makes the molecular chains curl. On the other
hand, different from ADMC, there are both hydrophilic side chains and hydrophobic side
chains (as shown by the red chains in Figure 5b) in the ADOM polymer chains as acid
thickeners. After the complete reaction between CaCO3 and hydrochloric acid, there are
both intramolecular and intermolecular hydrophobic associations in the ADOM molecular
chain aggregates, forming a microscopic network structure (as shown by the right half of
Figure 5b) that leads to an increase in solution viscosity; at the same time, the hydrophobic
chain segments in the ADOM acid solution are entangled and associated with each other
due to the increase in polarity. The macroscopic performance is that the viscosity of the
acid solution increases, and the temperature resistance is enhanced.

ADOM  CaCO,

rd

L)

Figure 5. The schematic diagram of the aggregation state of the molecular chains of ADMC and
ADOM during the acid-rock reaction: (a) ADMC; (b) ADOM.

Figure 6 shows the viscoelastic tests of 20% fresh acid solution, 10% residual acid
solution, and ~0 residual acid solution of ADMC and ADOM, respectively. In Figure 6a,
with the decrease in acid concentration, the increase in Ca?* concentration enhanced the
polarity of the solution, interacted with the cationic group in DMC, curled the ADMC
molecular chain, reduced the difference between G’ and G” of the solution, and weakened
the elasticity of the solution. Among them, the viscoelastic test of the ~0% residual acid
solution of ADMC shows that G” is greater than G’ in the frequency range of 0.1~1 Hz,
indicating that the solution is in a viscous fluid state at this frequency. As shown in
Figure 6b, the viscoelasticity of ADOM acid solutions with different acid concentrations
was compared and tested. With the decrease in acid concentration, the increase in Ca?*
concentration in the solution enhanced the polarity of the solution, forcing the hydrophobic
segments to intertwine and associate with each other. Under the action of shear stress, the
association point continuously breaks and re-associates. Therefore, the G” of ADOM acid
solution increases with the decrease in acid concentration, and the overall performance is
more elastic.

—a—G' (20%) G' (20%
(a) —o— G" (20%) (b) : G" ((200/:)
:g:' gg:;:; M ——G' (10%),
——G' (~0%) ——G" (10%
E —— G" (~0%) e ——G' (~0%
& g —G" (~0%)
Q g
o <
o
0.1 1 10 1oc 0.1 1 10 100
F (Hz) F (Hz)

Figure 6. Viscoelasticity of ADMC and ADOM acid solution. (a) ADMC; (b) ADOM.
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3.2.2. Effect of Temperature

For conventional water-soluble polymers, the viscosity of the solution decreases with
increasing temperature and obeys the Arrhenius formula [32], as shown in Formula 1.
However, the hydrophobic association is an entropy-driven process. The increase in
temperature is beneficial to the association and the formation of a network structure and
the improvement of the temperature resistance and shear resistance of the solution [33-35].

Figure 7 shows the rheological properties of ADMC and ADOM residual acid solutions
with ~0%, including the viscosity changes in the solution at 90 °C, 120 °C, and 150 °C at a
shear rate of 170 s~ . It can be seen from the green curve in Figure 7 that the viscosity of the
ADMC residual acid solution continues to decrease with the increase in shear temperature
and shear time. The residual viscosities after shearing for 60 min at three temperatures
were 47, 20, and 9 mPa-s, respectively.

600 140
100 — ADMC
—~ 500
—_ w
@ 480 s
<
< E 400
Z 160 = & 300 .
g 2 i\
£ £ 200 AW o0
< = - onventional
2 {40 £ swelling B/EN/%’
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2_ % 100 tate Intramolecular 140
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0 L L L A 20 0 L - . . 20
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Intramolecular|
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Figure 7. Temperature and shear resistance tests of the 0.8% ADMC and ADOM residual acid solution.

(a) 90 °C; (b) 120 °C; and (c) 150 °C.

