
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Rheological prop
aShaanxi Key Laboratory of Chemical Addi

Science and Technology, Xi'an, 710021, Shaa
bNational Engineering Laboratory for E

Permeability Oil & Gas Fields, Changging O

† Electronic supplementary informa
10.1039/c9ra01725a

Cite this: RSC Adv., 2019, 9, 15246

Received 7th March 2019
Accepted 29th April 2019

DOI: 10.1039/c9ra01725a

rsc.li/rsc-advances

15246 | RSC Adv., 2019, 9, 15246–1525
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fluid system†
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Herein, a novel ultra-high salt hydrophobic associated polymer, UUCPAM, was prepared using acrylamide,

acrylic acid, 2-acrylamide-2-methyl propane sulfonic acid and the hydrophobic monomer UUC.

Polymerization exothermic test results indicated that the increase in the hydrophobic monomer content

led to an increase in the exothermic time, which is considerably conducive to the formation of

hydrophobic structures. The scanning electron microscopy and transmission electron microscopy

studies showed that the polymer had complex network structures and that this phenomenon was

considerably obvious in NaCl solution. The fluorescence probe experiment verified that the critical

association concentration of this polymer decreased with an increase in the hydrophobic monomer.

Rheology studies indicated that the polymer had good temperature and shear resistance in NaCl

solution. Moreover, the apparent viscosity of the polymer remained above 80 mPa s when 0.3 wt%

UUCPAM was added at 170 s�1 in 20 000 mg L�1 NaCl solution at 90 �C. The storage modulus that

indicated strong elasticity increased with an increase in the polymer concentration. Meanwhile, the

number of hydrophobic micro-zones increased, thus forming dense network structures. Therefore, the

polymer was found to have excellent salt resistance and extensive application prospects.
Introduction

Hydrophobic associated polyacrylamide (HAPAM) incorporates
a hydrophobic monomer with different side-chain lengths into
polymer chains to demonstrate particular rheological properties.
When the concentration of a polymer is above the critical associ-
ation concentration (CAC), the hydrophobic group interacts, thus
making themolecule undergo an intramolecular to intermolecular
association, which changes the rheological properties.1–3 Recent
research has been conducted on the mechanism of hydrophobic
associated polymers. The results show that there are two types of
association between the hydrophobic chains, which are the main
reasons behind the particular rheological properties.4,5

Several synthesis methods of HAPAM have already been
proposed. Research on soluble hydrophobic monomers addresses
their solubility and mixing problems, so that hydrophobic chains
can be easily incorporated into polymers.5–7 Therefore, research in
this area has attracted considerable attention. However, micelle
aggregation in aqueous solution has several limitations, such as
tives for Industry, Shaanxi University of
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the separation of molecule monomers, low molecular weight and
temperature control. Simultaneously, a chain transfer phenom-
enon occurs, resulting in a low molecular weight. Moreover, the
purication process is relatively complex. To overcome these
limitations, researchers have proposed several techniques,
including a low temperature for initiation. Currently, polymeriza-
tion conditions attract considerable attention, such as tempera-
ture, monomer content, and length of the hydrophobic chain,
which exert a signicant effect. The salt tolerance of a polymer is
an important factor that restricts its application. Most modied
polymers have poor performance in brine.7–10

Herein, the preparation conditions of a hydrophobic associated
polymer and the basic law of reaction were analyzed.Moreover, the
mechanism of the salt tolerance was investigated through micro-
structure analysis. Fig. 1 shows the mechanism of the rheological
properties. This study provides technical support for the applica-
tion of a hydrophobic associated polymer in tight oil reservoir
reconstruction.
Experimental
Materials

Analytical grade purity acrylamide (AM), acrylic acid (AA), 2-
acrylamido-2-methylpropanesulfonic acid (AMPS), ammonium
persulfate (APS), ascorbic acid (VC), 2,20-azo-bis(2-
methylpropionamide)dihydrochloride (V50) reagents were used
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Mechanism of the ultra-high salt hydrophobic associated polymer UUCPAM.

