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a b s t r a c t

Two allyldimethylalkyl quaternary ammonium salt (AQAS) monomers, N,N-dimethylallylphenylpropy-
lammonium bromide (AQAS1) and N,N-dimethylallylnonylammonium bromide (AQAS2), were synthe-
sized and used to prepare modified polyacrylamide materials. Two new drag reducers were synthesized
from acrylamide (AM), sodium acrylate (NaAA) and a cationic modified monomer (AQAS1 or AQAS2) via
aqueous solution polymerization, and the copolymers were named P(AM/NaAA/AQAS1) and P(AM/NaAA/
AQAS2), respectively. The structures of the drag reduction agents were confirmed by IR and 1H NMR
spectroscopies. The molecular weight (Mw) of P(AM/NaAA/AQAS1) was 1.79 � 106 g/mol. When the
copolymer concentration was 1000 mg/L and the flow rate was 45 L/min, in fresh water the highest drag
reduction rate was 75.8%, in 10,000 mg/L NaCl solution the drag reduction rate decreased to 72.9%. The
molecular weight of P(AM/NaAA/AQAS2) was 3.17 � 106 g/mol. When the copolymer concentration was
500 mg/L and the flow rate was 45 L/min, the drag reduction rate reached 75.2%, and in 10,000 mg/L NaCl
solution the drag reduction rate was 73.3%, decreased by approximately 1.9%. The drag reduction rate for
partially hydrolyzed polyacrylamide (HPAM) was also investigated, and the results showed that the drag
reduction rates for 500 and 1000 mg/L HPAM solutions were merely 43.2% and 49.0% in brine, respec-
tively. Compared with HPAM, both of the above copolymers presented better drag reduction capacities.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the immoderate exploitation of traditional reservoirs,
unconventional natural oil and gas reservoirs, such as low-
permeability shale gas reservoirs, have attracted wide attention
(Li et al., 2022a; Kerimov et al., 2016; Nakamura et al., 2019). Due to
the low permeabilities of shale gas reservoir rocks, hydraulic frac-
turing technology is the main treatment used to enhance shale gas
recovery and meet commercial demand (Xing et al., 2020; Ibrahim
et al., 2018). Furthermore, a drag reducer (DR) is required to reduce
the flow resistance and energy consumption (Chen et al., 2020;Wei
hangpengchina@foxmail.com

y Elsevier B.V. on behalf of KeAi Co
et al., 2022; Zhao et al., 2018). In field applications, a greater in-
jection ratemeans a greater shear force (Yu et al., 2022), and a high-
speed liquid in the pipe could induce polymer chain degradation,
considerable energy loss and decreases in the drag reduction rate of
the DR (Soares, 2020; Kim et al., 1974). Moreover, the high salinities
of flowback fluids are also of concern (Zeng et al., 2020), and the
reuse of flowback fluids is expected to reduce freshwater con-
sumption (Nguyen et al., 2018). Therefore, in field applications, the
above status requires that the drag reducer must have excellent salt
tolerance and high shear resistance.

To date, natural polysaccharides (guar gum, xanthan gum and so
on) (Li et al., 2022b; dos Santos et al., 2020; Tian et al., 2015), sur-
factants (Lin et al., 2001; Tamano et al., 2010), polyethylene oxide
(PEO) (Dai et al., 2021), polyacrylamide (Ge et al., 2021; Jing et al.,
2021) and composite systems (Gu et al., 2020; Habibpour and
Clark, 2017) have been used as drag reducers in different fields.
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However, in reality, hydrophobic associated polymers are the most
widely used drag reducing agents, and they exhibit excellent drag
reduction performance (Chen et al., 2021). Usually, there are more
than 10 carbons in the chains of the hydrophobic groups, such as
N,N-dodecylacrylamide (C12AM) and N,N-di-n-dodecylacrylamide
(DiC12AM) (Tan et al., 2020), dodecyl 2-methylacrylate (DM) (Ma
et al., 2019), alkyl acrylamide (carbon number 16) (Wang et al.,
2016) and 1-chlorohexadecane (Guo, 2021). However, the long
hydrophobic chains inevitably limit the solubility of the polymer.
Thus, to enhance the solubilities of polymers, added polar groups
(acrylate (NaAA) or 2-acrylamide-2-methyl propane sulfonic acid
(AMPS)) might cause the hydrophobically associative poly-
acrylamide to exhibit excellent solubility (Yang et al., 2019); addi-
tionally, by reducing the carbon chain of the hydrophobic groups,
the solubility of the polymer can also be increased. Therefore, polar
groups and short hydrophobic chain monomers were used in this
work to modify polyacrylamide, and the copolymer showed both
associative ability and good solubility, as expected.

