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In this study, emulsion-free radical reaction was applied to synthesize a novel sulfomethylating hydrophobically associating
copolymer (HPDS) by using acrylamide, acrylic acid, NaHSO,;, HCHO, and a laboratory-made N,N-divinylnonadeca-1,10-
dien-2-amine to enhance heavy-oil recovery. The structure and properties of HPDS were characterized by a range of
experiments, which showed that HPDS had better stability and enhanced heavy-oil recovery capacity than hydrolyzed
polyacrylamide (HPAM). One-dimensional flooding experiments illustrated that HPDS performed better in establishing
resistance factor (RF) and residual RF (RRF), and approximately 19.8% oil recovery could be enhanced by injecting 1500 mg/L
of HPDS solution compared with that of HPAM at only 14.1%. HPDS has a promising application prospect in enhancing

heavy-oil recovery.

1. Introduction

Heavy-oil reservoirs are one of the most important uncon-
ventional resources, with an enormous economic value and
an abundant quantity of reserves. The application of thermal
methods to enhance heavy-oil recovery has some crucial
challenges due to economic and environmental obstacles
[1, 2]. For example, SAGD is a thermal process requiring
energy to turn water into steam, and it is commercially
expensive. In addition, fresh water supply is another envi-
ronmental issue inhibiting the application of thermal
methods [3, 4].

Water flooding is a commonly used secondary recovery
method in the industry because it is economically advanta-
geous for the development of oil reservoirs; however, more
than 60% of the heavy oil in place is usually still left after
the technique is conducted [5, 6]. Polymer flooding is a tech-
nology wherein high-molecular-weight, water-soluble poly-
mers are added to the injection water to increase the
viscosity and reduce the mobility ratio of the injection water

and the crude oil to be displaced [7, 8]. One of the most
commonly used polymers is the partially hydrolyzed
polyacrylamide (HPAM) due to its rapidly soluble and large
hydrodynamic volume, which could greatly enhance solu-
tion viscosity. Given the high sensibility of the HPAM chain
in aqueous solution at high temperature and high salinity,
a considerable loss in viscosity is possible owing to its
molecules’ random/coil conformation [9, 10].

In recent years, several efforts have been exerted to
develop new polymers with superior performance at high
temperature and high salinity, and some progresses have
been made [11, 12]. Two approaches could be mainly used
to make new polymers with preferable performance in harsh
environments. The first is the introduction of hydrophobic
groups [13-15]. An effective method to improve polymer
salt tolerance and thermal stability is by increasing polymer
hydrophobic interaction by introducing hydrophobic groups
into the molecular chains. Polymers with hydrophobic
groups exhibit similar viscosities in fresh and saline waters.
The second is the introduction of salt-tolerant groups
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[16-18]. The carboxyl groups in HPAM could easily react
with Ca** and Mg”* ions in the solution and form precipi-
tate, resulting in phase separation or formation damage. If
-SO;H groups could be introduced to acrylamide (AM),
the polymer could exhibit good thermal stability and
increased tolerance with divalent and multivalent metal ions.
In addition, the -SO,H group is a strong polar group, and its
strong hydrophilic interaction and electrostatic repulsion
increase the water solubility of copolymers and the fluid vol-
ume of the molecular chain [19-21].

Inspired by predecessors’ methods, a novel thermal sta-
ble and salt-tolerant polymer referred to as HPDS was syn-
thesized by introducing sulfonic acid groups to a water-
soluble hydrophobically associating polymer referred to as
HPDN, which was prepared from AM, acrylic acid (AA),
and another laboratory-made agent N,N-divinylnonadeca-
1, 10-dien-2-amine (DNDA) in emulsion-free radical reac-
tion. Then, a series of work was conducted to HPDS, such
as characterization and performance testing.

2. Experimental
2.1. Materials

2.1.1. Drugs. AM was obtained commercially and purified by
crystallization from a water-ethanol mixture. NaOH, AA,
NaHSO,, (NH,),S,0,, alkylphenol ethoxylates (OP-10),
NaCl, MgCl,-6H,0, CaCl,, and other chemicals were com-
mercially available and used directly without further purifi-
cation. DNDA was prepared in accordance with literature
[22, 23]. Crude oil and HPAM came from Shengli Oilfield
in Dongying (Shandong Province, China). Water was dou-
bly distilled and deionized by passing through an ion
exchange-column. All the other chemicals were of analytical
grades, unless otherwise noted.