Scheme 1 Synthesis of UUCPAM.
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in the experiments. The hydrophobic monomer (UUC), NaCl
solution (20 000 mg L�1), and surfactant (SDS) were made in the
laboratory. All chemicals were utilized without further purication.

Synthesis of UUCPAM

An aqueous solution of the monomer was prepared with a total
concentration of 25 wt% and surfactant SDS content of 7% of the
totalmonomer concentration. Themass ratio of reactivemonomer
was m(AM) : m(AA) : m(AMPS) : m(UUC) ¼ 65 : 25 : 9 : 1. The
solution was deoxygenated for 30min at 6–8 �C. In the preparation
of a 1% initiator aqueous solution, with a dosage of 0.04% (based
on monomer total mass), the mass ratio was
m(APS) : m(VC) : m(V50) ¼ 2 : 1 : 1. The reaction was conducted at
90 �C for 3.0 h and a colloidal product was obtained. A white
powder of the hydrophobic associated polymer UUCPAM was ob-
tained by smashing and drying at 90 �C. The synthesis process is
shown in Scheme 1.

Measurements and microstructure

(i) TEM of UUCPAM. TEM was used to characterize the
hydrophobic associated polymer solution microstructure by
comparing the difference with an ordinary polyacrylamide
aqueous microstructure, providing an analytical basis for the
special rheological properties through structural comparison.
Polymer solutions were prepared with concentrations of 0.1 wt%,
0.2 wt% and 0.3 wt% in a 20 000 mg L�1 NaCl solution. The
samples were observed with (JEM-200CX) a transmission electron
This journal is © The Royal Society of Chemistry 2019
microscope made by the Japanese Electronics Company aer
drying on 200 mesh copper wire mesh.

(ii) SEM of UUCPAM. The morphology was investigated using
an environmental scanning electron microscope (ESEM, Quanta
450, USA). A system of 0.3 wt% UUCPAM that was treated in pure
water and a 20 000 mg L�1 salt solution for 90 min at a shear rate
of 170 s�1, was prepared and dropped onto glass slides to obtain
samples for ESEM observation. All of the samples were dried at
room temperature and then frozen using liquid nitrogen. The
frozen surfaces of the samples were observed with an ESEM
operating at an accelerating voltage of 20 kV.

(iii) Measurement of the rheological properties. Rheological
measurements were conducted on a HAAKE RS600 rheometer.
These measurements were made with a cone. The rheology of
UUCPAM solutions with different concentrations (0.1 wt%,
RSC Adv., 2019, 9, 15246–15256 | 15247
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Fig. 2 The FTIR spectrum of UUCPAM.
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0.2 wt%, 0.3 wt%) were measured over a temperature range of 30–
90 �C in a 20 000mg L�1 salt solution with a constant shear rate of
170 s�1. Then, the rheology of the UUCPAM solution was
measured at a constant temperature of 90 �C in a 20 000 mg L�1

salt solution under a shear rate of 170 s�1.
The detailed experimental procedures can be found in the ESI.†
Results and discussion
Characterization

(i) IR analysis. Fig. 2 shows the Fourier-transform infrared (FT-
IR) spectrum of UUCPAM. As can be observed, the peak at
3471 cm�1 is caused by –N–H and O–H, and that at 2910 cm�1 is
generated by the antisymmetric vibration of C–H. The strong
absorption peak at 1672 cm�1 is caused by the stretching vibration
of –C]O in the amide and carboxyl groups. Meanwhile, the peak
Fig. 3 The 1H NMR spectrum of UUCPAM.

15248 | RSC Adv., 2019, 9, 15246–15256
at 1105 cm�1 is due to the stretching vibrations of –C–N– and –C–
C–. Additionally, the absorption peaks at approximately 1358 cm�1

in the IR spectrum are due to the stretching vibrations of the
–SO3

2� groups. The absorption peak at 591 cm�1 is caused by
–(CH2)16– in the hydrophobic chains. These results veried that
the synthesized polymer was consistent with the designed
UUCPAM.