In addition, the blue curve in Figure 7 is the shear performance test curve of ADOM
residual acid solution at three temperatures. It can be seen from Figure 7a that when
the ADOM residual acid solution was subjected to a shear performance test at 90 °C, the
viscosity of the residual acid solution continued to decrease with the increase in temperature
and the extension of shear time. The residual viscosity of the residual acid solution was
250 mPa-s after shearing for 60 min. It can be seen from the blue curve in Figure 7b that
when the temperature rose to 120 °C, the viscosity of the residual acid solution of ADOM
increased from 239 mPa-s to 266 mPa-s. This phenomenon was due to the association effect
in the molecular chain of the residual acid solution when the temperature was raised to
120 °C, and the macroscopic performance is that the viscosity of the solution increased. The
residual viscosity of the residual acid solution was 201.5 mPa-s after shearing at 120 °C for
60 min. The shear of the ADOM residual acid solution at 150 °C is shown in the blue curve
in Figure 7c. It can be seen from this figure that when the temperature rises to 120 °C, the
viscosity change rule is the same as the blue curve in Figure 7b, and the viscosity of the
solution increases slightly. In addition, when the temperature rose to 150 °C, the viscosity
of the solution increased from 85 mPa-s to 325 mPa-s, which is greater than the increase
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in the viscosity of the acid solution when the temperature rose to 120 °C. The viscosity of
the thickened acid solution increased because, at this temperature, the long-chain alkyl
groups were entangled with each other between the molecular main chains, and this was
stronger than the association effect within the molecular chain. Moreover, the spatial
network structure formed by entanglement was better than the temperature resistance
of simple long-chain macromolecules [36]. With the extension of shear time, the spatial
network structure was gradually destroyed, and the viscosity of the solution decreased.
After shearing at 150 °C for 60 min, the residual viscosity was 61.3 mPa-s.

In Figure 8a—f, the field emission scanning electron microscope image of the ADOM
molecular chain in the process of a simulated acid salt reaction is shown. Among them,
Figure 8a shows the 20% fresh acid solution of ADOM. In this figure, the polymer molecules
are flakes with many-branched chains but few association points. The field emission
scanning electron microscope images of residual acid solutions with hydrochloric acid
concentrations of 15%, 10%, 5%, and ~0% are shown in Figure 8b—f. As the concentration
of hydrochloric acid decreases, the concentration of CaZ* in the solution increases, and
the polarity of the solution increases. Ca®* is adsorbed into the polymer molecular chain,
forcing the hydrophobic segments to intertwine and associate with each other, and thus, the
network structure and association points gradually increase. The macroscopic performance
is the increase in solution viscosity, which is the same as the change law of apparent
viscosity in Figures 4 and 5.

Figure 8. An 0.8 wt% ADOM-simulated residual acid solution scanning electron microscope; (a) 20%
fresh acid solution; (b) 15% residual acid solution; (c) 10% residual acid solution; (d) 5% residual
acid solution; (e) ~0% residual acid solution; (f) and the ~0% residual acid solution of ADOM was
magnified 2000 times.

3.2.3. Formula of rheology behavior

n = Aexp(E/RT) 1)

where 7 is the viscosity (mPa-s), A is a constant, E; is the activation energy of the viscous
flow (J-mol~!), R is the gas constant (J/(mol*K)), and T is the thermodynamic tempera-
ture (K).

4. Conclusions

In conclusion, a novel acid thickener ADOM with a hydrophobic association structure
was prepared by aqueous solution polymerization using AM, DMC, and OEMA as raw
materials. The viscosity of the 0.8 wt% ADOM acid thickener in 20 wt% hydrochloric
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acid is 150 mPa-s. At the same time, the mechanism of the two-level self-thickening
phenomenon of the ADOM fresh acid solution during high-temperature acidification was
studied. Specifically, a thickening phenomenon occurs when the H* in the acid solution is
consumed and the Ca?* concentration increases during the acid-rock reaction. Another
thickening phenomenon is that the temperature changes the aggregation state of the ADOM
molecular chain in the residual acid solution to increase its viscosity, which occurs in the
process of acid migration away from the wellbore. This conclusion was obtained by the
phenomenon that the viscosity of the ADOM residual acid solution increases at 120 and
150 °C in the temperature and shear resistance test. The mechanism of the thickening
phenomenon of these two levels is proved in this paper. The residual viscosity of 0.8%
ADOM residual acid solution was 250, 201.5, and 61.3 mPa-s, respectively, after shearing at
90, 120, and 150 °C for 60 min at the shear rate of 170 s~1. In addition, because the liquid,
after acidizing flowback, contains a large amount of Ca*, the viscosity is small when it is
used to prepare conventional thickening acid, which affects the construction effect. Ca®*
has a good thickening ability for the thickening acid of ADOM and provides technical
support for the reinjection of acidizing flowback fluid, which can reasonably develop and
utilize water resources. In general, the hydrophobic associative acid thickener ADOM,
with certain environmental protection effects and good temperature resistance, has a good
application prospect in high-temperature acidification construction.
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