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Abstract: To address the single functionality, insufficient temperature and acid 12 

resistance, and difficulty in balancing retardation and diversion of acidizing fluids for 13 

high-temperature carbonate reservoirs, a zwitterionic penta-copolymer hydrophobic 14 

associating thickener (MFAT) was designed and synthesized. Its backbone contains 15 

amide, carboxyl, and sulfonic groups, while its hydrophobic and cationic side chains 16 

contain numerous quaternary ammonium cations and di-cationic structures, enabling 17 

good molecular chain extension, hydrophobic association, and electrostatic synergy in 18 

strongly acidic and high-ionic-strength environments. MFAT has a viscosity-average 19 

molecular weight of 8.43×10⁶ g/mol and shows good thickening ability in 20% HCl as 20 

a gelled acid thickener. With viscoelastic surfactants, it forms a high-temperature-21 

resistant gelled acid system with a retardation rate above 65% at 160 °C. MFAT and 22 

organic zirconium crosslinker construct a delayed crosslinked acid system with a 23 

crosslinking time of up to 157 s and a retardation rate above 75% at 160 °C. In 20% 24 



HCl, 0.2% MFAT exhibits the best drag reduction performance, and with surfactant 25 

assistance, the drag reduction rate exceeds 75%. Additionally, 0.1% MFAT significantly 26 

improves the temperature resistance of VES diverting acid; parallel core experiments 27 

show the maximum temporary plugging diversion pressure increases from 3.9 to 5.3 28 

MPa, and the permeability improvement ratio of the low-permeability core increases 29 

from 8.53 to 12.63. These results indicate that MFAT constructs an acid- and 30 

temperature-resistant associating network through the synergy of "hydrophobic 31 

association–electrostatic interaction–hydrogen bonding," serving as a multifunctional 32 

acidizing thickener for gelled acid, crosslinked acid, drag-reducing acid, and diverting 33 

acid systems in high-temperature carbonate acidizing, with important engineering 34 

application value. 35 

Keywords: Multifunctional thickener; gelled acid; crosslinked acid; diverting acid 36 

1. Introduction 37 

In carbonate acidizing, the reaction rate between the acid fluid and the rock is one of 38 

the key factors determining the acidizing effect [1-3]. For high-temperature and high-39 

pressure carbonate reservoirs, conventional hydrochloric acid reacts extremely rapidly 40 

with carbonate rock, and the acid is often consumed near the wellbore, resulting in a 41 

limited acid-etched fracture length and making deep penetration into distant fractures 42 

difficult [4, 5]. To solve this problem, the viscosity of the acid fluid usually needs to be 43 

increased to inhibit the mass transfer of H+ to the rock surface, reduce the acid–rock 44 

reaction rate, and thereby achieve deep acid penetration [1-6]. Gelled acid and 45 

crosslinked acid are two commonly used high-temperature acidizing systems. Gelled 46 

acid increases the acid viscosity through a thickener, reduces the hydrogen ion mass 47 

transfer rate, and thus retards the acid–rock reaction [6, 7]. Crosslinked acid, on the other 48 

hand, forms a three-dimensional gel network in a strongly acidic environment through 49 

a thickener and an organic crosslinker, further improving the acid viscosity and 50 

retardation performance, and therefore has good application prospects in high-51 

temperature carbonate acid fracturing [8-11]. In addition, for relatively low-temperature 52 

or unconventional oil and gas reservoirs, large-displacement slickwater acid systems 53 

are often used for volumetric fracture network construction, which places higher 54 

demands on acid-resistant drag reducers [12, 13]. For porous carbonate rocks, viscoelastic 55 

surfactant (VES) diverting acid is an effective matrix acidizing fluid. It preferentially 56 

enters high-permeability macropores, thickens as the acid–rock reaction proceeds, and 57 



plugs the macropores, forcing subsequent acid to enter low-permeability regions and 58 

achieving acid diversion [14-18]. However, VES diverting acid is mainly composed of 59 

small-molecule surfactants. At high temperatures (> 120∘C ), intensified molecular 60 

thermal motion and decreased micelle structural stability lead to insufficient 61 

temperature resistance and diversion performance [19, 20]. 62 

It can thus be seen that high-temperature carbonate acidizing often requires the 63 

separate development of thickeners, crosslinkers, drag reducers, and stabilizers, 64 

resulting in complex systems, high compatibility requirements, and inconvenient field 65 

application. At present, research on acid thickeners at home and abroad mainly focuses 66 

on polyacrylamides, sulfonic acid polymers, hydrophobic associating polymers, and 67 

zwitterionic polymers. Although polyacrylamide thickeners have good thickening 68 

ability, they are prone to acid-induced hydrolysis and thermal degradation under 69 

strongly acidic and high-temperature conditions, leading to viscosity loss [3-9, 19, 20].     70 

Sulfonic acid polymers, owing to the introduction of strongly acidic monomers such as 71 

AMPS, show improved acid and salt resistance, but their drag reduction and diversion 72 

stabilization functions are limited. Hydrophobic associating polymers form reversible 73 

networks through physical association between hydrophobic chains and exhibit good 74 

thickening and shear resistance, but in strongly acidic and high-ionic-strength 75 

environments, hydrophobic association is easily affected by ionic shielding and acid-76 

induced chain coiling. Zwitterionic polymers, because they contain both cationic and 77 

anionic groups, have good salt tolerance and anti-polyelectrolyte effects, and show 78 

potential application advantages in strongly acidic environments. However, research on 79 

multifunctional acid thickeners that simultaneously possess thickening, drag reduction, 80 

crosslinking, and VES stabilization functions is still relatively scarce, especially 81 

systematic evaluations under high-temperature carbonate acidizing conditions [21, 22]. 82 