(ii) 1H NMR analysis. The resonances of the protons are shown
in Fig. 3, as follows: 4.70 (D2O) for the solvent peak, 1.57–1.68 ppm
(d) and 2.02–2.25 ppm (e) for (–CH2–CH–), 1.47 ppm (c) for (–CH3)
of AMPS, 2.87 ppm (f) for (–CH2–) of AMPS and UUC, 3.25 ppm (g)
for (–CH2–) of UUC, 1.21 ppm (b) for (–CH2–)16 of UUC, 0.85 ppm
(a) for (–CH3) of UUC, 09–1.12 ppm and 3.55–3.63 ppm for ethanol
solvent peaks. The results veried that the synthesized polymer
was consistent with the designed UUCPAM.
Microstructure of the hydrophobic associated polymer
UUCPAM

Fig. 4 shows the results of the morphological observation by TEM.
The TEM analysis reveals that the hydrophobic associated polymer
(UUCPAM) remains in a small bead state in aqueous solution,
mainly forming intramolecular associations at low concentration.
As shown in Fig. 4(A), the molecular chains are not completely
stretched. As the polymer concentration is continuously increased,
the intramolecular association becomes relatively noticeable and
intermolecular associations are gradually formed, as shown in
Fig. 4(B). By increasing the concentration, the associations in the
polymer solution are converted from intramolecular to intermo-
lecular. As shown in Fig. 4(C), self-assembly between the macro-
molecule hydrophobic side chains is evident, forming a dense
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 TEM images of the hydrophobic associated polymer. (A) 0.1 wt% UUCPAM in 20 000 mg L�1 NaCl salt water, (B) 0.2 wt% UUCPAM in
20 000 mg L�1 NaCl salt water, and (C) 0.3 wt% UUCPAM in 20 000 mg L�1 NaCl salt water.
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network structure. Moreover, the network structures are observed
under CAC conditions.

X-ray diffraction (XRD) of UUCPAM

XRD is a technique that can be used to characterize the properties
of the polymer. As shown in Fig. 5, the analysis of the XRD pattern
suggests that UUCPAM has an amorphous structure. The pattern
has no sharp peaks but instead has wide diffuse peaks. Hence,
UUCPAM does not absorb outside energy to destroy its spatial
crystal lattice, indicating that the polymer can be easily dissolved
in water.

Temperature curve of the polymerization process

The effect of temperature was most noticeable during the
synthesis. Common synthesis temperatures of between 40 �C and
50 �C were used and an initiator agent was added at high
temperature, which is prone to causing implosion. In industrial
production, system temperatures tend to be constant or the
temperature difference inside and outside of a vessel should not be
large. Therefore, a special thermostat is required. Low-temperature
initiation and preliminary analysis of its temperature curve at 5 �C
in different hydrophobic monomer concentrations were investi-
gated. As can be observed from the temperature change, the
Fig. 5 XRD of the polymer UUCPAM.

This journal is © The Royal Society of Chemistry 2019
system response can be commonly divided into three stages.
Firstly, acrylamide, acrylic acid, and AMPS molecular chains were
opened at low temperature. Secondly, during the heating process,
a trace amount of hydrophobic monomer connected to the main
chain, forming a macromolecular segment. Thirdly, many hydro-
phobic monomers successfully connected to the polymer chains,
connecting each hydrophobic group with the formed macromo-
lecular chains, resulting in the formation of the desired hydro-
phobic associated polymer, as shown in Fig. 6(A) and (B).

Fig. 6 shows that the polymerization of the hydrophobic asso-
ciated polymer can be characterized into stages due to the addition
of hydrophobic monomer. The same change in the temperature
rate can improve the stability of the initiating system and the
polymerization process, so the inuence of other factors can be
excluded. When the content of hydrophobic monomer is changed,
the highest temperature and structure of the polymer solution are
affected, as shown in Fig. 6(C) and (D).