Two allyldimethylalkyl quaternary ammonium salt monomers
were synthesized, which exhibited different hydrophobic struc-
tures. Using aqueous solution polymerization, two novel co-
polymers were synthesized, P(AM/NaAA/AQAS1) and P(AM/NaAA/
AQAS2), and both of the copolymers were based on AM, NaAA and
modified monomers (AQAS1 or AQAS2). The optimal polymeriza-
tion conditions for the copolymers were investigated, the critical
association concentrations (CACs) and molecular weights were
determined, FTIR spectroscopy and nuclear magnetic resonance
spectrometry were utilized to confirm the structures of the prod-
ucts, and the microscopic morphology of the copolymer solution
was observed with scanning electron microscopy (SEM). In addi-
tion, the effects of shear rate and salinity on the viscosity of the
copolymer solution were probed separately, and the rheological
properties of the copolymer solution were measured. Finally, the
drag reduction effects of the copolymers were tested.

2. Materials and methods

2.1. Materials

Acrylamide (AM) (AR, Chengdu Kelong Chemical Co., Ltd.),
acrylic acid (AA) (AR, Chengdu Kelong Chemical Co., Ltd.), sodium
hydroxide (NaOH) (AR, Chengdu Kelong Chemical Co., Ltd.), urea
(AR, Chengdu Kelong Chemical Co., Ltd.), N,N-dimethylallylamine
(ADMA) (98%, Shanghai Macklin Biochemical Co., Ltd.), 1-bromo-3-
phenylpropane (98%, Shanghai Aladdin Reagent Co., Ltd.), 1-
bromononane (98%, Shanghai Aladdin Reagent Co., Ltd.), 2,20-azo-
bis(2-methylpropionamidine) dihydrochloride (V50) (CG, Shanghai
Macklin Biochemical Co., Ltd.), acetone (AR, Chongqing Chuandong
Chemical Co., Ltd.), petroleum ether (AR, Chongqing Chuandong
Chemical Co., Ltd.), NaCl (AR, Chengdu Kelong Chemical Co., Ltd.),
CaCl2 (AR, Chengdu Kelong Chemical Co., Ltd) were obtained from
the indicated suppliers.

2.2. Syntheses and characterizations of the cationic modified
monomer and the DR agent

ADMA and 1-bromo-3-phenylpropane were added to a three-
necked flask (nADMS:n1-bromo-3-phenylpropane ¼ 1.1:1) containing
50 g of acetone as the solvent, and the quaternization reaction was
run for 24 h at 50 �C. The product was poured into a partitioning
funnel and extracted 3 times with petroleum ether (60e90 �C
boiling range). Finally, AQAS1 was obtained, and the synthetic
method for AQAS2 was the same as that for AQAS1. The synthetic
routes to the cationic-modified monomers are shown in Scheme 1.

Aqueous solution polymerizationwas used to synthesize the DR
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agent. AM, NaAA and the cationic modified monomer were added
to a three-neck flask, and then urea was added with distilled water.
This system was kept under nitrogen for 30 min, and then the
initiator (V50) was added to the three-neck flask. The copolymer
was polymerized for 5 h at various temperatures (35e55 �C), and
HPAM was prepared from AM and NaAA (nAM:nNaAA ¼ 3:1). The
synthetic routes to the two drag reducing agents are shown in
Scheme 2.

The infrared (IR) spectra of the copolymers were measured with
KBr pellets, and the infrared spectra of modified monomers were
measured in liquid films with a Bruker Tensor FTIR spectrometer
(Bruker, Germany). 1H NMR spectra of the products were deter-
mined with an Agilent 400-MR DD2 nuclear magnetic resonance
instrument.

