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Abstract: The acrylamide (AM)/methacryloyl ethyl sulfobetaine (SPE)/behenyl polyoxyethylene
ether methacrylate (BEM) terpolymer (PASB) was synthesized by soap-free emulsion polymerization.
Four types of PASBs were synthesized by adjusting the moles of AM and BEM with constant total
moles of monomers. The synthesized copolymers were characterized by Fourier-transform infrared
spectroscopy, thermogravimetry, molecular weight, and viscosity. By measuring the microscopic
morphology and backscattered light intensity of the emulsions, the instability process of the emulsions
prepared by PASBs was investigated in detail. The main instability processes of the emulsions
prepared from PASBs within 45 min were flocculation and coalescence. The intermolecular association
of copolymer PASBs was dominated by the behenyl functional groups on the molecular chains. The
stability of the emulsions, which were prepared from isoviscosity aqueous solutions controlled by
the concentration of the associative copolymers, was increased with the degree of association of
copolymers. The hydrophobic association between the copolymer molecules can further slow down
the flocculation and coalescence of the emulsion droplets on the basis of the same aqueous solution
viscosity, which is one of the reasons for improving the stability of the emulsion.

Keywords: copolymer; associative; emulsion instability; multiple light scattering

1. Introduction

Acrylamide is the most commonly used water-soluble monomer, which can easily
synthesize large-molecular-weight polymers. Refs. [1,2] Partially hydrolyzed polyacry-
lamide (HPAM) [3] is an excellent viscosity-increasing acrylamide polymerization product,
which is widely used in enhanced oil recovery [4–7], drilling fluid systems [8], water
treatment [9], biomedicine [10], surface coatings [11], and other fields. In the process of
enhanced oil recovery, HPAM is mainly used to increase the viscosity of the salt-containing
water phase to control the mobility ratio. The carboxylic acid group in the HPAM structure
increases the hydrodynamic volume of the polymer through the Coulomb repulsion in
low-salinity water and thus effectively increases the apparent viscosity [12]. However, as
the salinity of the formation water of the oil field increases, the viscosity-increasing ability
of HPAM is limited [13]. In order to improve the salt tolerance of HPAM, researchers have
mainly conducted improvements in two aspects. On the one hand, research is devoted to
the synthesis of partially hydrolyzed polyacrylamide with ultra-high molecular weight
or rigid groups [14], which can increase the hydrodynamic volume of a single molecular
chain. On the other hand, partially hydrolyzed polyacrylamide is modified with associative
groups [3], such as the introduction of hydrophobic monomers or new ionic groups.

Amphoteric polymers and hydrophobically associating polymers have special rheolog-
ical and solution properties in aqueous solutions. Ref. [15] Amphoteric polymers [16] can
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generate intermolecular associations by the electrostatic attraction of zwitterionic groups in
aqueous solutions with high salinity. Moreover, the intermolecular association of hydropho-
bically associating polymers [17] relies on the spontaneous aggregation of hydrophobic
groups. These intermolecular associations all increase the molecular hydrodynamic volume
of the polymer and increase the apparent viscosity of the solution.

The methods for synthesizing polymers containing hydrophobic associating groups
are mostly inverse emulsion polymerization [18] and micellar copolymerization [19]; how-
ever, both methods have some shortcomings [20]. Surfactants, which are not expected to
appear in the final products, need to be added during these two syntheses to form micelles
or emulsions. In order to remove these surfactants, the product needs to be tediously
purified after the copolymerization reaction. However, additional surfactants are not re-
quired in the process of soap-free emulsion polymerization [21,22], which simplifies the
purification process of the copolymerized product, resulting in a reduction in production
costs. Benzoyl polyoxyethylene ether methacrylate (BEM), as a kind of polymerizable
surfactant [23,24], can prepare soap-free emulsions. Moreover, the longer behenyl chain
in the BEM structure can be used to form a hydrophobic association, so that the aqueous
solution has good salt-resistance and thickening performance. Therefore, the surface activ-
ity of BEM and the enhancement of polymer association can be used, and monomers with
anionic and cationic groups can be added at the same time to synthesize a water-soluble
polymer with two associative groups.

Emulsion stability is an indispensable factor in studies related to emulsions since
common emulsions are inherently unstable and tend to revert to the stable state of the
phases comprising the emulsion [25–27]. However, the kinetic stability of emulsions can be
increased by emulsifying agents, such as surfactants, nanoparticles, and especially copoly-
mers [28–30]. Some studies focused on the effect of the apparent viscosity of copolymers
on the stability of emulsions [31,32]. However, this study pays more attention to the effect
of copolymers association on droplets in addition to apparent viscosity.