The analysis shows that the reaction temperature of the system
exhibits some variation with monomer concentration. As the
hydrophobic monomer concentration is increased, the released
system heat is increased. Reaction auto acceleration is noticeable
and the temperature increases. Therefore, the higher the mono-
mer concentration is, the greater the temperature of the reaction
end point will be, meaning that the hydrophobic monomer has
been graed in the main chain. When the reaction reaches the
highest temperature, the three-dimensional network structure is
formed, as shown in Fig. 6(B). As illustrated in Fig. 6(D), more
hydrophobic units are formed if the concentration of the hydro-
phobic monomer is increased. When the concentration of the
hydrophobicmonomer is low, the numbers of hydrophobicmicro-
zones of the polymer are small and the molecular chains are
mainly linear, as presented in Fig. 6(C).
The effect of the hydrophobic monomer content on
performance

The intrinsic viscosity and Huggins constant were obtained
using the Huggins equation. The intrinsic viscosity, Huggins
constant, and polymer concentration can be used to evaluate
the dilute solution properties of the polymer. The intrinsic
RSC Adv., 2019, 9, 15246–15256 | 15249
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Fig. 6 Polymerization temperature changes with time. (A) 0.5 wt%
UUC and (B) 1.0 wt% UUC; (C) SEM of sample A with 0.5 wt% UUC and
(D) SEM of sample B with 1.0 wt% UUC.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

6:
14

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
viscosity (h) and the Huggins constant (KH) are inuenced by
the hydrophobic monomer, as presented in Table 1. The poly-
mer intrinsic viscosity and Huggins constant show a decreasing
trend in pure water and saline upon an increase in hydrophobic
monomer concentration. Moreover, the intrinsic viscosity of the
polymer in clean water is greater than that in saline. On the
contrary, the Huggins constant in saline is greater than that in
clean water.11–13

At low concentration, the Huggins equation is used to evaluate
the intrinsic viscosity and Huggins constant of the solution, which
are used to investigate the hydrodynamic volume between polymer
Table 1 Influence of different hydrophobic monomer contents on the
polymer properties

W/%
(UUC)

[h]/(mL g�1) h/(mPa s) KH

CACWater Brine Water Brine Water Brine

0 811 730 50 32 0.29 0.43 0
0.2 733 689 71 80 0.77 1.06 0.81
0.5 623 600 102 84 1.13 1.34 0.70
0.8 553 475 157 102 2.21 3.01 0.57
1.0 575 511 169 115 3.75 4.18 0.32
1.2 527 419 98 62 4.24 4.63 0.58
1.5 450 405 72 40 5.12 5.47 0.64

15250 | RSC Adv., 2019, 9, 15246–15256
molecular chains and describe the interaction of different polymer
molecular chains. According to eqn (1), the viscosity is tested at
different concentrations to determine the intrinsic viscosity and
Huggins constant. The equation is expressed as follows:

hsp

c
¼ ½h� þ KH½h�2c; (1)

where h denotes the intrinsic viscosity (mL g�1), KH denotes the
Huggins constant, hsp denotes the specic viscosity, and hsp/c
denotes the reduced viscosity. h and KH are determined by the
linear part calculation of the experimental data obtained
through the equation. The hydrophobic monomer in the poly-
mer is a key factor that determines the hydrophobic domain
formation. Meanwhile, h can be used to express the solution
viscosity under innite dilute condition. This state can be
regarded as being approximate to a single molecule. When the
hydrophobic monomer content increases, the intramolecular
association makes the polymer molecular chain curl up or
crinkle, resulting in a low h value at the macro level.13–16