2.3. Properties of the copolymer solutions

2.3.1. Intrinsic viscosity and molecular weight
The intrinsic viscosity of the copolymer solution was measured

at 30 �C with a Ubbelohde viscometer and the dilution method, the
intrinsic viscosity [h] was determined by fitting a linear plot of
inherent viscosity versus mass concentration; the intercept of the
plot was the intrinsic viscosity, and the molecular weight (M) was
calculated with Eq. (1) (Pu et al., 2016).

M¼
�½h�
K

�1
a

(1)

where M represents the molecular weight, g/mol; [h] represents
the intrinsic viscosity, mL/g; K is a constant value, K ¼ 4:75� 10�3;
and a is constant value, a ¼ 0:8.

2.3.2. Apparent viscosities of the copolymers
The apparent viscosity of the copolymer solution was tested

with a Brookfield DV2T viscometer (ULA [0] rotor) at room
temperature.

2.3.3. Microstructural analyses
The copolymers were dissolved in distilled water and lyophi-

lized after rapid cooling with liquid nitrogen. Then, scanning
electron microscopy (SEM) was used to characterize the micro-
structures of the copolymers.

2.3.4. Rheological properties of the ternary copolymers
The rheological properties of the copolymer solution were

determined at room temperature with an MCR102 Anton Paar
rheometer. Copolymer solutions were prepared with different
concentrations: 1000, 3000, and 5000 mg/L. The stresses of the
copolymers were measured from 0.1% to 10,000% to determine the
relationships between the elastic modulus (G0) and viscous
modulus (G00) at various concentrations. Frequency sweeps of the
copolymers were measured from 0.1 to 100 rad/s to determine how
the viscoelasticity of the copolymer solution changed.

2.4. Copolymer performance test

The salt resistance of the copolymer solution was tested by
increasing the NaCl concentration from 0 to 10,000 mg/L, and the
apparent viscosity of the copolymer solution was measured with a
Brookfield DV2T viscometer (ULA [0] rotor) at room temperature.
The shear resistance of the copolymer solution was measured at
room temperature with an MCR102 Anton Paar rheometer. A
HAMZ-IV friction instrument (Fig. 1) was used to measure the
copolymer solution drag reduction rate, which was prepared with



Scheme 1. Synthetic routes to the cationic modified monomers.

Scheme 2. Synthetic routes to the two drag reduction agents.
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fresh water or brine (NaCl, 10,000 mg/L). The flow rate was
20e45 min/L, and the copolymer solution concentrations were
500e1500 mg/L. The pressures (P) of different situations were
recorded. The DR performance of the copolymer was calculated
with Eq. (2).

R¼ P1 � P2
P1

� 100% (2)

where R is the drag reduction rate of the copolymer solution, %; P1
is the pressure of the fresh water or brine, kPa; and P2 is the
pressure of the copolymer solution, kPa.
3. Results and discussion

3.1. Characterization of cationic modified monomers and
acrylamide copolymers

The structures of cationic modified monomers and ternary
copolymer were characterized by IR spectroscopy, as shown in
Fig. 2. In the FT-IR spectrum (Fig. 2(a)), the peaks at 3405, 3030, and
1640 cm�1 indicated stretching vibrations of CeN, CeH (bonds in
benzene ring) and C]C bonds in AQAS1, and the peak at 1475 cm�1

represented the CeH bending vibrations of AQAS1. The peaks at
1640 and 1425 cm�1 corresponded to C]C stretching modes, that
at 2854 cm�1 was for eCH2e stretching modes, and the absorption
band for (CH2)n (n>4) usually appears at 720 cm�1. The functional
groups were confirmed with the FT-IR spectra of (P(AM/NaAA/
1891
AQAS1) and P(AM/NaAA/AQAS2). The NeH absorptions of the co-
polymers usually appear at approximately 3400e3300 cm�1, the
peaks at 1680 and 3089 cm�1 indicated stretching vibrations of
P(AM/NaAA/AQAS1), and that at 724 cm�1 was the absorption band
for the (CH2)n (n>4) segments of P(AM/NaAA/AQAS2).