In this work, the soap-free emulsion polymerization method was used to combine
acrylamide (AM), amphoteric monomer N-(3-Sulfopropyl)-N-(methacryloxyethyl)-N, N-
dimethylammonium betaine (SPE), and surface-active behenyl polyoxyethylene ether
methacrylate (BEM) as the raw material to prepare a series of water-soluble polymers with
zwitterionic groups and hydrophobic groups. A series of copolymers was used to prepare
emulsions. The effect of the ratio of BEM and SPE in the synthesis of copolymers on the
instability of the emulsion was further studied.

2. Materials and Methods
2.1. Materials

Acrylamide (AM), n-(3-sulfopropyl)-n-methacryloxyethyl-n, n-dimethylammonium
betaine (SPE), and poly(ethylene glycol) behenyl ether methacrylate (BEM) were purchased
from Aldrich. Potassium persulfate (KPS), sodium bisulfite (NaHSO3), and azobisisobu-
tamidine hydrochloride (AIBA) were purchased from Sinopharm Chemical Reagent Com-
pany. All products were used as received. The crude oil and formation water used in
viscosity and emulsification measurements were provided by X oilfield. The crude oil
had water content of less than 0.5 wt%, and viscosity and acid number of 3.4 mPa·s and
0.031 mgKOH/g (at 56 ◦C), respectively. The main components of X oilfield injection water
are shown in Table 1.

2.2. PASB Copolymer Synthesis Steps

In a three-necked flask equipped with reflux condensation, dropping funnel, and N2
tube, AM, SPE, and BEM were weighed and poured into deionized water with a certain
feeding ratio to form a suspension. Then, N2 was purged in the three-necked flask to
remove air. Corresponding moles of initiator were weighed and dissolved in water, and
slowly dripped into the reaction flask from the dropping funnel. The reaction was first
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stirred at 20 ◦C for 2 h, and then the temperature was raised to 45 ◦C and stirred for 5 h.
After the reaction was completed, a milky white viscous liquid product was obtained.

Table 1. Ionic composition of X oilfield water.

Items Value

K+ (mg/L) 18.7
Na+ (mg/L) 3907.3
Ca2+ (mg/L) 41.4
Mg2+ (mg/L) 118.4
Cl− (mg/L) 4230.7

SO4
2− (mg/L) 138.0

HCO3− (mg/L) 3675.2
Total salinity (mg/L) 12129.7

After stopping the reaction, the copolymer was precipitated and washed with acetone.
The hardened product, after purification, was ground and dried in a vacuum drying oven.
Finally, a white powdery polyacrylamide/methacryloyl ethyl sulfobetaine/behenyl poly-
oxyethylene ether methacrylate terpolymer (PASB) was obtained. The synthesis reaction
formula of PASB is shown in Figure 1.

Figure 1. Synthetic route of PASB copolymers.

The ratio of reactive monomers and initiators is listed in Table 2. The concentration of
the reactive monomers was constant at 1 mol/L.

Table 2. The feeding composition of copolymers PASB.

Sample AM
(mol%)

SPE
(mol%)

BEM
(mol%)

KPS
(mmol)

NaHSO3
(mmol)

AIBA
(mmol)

Yield
(%)

PASB-1 94.8 5 0.2 0.022 0.045 0.133 93.06
PASB-2 94.5 5 0.5 0.022 0.045 0.133 92.73
PASB-3 94.2 5 0.8 0.022 0.045 0.133 89.20
PASB-4 93.9 5 1.1 0.022 0.045 0.133 87.27

2.3. FTIR, TGA, and DTG Measurement

FTIR spectra were taken with a 1615 FTIR (PerkinElmer, Waltham, MA, USA) spec-
trometer using KBr pellet pressing method for all PASBs. A Q5000IR thermogravimetric
analyzer (TA, New Castle, DE, USA) was used to perform thermogravimetric analysis
(TGA) and differential thermogravimetric analysis (DTG) on samples. The programmed
heating rate was 10 ◦C/min.

2.4. PASB Average Molecular Weight

The average molecular weight of PASBs was measured using a BI-200SM wide-angle
dynamic/static laser-scattering instrument (Brookhaven, Holtsville, NY, USA). The mea-
surement was carried out in a 0.10 mol·L−1 NaCl aqueous solution to shield the charge on
copolymers. The concentration of the copolymers was 1 × 10−5 g·mL−1.
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2.5. Viscosity Measurement of PASB

The apparent viscosity of PASB solutions was measured using a DV-III+ viscometer
(Brookfield, New York, NY, USA) at 56 ◦C with a constant shear rate of 7.34 s−1.

2.6. Preparation of Aqueous Phases and Emulsion

Before use, the crude oil was stored in a refrigerator protected by argon to prevent
oxidation. Prior to emulsification, the oil was heated to 56 ◦C and shaken to ensure a
homogeneous mixture for sampling. The four types of PASBs were separately dissolved in
oilfield water to prepare four kinds of aqueous solutions as the emulsified water phases.
Different concentrations of copolymers were used in four kinds of PASB solutions in order
to ensure that the viscosities of the solutions were close to 25 mPa·s. Emulsions were made
from a volume of oil and a known composition of PASB solution, constantly 3/2 (v/v);
a total of 50 mL placed in a 100 mL beaker, with an IKA T25 ultra turrax homogenizer
(Germany) at 4500 rpm for 10 min in a 56 ◦C water bath.