In dilute solution, the PAM molecule, a type of poly-
acrylamide, has a spiral or ring structure and the polymer
molecular chain stretches. When the hydrophobic group is
added into the polymer molecular chain, the hydrophobically
modied polymer molecular chain crimps and shrinks, which
results in a reduced hydrodynamic volume and decreased
apparent viscosity. Aer the introduction of the long-chain
hydrophobic monomer in UUCPAM, intramolecular hydro-
phobic association also occurs, resulting in a crimped polymer
molecular chain. The intramolecular association is enhanced
upon an increase in the hydrophobic monomer content.
Therefore, the intrinsic viscosity of the UUCPAM polymer will
be gradually decreased. The Huggins constant reects the
interaction between the polymer molecular chain and water. As
can be observed from the table, the Huggins constant shows an
increasing trend with an increase in the hydrophobic monomer
content, particularly when the content is changed from 0.8 to
1.5 wt%. This result indicates that the intramolecular associa-
tion is enhanced with an increase in the hydrophobic chains. In
addition, the greater the Huggins constant, the lower the solu-
bility of the polymer. When the hydrophobic monomer content
in the experiment reaches 12 wt%, the polymer is difficult to
dissolve even aer stirring for a long time.

Meanwhile, the apparent viscosity of the polymer is affected by
the hydrophobic monomer content in clean water and saline. As
the hydrophobic monomer content increases in pure water, the
molecular chain stretching is affected and intermolecular associ-
ation phenomenon occurs, resulting in the increased apparent
viscosity of the solution.When the hydrophobicmonomer content
reaches a certain extent, the distance between the intramolecular
hydrophobic groups is reduced, where the intramolecular associ-
ation is dominant, causing molecular chain curling and
a decreasing trend in the viscosity. These reasons can be utilized to
explain the inuence of the hydrophobic monomer content on the
polymer CAC. The lower the CAC of the polymer, the stronger the
thickening ability. Therefore, an excessive hydrophobic monomer
content adversely affects the polymer solubility and association
strength. In addition, aer the introduction of the hydrophobic
This journal is © The Royal Society of Chemistry 2019
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group (0.2 wt%) into the polymer, the apparent viscosity in saline
(20 000 mg L�1) is superior than that in pure water. An increase in
the hydrophobic monomer amount promotes polymer dissolution
and the polarity of the solution increases, which demonstrates an
anti-polyelectrolyte effect, so the hydrophobic association is
enhanced. Therefore, the salt tolerance performance of the
hydrophobic associated polymer is improved, as presented in
Table 1.
Fig. 7 Performance changes in the I1/I3 ratios of aqueous solutions
under various polymer concentration conditions.

Fig. 8 Apparent viscosity and hydrophobicmicro-zone number of the
aqueous solution in different polymer concentrations. (A) Apparent
viscosity of the UUCPAM and (B) SEM of the UUCPAM under the CAC.
Effect of the polymer concentration on solution performance

Pyrene (Py) was employed as a uorescent probe to perform
spectrouorimetry on the hydrophobic associated polymer. At
25 �C, the pyrene is regarded as a hydrophobic non-polar
molecule with considerably low water solubility. Its single-
body spectrum is extremely sensitive to polar environments. A
quint of I appears in the uorescence spectra, the strength of
one peak and three peaks shis with polar environmental
change of the solution. Commonly, the I1/I3 ratio is used to
determine the solvent polarity, which can be used to evaluate
the microscopic changes in the solvent environment polarity of
polymer molecules. Without the polymer, the hydrophobic
microregion is not formed and the environment polarity of the
pyrene molecule is strong. The spectral characteristics of this
molecule in polar environment are enhanced in I1. With poly-
mer addition, a hydrophobic microregion is gradually formed.
Owing to its strong hydrophobicity, the Py molecule has the
priority to be a part of the formed hydrophobic microregion,
showing Py spectral characteristics specic to an oil-soluble
environment with an enhanced I3. The smaller the I1/I3 ratio
is, the smaller the polarity environment of Py will be. This result
objectively indicates that the more hydrophobic microregions
of the intramolecular and intermolecular associations of the
hydrophobic associated polymer molecules there are, the
greater the hydrodynamic volume and stronger the hydro-
phobic effect will be. As the hydrophobic monomer content
increases at the same concentration, the solution polarity
decreases. As shown in Fig. 7, the I1/I3 ratio shows a particular
variation trend according to the concentration changes of the
hydrophobic associated polymer in that its mutational site is
basically the same as the CAC. The apparent viscosity of the
aqueous solution is increased, in which the I1/I3 ratio is rapidly
reduced at the same concentration.17–22