Based on the above problems, this work designed and synthesized a zwitterionic penta-83 

copolymer hydrophobic associating polymer thickener (MFAT), in which cationic 84 

groups, sulfonic groups, and long hydrophobic chains are simultaneously introduced 85 

into the molecular structure. Among them, AM provides the backbone skeleton and 86 

hydrogen bonding sites; AA provides carboxyl groups, enhancing the hydrophilicity 87 

and pH responsiveness of the molecular chain; AMPS provides strongly acidic sulfonic 88 

groups, enabling the polymer to maintain certain charge repulsion and chain extension 89 

ability in strongly acidic and high-salt environments; DMDAAC and DCGM provide 90 

cationic groups and long hydrophobic chains. In particular, DCGM contains a di-91 



cationic structure and long-chain alkyl groups, enabling it to form a physical 92 

crosslinking network through the synergy of electrostatic interaction [18-22], hydrophobic 93 

association, and hydrogen bonding even under strongly acidic conditions. This structure 94 

allows MFAT to maintain good thickening, drag reduction, and stabilization abilities in 95 

strongly acidic and high-ionic-strength environments. MFAT can be used not only as a 96 

thickener for preparing gelled acid or crosslinked acid, but also for achieving drag 97 

reduction in strongly acidic environments, and as a stabilizer for VES diverting acid to 98 

improve its temperature resistance. 99 

In this work, the molecular structure, viscosity-average molecular weight, critical 100 

association concentration, rheological properties, temperature and shear resistance, 101 

retardation performance, crosslinking characteristics, drag reduction performance, and 102 

diverting acidizing effect of MFAT were systematically studied, and its mechanism of 103 

action was analyzed. The results can provide a theoretical basis and experimental 104 

support for the design of multifunctional acidizing fluids for high-temperature 105 

carbonate reservoirs, and have important engineering significance for simplifying acid 106 

fluid formulations and improving the comprehensive performance of high-temperature 107 

acidizing fluids. 108 

2. Experimental 109 

2.1 Materials 110 

Acrylamide (AM), acrylic acid (AA), 2-acrylamido-2-methylpropanesulfonic acid 111 

(AMPS), dimethyldiallylammonium chloride (DMDAAC), dodecylamine, 112 

epichlorohydrin, and N-(3-dimethylaminopropyl)methacrylamide (DMAPMA) were 113 

all of analytical grade and purchased from Shanghai Aladdin Biochemical Technology 114 

Co., Ltd. Ethanol, hydrochloric acid, ethyl acetate, sodium hydroxide, and 2,2'-115 

azobis(2-methylpropionamidine) dihydrochloride (V50) were all of analytical grade and 116 

purchased from Shanghai Macklin Biochemical Technology Co., Ltd. Rock slices and 117 

cores were made of artificial carbonate material. Erucylamide propyl dimethylamine 118 

carboxybetaine (EDCB) and erucylamide propyl dimethylamine sulfobetaine (EDSB) 119 

were of industrial grade and purchased from Shanghai Yincong New Material Co., Ltd. 120 

VES self-diverting acid agent (SDA) and organic zirconium crosslinker for crosslinked 121 

acid were of industrial grade and purchased from Sichuan Annengjie Technology Co., 122 

Ltd. 123 

2.2 Methods 124 



2.2.1 Synthesis 125 

(1) Synthesis of hydrophobic monomer 126 

Synthesis of intermediate 127 

In a 500 mL round-bottom flask, dodecylamine ( 200 mmol , 37.08 g ) and 128 

epichlorohydrin (200 mmol , 18.5 g ) were dissolved in 200 mL ethanol. The flask 129 

was placed in an oil bath and reacted at 78∘Cunder magnetic stirring and reflux for 130 18 h. After the reaction, the solvent was removed using a vacuum rotary evaporator at 131 60∘C, and the product was recrystallized three times in ethyl acetate at 0∘Cto obtain a 132 

relatively pure intermediate. The synthetic route of the intermediate is shown in Scheme 133 

1. 134 

 135 

Scheme 1. Synthetic route of the intermediate 136 

Synthesis of DCGM 137 

In a 500 mL round-bottom flask, N-(3-dimethylaminopropyl) methacrylamide 138 

(DMAPMA, 100 mmol) and the above intermediate (100 mmol) were dissolved in 139 200 mLethanol. The flask was placed in an oil bath and reacted at 65∘Cunder magnetic 140 

stirring and reflux for 12 h . After the reaction, the solvent was removed using a 141 

vacuum rotary evaporator at 60∘C, and the product was recrystallized three times in 142 

ethyl acetate at 0∘C to obtain a relatively pure dicationic group monomer (DCGM). 143 

The synthetic route of DCGM is shown in Scheme 2. 144 

 145 

Scheme 2. Synthetic route of the dicationic group monomer (DCGM) 146 

(2) Synthesis of polymer 147 

Using deionized water as solvent, AM, AA, AMPS, DMDAAC, and DCGM were 148 

formulated into an aqueous solution with a mass concentration of 30 wt% at a molar 149 

ratio of 20: 3: 5: 8: 1, and the pH was adjusted to 7 with NaOH solution. Subsequently, 150 

urea was added as a stabilizer and stirred to dissolve completely. The reaction system 151 

was purged with nitrogen for 30 min to remove dissolved oxygen, and then V50 was 152 

added as an initiator. The polymerization reaction was carried out at room temperature 153 

under ultraviolet light irradiation. After several hours, a gel-like polymer product was 154 

obtained. The polymerization process is shown in Scheme 3. 155 



After solution polymerization was completed, the obtained gel-like polymer block 156 

was cut into small particles and washed 2~3 times with anhydrous ethanol to remove 157 

unreacted monomers and by-products. The purified polymer particles were transferred 158 

to a culture dish and dried in an oven at 50∘C for 24 h. Finally, the dried polymer 159 

particles were ground and sieved to obtain a fine polymer powder with a uniform 160 

particle size distribution. 161 

 162 

Scheme 3. Synthetic route of the multifunctional acid thickener (MFAT) 163 

2.2.2 Molecular structure characterization 164 

The molecular structures of the synthesized compounds were characterized using a 165 

Bruker AVANCE III HD 400 nuclear magnetic resonance spectrometer (Bruker, 166 

Karlsruhe, Germany). During 1H NMR sample preparation, the dicationic group 167 

monomer (DCGM) was dissolved in deuterated chloroform, and the multifunctional 168 

acid thickener (MFAT) was dissolved in deuterated water. 169 

2.2.3 Viscosity-average molecular weight (ܞࡹ) 170 

The viscosity-average molecular weight (ܯv) of the polymer was determined using 171 

an Ubbelohde viscometer (Schott Instruments, Mainz, Germany). First, a polymer stock 172 

solution with an initial concentration of 1000 mg/L (C0) was prepared and then diluted 173 

stepwise to obtain five polymer solutions of different concentrations. At 25 ± 0.1∘C, 174 

the efflux time (t) of each solution through the viscometer was measured. A 1 mol/L 175 