Fig. 3 shows the 1H NMR spectra of the cationic modified
monomers and ternary copolymer, respectively. For AQAS1, the
signal at 3.32e3.26 ppmwas due to the protons of NeCH2e (d); the
protons of eNe(CH3)2 (e) appeared at 3.03e3.00 ppm; the signal at
4.01e3.98 ppm was assigned to CH2 protons (f); the signal
for ¼CHe protons (g) appeared at 6.06e5.97 ppm; the
CH2¼ protons (g) appeared at 5.65e5.58 ppm; the Ph protons (a)
appeared at 7.34e7.20 ppm; the eCH2e protons (b) near Ph groups
appeared at 2.63e2.58 ppm; and the phenyl protons (c) appeared
at 2.06e2.00 ppm. For AQAS2, the peaks at 0.89e0.85 ppm repre-
sented eCH3 groups (a), the protons of the straight chains eCH2e

groups (b) were observed at 1.32e1.24 ppm, and the peaks at
1.73e1.63 and 3.26e3.20 ppmwere for eCH2e (c) and e(CH2)e (d)
protons, respectively. Fig. 3(b) shows a signal at 2.24e1.85 ppm for
the eCHe groups (c) in the main chain, the eCH2e groups in the
main chain (b) also resonated at 1.72e1.15 ppm, and the peaks at
7.31e7.14 ppm were for phenyl protons (a) and the signals at
3.68e3.62 ppm indicated eNe(CH3)2 groups (d). Fig. 3(c) shows a
signal at 0.75e0.68 ppm for theeCH3 groups (a), and the signals for
eNe(CH3)2 protons (d) appeared at 3.72e3.59 ppm. Generally,
these materials can be identified as the targeted products.



Fig. 1. Fracturing fluid fractionation instrument and the pipeline flow chart.

Fig. 2. FT-IR spectra of cationic modified monomers (a) and copolymers (b).
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3.2. Effect of the synthetic conditions on the apparent viscosity

The effects of the synthetic conditions on the apparent viscos-
ities are shown in Fig. 4. With increasing total monomer content,
the viscosities of P(AM/NaAA/AQAS1) and P(AM/NaAA/AQAS2)
both increased. When the total monomer content reached 35 wt%,
1892
the apparent viscosity of the system reached a maximum, and then
the apparent viscosity decreased as the total monomer content
increased, as shown in Fig. 4(a). These results indicated that when
the total monomer content was maintained at a low value, the free
radicals did not react with the monomer efficiently, however,
excess monomer required a higher temperature and a faster



Fig. 3. 1H-NMR spectra of the cationic modified monomers (DMSO-d6 solution) (a) and
copolymers (D2O solution) (b, c).
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polymerization rate for the system, so the apparent viscosities of
the copolymers were reduced.

As shown in Fig. 4(b), the apparent viscosity of P(AM/NaAA/
AQAS1) increased as the AQAS1 concentration was increased,
reached a maximum at 0.5 mol%, and then the apparent viscosity
decreased slowly, which meant that when the concentration of
AQAS1 remained low, the concentrations of the hydrophobic
groups were low, and the hydrophobic association process was not
1893
complete. Then, above 0.5 mol%, the apparent viscosity suddenly
decreased, which may have occurred because mutual repulsions
between the charges affected the continuous free radical poly-
merization and led to a decrease in the apparent viscosity of the
copolymer. The apparent viscosity of P(AM/NaAA/AQAS2)
decreased obviously with increasing AQAS2 concentration. These
results indicated that with the same number of carbon atoms, the
linear structures increased the viscosity more efficiently than the
ring structures and achieved the highest viscosity at a low dosage.

Different concentrations of the initiator were also investigated,
and Fig. 4(c) shows that 0.3 wt% and 0.1 wt% were the best con-
centrations for P(AM/NaAA/AQAS1) and P(AM/NaAA/AQAS2),
respectively. With increasing initiator content, the apparent vis-
cosity of P(AM/NaAA/AQAS1) first increased to 441.8 mPa s (0.3 wt
%) and then decreased to 328.9 mPa s (0.1 wt%). However, for P(AM/
NaAA/AQAS2), it seems that polymerization occurred more easily
with low initiator concentrations and reached the highest apparent
viscosity at 0.1 wt%.

Fig. 4(d) shows clearly that the apparent viscosity of the
copolymer solution was almost unaffected by urea. In this experi-
ment, the solubilities of both copolymers were excellent, and it was
difficult to determine the solubilities with various urea contents, so
1 wt% was selected.