2.7. Optical Microscopic Observation

The emulsion type and drop size were examined by optical microscopy techniques.
For optical microscopy, small samples of the emulsion were placed in a single cavity cell
and observed with an Olympus IX73 microscope fitted with a sCMOS digital camera.
Small samples of the emulsion were taken from the middle of the emulsion using a plastic
dropper immediately after the emulsion was formed. The single cavity cell was used in
order to keep the droplets from being blocked by each other as much as possible when
viewed. The same light intensity was used for all observations.

2.8. Multiple Light-Scattering Measurements

The stability of crude oil emulsion stabilized by PASB solutions was monitored by
measuring the backscattering and transmission of a pulsed near-infrared light (880 nm)
by Turbiscan Lab Expert (Formulaction, Toulouse, France). The transmittance detector
received the light which passed through the dispersion at an angle of 180◦ with respect to
the source, while the backscattering detector received the light scattered backward by the
dispersion at an angle of 45◦.

There are several types of emulsion instability phenomena, such as the flocculation
and coalescence between droplets, as well as the creaming and sedimentation of droplets
which lead to phase separation. Using Turbiscan Lab Expert to analyze the light intensity in
the middle part of the backscattered spot formed after the light passed through the opaque
emulsion sample, stability changes at different times and locations within the emulsion
system can be studied. The relationship between the backscattered light intensity and the
photon transfer mean free path of photons in the dispersion system is as follows [33,34]:

BS =
1√
l∗

(1)

l∗(d, ϕ) =
2d

3ϕ(1− g)Qs
(2)

where BS is the flux (intensity) of backscattered light, l* is the mean free path of photon
motion, d is the particle size of the dispersed phase droplet, ϕ is the volume fraction of the
dispersed phase, and g, Qs are optical parameters given by Mie theory (cflight scattering).
From Equations (1) and (2), the backscattered light intensity (BS) is proportional to the
dispersed phase volume fraction (ϕ) and inversely proportional to the dispersed phase
droplet size (d).

Immediately after the emulsion was formed, the measuring cell was filled with 20 mL
of sample to be analyzed at a temperature of 56 ◦C. The entire height of the various
samples was scanned for 45 min. In this study, the delta backscattering was selected as the
basis for further analysis since the transmitted light value of the emulsion containing the
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crude oil was less than 0.2%. The experiment was repeated three times under the same
experimental conditions.

3. Results and Discussion
3.1. FTIR of Copolymer PASB

The Fourier transform infrared spectrum of a series of PASB copolymers is shown
in Figure 2. The absorption peaks at 3421 cm−1, 1665 cm−1, and 1448 cm−1 are the
N-H stretching vibration peak, C=O stretching vibration peak, and the mixed in-plane
bending vibration peak of C-N and N-H of the amide, respectively. These indicate that
the copolymer contains AM. The absorption peaks at 1037 cm−1 and 606 cm-1 are the
symmetrical vibration absorption peak of -SO3

− and the stretching vibration absorption
peak of C-S, respectively, indicating that the copolymer structure contains the characteristic
absorption peak of SPE. The C-O (ether) stretching vibration absorption peak in the BEM
structure is 1190 cm−1. The stretching and bending vibration peaks of -CH3 and -CH2
are 2932 cm−1, 2774 cm−1, and 1365 cm−1. It can be seen that four target copolymers,
PASBs, have been synthesized. Moreover, it is worth noting that the absorption peak at
1190 cm−1 from PASB-1 to PASB-4 gradually becomes larger, which means that the ether
bond of BEM is effectively increased in the copolymer PASBs. This indirectly indicates
that the behenyl group of BEM in the copolymer PASB has also increased. In addition,
the absorption peak at 1448 cm−1 from PASB-1 to PASB-4 is slightly weakened, indicating
that the content of amino groups in the copolymers is reduced. This proves again that the
number of hydrophobic groups of BEM in molecules is gradually increased from PASB-1
to PASB-4, while the number of amino groups of AM in molecules is gradually decreased.

Figure 2. Fourier transform infrared spectra of copolymers PASBs.