2.1.2. Instrument. WQF-520 infrared spectrometer (Beijing
Rayleigh Analytical Instrument Co., Ltd.), Bruker AC-E
200 (Bruker BioSpin, Switzerland), S-3000 N scanning elec-
tron microscopy (SEM, Hitachi, Japan), Brookfield DV-III
rheometer, HAAKE RheoStress 6000 rotational rheometer
(Thermo Fisher Scientific, Waltham/Massachusetts), and
Waring stirrer (LB20EG laboratory blender) were used in
this study.

2.2. Preparation of the HPDS. Copolymerization of HPDN
was carried out by emulsion-free radical polymerization.
Seven grams of AM, 3 g of AA, 0.0361 g of DNDA, emulsifier
(0.3wt.%), and NaHSO;-(NH,),S,Oy initiator (0.2 wt.% and
1:1mol ratio) were taken along with deionized water in a
three-necked flask assembled with a nitrogen inlet. The reac-
tor was kept in a water bath with magnetic stirring arrange-
ment. Copolymerization was carried out at 40°C under N,
atmosphere for 10 h. The pH of the reaction was 7. The poly-
mer was then isolated by precipitation with acetone or
water-ethanol and dried in a vacuum oven at 40°C for 7h
to yield the corresponding copolymer.

A new sulfonylurea methylation modification displacing
agent was synthesized through the reaction with HCHO and
NaHSO,. HPDN dissolved to 1wt.% with deionized water
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was taken along with NaHSO,; and HCHO (7.5wt.% and
3:1mol ratio) in a three-necked flask assembled with a
nitrogen inlet. The reactor was kept in a water bath with
magnetic stirring arrangement. Reaction was carried out at
70°C under N, atmosphere. The pH of the reaction was 11.
The polymer then was isolated by precipitation with acetone
or water-ethanol and dried in a vacuum oven at 40°C for 7h
to yield the corresponding HPDS. The synthesis rout of
HPDS is shown in Scheme 1.

2.3. Characterization. HPDN and HPDS were characterized
by WQE-520 infrared spectroscopy. The "H-NMR spectra of
HPDS were recorded on Bruker AC-E 200 (Bruker BioSpin,
Switzerland) spectrometer by dissolving the samples in D,O
and being operated at 200 MHz.

HPDS was dissolved in degassed and distilled water
(solution concentration = 2000 mg/L, HPAM concentration
=2000 mg/L) to observe the microscopic structures. SEM
images were taken by S-3000 N SEM (Hitachi, Japan). The
SEM resolution was 3 um, and the magnifying multiple
ranged from 3 to 30,000. Analysis was conducted at 20kV
acceleration voltage and 120-500 Pa pressure in the sample
chamber.

2.4. Intrinsic Viscosity. The intrinsic viscosity [n] of HPDS
was measured with Ubbelohde’s viscometer (diameter:
0.3 mm, length: 12.15cm) at 30°C. The solvent (1 mol/L
NaCl) efflux time was greater than 100s. Therefore, no
kinetic energy corrections were made on the observed data.
The temperature was controlled using a Cannon constant-
temperature bath. Triplicate records were taken at each con-
centration using a stopwatch with an accuracy of 0.2s. At
each concentration, the reduced viscosity (7,,/c,) and inher-

ent viscosity (In#,/c.) were determined from the passing
time of polymer solutions, and then, they were plotted
against the concentration of polymer solutions. Extrapola-
tion was used to gain the intercept (H). Then, the inherent
viscosity of HPDS was calculated using the following equa-
tion:

: (1)

m=g

where [#] is the intrinsic viscosity, mL/g; H is the intercept of
y axis; and ¢, is the initial concentration of polymer solution,
g/mL.

2.5. Viscosity in Different Concentrations. HPDS and HPAM
solutions with different concentrations were established
(polymer dilute solution was diluted by mother liquor, the
same as below), and the apparent viscosities of the solutions
were measured by Brookfield DV-III rheometer at 25°C.

2.6. Rheology Test. The rheological properties of polymer
solution are closely related to its solution properties. They
are the integrated embodiment of solution’s microphase
structure and functions. Thus, the investigation of rheological
property was repeatedly utilized to study whether the polymer
solution met the requirement of the oil displacement in
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previous studies. HAAKE RheoStress 6000 rotational rheom-
eter (Thermo Fisher Scientific, Waltham/Massachusetts) was
used to study the rheological character of the HPDS
(1500 mg/L) and HPAM (1500 mg/L) solutions at 30°C.

2.7. Stability Experiments. When injected into the formation,
the polymer solution could be subjected to different types of
shearing, such as the shearing of pipelines and formation.
Waring stirrer (LB20EG laboratory blender) was used to
simulate the shearing in the injection process. Different con-
centrations of HPAM and HPDS were sheared for 30s
(5000 r/min) [24]. The viscosities of the polymers were
determined after 30 min.