The polymerization reactions were strongly dependent on the
temperature, as shown in Fig. 4(e). The best reaction temperature
for both copolymers was 35 �C, and the apparent viscosities
decreased with increasing temperature. This indicated that many
primary radicals were produced at the higher temperatures, the
polymerization reaction rates were increased, and the chain
transfer rates were greater than the chain growth rates. Addition-
ally, the polymerizations were exothermic reactions, and high
temperatures generate high chain transfer rates; this results in
burst polymerization and sharp decreases in the polymer molec-
ular weight and apparent viscosity of the solution. Therefore, the
temperature used in this study had to be as low as possible, so 35 �C
was used for the experiments.

The optimized synthetic conditions for P(AM/NaAA/AQAS1)
were 35 wt% total monomer content, 0.5 mol% modified monomer
content, 0.3 wt% initiator,1 wt% urea, 35 �C. Similarly, the optimized
synthetic conditions for P(AM/NaAA/AQAS2) were 35 wt% total
monomer content, 0.25 mol% modified monomer content, 0.1 wt%
initiator, 1 wt% urea, 35 �C.

The intrinsic viscosities [h] of HPAM, P(AM/NaAA/AQAS1), and
P(AM/NaAA/AQAS2) were 200.87, 477.20, and 754.14 mL/g,
respectively. Then, Eq. (1) was used to calculate the molecular
weights of the copolymers; the molecular weight of MwHPAM was
6.06 � 105, that of MwP(AM/NaAA/AQAS1) was 1.79 � 106, and that of
MwP(AM/NaAA/AQAS2) was 3.17 � 106. The molecular weights of the
hydrophobically associative polymers are similar to those reported
in the research (2.21 � 106) (Jing et al., 2019).

3.3. Critical association concentrations and fluorescence spectra of
the copolymers

Copolymers may present different properties for different hy-
drophobic associating structures. The critical association concen-
tration (CAC) can be determined from the relationship between the
apparent viscosity and the copolymer concentration. The CAC in-
dicates whether the hydrophobic groups participated effectively in
the formation of the intermolecular associated structure. As shown
in Fig. 5(b), the viscosity of the P(AM/NaAA/AQAS2) solution
increased slowly when the concentration was below 4000 mg/L;
when the concentrationwas increased from4000 to 5000mg/L, the
viscosity rose sharply, and intermolecular association occurred at
this time. In contrast, P(AM/NaAA/AQAS1) had no obvious critical



Fig. 4. Effects of synthetic conditions on the apparent viscosities.
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association concentration within the concentration range
1000e7000 mg/L. Most likely, the modified monomer chain seg-
ments were too short and had not reached the critical association
concentration within the measurement range. This experiment
showed that the copolymer with the linear chain structure had
stronger hydrophobic interactions than the copolymer with a ring
1894
structure based on the same number of carbon atoms.
The hydrophobic association effects of P(AM/NaAA/AQAS2)

were investigated with fluorescence spectroscopy (Fig. 6). The
fluorescence intensity of pyrene in the copolymer solution first
increased and then decreased with increasing concentration. The
I1/I3 value for a 20 mg/L concentration was 1.51, and the I1/I3 for a



Fig. 5. Variations in the apparent viscosities of the copolymer solutions with concentration.

Fig. 6. Fluorescence spectra of pyrene in P(AM/NaAA/AQAS2) solutions with different
mass fractions.
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6000mg/L concentrationwas 0.66. From20 to 6000mg/L, the value
decreased by 0.85, which indicated that when the concentration
exceeded the CAC, hydrophobic microdomains were formed.
3.4. Micromorphologies of the polymer solutions

SEM was utilized to investigate the micromorphologies of the
copolymer solutions, Fig. 7(c) and (d) shows that the networks in
P(AM/NaAA/AQAS2) were tighter than those in HPAM, meanwhile,
Fig. 7(a) and (b) exhibits the same phenomenon, the results show
that the hydrophobic groups in the modified polymer may form an
association structure, resulting in a tighter network. The networks
in Fig. 7(e) weremore compact than those in Fig. 7(d), whichmeant
that above the CAC, intermolecular association occurred instead, or
it could be caused by high concentrations of P(AM/NaAA/AQAS2).
As shown in Fig. 7(a) and (c), the HPAM polymer chains are
entangled in the aqueous solution, but the entanglement is less
dense than the network structure formed by the modified poly-
acrylamide. This may be due to the absence of hydrophobic
modifying groups in HPAM, which do not form an associative
structure.
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3.5. Properties of the copolymer solutions