3.2. Thermal Properties of Copolymer PASB

The TGA and DTG curves of PASBs are shown in Figure 3. According to the mea-
surement results in Figure 3, it is found that the thermal weight loss diagram of PASB
polymers with different BEM content is similar to the decomposition temperature, but the
weight loss percentage changes. Before 100 ◦C, the loss of mass is the evaporation of water
absorbed by the polymer. Importantly, decomposition of polymer PASB is mainly carried
out through the following three steps: the first step is around 230 ◦C, which may be the
decomposition of amide bonds. Moreover, the decomposition temperature of polymer
amide bond decreases with the increase in BEM content, which may be due to the huge
side group of BEM destroying the hydrogen bond between amide groups. The second
step is around 310 ◦C, which may be because SPE loses weight and decomposes at this
temperature. The third step mainly occurs at 410 ◦C, which may be due to the degradation
of the polymer backbone and BEM side groups. In addition, as the content of hydrophobic
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monomer BEM increases, the decomposition temperature of the polymer backbone and
BEM side groups increases (Figure 3b), indicating that the temperature resistance of the
polymer increases.

Figure 3. TGA and DTG curves of copolymers PASB. (a) TGA. (b) DTG.

3.3. Molecular Weight of Copolymer PASB

In static light-scattering, the apparent weight average molecular weight (Mw. app) and
the second virial coefficient (A2) of the polymer can be accurately obtained by measuring
the dependence of the time-average scattered light intensity on the angle and concentration.
The Mw and A2 of PASB in NaCl aqueous solution, as shown in Table 3, were obtained by
post-processing of the instrument software. The molecular weight of the polymers PASB-1
to PASB-4 gradually decreases, which may be affected by the increase in the viscosity of the
solution systems. The A2 values of this series of polymers were all positive, indicating that
the four copolymers PASB were well dissolved in the 0.10 mol·L−1 NaCl aqueous solution.

Table 3. Static laser-light-scattering data for PASBs.

Sample Mw. App
(g ×mol−1)

A2
(10−5 mol ×mL × g−2)

PASB-1 (1.134 ± 0.093) × 106 6.458 ± 0.967
PASB-2 (9.703 ± 0.517) × 105 5.681 ± 0.881
PASB-3 (8.073 ± 0.355) × 105 3.861 ± 1.019
PASB-4 (5.981 ± 0.191) × 105 4.269 ± 0.949

3.4. Influence of PASB Copolymer Concentration on Solution Viscosity

It is very necessary to study the viscosity of associative polymers. The multiple
molecular chains of copolymers are interwoven with each other through hydrophobic
association to form a three-dimensional network (physical cross-linked structure), which
significantly increases the hydrodynamic volume and apparent viscosity. The apparent
viscosity of the four copolymers of PASB in the formation water is shown in Figure 4. At
56 ◦C, the apparent viscosity of all PASBs solutions increased with the concentration. All
viscosity curves of PASBs clearly show two different regimes divided by critical association
concentration [15]: a first unentangled or intramolecular association regime where the
viscosity increases moderately, and a second intermolecular association regime where the
viscosity varies according to a power law [35]. To illustrate this variety, the viscosity curve
of PASB-1 was analyzed as an example. When the concentration of PASB-1 is less than
0.5 wt%, the viscosity change is not obvious. The reason for this phenomenon is that
the probability of hydrophobic groups contacting and associating between molecules to
increase viscosity is low in the diluted polymer solution. When the concentration of the
polymer solution was increased to more than 0.5 wt%, the possibility of intermolecular
contact and association was also increased, which is manifested as a rapid exponential
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increase in viscosity. As the ratio of behenyl functional groups in the molecular chain from
PASB-1 to PASB-4 decreased, the critical association concentration was detected to decrease
sequentially, indicating that the behenyl group in the molecular chain plays a leading role
in the association of PASB copolymers.

Figure 4. Viscosity of PASB copolymers as a function of copolymer concentrations at 56 ◦C.

3.5. Emulsion Microscopic Morphology

Before studying the process of emulsion instability, it is important to understand the
emulsion type and particle size. The optical micrographs of the emulsions stabilized by the
PASB solutions with constant viscosity (25 mPa·s) are shown in Figure 5.

According to the microscope observation results (Figure 5a,c,e,g), the emulsions
containing the four PASB polymers are all O/W types in the initial state, and the particle
size distribution is relatively uniform.

After standing for 45 min, the type of emulsion in the middle of the bottle still
maintains O/W, but the particle size changes significantly. At the sampling point (the
middle position of the bottle), the particle size and oil content of the emulsion stabilized by
PASB-1 and PASB-2 after standing for 45 min (Figure 5a,c) were greater than the initial state
(Figure 5b,d). In Figure 5b,d, it is easy to observe a continuous, larger area of the oil phase.
This is caused by the continuous coalescence and creaming of oil droplets. However, in
the emulsion stabilized by PASB-3 and PASB-4, the difference between the fresh emulsions
(Figure 5e,g) and the emulsions after standing for 45 min (Figure 5f,h) is not significant.
Even though the original aqueous solutions of the four emulsions prepared by PASB have
the same viscosity, the microscope images preliminarily show that the stability of the
emulsion is affected by the molecular structure of the copolymers.