NaCl solution was used as a reference, and its efflux time (t0) was measured. The 176 

relative viscosity (ߟr) and specific viscosity (ߟsp) were calculated according to Eq. (1). 177 

spߟ 178 [24 ,23] = ݐ − 0ݐ0ݐ = rߟ − 1 (1) 179 

With ܥr  as the abscissa and ߟsp/ܥr and ln[ߟr/ܥr] as the ordinates, the two 180 

extrapolated lines were plotted, and the intercept on the ordinate axis at the intersection 181 

of the two lines was recorded as ܪ. The viscosity-average molecular weight (ܯv) of 182 



the polymer was calculated according to Eqs. (2) and (3) [23, 24]. 183 [ߟ] = 0ܥ/ܪ vܯ 184 (2)          = 1.25[ߟ]802 (3) 185 

2.2.4 Apparent viscosity 186 

The apparent viscosity of the samples was determined using a six-speed rotational 187 

viscometer (NDJ-95A, Shanghai Precision & Scientific Instrument Co., Ltd., China). 188 

The measurement was performed at a shear rate of 170 s-1, corresponding to a rotational 189 

speed of 100 rpm. The apparent viscosity was calculated according to Eq. (4) [25, 26]. 190 ߟ = 1.703ߠ0.511 × 100 × 1000 = ߠ3 (4) 191 

where ߟ is the apparent viscosity, mPa ⋅ s; ߠis the dial reading. 192 

2.2.5 Viscoelasticity test 193 

The viscoelastic properties of the samples were evaluated by oscillatory 194 

measurements using a rotational rheometer (MCR 301, Anton Paar, Austria). Frequency 195 

sweeps were performed in the linear viscoelastic region from 0.01 to 100 Hz; the linear 196 

viscoelastic region was determined by preliminary amplitude sweep tests. 197 

2.2.6 Thixotropy test 198 

The thixotropic properties of the samples were characterized using a rotational 199 

rheometer (MCR 301, Anton Paar, Austria) equipped with a PP50 measuring system at 200 25 ± 0.1∘C. A three-stage shear rate protocol was adopted: (a) linear increase from 0 to 201 

100 s-1 over 10 min; (b) constant shear at 0 s-1for 3 min; and (c) linear decrease from 202 

100 to 0 s-1 over 10 min [23]. 203 

2.2.7 Temperature and shear resistance test 204 

Temperature and shear resistance tests were conducted using a HAAKE MAR III RS 205 

600 rheometer (Thermo Scientific, Germany) equipped with a high-temperature and 206 

high-pressure sealed cell. The test temperature was set at 160∘C, and the shear rate was 207 

set at 170 s-1. The heating and shearing process lasted for 120 min to evaluate the 208 

temperature and shear resistance of the acid fluid system. 209 

2.2.8 Drag reduction rate test 210 

The drag reduction performance of the drag reducer was evaluated by measuring the 211 

pressure differentials of water and slickwater under controlled shear conditions. The 212 

drag reduction rate (DR) was calculated according to Eq. (7). 213 ܴܦ = Δ 1ܲ − Δ 2ܲΔ 1ܲ × 100% (7) 214 



where Δ 1ܲ and Δ 2ܲ represent the pressure differentials of water and slickwater, 215 

respectively, Pa. 216 

2.2.9 Retardation effect evaluation 217 

A carbonate rock sample was weighed (m1), and its surface area S was calculated. 218 

The rock sample was reacted with acid in a high-temperature and high-pressure 219 

autoclave for 1 h. After the reaction, the rock sample was washed and dried at 105∘C 220 

for 2 h, and the residual mass (m2) was weighed. The dissolution rate (  ௔ ) was 221ݒ

calculated according to Eq. (8), and the retardation rate ܭ was calculated by 222 

comparison with the blank hydrochloric acid dissolution rate 0ݒaccording to Eq. (9): 223 ݒ௔ = ݉1 − ݉2ܵ ⋅ Δݐ ܭ 224 (8) = 0ݒ − 0ݒ௔ݒ × 100% (9) 225 

where m1 is the mass of the rock sample before dissolution, g; m1 is the mass of the rock 226 

sample after dissolution, g; S is the surface area of the rock sample, cm2; Δݐ is the 227 

dissolution time, h; v0 is the dissolution rate of the rock sample in 20% HCl, g ⋅ cm−2 ⋅228 h−1; and ݒ௔ is the dissolution rate of the rock sample in the formulated acid fluid, g ⋅229 cm−2 ⋅ h−1. 230 

2.2.10 Viscosity-variation performance evaluation 231 

A diverting acid with a hydrochloric acid concentration of 20% was prepared, and 232 

HCl was consumed by quantitatively adding Ca(OH)2 powder. As HCl was gradually 233 

consumed, the apparent viscosity of the spent acid at different residual acid 234 

concentrations was measured under a shear rate of 170 s-1 to evaluate the viscosity-235 

variation behavior of the diverting acid. 236 

2.2.11 Parallel core experiment 237 

Parallel core experiments were used to evaluate the acidizing diversion effect of the 238 

diverting acid. Two carbonate cores with a large permeability contrast were selected for 239 

the experiment to simulate formation heterogeneity. Conventional hydrochloric acid, 240 

gelled acid, and self-diverting acids with different formulations were used in parallel 241 

core displacement experiments. The breakthrough pressure during the displacement 242 

process and the permeability contrast of the cores before and after acidizing were 243 

recorded to evaluate the diversion acidizing effect. 244 

3 Results and Discussion 245 

3.1 Molecular structure characterization 246 



The 1H NMR spectrum of DCGM is shown in Fig. 1. 1H NMR (400 MHz, CDCl3), 247 

δ/ppm: 0.86 (t, 3H, CH3CH2), 1.31 (m, 20H, CH3(CH2)10CH2), 1.63 (s, 3H, 248 

CH2=C(CH3)C=O), 2.13 (m, 2H, NHCH2CH2CH2N+)，2.25 (t, 2H, O=CNHCH2), 3.24 249 

(s, 12H, 2N+(CH3)2), 3.55 (s, 4H, 2N+CH2), 3.68 (s, 4H, N+CH2CH(OH)CH2N+), 4.13 250 

(m, 1H, OH), 4.32 (s, 1H, CH2CH(OH)CH2), 5.36 (t, 1H, CH=C), 5.55 (t, 1H, CH=C), 251 

7.83 (s, 1H, CONH). 252 

 253 

 254 

Fig. 1 1H NMR spectrum of the synthesized monomer DCGM 255 

 256 



 257 

Fig. 2 1HNMR spectrum of MFAT 258 

The 1H NMR spectrum of MFAT is shown in Fig. 2. 1H NMR (400 MHz, D2O), 259 

δ/ppm: 0.86 (s, N+CH2(CH2)10CH3), 1.06 (t, N+CH2(CH2)10CH3), 1.52 (m, -CH2-CH-), 260 