3.5.1. Salt and shear sensitivity tests
The salt tolerance values of the copolymer solutions (3000 mg/

L) were studied at room temperature with a Brookfield DV2T
viscometer (ULA [0] rotor), and the results are shown in Fig. 8. The
apparent viscosities of the P(AM/NaAA/AQAS1) and P(AM/NaAA/
AQAS2) solutions were both higher than that of HPAM in fresh
water.When the concentration of NaCl was increased to 10,000mg/
L, the apparent viscosities for P(AM/NaAA/AQAS1) and P(AM/NaAA/
AQAS2) were 9.54 and 13.8 mPa s, respectively, and both copolymer
viscosities were higher than that of HPAM. P(AM/NaAA/AQAS2) had
a higher initial viscosity and exhibited better salt tolerance, which
may indicate that the linear chains easily associated with each
other to form a network.

Two methods were used to test the shear resistances of the
copolymer solutions (3000 mg/L) at room temperature with an
MCR102 Anton Paar rheometer. In the first method, the shear rate
was maintained at 170 s�1 and viscosity changes were determined
after 60 min; in the second measurement method, when the shear
rate was gradually increased from 1 to 1000 s�1, the changes of the
polymer viscosity was measured after shearing 30 min. The results
are shown in Fig. 9. The viscosity retention rates for HPAM, P(AM/
NaAA/AQAS1) and P(AM/NaAA/AQAS2) were 98.4%, 85.0% and
101.4% (Fig. 9(a)), respectively. When the shear ratewas raised from
170 to 1000 s�1, the viscosities of the copolymers decreased
dramatically (Fig. 9(b)). The viscosities of HPAM, P(AM/NaAA/
AQAS1) and P(AM/NaAA/AQAS2) were 19.9, 21.4, and 23.7 mPa s,
respectively. Comparing the rheological properties of the three
polymers, it is evident from Fig. 9(b) that the apparent viscosity of
all three polymers decreases with increasing shear rate (from 0 to
1000 s�1). However, it is worth noting that in aqueous solution, the
viscosity of the three polymers follows the trend P(AM/NaAA/
AQAS2) ＞ P(AM/NaAA/AQAS1) > HPAM, in the shear rate range of
17.9e1000 s�1 (second point to the last point). This perhaps indi-
cated that the linear chains improved the shear resistance and
apparent viscosity of the polymer beyond those of the cyclic
structure, which showed that the viscosities of both copolymer
solutions were retained under shearing. Because AQAS2 has a
straight-chain structure, the sigma bond can undergo internal
rotation. In the aqueous solution, it can easily twist into a confor-
mation where hydrophobic association can occur. However, the
conjugated structure of the rigid benzene ring restricts the internal



Fig. 7. SEM images of HPAM (2000 mg/L, � 2000) (a), P(AM/NaAA/AQAS1) (2000 mg/L, � 2000) (b); HPAM (2000 mg/L, � 3000) (c), P(AM/NaAA/AQAS2) (2000 mg/L, � 3000) (d),
and P(AM/NaAA/AQAS2) (5000 mg/L, � 3000) (e).
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rotation of the sigma bonds, preventing the formation of more
associative conformations, unlike the chain structure, this differ-
ence results in a variation in rheological properties.

3.5.2. Viscoelasticity of copolymers
The rheological properties of the copolymers were used to
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evaluate the elasticities and viscosities of the fluids. The elastic
modulus (G0) and viscous modulus (G00) were used to represent the
rheological properties (Rodríguez-Rivero et al., 2014).

As shown in Fig. 10, the elastic modulus (G0) of P(AM/NaAA/
AQAS1) was higher than the viscous modulus (G00) when the
copolymer concentration was 1000 mg/L, but as the concentration



Fig. 8. Salt tolerance of the copolymers and HPAM solution.
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was increased, the elastic modulus (G0) and viscous modulus (G00)
curves almost overlapped at 5000 mg/L, and if the concentration
was increased continuously, a more compact network structure
should be formed, the elastic modulus (G0) should be higher than
the viscous modulus (G00) and indicate elasticity.