3.6. Changes in the Backscattered Light Intensity of the Emulsions

In order to study the dynamic process of emulsion instability, multiple light-scattering
tests were performed on the emulsions, which were allowed to stand at 56 ◦C. The delta
backscattered light intensity (∆BS) of emulsions prepared from four kinds of PASB systems
within 45 min is shown in Figure 6.
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Figure 5. Optical micrographs of emulsions prepared from four kinds of PASBs with the same
aqueous solution viscosity. Partial yellow is oil, and white is water. (a) Fresh, prepared from PASB-1;
(b) 45 min later, prepared from PASB-1; (c) fresh, prepared from PASB-2; (d) 45 min later, prepared
from PASB-2; (e) fresh, prepared from PASB-3; (f) 45 min later, prepared from PASB-3; (g) fresh,
prepared from PASB-4; (h) 45 min later, prepared from PASB-4.

According to Figure 6, the ∆BS of the four emulsions at the bottom of the measuring
cell decreased relatively significantly with time. The main reason for the decrease in light
intensity here is the decrease in the oil phase volume fraction (ϕ) caused by the rise of
oil droplets. After the droplets of larger particle size leave together from the bottom of
the measuring cell, the remaining oil volume fraction is smaller than the upper part. This
causes a sudden change in ∆BS between the bottom and the top. As time increases, the
minimum value of ∆BS continues to decrease and moves to the left, which represents a
phase separation at the bottom of the measuring cell. Such phase separation was measured
when the emulsion stabilized by PASB-1 occurred in the measuring cell height range of
0 mm to 3 mm, while the emulsions stabilized by PASB-2, PASB-3, and PASB-4 occurred in
the range of 0 mm to 2 mm. This means that the emulsion stabilized by PASB-1 is easier to
phase-separate than the other three emulsions.
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Figure 6. Delta backscattered light intensity profiles of emulsions prepared from (a) PASB-1, (b) PASB-2, (c) PASB-3, and
(d) PASB-4, respectively.

Compared with the 30 mm height emulsion in the measuring cell, the degree of
phase separation at the bottom of the measuring cell was not obvious; thus, the influence
on the oil–water ratio in the upper part of the measuring cell was limited. In the range
of 3 mm to 30 mm in the measuring cell, the lines of ∆BS decreased relatively parallel.
The oil phase volume fraction (ϕ) of this part did not change significantly. According
to Equations (1) and (2), increase in droplet diameter (d) leads to a decrease in BS. This
indicates that the main types of instability of the emulsion in the height range of 3 mm to
30 mm are flocculation and coalescence. From Figure 6a–d, the degree of this flocculation
and coalescence tends to decrease, indicating that the increase in the proportion of the BEM
monomer in the molecular chain effectively improves the stability of the emulsion from
flocculation and coalescence.
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3.7. The Relationship between TSI and Reactive Monomers Ratio

Emulsion stability can also be characterized using the Turbiscan Stability Index
(TSI) [33,34]. The TSI value is calculated as follows:

TSI = ∑
i

∑
h
|scani(h)− scani−1(h )|

H
(3)

where scani(h) is the light intensity of the i-th scan at a height of h, and H is the total height
of the measured sample.

The comprehensive influence of multiple unstable phenomena on the change of light
intensity can be characterized by the reciprocal of TSI. The larger the 1/TSI value, the more
stable the system. The molar ratio of BEM to SPE monomer in the synthesis of PASBs and
the 1/TSI of the corresponding emulsions after standing for 45 min are shown in Figure 7a.

Figure 7. The relationship between emulsion stability and polymer intermolecular association.
(a) Correspondence between 1/TSI and BEM/SPE ratio. (b) A schematic diagram of the inter-
molecular association of polymers preventing the coalescence of oil droplets. When PASBs have
effectively prevented the occurrence of flocculation and coalescence, the stability is difficult to be
further improved.

It can be seen from Figure 7a that the emulsion stability and the ratio of BEM/SPE
present a positive correlation. However, as the ratio of BEM/SPE continues to increase,
the increasing trend of emulsion stability slows down and reaches its limit. The principle
of this emulsion stabilization process is illustrated in Figure 7b. Under the condition of
the same aqueous solution viscosity, the increase in the content of behenyl groups in the
PASB molecular chain can significantly increase the degree of hydrophobic association of
the PASB polymer, effectively preventing the flocculation and coalescence of the emulsion.
However, this improvement has limits. When the flocculation and coalescence of the emul-
sion within the measurement time range are quite insignificant, continuously increasing the
ratio of BEM/SPE can cause the emulsion to maintain its initial state during the standing
process, but will not continue to significantly increase the emulsion stability.

4. Conclusions

(1) The soap-free emulsion polymerization method was used to prepare a variety of
water-soluble copolymers with both ultra-long hydrophobic chains and amphoteric
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groups. Through the action of a mixed initiator composed of KPS/NaHSO3/AIBA,
different proportions of AM, SPE, and BEM were copolymerized to obtain four
PASB copolymers.