2.11 (m, -CH2-CH-), 2.93 (t, C(CH2)2(CH3)2), 3.04 (s, N+(CH3)2), 3.13 (m, N+(CH2)2), 261 

3.25 (s, CH(CH2)2OH), 3.42 (s, CH2CH2N+), 3.78 (s, -CH2-C(CH3)-), 3.97 (s, 262 

CONHCH2). 263 

3.2 Viscosity-average molecular weight test 264 

Using 1 mol/L NaCl solution as solvent, MFAT polymer solutions with 265 

concentrations of 500, 400, 300, 200, and 100 mg/L were prepared. At room 266 

temperature, the efflux time of the polymer solution through the Ubbelohde viscometer 267 

was measured three times continuously, and the average value was taken. The efflux 268 

time of the 1 mol/L NaCl solution through the Ubbelohde viscometer was measured in 269 

the same way as a reference. With ܥr as the abscissa and ߟsp/ܥr and ln(ߟr/ܥr) as 270 

the ordinates, the results are shown in Fig. 3. The two sets of data points were fitted as 271 

straight lines, and the intersection of the two lines was extrapolated to the ordinate axis 272 

to obtain the intercept 273 .ܪ 
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Fig. 3 Determination of viscosity-average molecular weight 275 

Based on the obtained intrinsic viscosity [ߟ], the viscosity-average molecular weight 276 

of the polymer was calculated using the Mark–Houwink equation, and the results are 277 

listed in Table 1. 278 

Table 1. Results of polymer molecular weight determination 279 

Polymer [ߟ] ܪ (mL/g) ܯ 

MFAT 0.825 1650 8.43 × 106 

As shown in Table 1, the intrinsic viscosity of MFAT is 1650 mL/g corresponding 280 

to a viscosity-average molecular weight of 8.43 × 106  g/mol. The relatively high 281 

molecular weight indicates that the MFAT backbone has long chain segments and high 282 

chain entanglement ability, which is the structural basis for forming an effective 283 

thickening network in acid fluids. At the same time, the cationic groups, sulfonic groups, 284 

and long hydrophobic chains introduced into the MFAT molecular chain can enhance 285 

the electrostatic interaction and hydrophobic association between molecular chains, 286 

enabling it to maintain a relatively high hydrodynamic volume and net-work structural 287 

stability in strongly acidic environments. 288 

3.3 Critical association concentration 289 

MFAT is a hydrophobic associating polymer, and its intermolecular association 290 

ability in aqueous solution directly affects its thickening performance and acid 291 

resistance. To study the association behavior of MFAT in different environments, its 292 



critical association concentrations in pure water, strong acid, and surfactant-assisted 293 

environments were measured. 294 

As shown in Fig. 4(a), the first critical association concentration of MFAT in pure 295 

water is 1444.2 mg/L , and the second critical association concentration is 296 2406.1 mg/L . The first critical association concentration corresponds to the 297 

concentration at which intermolecular hydrophobic association begins to form, and the 298 

second critical association concentration corresponds to the concentration at which a 299 

denser three-dimensional network structure forms. As shown in Fig. 4(b), in 300 20 wt% HCl, the first critical association concentration of MFAT decreases to 301 1154.1 mg/L , and the second critical association concentration decreases to 302 2269.1 mg/L. This phenomenon indicates that the strongly acidic environment does 303 

not weaken the association ability of MFAT, but instead promotes intermolecular 304 

association. The reason is that the MFAT molecular chain contains a large number of 305 

cationic groups. In a strongly acidic and high-ionic-strength environment, the 306 

electrostatic shielding between cationic groups and Cl−and acid radical ions partially 307 

weakens the interchain repulsion, making the hydrophobic segments more prone to 308 

association. At the same time, the acidic environment makes the molecular chain 309 

conformation more extended, which is favorable for hydrophobic groups to approach 310 

each other, thereby reducing the critical association concentration. 311 

As shown in Fig. 4(c) and (d), after adding 200 mg/L of the betaine-type surfactants 312 

EDCB and EDSB to 20 wt% HCl, the critical association concentrations of MFAT 313 

further decrease. With the assistance of EDCB, the first and second critical association 314 

concentrations decrease to 922.3 mg/L and 1812.7 mg/L , respectively. With the 315 

assistance of EDSB, they decrease to 903.1 mg/L and 1643.1 mg/L , respectively. 316 

This indicates that betaine surfactants can form mixed micelles with MFAT 317 

hydrophobic chains, promoting intermolecular association of the polymer through 318 

hydrophobic–hydrophobic interactions and electrostatic interactions, so that the 319 

associating network can form at a lower concentration. The decrease caused by EDSB 320 

is greater than that caused by EDCB, indicating that sulfobetaine has a stronger 321 

synergistic effect with MFAT, which is related to the stronger polarity and charge 322 

characteristics of its sulfonic group, favoring the formation of a more stable mixed 323 

association structure. 324 
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Fig. 4 Critical association concentration test results: (a) in pure water; (b) in 327 20 wt%HCl; (c) 20 wt%HCl + 200 mg/L EDCB; (d) 20 wt%HCl + 200 mg/L 328 

EDSB 329 

3.3 Gelled acid system test 330 

An acid fluid system directly thickened by a polymer is a gelled acid [27, 28]. In this 331 

work, 0.6 wt% MFAT was used as the thickener to thicken a 20% HCl system, and 332 200 mg/L EDCB and EDSB were respectively added to assist thickening, so as to 333 

compare the performance of different gelled acid formulations. 334 

3.3.1 Rheological properties of gelled acid 335 

A gelled acid with an HCl concentration of 20 wt% was prepared using 336 0.6 wt% MFAT, and 200 mg/L EDCB and EDSB were respectively added to assist 337 

thickening. The rheological properties were tested, and the results are shown in Fig. 5. 338 

Fig. 5(a) shows the thixotropy test results of the three fluids. A three-stage shear rate 339 

protocol was adopted: (a) linear increase from 0 to 100 s-1 over 10 min; (b) constant 340 

shear at 0 s-1for 3 min; and (c) linear decrease from 100 to 0 s-1 over 10 min. 341 