Temperature rises as the depth of oil or gas well/reser-
voir increases, thus making the viscosity of the polymer
flood agent decreased remarkably. Brookfield DV-III rheom-
eter was utilized to measure the apparent viscosity of HPDS
solutions (1500 mg/L) in comparison with that of HPAM
solutions (1500 mg/L). Then, temperature resistance and salt
tolerance were tested repeatedly with the increase in temper-
ature and salinity.

2.8. Physical Simulation Experiments. Sand-pack models
were used in the physical simulation experiments to test
the capacity of HPDS to establish resistance factor (RF)
and residual RF (RRF), which were the measurements of
injectability and profile controlling. A single homogeneous
core was present in the sand-pack model with a diameter
of 2.5cm and a length of 50 cm. The permeability of the
models was in the range of 2.0-3.0 um® by packing with
some quartz sand, which was washed by hydrochloric acid
solution and distilled water several times. In the physical

simulation experiment, the core was saturated with
5000 mg/L NaCl brine. Then, 1500 mg/L polymer solution
was injected until the pressure of the core was stable. After-
wards, water was injected into the core until the pressure
became stable again [25, 26]. The RF and RRF of the poly-
mer solution were calculated using Equations (2) and (3),
respectively, as follows:

K

RE= 7. (2)
Kyp
K

RRF= 2 3
K., (3)

where RF and RRF are the resistance factor and residual
resistance factor of the polymer solution, respectively; K,
and K, are the permeability of polymer injection and water
injection, pum®; #,, and p are the viscosity of injected poly-
mer and water, mPa-s; and K;, and K, are the permeability
before and after injection of polymer, pm’.

The permeability of the sand-pack models was deter-
mined using Darcy’s law as follows:

K= @ , (4)
APA

where K is the permeability of the sand-pack model, um?;
u is the viscosity of the injected fluid, um?* A is the inner
cross-sectional area of the sand-pack model, cm? Q is the
flow rate of the fluid, mL/s; AP is differential pressure,
atm; and L is the length of the sand-pack model, cm.



FIGURE 1: One-dimensional sand-packed model for EOR. 1: ISCO
pump; 2: heavy oil; 3: polymer solution; 4: NaCl solution; 5:
valves; 6: one-dimensional sand packed model; 7: pressure
acquisition system; 8: constant temperature box; 9: sample device;
10: computer.

A two-layer model with two parallel homogeneous cores
with different permeabilities was also utilized in the flooding
experiments to simulate the nonhomogeneity of the reser-
voir. Every core had a diameter of 2.5cm and a length of
25 cm. The permeability of the two layers was in the ranges
of 1.2-1.8 and 0.4-0.6 um’, respectively. In the flooding
tests, the two cores were saturated with 5000 mg/L NaCl
brine. Then, crude oil (apparent viscosity was 58.2 mPa-s at
60°C) was injected into the cores to saturate until no brine
flowed from the end of the two cores. After aging (24h),
brine was injected into the cores saturated with oil until
the water cut reached 95%. After the brine flooding, 0.3 pore
volume (V) of polymer solution was injected into the two-
layer model. Then, subsequent water continued to be
injected until the water cut reached 95% again. All of the
experiments were carried out at 60°C. The injecting velocity
of oil, brine, and flooding agent was 3 mL/min. The EOR
of polymer solutions were calculated using Equation (5)
as follows:

EOR = E, - Ey,, (5)

where EOR is the enhanced oil recovery of polymer solution,
%; Ep is the total recovery of flooding process, %; and E,, is
the oil recovery of the water flooding process, %. Figure 1
shows the equipment used in the flooding test.

3. Results and Discussion

3.1. IR Spectroscopy Analysis. The structure of HPDN and
HPDS was confirmed by IR spectroscopy (as shown in
Figure 2). In the IR spectrum, certain groups of chemical
bonding gave rise to bands at or near the same frequency,
regardless of the rest structure of the molecule. The major
functional groups identified in the spectrum of HPDN
included N-H stretching vibration (3408 cm™') and C=0
deformation of the saturate (1675cm™"). The peaks at 2945
and 2921cm™" indicated the presence of -CH,- groups,
and the peak of C double-bond stretching vibration
appeared at 1660cm™'. As expected, the IR spectra con-
firmed the presence of different monomers in the copolymer
HPDN. The peaks at 630, 1045, and 1198 cm ™" indicated the
presence of sulfonic acid groups. The IR spectrum of HPDN
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and HPDS indicated that sulfonic acid groups were success-
fully connected to the polymer chain as expected.