(2) The main instability processes of the emulsions prepared from PASB in 45 min were
flocculation and coalescence. The phase-separation phenomenon was not significant
in PASB-1 to PASB-4 emulsions. The type of all emulsions during the standing for
45 min was always O/W.

(3) The behenyl functional group in the molecular chain of the synthesized PASB copoly-
mer plays a leading role in the intermolecular association. Increasing the ratio of
BEM/SPE significantly increased the degree of hydrophobic association of PASB
polymers, which can cause the emulsion to reduce the occurrence of flocculation
and coalescence during the standing process, but will not continue to significantly
improve the stability of the emulsion, although the viscosity of the aqueous solution
in the emulsion was controlled to be always equal.

(4) The stability of the emulsions, which were prepared from isoviscosity aqueous solu-
tions controlled by the concentration of the associative copolymers, was increased
with the degree of association of copolymers.

Author Contributions: G.L. and E.Y. conceived and designed the experiments; G.L. and X.Z. con-
ducted experiments and recorded data; X.Z., G.L. and Y.C. analyzed the data; G.L., K.W. and E.Y.
wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(51374073). It was also supported by the University Nursing Program for Young Scholars with
Creative Talents in Heilongjiang Province (UNPYSCT-2018041).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ea, S.; Fw, O. Acrylamide and Polyacrylamide: A Review of Production, Use, Environmental Fate and Neurotoxicity. Rev. Environ.

Health 1991, 9, 215–228. [CrossRef]
2. Friedman, M. Chemistry, Biochemistry, and Safety of Acrylamide. A Review. J. Agric. Food Chem. 2003, 51, 4504–4526. [CrossRef]

[PubMed]
3. Kamal, M.S.; Sultan, A.S.; Al-Mubaiyedh, U.A.; Hussein, I.A. Review on Polymer Flooding: Rheology, Adsorption, Stability, and

Field Applications of Various Polymer Systems. Polym. Rev. 2015, 55, 491–530. [CrossRef]
4. Zhang, G.; Seright, R.S.S. Effect of Concentration on HPAM Retention in Porous Media. SPE J. 2014, 19, 373–380. [CrossRef]
5. Corredor, L.M.; Aliabadian, E.; Husein, M.; Chen, Z.; Maini, B.; Sundararaj, U. Heavy Oil Recovery by Surface Modified Silica

Nanoparticle/HPAM Nanofluids. Fuel 2019, 252, 622–634. [CrossRef]
6. Rezaei, A.; Abdi-Khangah, M.; Mohebbi, A.; Tatar, A.; Mohammadi, A.H. Using Surface Modified Clay Nanoparticles to Improve

Rheological Behavior of Hydrolized Polyacrylamid (HPAM) Solution for Enhanced Oil Recovery with Polymer Flooding. J. Mol.
Liq. 2016, 222, 1148–1156. [CrossRef]

7. Bashir Abdullahi, M.; Rajaei, K.; Junin, R.; Bayat, A.E. Appraising the Impact of Metal-Oxide Nanoparticles on Rheological
Properties of HPAM in Different Electrolyte Solutions for Enhanced Oil Recovery. J. Pet. Sci. Eng. 2019, 172, 1057–1068. [CrossRef]

8. Jiang, G.; Peng, S.; Li, X.; Yang, L.; Soares, J.B.P.; Li, G. Preparation of Amphoteric Starch-Based Flocculants by Reactive Extrusion
for Removing Useless Solids from Water-Based Drilling Fluids. Colloids Surf. A Physicochem. Eng. Asp. 2018, 558, 343–350.
[CrossRef]

9. Zhao, X.; Liu, L.; Wang, Y.; Dai, H.; Wang, D.; Cai, H. Influences of Partially Hydrolyzed Polyacrylamide (HPAM) Residue on the
Flocculation Behavior of Oily Wastewater Produced from Polymer Flooding. Sep. Purif. Technol. 2008, 62, 199–204. [CrossRef]

10. Mohd Azmi, L.H.; Williams, D.R.; Ladewig, B.P. Polymer-Assisted Modification of Metal-Organic Framework MIL-96 (Al):
Influence of HPAM Concentration on Particle Size, Crystal Morphology and Removal of Harmful Environmental Pollutant PFOA.
Chemosphere 2021, 262, 128072. [CrossRef]

11. Liravi, M.; Pakzad, H.; Moosavi, A.; Nouri-Borujerdi, A. A Comprehensive Review on Recent Advances in Superhydrophobic
Surfaces and Their Applications for Drag Reduction. Prog. Org. Coat. 2020, 140, 105537. [CrossRef]