The shear stress first increased to a maximum value with increasing shear rate and 342 

then decreased back to the origin, forming a typical hysteresis loop. The area enclosed 343 

by the hysteresis loop represents the energy required to disrupt the fluid structure; a 344 



larger area indicates greater structural stability and slower recovery. This thixotropic 345 

behavior arises from the temporal decoupling between the internal structural 346 

reorganization of the polymer and the applied shear field, as well as chain entanglement 347 

in the macromolecular network [23, 29-30]. 348 

As shown in Fig. 5(a), the gelled acid system thickened only by MFAT has the 349 

smallest hysteresis loop area. After adding betaine surfactants, the hysteresis loop area 350 

increases, and the system with 200 mg/L  EDSB has the largest hysteresis loop area. 351 

This indicates that EDSB enables MFAT to construct a denser three-dimensional 352 

network structure in a strongly acidic environment. The mechanism is that betaine 353 

surfactant molecules can form mixed micelles with MFAT hydrophobic chains, 354 

increasing the density of physical crosslinking points; at the same time, the electrostatic 355 

interaction between the surfactant and cationic groups can enhance the synergistic 356 

effect between molecular chains, making the network structure recover more slowly 357 

after shear disruption, thus exhibiting stronger thixotropy. 358 

Fig. 5(b) shows the viscoelasticity test results of the gelled acid. Overall, the elastic 359 

modulus ܩ′of the three acid fluids is higher than the viscous modulus ܩ′′, indicating 360 

that the systems are dominated by elastic network structures [31-33]. Among them, the 361 

MFAT strong acid solution with 200 mg/LEDSB exhibits the best viscoelasticity, with 362 

the highest plateau modulus 0ܩof 60.38 Pa; the system with 200 mg/L EDCB has a 363 

plateau modulus 0ܩ of 51.56 Pa; and the MFAT strong acid solution without VES has 364 

a plateau modulus 0ܩ  of 42.16 Pa . The increase in plateau modulus indicates that 365 

betaine surfactants and MFAT synergistically form a stronger three-dimensional 366 

network, enabling the acid fluid to maintain better structural stability under high 367 

temperature and high shear conditions. The EDSB system is superior to the EDCB 368 

system, indicating that sulfobetaine has stronger hydrophobic association and 369 

electrostatic synergy with MFAT. 370 
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Fig. 5 Rheological evaluation of MFAT solution: (a) thixotropy; (b) viscoelasticity 372 

3.3.2 Temperature and shear resistance 373 

Fig. 6 shows the temperature and shear resistance test results of the three gelled acid 374 

systems at 160∘C and 170 s−1 . As shown in Fig. 6, after shearing at 160∘C and 375 170 s−1for 120 min, the acid fluid system thickened only with 0.6 wt% MFAT has 376 

a residual apparent viscosity of 29.8 mPa ⋅ s ; after adding 0.02 wt% EDCB and 377 0.02 wt%  EDSB, the residual apparent viscosity after shearing increases to 378 34.5 mPa ⋅ sand 47.1 mPa ⋅ s, respectively. 379 

The above results indicate that MFAT itself has good temperature and shear 380 

resistance under high-temperature and strongly acidic conditions, which is related to 381 

the reversibility of its hydrophobic associating network and the acid resistance stability 382 

of its cationic groups. After adding betaine surfactants, the temperature resistance of 383 

the system is further improved. The mechanism is that surfactants form mixed micelles 384 

with MFAT hydrophobic chains, increasing the thermal stability of physical 385 

crosslinking points; at the same time, cationic–anionic electrostatic interactions can 386 

delay the dissociation of the network structure at high temperature, enabling the system 387 

to maintain relatively high viscosity after long-term high-temperature shearing. The 388 

improvement caused by EDSB is greater than that caused by EDCB, indicating that 389 

sulfobetaine has better synergy with MFAT under high-temperature and strongly acidic 390 

conditions. 391 
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Fig. 6 Temperature and shear resistance tests of three gelled acid systems at 160∘C 394 

and 170 s−1: (a) 0.6 wt%MFAT + 20 wt%HCl; (b) 0.6 wt%MFAT + 20 wt%HCl 395 

+ 0.02 wt%EDCB; (c) 0.6 wt%MFAT + 20 wt%HCl + 0.02 wt% EDSB 396 

3.3.3 Retardation performance 397 

Fig. 7(a) shows the static dissolution rates of 20wt% blank hydrochloric acid, gelled 398 

acid without VES, and gelled acid systems with VES assistance on carbonate rock 399 

samples. As the temperature increases from 60∘C to 160∘C, the acid dissolution rate 400 

of each system increases, and the increase amplitude becomes larger with increasing 401 

temperature. Fig. 7(b) shows the variation of the retardation rate of the three acid fluid 402 

systems with temperature. It can be seen that the retardation rates of the three acid fluid 403 

systems all increase with increasing temperature. This is because the dissolution rate of 404 

blank 20 wt%hydrochloric acid on carbonate rock increases sharply with increasing 405 

temperature, while the gelled acid system, due to its higher viscosity, has a more 406 

significant inhibitory effect on H+ mass transfer, so its retardation rate is relatively 407 

improved. 408 

Comparing the three gelled acid systems, the gelled acid system with VES assistance 409 

has better retardation performance than the gelled acid thickened only with MFAT. The 410 



mechanism is that the associating network formed by the synergy of VES and MFAT is 411 

denser, increasing the resistance to H+diffusion toward the rock surface; at the same 412 

time, the highly viscous elastic network can form a certain adsorption layer on the rock 413 

surface, further reducing the acid–rock reaction rate [34, 35]. Therefore, the MFAT/VES 414 

composite gelled acid has better retardation performance at high temperature, which is 415 

conducive to achieving deep acid penetration. 416 

60 80 100 120 140 160
0.0

0.2

0.4

0.6

0.8

1.0

S
ta

ti
c 

a
ci

d
-r

o
c
k

 d
is

so
lu

ti
o

n
 r

a
te

 (
g

·c
m

-2
·h

-1
)

T (oC)

 20% HCl (Blank sample)

 20% HCl + 0.6wt.% MFAT

 20% HCl + 0.6wt.% MFAT + EDCB

 20% HCl + 0.6wt.% MFAT + EDSB

(a)

60 80 100 120 140 160
40

45

50

55

60

65

70

75

80

S
ta

ti
c 

a
ci

d
-r

o
c
k

 r
e
ta

rd
a

ti
o

n
 e

ff
ic

ie
n

cy
 (

%
)