3.2. '"H-NMR Analysis. The "H-NMR spectra of HPDS are
shown in Figure 3. The chemical shift value at 5.96 ppm
was assigned to the protons of -NH,. The protons of C-C
double bonds appeared at 5.59 ppm, and the protons of
-CH,- in the a-position to the sulfonic acid groups appeared
at 5.57ppm. The chemical shift value at near 3.41 and
3.39 ppm could be assigned to the protons of -CH,- of nitro-
gen heterocyclic ring. The broad signals at 2.11 ppm could be
attributed to methylene protons. The shift value near
1.1l ppm was assigned to methyl. Other shift values at
1.11, 3.57, and 4.70 ppm were assigned to the protons of
H,0 and ethanol. Thus, the "H-NMR spectra of HPDS indi-
cated that sulfonic acid groups and DNDA were successfully
connected to the polymer chain as expected.

3.3. Environmental SEM (ESEM) Images. ESEM was utilized
to study the morphology of the HPDS and HPAM solutions
at concentrations of 1500 mg/L. As shown in Figure 4, the
observation accuracy of (a) and (b) was 20 ym, and the mag-
nification of (a) and (b) was 5000 times. The network struc-
ture could be easily observed, and HPDS showed a stronger
link and better dimensional network structure than HPAM
due to the association action. The network structure could
prevent further degradation of the molecular chains, hence
more shear, temperature, and salt resistances.

3.4. Intrinsic Viscosity of HPDS. Intrinsic viscosity was mea-
sured in accordance with the previous experimental plan,
and the result of HPDS was 388.15mL/g. Figure 5 shows
that the #,/c, and In #,/c, of HPDS had a good linear rela-

tionship with c.. The #,/c, of general polymers decreases
with the decrease in ¢, and In#/c, increases with the
decrease in c,. The #,/c, of HPDS decreased linearly with

the decrease in c,, similar to the reported viscosity behavior
of conventional polymer solutions.

3.5. Rheological Properties of Polymer. Rheological properties
were investigated using HAAKE RheoStress 6000 rotational
rheometer (as shown in Figure 6). The HPDS aqueous solu-
tion inherently showed better viscosity than the HPAM
solution under the same concentration, indicating that the
HPDS solution had a perfect property of retaining viscosity
and strong non-Newtonian behavior.

3.6. Stability Experiments. The effect of concentration on the
apparent viscosity of HPDS and HPAM solutions was deter-
mined (as shown in Figure 7). With the increase in polymer
solution concentration, the apparent viscosity mounted, and
the viscosity of HPDS was lower than that of HPAM before
1500 mg/L. Meanwhile, with the accretion of polymer solu-
tion concentration, the apparent viscosity of HPDS solution
sharply increased. At low concentrations, the association of
polymer was mainly intramolecular association. When the
concentration was greater than CAC, the intermolecular
association formed a transient network structure, which
could increase the hydrodynamic radius of polymer. With
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the further increase in concentration, the intermolecular TasLe 1: Data of HPDS and HPAM shear resistance test.

association formed more intermolecular structures. Thus, Polymer concentration (mg/

the apparent viscosity of HPDS solution was much thicker. Shear conditions ~Polymer types L) and viscosity (mPa-s)
The critical association concentration was approximately 500 1000 1500 2000
500 mg/L (as shown in Figure 7). HPDS 589 2051 3953 5752
The effect of temperature on polymer solution was inves- Before shearing HPAM 1087 2573 3915 5113
tigated (Figure 8). The general trend indicated an apparent ’ ‘ ‘ ‘
viscosity decrease with increasing temperature. The phe- After shearing HPDS 40.5 1036 2988 445.2
nomenon may be attributed to the effect of temperature. A HPAM 894 1508 211 2669

large number of associating groups aggregate together to
form reversible supermolecular structures via strong van
der Wall’s interactions, and polymer chains entangle with
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one another by hydrogen-bond interactions in the aqueous As shown in Table 1, the viscosity after the shearing of
solution [27, 28]. However, the intermolecular interaction =~ HPDS was higher than that of HPMA, especially in high-
was unstable, especially under high temperature, resulting  concentration solution, mainly due to the hydrophobic
in the apparent reduction. However, at any temperature,  association among HPDS molecules. When the solution is
the viscosity of HPDS was higher than that of HPAM, dem-  at high shear rates, most of the network structures and
onstrating that HPDS revealed better temperature tolerance. ~ supramolecular aggregations split up. However, when the
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shear conditions revoke, the molecular chains form new
association aggregations and network structures. Due to
the large molecular weight and long molecular chain length,
at high shear conditions, the HPAM molecular chains are
likely to be split into a number of small segments. Thus,
the apparent viscosity greatly decreased. The above results
demonstrated that HPDS has desirable shear resistance.
The salts, such as NaCl, CaCl,, and MgCl,, abounding in
the formation usually result in high salinity of the reservoir
water, a crucial problem for flooding polymer. The relation-