12. Rashidi, M.; Blokhus, A.M.; Skauge, A. Viscosity Study of Salt Tolerant Polymers. J. Appl. Polym. Sci. 2010, 117, 1551–1557.
[CrossRef]

http://doi.org/10.1515/reveh.1991.9.4.215
http://doi.org/10.1021/jf030204+
http://www.ncbi.nlm.nih.gov/pubmed/14705871
http://doi.org/10.1080/15583724.2014.982821
http://doi.org/10.2118/166265-PA
http://doi.org/10.1016/j.fuel.2019.04.145
http://doi.org/10.1016/j.molliq.2016.08.004
http://doi.org/10.1016/j.petrol.2018.09.013
http://doi.org/10.1016/j.colsurfa.2018.08.077
http://doi.org/10.1016/j.seppur.2008.01.019
http://doi.org/10.1016/j.chemosphere.2020.128072
http://doi.org/10.1016/j.porgcoat.2019.105537
http://doi.org/10.1002/app.32011


Polymers 2021, 13, 4041 12 of 12

13. Spildo, K.; Sæ, E.I.Ø. Effect of Charge Distribution on the Viscosity and Viscoelastic Properties of Partially Hydrolyzed Polyacry-
lamide. Energy Fuels 2015, 29, 5609–5617. [CrossRef]

14. Ding, M.; Han, Y.; Liu, Y.; Wang, Y.; Zhao, P.; Yuan, Y. Oil Recovery Performance of a Modified HAPAM with Lower Hydropho-
bicity, Higher Molecular Weight: A Comparative Study with Conventional HAPAM, HPAM. J. Ind. Eng. Chem. 2019, 72, 298–309.
[CrossRef]

15. Chassenieux, C.; Nicolai, T.; Benyahia, L. Rheology of Associative Polymer Solutions. Curr. Opin. Colloid Interface Sci. 2011,
16, 18–26. [CrossRef]

16. Liu, F.; Jiang, G.; Peng, S.; He, Y.; Wang, J. Amphoteric Polymer as an Anti-Calcium Contamination Fluid-Loss Additive in
Water-Based Drilling Fluids. Energy Fuels 2016, 30, 7221–7228. [CrossRef]

17. Argillier, J.-F.; Audibert, A.; Lecourtier, J.; Moan, M.; Rousseau, L. Solution and Adsorption Properties of Hydrophobically
Associating Water-Soluble Polyacrylamides. Colloids Surf. A: Physicochem. Eng. Asp. 1996, 113, 247–257. [CrossRef]

18. Wormuth, K. Superparamagnetic Latex via Inverse Emulsion Polymerization. J. Colloid Interface Sci. 2001, 241, 366–377. [CrossRef]
19. Volpert, E.; Selb, J.; Candau, F. Influence of the Hydrophobe Structure on Composition, Microstructure, and Rheology in

Associating Polyacrylamides Prepared by Micellar Copolymerization. Macromolecules 1996, 29, 1452–1463. [CrossRef]
20. Fried, J.R. Polymer Science and Technology; Prentice Hall: Hoboken, NJ, USA, 2014; ISBN 978-0-13-703955-5.
21. Zhou, J.; Chen, X.; Ma, J. Synthesis of Cationic Fluorinated Polyacrylate Copolymer by RAFT Emulsifier-Free Emulsion Polymer-

ization and Its Application as Waterborne Textile Finishing Agent. Dye. Pigment. 2017, 139, 102–109. [CrossRef]
22. Yamamoto, T.; Arakawa, K.; Takahashi, Y.; Sumiyoshi, M. Antimicrobial Activities of Low Molecular Weight Polymers Synthesized

through Soap-Free Emulsion Polymerization. Eur. Polym. J. 2018, 109, 532–536. [CrossRef]
23. Cochin, D.; Laschewsky, A.; Nallet, F. Emulsion Polymerization of Styrene Using Conventional, Polymerizable, and Polymeric

Surfactants. A Comparative Study. Macromolecules 1997, 30, 2278–2287. [CrossRef]
24. Unzué, M.J.; Schoonbrood, H.A.S.; Asua, J.M.; Goñi, A.M.; Sherrington, D.C.; Stähler, K.; Goebel, K.-H.; Tauer, K.; Sjöberg, M.;

Holmberg, K. Reactive Surfactants in Heterophase Polymerization. VI. Synthesis and Screening of Polymerizable Surfactants
(Surfmers) with Varying Reactivity in High Solids Styrene—Butyl Acrylate—Acrylic Acid Emulsion Polymerization. J. Appl.
Polym. Sci. 1997, 66, 1803–1820. [CrossRef]

25. Dickinson, E. 2—Hydrocolloids and emulsion stability. In Handbook of Hydrocolloids, 2nd ed.; Phillips, G.O., Williams, P.A., Eds.;
Woodhead Publishing Series in Food Science, Technology and Nutrition; Woodhead Publishing: Sawston, UK, 2009; pp. 23–49.
ISBN 978-1-84569-414-2.