Fig. 7 the viscosity of the polymer with various hydrophobic
monomer content undergoes signicant rapid change upon an
increase in the concentration, which denotes the critical asso-
ciation concentration. However, such phenomenon of a rapid
change in viscosity does not exist for the general category of
polyacrylamides that indicated the association occurred. With
a polymer concentration of CC*, there are not large differences
in viscosity between the UUCPAM and PAM. UUCPAM mainly
demonstrates intramolecular association at low concentrations,
resulting in the curling of the polymer coil, hydrodynamic
volume reduction and minimal apparent viscosity of the solu-
tion. With a concentration of CpC*, the viscosity of the polymer
increases rapidly because intermolecular associations form to
produce a super-molecular structure. With the improved
This journal is © The Royal Society of Chemistry 2019
rigidity of the molecular chain, the system elasticity and
hydrodynamic volume increase to form a dynamic physical
cross-linked structure with a rapid increase in viscosity. The
reason for the PAM viscosity increase is that when the polymer
concentration increases, the possibility for intermolecular
contact and molecular winding density increases. Meanwhile,
the hydrophobic monomer content that promotes the associa-
tion process increases, the viscosity is signicantly increased
and the CAC tends to decrease at the same time. However, when
the concentration is too large, the hydrophobic group of the
main chain block-type access increases and the hydrophobic
group spacings decrease, rendering the polymer more inclined
to form intramolecular associations, which results in a decrease
in the viscosity. Therefore, when the hydrophobic monomer
concentration is 1.0 wt%, the apparent viscosity of the solution
increases. Thus, the variation trends are more noticeable and
the CAC (C*) decreases, as shown in Fig. 8.
Viscoelasticity change of the UUCPAM

A solution was prepared using 0.1/0.3 wt% UUCPAM andmixing
it with 0.5% SDS and then the system was placed into an RS600
RSC Adv., 2019, 9, 15246–15256 | 15251
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rheometer at 90 �C at a shear rate of 170 s�1, as shown in Fig. 11.
Fig. 9 shows the results that were obtained through strain
scanning experiments at a frequency of 1 Hz. Fig. 10 shows the
variation in the storage modulus and loss modulus with
frequencies ranging from 0.1 to 10 Hz. The gure shows the
polymer viscoelasticity change curve with strain and shear
frequency at various concentrations, where G0 represents the
storage modulus and G00 denotes the loss modulus. The main
reason for the viscoelasticity change in the hydrophobic asso-
ciated polymer solution is the hydrophobic associations among
the molecular chains.

Fig. 9 and 10 show that the strain scanning result is close to
that of the frequency scanning result. The strain scanning
results indicates that the storage modulus G0 is less than the
loss modulus G00 at low concentration. At a concentration of
0.3 wt%, the G0 of the polymer solution is greater than the G00

and the polymer solutions are transformed from viscous to
elastic, as shown in Fig. 9(A). When SDS is added, the polymer
molecules combine to form a three-dimensional network
structure, where the elasticity is enhanced and G0 is greater than
G00 (Fig. 9(B)).

As shown in Fig. 10(A), the frequency scanning results indi-
cate that G0 is less than G00 with a frequency change at 0.1 wt%.
Fig. 10 Frequency changes in the polymer viscoelasticity in various
UUCPAM concentrations. (A) UUCPAM in 20 000 mg L�1 NaCl salt
solution and (B) UUCPAM + SDS in 20 000 mg L�1 NaCl salt solution.