ship between brine concentration and apparent viscosity is
shown in Figures 9-11. HPDS exhibited higher viscosity
under any salinity than HPAM, thereby demonstrating that
HPDS was more tolerant to salt brine. The result also
revealed that HPDS possessed salt tolerance structures. A
possible mechanism is that hydrophobic groups generate
association structures with the increase in salt solution
polarity, especially among the molecules, which are able
to moderate viscosity decline caused by molecular chain
curling. Meanwhile, the introduction of salt-insensitive
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sulfonic groups to the backbone could assemble more
bound water molecules to weaken the dehydration of the
inorganic salt, thereby causing observable salt-tolerance
enhancement [21, 29].

3.7. Viscoelasticity of HPDS. Figure 12 shows the viscoelas-
ticity of polymer HPDS and HPAM. The elastic modulus
(G') of HPDS was lower than that of HPAM in low fre-
quency; with the increase in frequency, it showed a sharp
increasing trend. When the frequency was higher than
2.3 Hz, the viscous modulus of HPDS was higher than that
of HPAM. Comparison of the loss modulus (G'") of HPDS
and HPAM showed that both of them increased with the

increase in frequency, and the trend of the former was
higher. Therefore, HPDS represented better viscoelasticity.

3.8. Physical Simulation Experiments Analysis. Similar con-
centrations of HPDS and HPAM solutions and sand-pack
models were used in the physical stimulation experiments.
As shown in Figure 13, the injection pressure was recorded,
and then, RF and RRF were calculated. When the HPDS
solution flowed through the sand pack, RF equaled 200.5
and RFF equaled 27.9, while upon injecting HPAM solution,
RF equaled 42.4 and RRF equaled 6.8. This finding implied
that HPDS was better at establishing flow resistance to con-
trol profile in polymer flooding than HPAM, thus expanding
the sweep efficiency and improving the ultimate recovery.
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As shown in Figure 14, oil recovery changed when water
or polymer solution was injected in the two different homo-
geneous cores (initial oil saturation of 71.2%), which were
used to simulate the nonhomogeneity of the reservoir. The
experiment results showed that HPDS and HPAM flooding
could increase oil recovery, and HPDS flooding performed
better by comparison. The first water flooding recoveries of
the two experiments were 40.1% and 41.3% when water
cut reached 95%. Then, flooding agent and subsequent water
were injected into the core. Under the same condition, the
ultimate recoveries of HPDS and HPAM flooding were
59.9% and 55.4%, respectively, and their EORs were 19.8%
and 14.1%, respectively. When injected into the stratum,
the polymer solution first entered the layers with high per-
meability. Then, the water-oil mobility ratio decreased and
the injecting pressure rose, which forced more displacement
agents to access low-permeability layers that contained
much untapped oil. Thus, the sweep efficiency improved
and oil recovery increased. The phenomenon above may
indicate that HPDS has stronger shear resistance, tempera-
ture resistance, salt tolerance, and higher viscosifying ability
than HPAM.

4. Conclusion

This work introduced a novel polymer HPDS as a flooding
polymer. Studies on the properties of this water-soluble
polymer revealed that it had good viscosity performance,
and the viscosity sharply increased with the increase in
concentration, especially when the aqueous solution concen-
tration was thicker than CAC. With the increase in temper-
ature, the polymer viscosity was reduced, while the range
was much smaller than that of HPAM, thus displaying great
temperature resistance. Meanwhile, the viscosity of HPDS
was comparatively higher at any share rate. Considering
the hydrophobic groups and sulfonic groups embedded in
the polymer backbone, the novel polymer had more diastolic
chain segment and network structure than HPAM in brine.
In addition, HPDS represented better anchoring ability,
especially in high frequency. The simulation experiments
showed that HPDS performed better at establishing flow
resistance to control profile in polymer flooding, and the
oil recovery was up by 19.8% under 5000 mg/L NaCl brine
at 60°C. These findings showed that the novel hydrophobi-
cally associating polymer could be an ideal candidate as an
EOR chemical to satisfy high-temperature and high-density
reservoirs.
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