26. Gohtani, S.; Yoshii, H. 6—Microstructure, composition, and their relationship with emulsion stability. In Food Microstructure
and Its Relationship with Quality and Stability; Devahastin, S., Ed.; Woodhead Publishing Series in Food Science, Technology and
Nutrition; Woodhead Publishing: Sawston, UK, 2018; pp. 97–122. ISBN 978-0-08-100764-8.

27. Friberg, S.E. Emulsion Stability. In Emulsions—A Fundamental and Practical Approach; Sjöblom, J., Ed.; NATO ASI Series; Springer:
Dordrecht, The Netherlands, 1992; pp. 1–24. ISBN 978-94-011-2460-7.

28. Wilde, P.J. Interfaces: Their Role in Foam and Emulsion Behaviour. Curr. Opin. Colloid Interface Sci. 2000, 5, 176–181. [CrossRef]
29. Li, G.; Wang, K.; Lu, C. Wet-Etched Asymmetric Spherical Nanoparticles with Controllable Pit Structures and Application in

Non-Aqueous Foams. Soft Matter 2021, 17, 4848–4856. [CrossRef] [PubMed]
30. Angardi, V.; Ettehadi, A.; Yücel, Ö. Critical Review of Emulsion Stability and Characterization Techniques in Oil Processing. J.

Energy Resour. Technol. 2021, 144, 040801. [CrossRef]
31. Goodarzi, F.; Zendehboudi, S. A Comprehensive Review on Emulsions and Emulsion Stability in Chemical and Energy Industries.

Can. J. Chem. Eng. 2019, 97, 281–309. [CrossRef]
32. Mcclements, D.J. Critical Review of Techniques and Methodologies for Characterization of Emulsion Stability. Crit. Rev. Food Sci.

Nutr. 2007, 47, 611–649. [CrossRef]
33. Mengual, O.; Meunier, G.; Cayré, I.; Puech, K.; Snabre, P. TURBISCAN MA 2000: Multiple Light Scattering Measurement for

Concentrated Emulsion and Suspension Instability Analysis. Talanta 1999, 50, 445–456. [CrossRef]
34. Wang, K.; Li, G.; Zhang, B. Opposite Results of Emulsion Stability Evaluated by the TSI and the Phase Separation Proportion.

Colloids Surf. A: Physicochem. Eng. Asp. 2018, 558, 402–409. [CrossRef]
35. Jiménez-Regalado, E.J.; Cadenas-Pliego, G.; Pérez-Álvarez, M.; Hernández-Valdez, Y. Study of Three Different Families of

Water-Soluble Copolymers: Synthesis, Characterization and Viscoelastic Behavior of Semidilute Solutions of Polymers Prepared
by Solution Polymerization. Polymer 2004, 45, 1993–2000. [CrossRef]

http://doi.org/10.1021/acs.energyfuels.5b01066
http://doi.org/10.1016/j.jiec.2018.12.030
http://doi.org/10.1016/j.cocis.2010.07.007
http://doi.org/10.1021/acs.energyfuels.6b01567
http://doi.org/10.1016/0927-7757(96)03575-3
http://doi.org/10.1006/jcis.2001.7762
http://doi.org/10.1021/ma951178m
http://doi.org/10.1016/j.dyepig.2016.11.035
http://doi.org/10.1016/j.eurpolymj.2018.10.047
http://doi.org/10.1021/ma9614510
http://doi.org/10.1002/(SICI)1097-4628(19971128)66:9&lt;1803::AID-APP20&gt;3.0.CO;2-U
http://doi.org/10.1016/S1359-0294(00)00056-X
http://doi.org/10.1039/D0SM01964J
http://www.ncbi.nlm.nih.gov/pubmed/33890595
http://doi.org/10.1115/1.4051571
http://doi.org/10.1002/cjce.23336
http://doi.org/10.1080/10408390701289292
http://doi.org/10.1016/S0039-9140(99)00129-0
http://doi.org/10.1016/j.colsurfa.2018.08.084
http://doi.org/10.1016/j.polymer.2003.12.065

	Introduction 
	Materials and Methods 
	Materials 
	PASB Copolymer Synthesis Steps 
	FTIR, TGA, and DTG Measurement 
	PASB Average Molecular Weight 
	Viscosity Measurement of PASB 
	Preparation of Aqueous Phases and Emulsion 
	Optical Microscopic Observation 
	Multiple Light-Scattering Measurements 

	Results and Discussion 
	FTIR of Copolymer PASB 
	Thermal Properties of Copolymer PASB 
	Molecular Weight of Copolymer PASB 
	Influence of PASB Copolymer Concentration on Solution Viscosity 
	Emulsion Microscopic Morphology 
	Changes in the Backscattered Light Intensity of the Emulsions 
	The Relationship between TSI and Reactive Monomers Ratio 

	Conclusions 
	References