Fig. 9 Strain changes in the polymer viscoelasticity of different
UUCPAM concentrations. (A) UUCPAM in 20 000mg L�1 NaCl solution
and (B) UUCPAM + SDS in 20 000 mg L�1 NaCl solution.

15252 | RSC Adv., 2019, 9, 15246–15256
At this point, the solution is mainly viscous and the molecular
chain at low concentration can be completely stretched.
Viscosity is generated by the friction between macromolecular
chains. When the concentration is increased to 0.3 wt%, G0

becomes greater than G00, as shown in Fig. 10(B).
Fig. 11 Rheological properties of the different concentrations of
UUCPAM with SDS.

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Changes in the number of hydrophobic micro-zones in pure
water.

Fig. 13 Effect of the salt on the apparent viscosity of the UUCPAM
polymer. (A) Apparent viscosity of UUCPAM in various salt concen-
trations and (B) SEM of UUCPAM in 20 000 mg L�1 NaCl salt water.
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The hydrophobic group of the polymer molecular chain is
connected when SDS is added, forming additional network
structures. The viscosity of the polymer is also enhanced by the
addition of SDS. Free hydrophobic long carbon chains enter the
Fig. 14 SEM images of the UUCPAM polymer. (A) 0.3 wt% UUCPAM and

This journal is © The Royal Society of Chemistry 2019
micelles that are formed by the surfactant, as shown in Fig. 11.
Fig. 11 shows that the complex viscosity is increased to 170
mPa s aer shearing for a concentration of 0.3 wt% and 70
mPa s for 0.1 wt%. This phenomenon also proves that the SDS
improves the salt resistance of the polymer. Meanwhile, the
number of hydrophobic micro-zones increases when the poly-
mer concentration increases and additional hydrophobic units
are obtained, as shown in Fig. 12.
Effect of salt on the rheological properties of the UUCPAM

An aqueous solution was prepared using 0.3, 0.5, and 0.8 wt%
UUCPAM and the apparent viscosity change was measured with
different sodium chloride (NaCl) content. Fig. 13(A) shows that
the apparent PAM viscosity rapidly decreased with an increase
in the NaCl content. When the saltiness reached a certain
concentration, the viscosity gradually changed. The reason for
this is that the addition of salt produces a negatively charged
group on the ordinary polyacrylamide backbone shielded by
Na+. Mutual repulsion between the charges is reduced and the
PAM molecular chains contract, so the apparent viscosity
decreases. The apparent viscosity of the UUCPAM solution is
inuenced by the enhanced polarity and charge shielding.

The hydrophobic chains in the polymer are carried by the
surfactant SDS. When the polymer is dissolved in salt solu-
tion, the micelles formed by the surfactant SDS shield the salt
ions. As shown in Fig. 13(B), the surfactant micelles were
compressed by the salt ions. Therefore, the numbers of
micelles increased.

Thus, the polymer formed a more compact spatial network
structure, showing the characteristics of the supramolecular
polymer (Fig. 14(B)). A linear structure was exhibited in
puried water, as shown in Fig. 14(A). Meanwhile, at a suit-
able salt concentration, strong solubilization occurs. The
polarity and intermolecular associations of the polymer
aqueous solution all increased, forming hydrophobic micro-
zones. Therefore, molecular chains are converted to super-
molecular structures, which contributes to an increase in the
viscosity. When the salt concentration is considerably high,
the anion charge shielding is greater than the polarity
enhancing effects of the SDS. The macromolecules are curled
(B) 0.3 wt% UUCPAM in 20 000 mg L�1 NaCl salt water.
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Fig. 15 Effect of temperature on the UUCPAM. (A) 0.1 wt% UUCPAM in
20 000mg L�1 NaCl salt water, (B) 0.2 wt% UUCPAM in 20 000mg L�1

NaCl salt water, and (C) 0.3 wt% UUCPAM in 20 000 mg L�1 NaCl salt
water.