T (oC)

 20% HCl + 0.6wt.% MFAT

 20% HCl + 0.6wt.% MFAT + EDCB

 20% HCl + 0.6wt.% MFAT + EDSB

(b)

 417 

Fig. 7 Retardation effect evaluation: (a) static dissolution rate at different 418 

temperatures; (b) retardation rate at different temperatures 419 

3.4 Delayed crosslinking characteristics 420 

The significance of delayed crosslinked acid is to allow the acid fluid to crosslink 421 

after entering the formation, thereby greatly increasing viscosity and achieving 422 

retardation, while avoiding large friction caused by high-viscosity fluid in the tubing. 423 

In this work, an organic zirconium crosslinker was used to evaluate the crosslinking 424 

effect of MFAT. 425 

3.4.1 Crosslinking time and effect 426 

The performance of the crosslinked acid system was evaluated by the crosslinking 427 

time, the hanging-lip state of the acid fluid system after crosslinking and gelation, and 428 

the residual viscosity after temperature and shear resistance testing at 160∘C and 429 170 s−1for 2 h. The results are shown in Table 2 and Fig. 8. 430 

 Table 2 Effect of crosslinker dosage on crosslinked acid performance in 431 20 wt%HCl environment 432 

Dosage/% Time of crosslinking/s Hang-lip Residual viscosity/mPa ⋅ s 

0.6 318 bad 43.1 



Dosage/% Time of crosslinking/s Hang-lip Residual viscosity/mPa ⋅ s 

0.8 239 excellent 79.3 

1.0 157 excellent 89.2 

1.2 101 brittle 70.3 

1.4 78 brittle 60.1 

 433 

As the dosage of organic zirconium crosslinker increases from 0.6% to 1.4%, the 434 

crosslinking time gradually shortens, and the residual viscosity after temperature and 435 

shear resistance testing first increases and then decreases. Among them, when the 436 

crosslinker dosage is 1.0%, the temperature and shear resistance performance is the 437 

best, and the gel formed after crosslinking has the best hanging-lip property. The reason 438 

is that an appropriate amount of crosslinker can form a uniform coordination 439 

crosslinking network with the carboxyl, amide, and sulfonic groups on the MFAT 440 

molecular chain, giving the gel relatively high viscosity and elasticity. When the 441 

crosslinker dosage is excessive, the crosslinking density is too high, the network 442 

structure becomes too rigid and brittle, and it is prone to fracture under high-443 

temperature shear, resulting in a decrease in residual viscosity. Therefore, 1.0%is the 444 

optimal dosage of organic zirconium crosslinker. 445 
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Fig. 8 Crosslinked acid effect evaluation: (a) effect of crosslinker dosage on 447 

crosslinking time and residual viscosity after temperature and shear resistance; (b) 448 

temperature and shear resistance test results of the gel corresponding to 1.0% 449 



crosslinker 450 

3.4.2 Retardation effect 451 

After the crosslinked acid forms a gel, the three-dimensional network structure 452 

becomes denser, and the inhibitory effect on H+mass transfer is better [34, 35]. As shown 453 

in Fig. 9(a), the static dissolution rate of the gel acid formed after crosslinking on rock 454 

samples increases with increasing temperature, and the increase amplitude gradually 455 

becomes larger, but the overall increase amplitude is much lower than that of blank 456 

hydrochloric acid. As shown in Fig. 9(b), as the temperature increases, the retardation 457 

effect gradually improves, and the retardation rate is higher than the best retardation 458 

rate of the gelled acid in Fig. 7. 459 

The mechanism is that the organic zirconium crosslinker forms coordination 460 

crosslinks with carboxyl, amide, and other groups in MFAT, transforming the system 461 

from a physical association network to a chemical–physical synergistic crosslinking 462 

network, and significantly improving the network density and structural strength. This 463 

dense network can effectively prolong the diffusion path of H+, reducing the acid–rock 464 

reaction rate. At the same time, the crosslinked gel can still maintain relatively high 465 

viscosity at high temperature, thus exhibiting excellent retardation performance at 466 160∘C, which is conducive to deep penetration acidizing of high-temperature carbonate 467 

reservoirs. 468 

60 80 100 120 140 160
0.0

0.2

0.4

0.6

0.8

1.0

1.2

S
ta

ti
c 

a
ci

d
-r

o
c
k

 d
is

so
lu

ti
o

n
 r

a
te

 (
g

·c
m

-2
·h

-1
)

T (oC)

 20% HCl (Blank sample)

 20% HCl + 0.6wt.% MFAT 

          + 1 wt.% crosslinker

 

(a)

60 80 100 120 140 160
65

70

75

80

S
ta

ti
c 

a
ci

d
-r

o
c
k

 r
e
ta

rd
a

ti
o

n
 e

ff
ic

ie
n

cy
 (

%
)

T (oC)

 20% HCl + 0.6wt.% MFAT

          + 1.0 wt.% crosslinker

(b)

 469 

Fig. 9 Retardation effect of the crosslinked acid system in the optimal crosslinking 470 

state: (a) variation of static dissolution rate with temperature; (b) variation trend of 471 

retardation effect with temperature 472 

3.5 Drag-reducing acid 473 

First, the optimal dosage of MFAT as a drag reducer was screened. The test was 474 

conducted at a displacement of 30 L/min, and the results are shown in Fig. 10(a). As 475 



the MFAT dosage increases from 0.05 wt% to 0.2 wt% , the drag reduction rate 476 

gradually increases and reaches a maximum value; with a further increase in MFAT 477 

dosage, the drag reduction rate begins to decrease. This is because when the MFAT 478 

concentration is too high, the overall viscosity of the system increases, and the along-479 

path viscous resistance increases, offsetting the inhibitory effect of the polymer on 480 

turbulence. 481 

A 20% HCl drag-reducing acid was prepared using 0.2 wt%  MFAT as the drag 482 

reducer, and 200 mg/L EDCB and EDSB were respectively added to form three drag-483 

reducing acid systems. The drag reduction rates at different displacements were 484 

investigated, and the results are shown in Fig. 10(b). After adding VES, the drag 485 

reduction effect is significantly improved, and EDSB has the best improvement effect. 486 

This is because the addition of VES enhances the viscoelasticity of the system, resulting 487 

in better elastic drag reduction; at the same time, VES and MFAT form a mixed 488 

association structure, which can improve the shear resistance and elastic recovery 489 

ability of the polymer network in a turbulent field, thereby more effectively inhibiting 490 

the development of turbulent vortices and reducing friction. 491 

0.0 0.1 0.2 0.3 0.4
50

55

60

65

70

75

80

D
r
a
g

 r
e
d
u

c
ti

o
n

 r
a
te

 (
%

)