Fig. 11 shows that the elastic modulus (G0) and the viscous
modulus (G00) both increased with increasing concentration from
1000 to 5000mg/L. The elastic modulus (G0) of P(AM/NaAA/AQAS2)
almost reached the viscous modulus (G00) at 1000 mg/L when the
strain ranged from 0.1% to 100%. Moreover, as the concentration
was increased, the elastic modulus (G0) became higher than the
viscous modulus (G00) at 3000 mg/L, and the elastic modulus (G0)
eventually became significantly higher than the viscous modulus
(G00). The elastic modulus (G0) was significantly higher than the
viscous modulus (G00) at 3000 mg/L and in the range of 1e10 rad/s.
Based on the viscoelastic theory of drag reduction agents, the
polymer was a low-viscosity high-elasticity fluid at concentrations
greater than 3000 mg/L.
3.5.3. Drag reduction performance
As shown in Fig. 12, the DR rates of the copolymers both

increased with increasing flow rate. When the concentrations of
Fig. 9. Shear resistances of the cop
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P(AM/NaAA/AQAS1) were 500, 1000, and 1500 mg/L, and the flow
rate was 20 L/min, the DR rates were 69%, 73.6%, and 72.8%,
respectively. As the flow rate increased, P(AM/NaAA/AQAS1)
exhibited excellent drag reduction performance, when the flow
rate was 45 L/min, the DR rates of different concentrations of P(AM/
NaAA/AQAS1) reached 71.6%, 75.8%, and 77.9%. These results
showed that the DR rate exceeded 75% when the copolymer con-
centration was 1000 mg/L. Obviously, the DR rate of P(AM/NaAA/
AQAS2) decreased as the concentrationwas increased at a low flow
rate, which could have been caused by the continuous increases in
the concentration of P(AM/NaAA/AQAS2); the viscosity of the so-
lutionwas extremely high, which increased the frictional resistance
of the fluid in the pipeline. When the flow rate was increased to
45 L/min, the DR rates of three different concentrations (500, 1000,
and 1500 mg/L) of P(AM/NaAA/AQAS2) reached 75.2%, 76.5% and
75.2%, respectively, and when the concentration was 500 mg/L, a
high DR rate was achieved. Both of the copolymers exhibited
excellent DR performance in fresh water.

In field applications, large amounts of water are needed for the
shale gas fracture processes, but fresh water is not easily obtained,
and the use of fresh water is not sustainable. Therefore, salty for-
mation water and fracturing flowback fluid should be utilized
appropriately. 10,000 mg/L NaCl solution was prepared to simulate
brine. As shown in Fig. 13, the DR rates of P(AM/NaAA/AQAS1) and
P(AM/NaAA/AQAS2) were both higher than the DR rate of HPAM at
the same concentrations. When the concentration of P(AM/NaAA/
AQAS1) and HPAM was 1000 mg/L, and the concentration of P(AM/
NaAA/AQAS2) and HPAM was 500 mg/L, at low flow rates, the DR
rates of the copolymers were maintained above 70%, and the DR
rates of HPAM were 33.6% and 29.9%, respectively, when the flow
rate reached 45 L/min, the DR rates of the copolymers were
approximately 73.0%, under the same test conditions, the DR rates
of HPAMwere 45.0% and 43.2%. This indicated that the brine did not
affect the copolymer DR performance significantly, and the DR
performance was better than that of HPAM. It is noteworthy that,
while the concentration of P(AM/NaAA/AQAS1) was 1000 mg/L and
the concentration of P(AM/NaAA/AQAS2) was 500 mg/L, the lowest
DR rate of P(AM/NaAA/AQAS1) was 70.12% and that of P(AM/NaAA/
AQAS2) was 71.29% at 10,000 mg/L brine. At the same brine con-
ditions, the research (Wang et al., 2016) demonstrated that the
maximum drag reduction rate could reach approximately 65%
when themass fraction of the drag reduction agent was 0.2%. P(AM/
NaAA/AQAS1) and P(AM/NaAA/AQAS2) exhibited the advantage of
olymers and HPAM solution.



Fig. 10. Viscoelasticity of P(AM/NaAA/AQAS1) solutions of different concentrations.
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higher DR rate at lower dosages compared to the drag reducers
mentioned in the research.