Fig. 16 Effect of the shear rate on the UUCPAM. (A) 0.1 wt% UUCPAM
in 20 000 mg L�1 NaCl water, (B) 0.2 wt% UUCPAM in 20 000 mg L�1

NaCl salt water, and (C) 0.3 wt% UUCPAM in 20 000 mg L�1 NaCl salt
water.
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with most negative charge shielded and the solubility of
polymer is decreased. Therefore, the apparent viscosity
decreases, as shown in Fig. 13(A). The side group steric
hindrance and molecule rigidity are increased by improving
the concentration of AMPS. Thus, the salt resistance is
improved.

Effect of temperature on the rheological properties of
UUCPAM

When the temperature is raised from 25 to 90 �C, the apparent
viscosity of the UUCPAM solution decreases. The viscosity
15254 | RSC Adv., 2019, 9, 15246–15256
decreases upon an increase in the temperature at low concen-
tration. However, the temperature resistance of the polymer is
enhanced by increasing the concentration. When the polymer
concentration is 0.1 wt%, the numbers of hydrophobic micro-
regions are small and the intramolecular association is domi-
nant. The chains of the polymer molecules are stretched with
the rise in temperature.23 As shown in Fig. 15(A), the viscosity is
reduced to 25 mPa s when the temperature is raised to 90 �C.
Moreover, the intramolecular associations gradually trans-
formed to intermolecular associations as the concentration
increased, showing a better temperature tolerance. The
This journal is © The Royal Society of Chemistry 2019
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viscosity remained higher than 50mPa s, as shown in Fig. 15(B).
When the polymer concentration reached the CAC (0.3 wt%),
the temperature resistance evidently improved, forming a dense
network structure. The lowest viscosity was always higher than
70 mPa s, which indicates that the polymer has good tempera-
ture tolerance (Fig. 15(C)).
Effect of shear on the rheological properties of UUCPAM

The test results presented in Fig. 16 show that the UUCPAM
polymer has good rheological properties. As the polymer
concentration increases, the shear resistance further improves.
As shown in Fig. 16(A), the viscosity is higher than 45 mPa s
when the concentration is 0.1 wt% at 90 �C at a shear rate of 170
s�1. Meanwhile, the viscosity is higher than 69 mPa s when the
concentration is 0.2 wt% under the same conditions, as shown
in Fig. 16(B). Fig. 16(C) indicates that when the polymer
concentration reaches 0.3 wt%, which is the CAC, the viscosity
remains higher than 100 mPa s aer shearing. In addition,
a large number of hydrophobic units interact with each other,
forming a dense spatial network structure.
Conclusions

The anionic hydrophobic monomers UUC and SDS were intro-
duced into a polymer to obtain a high-performance material.
The polymer UUCPAM was characterized by FT-IR and 1H NMR
spectroscopies. The microstructures of the polymer were
observed by TEM and SEM. The rheological properties of the
polymer were evaluated and the conclusions are as follows:

(1) The TEM and SEM results indicate that the polymer
shows a disorderly network structure in pure water but has
a considerably regular arrangement and noticeable spatial
network structure in 20 000 mg L�1 NaCl salt water. The solu-
bility and viscosity of the polymer were reduced by increasing
the hydrophobic monomer content. Excellent properties were
exhibited with 1.0 wt% UUC. (2) The viscoelasticity tests
demonstrated that the G00 of the aqueous solution was larger
than G0 when the polymer concentration was 0.1 wt%. On the
contrary, G0 was greater than G00 when the UUCPAM content was
increased to 0.3 wt%. However, G0 was always higher than G00

regardless of whether the UUCPAM content was 0.1 or 0.3 wt%
when SDS was added. (3) The viscosity changed smoothly at
90 �C aer shearing with the concentration ranging from 0.1 to
0.3 wt%, which showed excellent rheological properties. The
viscosity remained higher than 80 mPa s, particularly when the
concentration reached 0.3 wt%. Therefore, the polymer has
good salt resistance.
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