CMFAT (wt.%)

(a)

20 25 30 35 40 45
55

60

65

70

75

80

D
r
a
g

 r
e
d

u
c
ti

o
n

 r
a

te
 (

%
)

Pump rate (L/min)

 0.2wt.% MFAT + 20% HCl

 0.2wt.% MFAT + 20% HCl + EDCB

 0.2wt.% MFAT + 20% HCl + EDSB

(b)

 492 

Fig. 10 Evaluation of MFAT as an acid drag reducer: (a) effect of MFAT concentration 493 

on drag reduction rate at a displacement of 30 L/min; (b) variation of drag reduction 494 

rate with displacement for three formulation systems at 0.2 wt% MFAT dosage 495 

3.6 Viscosity-variation acid stabilizer 496 

VES clean diverting acid has good application performance, but the system 497 

constructed by small molecules has poor temperature resistance. The MFAT developed 498 

in this work can also serve as a stabilizer for VES diverting acid to improve its 499 

temperature resistance. 500 



3.6.1 Viscosity-variation effect 501 

First, a commercially available diverting acid SDA was selected to study the 502 

viscosity-variation effect after adding 0.1 wt% MFAT. The results are shown in Fig. 503 

11(a). The results show that the addition of MFAT has no obvious effect on the 504 

viscosity-variation trend. Both systems exhibit the highest viscosity when HCl is 505 

consumed to 5 wt% by Ca(OH)2. At the same time, after adding 0.1 wt% MFAT, 506 

the highest viscosity is increased, which provides a guarantee for temperature and shear 507 

resistance. Fig. 11(b) shows the variation of the viscosity of the spent acid of SDA 508 

diverting acid and the diverting acid with 0.1 wt% MFAT with temperature. It can be 509 

seen that after adding 0.1 wt% MFAT, the temperature resistance of the spent acid of 510 

the diverting acid is greatly improved. 511 

The mechanism is that after the acid–rock reaction of VES diverting acid, surfactant 512 

micelles transform from spherical to wormlike, forming a high-viscosity spent acid and 513 

thus achieving diverting plugging. However, small-molecule VES micelles are easily 514 

dissociated at high temperature, leading to a decrease in viscosity. After MFAT is added, 515 

its long hydrophobic chains can undergo hydrophobic association with the hydrophobic 516 

tails of VES, and its cationic groups can undergo electrostatic interaction with anionic 517 

or amphoteric surfactants, forming more stable mixed micelles and a three-dimensional 518 

network, thereby significantly improving the temperature resistance and structural 519 

stability of the spent acid. 520 
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Fig. 11 Diverting acid effect evaluation: (a) viscosity-variation effect; (b) variation of 522 

apparent viscosity of high-viscosity spent acid with temperature 523 

3.6.2 Viscoelasticity of diverting acid 524 

The spent acid formed after the reaction of diverting acid with carbonate rock has 525 



increased viscosity, achieving diversion, and is characterized by good viscoelasticity, 526 

thereby plugging macropores. Fig. 12 shows the viscoelasticity of the high-viscosity 527 

spent acid before and after adding 0.1 wt%MFAT to SDA diverting acid. After adding 528 

MFAT as a stabilizer, the viscoelasticity is significantly improved, and both the elastic 529 

modulus ܩ′and the viscous modulus ܩ′′are increased; after adding 0.1 wt% MFAT, 530 

the plateau modulus 0ܩincreases from 35.3 Pa to 45.6 Pa. 531 

The increase in plateau modulus indicates that MFAT and VES synergistically form 532 

a stronger three-dimensional network structure, giving the spent acid higher plugging 533 

strength and more stable viscoelasticity in high-permeability macropores. The 534 

mechanism is that the hydrophobic association between the hydrophobic chains of 535 

MFAT and VES micelles, as well as the electrostatic interaction between cationic 536 

groups and betaine surfactants, jointly enhance the crosslinking density and thermal 537 

stability of the micelle network, thereby improving the plugging ability of the diverting 538 

acid at high temperature. 539 
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Fig. 12 Viscoelasticity test of high-viscosity spent acid before and after adding 541 0.1 wt%MFAT to SDA diverting acid 542 

To evaluate the actual diversion acidizing effect of the diverting acid in 543 

heterogeneous carbonate reservoirs, parallel displacement experiments were conducted 544 

using high- and low-permeability carbonate cores at 160∘C  to simulate formation 545 

heterogeneity. The results are shown in Fig. 13. 546 

Fig. 13(a) shows the parallel core displacement results of conventional hydrochloric 547 

acid. During the entire displacement process, the displacement pressure basically does 548 



not change significantly, indicating that conventional hydrochloric acid mainly flows 549 

along the high-permeability core, and the low-permeability core is not effectively 550 

stimulated. This is because conventional hydrochloric acid has low viscosity and a fast 551 

acid–rock reaction rate. After entering the high-permeability core, the acid rapidly 552 

reacts with the rock and is consumed, making it difficult to form effective plugging in 553 

the high-permeability channel, and thus unable to force subsequent acid to divert into 554 

the low-permeability core [18-20]. 555 

Fig. 13(b) shows the parallel core displacement results of gelled acid. Compared with 556 

conventional hydrochloric acid, the displacement pressure of gelled acid is increased to 557 

a certain extent and then gradually decreases. This indicates that gelled acid, due to its 558 

higher viscosity, can delay the acid–rock reaction to a certain extent and increase the 559 

displacement pressure, but its viscoelasticity is limited, and it cannot form a stable 560 

plugging structure in the high-permeability core, so the diversion effect is still not 561 

significant. 562 

Fig. 13(c) and (d) show the parallel core displacement results of SDA diverting acid 563 

and SDA diverting acid with MFAT stabilizer, respectively. Both systems generally 564 

exhibit a process in which the displacement pressure first increases, reaches the 565 

breakthrough pressure, and then decreases. The pressure increase stage corresponds to 566 

the acid entering the high-permeability core and reacting with the rock, during which 567 

the viscosity of the spent acid gradually increases and forms a high-viscosity micelle 568 

structure, temporarily plugging the high-permeability channel and causing the 569 

displacement pressure to rise. When the pressure reaches the breakthrough pressure, the 570 

subsequent acid is forced to enter the low-permeability core, achieving acid diversion. 571 