Fig. 13 also shows that P(AM/NaAA/AQAS1) and P(AM/NaAA/
AQAS2) exhibit good drag reduction ability in brine (10,000 mg/L).
This is attributed to the addition of cyclic and chain quaternary
ammonium salt modified monomers, which enhance the drag
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reduction performance of the polymers. However, there is not a
significant difference in the drag reduction performance. This could
be attributed to the hydrophobic structure of both modified
monomers. This structure can increase the shear resistance of the
drag-reducing agent and inhibit turbulence, thereby enhancing its
drag-reducing effect.



Fig. 11. Viscoelasticity of P(AM/NaAA/AQAS2) solutions of different concentrations.
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The drag reduction rate of modified polyacrylamide is signifi-
cantly higher than that of HPAM under the same conditions. The
reasons may be as follows. (1) The modified polyacrylamide is less
affected by salt ions in saline solution, and the molecular chain is
not easy to be curled, which improves the salt resistance of the drag
reducing agent. (2) In the case of high flow rate, the polymer
1899
molecular chain is very easy to be fractured by shear, and due to the
addition of modified monomers, it allows the modified poly-
acrylamide to intertwine with each other to a higher degree in the
aqueous solution than HPAM, and the network structure is more
complete and densely packed. After shearing, themodified polymer
will re-connect due to the presence of hydrophobic groups. This



Fig. 12. Drag reduction rates of the copolymers in fresh water.

Fig. 13. Drag reduction rates of the copolymers and HPAM in brine.
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connected structure enhances the viscosity of the polymer solution
and inhibits turbulence in the pipeline, thereby enhancing the
drag-reducing effect of the modified polyacrylamide.

In contrast, HPAM in aqueous solution relies solely on its own
carbon chain. In cases of high flow velocity in the pipeline, this can
cause the HPAM molecular chain to be broken by shearing. There
are no hydrophobic monomers that can reconnect to the structure,
resulting in poor drag reduction performance.

4. Conclusions

In this paper, two hydrophobic associating drag reduction
agents were reported. Appropriate synthetic conditions, property
tests of copolymer solutions, such as salt tolerance and shear
resistance, rheology, and the drag reduction performance, were
investigated. The following conclusions were drawn.

(1) The two products showed better salt tolerance than HPAM;
compared with that of P(AM/NaAA/AQAS1), P(AM/NaAA/
AQAS2) presented a higher salt tolerance, which meant that
the linear chain structure was more effective in overcoming
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the negative effects of NaCl and more easily formed a
network structure. This indicated that the linear chain
structure engaged in hydrophobic association more readily
than the ring structure.

(2) The shear resistances and rheology were determinedwith an
MCR102 Anton Paar rheometer. The viscosity retention rate
of P(AM/NaAA/AQAS1) was approximately 85.0%, and that of
P(AM/NaAA/AQAS2) was 100% after shearing for 60 min at
170 s�1. The viscosities of P(AM/NaAA/AQAS1) and P(AM/
NaAA/AQAS2) were 21.4 and 23.7 mPa s at 1000 s�1,
respectively. The rheological properties of the copolymer
solutions were characterized. At a concentration of 3000mg/
L, P(AM/NaAA/AQAS2) exhibited an elastic modulus (G0)
higher than the viscous modulus (G00). However, 5000 mg/L
P(AM/NaAA/AQAS1) did not show the same behavior. Based
on viscoelastic theory, the linear chain structure showed
good shear resistance and a high sand-carrying capacity.

(3) With the same test conditions, both of these products
showed high drag reductions. In fresh water, when the flow
rate was 45 L/min, the drag reduction rate of 1000 mg/L
P(AM/NaAA/AQAS1) was approximately 75.8%, and 500mg/L
P(AM/NaAA/AQAS1) presented a 75.2% drag reduction rate.
In brine, the drag reduction rates for 1000 mg/L P(AM/NaAA/
AQAS1), 500 mg/L P(AM/NaAA/AQAS2), 1000 mg/L HPAM,
and 500 mg/L HPAM were 72.9%, 73.3%, 43.2% and 49.0%,
respectively. P(AM/NaAA/AQAS1) and P(AM/NaAA/AQAS2)
exhibited excellent drag reductions, and their application in
the field is expected.
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