The higher the pressure increase, the greater the plugging strength of the high-572 

permeability channel and the better the diversion effect. 573 

The breakthrough pressure of the SDA diverting acid without MFAT is 3.97 MPa; 574 

after adding 0.1 wt% MFAT, the breakthrough pressure increases to 5.31 MPa. This 575 

indicates that MFAT can significantly enhance the plugging strength and diversion 576 

ability of SDA diverting acid at 160∘C. The mechanism is that the long hydrophobic 577 

chains of MFAT can undergo hydrophobic association with VES micelles, and the 578 

cationic groups can undergo electrostatic interaction with betaine surfactants, forming 579 

a more stable mixed micelle network, thereby improving the viscoelasticity and 580 

structural strength of the high-temperature spent acid, making the temporary plugging 581 



of the high-permeability channel more firm and forcing more acid to enter the low-582 

permeability core. 583 
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Fig. 13 Parallel core displacement process: (a) common acid; (b) gelled acid; (c) SDA 586 

diverting acid without MFAT; (d) SDA diverting acid with 0.1 wt%MFAT 587 

After parallel core displacement, the acidizing stimulation effect of the cores was 588 

evaluated, and the results are shown in Table 3. 589 

As shown in Table 3, after parallel displacement experiments with common 590 

hydrochloric acid and gelled acid, the permeability improvement ratios (0ܭ/1ܭ)of the 591 

low-permeability cores are 1.083 and 2.034, respectively, indicating that common 592 

hydrochloric acid has basically no stimulation effect on the low-permeability core, and 593 

gelled acid, although somewhat improved, still has limited diversion ability. After 594 

parallel displacement experiments with SDA diverting acid and MFAT-assisted SDA 595 

diverting acid, the permeability improvement ratios of the low-permeability cores are 596 

8.53 and 12.63, respectively, indicating that both have good diversion acidizing effect. 597 

Among them, the MFAT-assisted SDA diverting acid can increase the permeability 598 

improvement ratio of the low-permeability core by nearly 50%, significantly superior 599 

to the SDA diverting acid without MFAT. 600 

The above results indicate that MFAT can greatly improve the diversion performance 601 



of SDA diverting acid under high-temperature conditions. The mechanism can be 602 

summarized as follows: on the one hand, MFAT enhances the thermal stability of the 603 

VES micelle network through hydrophobic association and electrostatic interaction, 604 

enabling the spent acid to maintain relatively high viscosity and viscoelasticity at high 605 

temperature; on the other hand, the high-viscosity spent acid formed by the synergy of 606 

MFAT and VES can form a stronger temporary plugging structure at the pore throats of 607 

the high-permeability core, increasing the breakthrough pressure and forcing 608 

subsequent acid to enter the low-permeability core, thereby significantly improving the 609 

acidizing stimulation effect of heterogeneous reservoirs. Therefore, MFAT, as a VES 610 

diverting acid stabilizer, has good application prospects in high-temperature 611 

heterogeneous carbonate diversion acidizing. 612 

Table 3 Permeability changes of cores before and after parallel core experiments 613 

Core# Acid 0ܭ(mD) 1ܭ(mD) 0ܭ/1ܭ ܶ(°C) 

1 

common acid 

5.182 401.78 77.53 

160 

2 0.573 0.621 1.083 

3 

gel acid 

6.115 489.31 80.01 

160 

4 1.078 2.193 2.034 

5 

4% SDA 

5.102 587.17 115.02 

160 

6 0.531 4.531 8.53 

7 4% SDA + 0.1% 

MFAT 

4.518 378.31 83.73 

160 

8 1.037 13.106 12.63 

 614 

4 Conclusions 615 

(1) A zwitterionic pentacopolymer hydrophobic associating thickener MFAT was 616 

designed and synthesized from AM, AA, AMPS, DMDAAC, and DCGM. It contains 617 

amide, carboxyl, sulfonic, quaternary ammonium cationic, and long hydrophobic 618 

chains, enabling a physical crosslinking network through hydrophobic association, 619 



electrostatic interaction, and hydrogen bonding in strongly acidic and high-ionic-620 

strength environments. Structural characterization confirmed successful synthesis, with 621 

a viscosity-average molecular weight of 8.43×10⁶ g/mol. 622 

(2) MFAT shows good thickening ability in 20% HCl as a gelled acid thickener. 623 

Its critical association concentrations in 20% HCl are lower than in pure water, and 624 

EDCB and EDSB further reduce these values. The MFAT/betaine composite gelled acid 625 

exhibits excellent thixotropy and viscoelasticity, with a residual viscosity of 29.8 mPa·s 626 

after shearing at 160 °C and 170 s⁻¹ for 120 min, increasing to 34.5 and 47.1 mPa·s with 627 

EDCB and EDSB, respectively, and a retardation rate above 65%. 628 

(3) MFAT and organic zirconium crosslinker can construct a delayed crosslinked 629 

acid system. At a crosslinker dosage of 1.0%, the crosslinking time is 157 s, and the 630 

residual viscosity after shearing at 160 °C and 170 s⁻¹ for 2 h reaches 89.2 mPa·s, with 631 

a retardation rate above 75%. 632 

(4) MFAT can serve as a drag reducer for 20% HCl. At 0.2 wt%, it shows the best 633 

drag reduction effect, and adding EDCB or EDSB significantly improves performance, 634 

with the EDSB system achieving a drag reduction rate above 75%. 635 

(5) MFAT significantly improves the temperature resistance and diversion 636 

acidizing effect of VES diverting acid. After adding 0.1 wt% MFAT, the breakthrough 637 

pressure at 160 °C increases from 3.97 to 5.31 MPa, and the permeability improvement 638 

ratio of the low-permeability core increases from 8.53 to 12.63, an increase of nearly 639 

50%. 640 

(6) In summary, MFAT, as a multifunctional acid thickener, can simultaneously 641 

serve as a gelled acid thickener, crosslinked acid thickener, drag reducer, and VES 642 

diverting acid stabilizer in high-temperature carbonate acidizing. The synergistic effect 643 

of its cationic groups, sulfonic groups, and long hydrophobic chains enables excellent 644 

performance in strongly acidic, high-temperature, and high-ionic-strength 645 

environments, offering important theoretical significance and engineering application 646 

value for simplifying high-temperature acidizing fluid formulations and improving 647 

carbonate reservoir stimulation. 648 
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