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A novel giant surfactant, APOSS-PS50, possessing good surface activity, and viscosifying and reinforcing

ability as a foam stabilizer, was synthesized successfully to enhance the physical properties of foaming

solutions and foam. APOSS-PS50 was widely distributed at the foam gas–liquid interface and adjacent

liquid layers through diffusion and adsorption, obviously decreasing the surface tension and improving

the foamability and stability of the foam. Furthermore, the aggregation of APOSS-PS50 in the foam films

resulted in the formation of a self-assembled nano-sized network through supramolecular interactions

(such as hydrogen bonding, p–p stacking, and van der Waals attraction), thus increasing the foam

viscoelasticity, including its interfacial viscoelastic modulus and apparent viscosity. Meanwhile, from the

sandpack flooding experiments, compared with HPAM/AOS (HPAM: partially hydrolyzed acrylamide and

AOS: alpha olefin sulfonate), the differential pressure and final oil recovery after APOSS-PS50/AOS foam

flooding increased by 23.5% and 23.2%, up to 2.68 MPa and 81.7%, respectively. In general, APOSS-PS50
significantly promoted the plugging, profile control and oil displacement performance of foam.
1. Introduction

Foam, with high apparent viscosity and excellent plugging and
prole control capability, is extensively applied in EOR
(enhanced oil recovery) projects. Specically, its high viscosity,
which is much larger than that of its own gas and liquid phases,
effectively increases the mobility control capacity, and alleviates
some problems from N2 ooding, such as low sweep efficiency
and premature breakthrough caused by viscous ngering,
gravity segregation and thief zone.1–3 On the other hand, in
heterogeneous formation, foam tends to be generated in high-
permeability layers and effectively block them, thus facili-
tating subsequent ooding uid diversion into low-
permeability layers and enlarging the sweep volume of high
residual oil regions. In addition, the higher the permeability
contrast between the formation layers, the better selective the
plugging performance of foam.4–6 As is well-known, the EOR
efficiency of foam ooding mainly depends on the foamability,
stability and viscoelasticity of the foam. However, as the
common foaming agent and foam stabilizer, traditional small-
molecule surfactants have poor foam-stabilizing ability. More-
over, the rock surface adsorption and crude oil defoaming effect
make their foam difficult to migrate stably in porous media
under reservoir conditions.7 Besides, the weak viscoelasticity
eering, Yangzhou University, Yangzhou

163.com

iversity of Petroleum, Qingdao 266580, P.

ESI) available: Fig. S1 and Table S1. See
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and mechanical strength of small-molecule surfactant foams
make them easily ruptured under external shear stress during
formation.8–10

Considering the above problems, many researchers have
added polymers with good viscosifying and thickening proper-
ties to the foaming solution to improve the foam stability and
viscoelasticity. Nowadays, the commonly used polymer stabi-
lizers can be divided into two types, namely, hydrophilic poly-
mers (such as polyacrylamide,11 xanthan gum4,9 and guar gum12)
and amphiphilic copolymers (hydrophobically modied poly-
acrylamide, such as B192 (ref. 11) and AVS13). Generally, poly-
mer foam stabilizers have the following advantages: (1) they
signicantly decelerate foam lm drainage by increasing lm
viscosity.14 (2) Polymer aqueous solutions exhibit great elas-
ticity, enhances foam interfacial viscoelasticity, mechanical
strength and shearing resistance.15 (3) They can efficiently
thicken the foam lm and form multi-layered lm structures,
thus impeding inter-bubble gas diffusion and foam coalescence
by isolating gas.9 (4) Polymers can strengthen foam oil tolerance
by forming a steady microemulsion with oil droplets, thus
making oil uniformly dispersed in the foam lm.16,17 However,
polymers as foam stabilizers have some weaknesses: (1) they
adsorb a vast amount of surfactant by supramolecular interac-
tions, reducing the amount of surfactant at the foam air–water
interface, and hence increase the interface tension and weaken
the foamability and foam stability.18 Meanwhile, the adsorbed
surfactant lessens the polymer molecule association, leading to
a weak viscosifying performance.14 (2) For many types of poly-
mers, their thickening, viscosifying and reinforcing abilities are
reduced largely under relatively high formation temperatures.19
RSC Adv., 2019, 9, 31551–31562 | 31551
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(3) The residual polymer concentration during formation can be
enriched to 10–15 times of its original value, inevitably causing
formation damage.20

Giant surfactants, a type of giant molecule with a small-
molecule surfactant structure but polymer size (Fig. 1a), are
usually synthesized by tethering hydrophilically modied
molecular nanoparticles with hydrophobic polymer chains21–23

using efficient chemical methods (such as click reactions and
atom transfer radical polymerization). Therefore, giant surfac-
tants successfully possess the features of traditional surfactants
and polymers, namely, high surface activity,21 strong viscosify-
ing and reinforcing properties.24–26 In this work, to improve the
foamability, foam stability and viscoelasticity, we synthesized
a novel giant surfactant, APOSS-PS50, via a simple modular one-
pot approach with multiple orthogonal click reactions. (1) The
highly surface-active APOSS-PS50 can reduce the foam air–water
interfacial tension (Fig. 1c), and thus promote foamability and
foam stability. (2) APOSS-PS50, with highly incompatible
segments, specic topology and microphase separation, can
generate various supramolecular self-assembly structures
(Fig. 1b) in the liquid phase,24,25 and obviously increase the
foaming solution viscosity and viscoelasticity. Consequently,
APOSS-PS50 enhances the foam due to its good elasticity,
Fig. 1 Molecule structure and foam stabilization mechanism of APOSS-
foam stabilization mechanism of APOSS-PS50.

31552 | RSC Adv., 2019, 9, 31551–31562
displacement ability and slow gravity drainage, showing an
excellent EOR performance.
2. Experimental
2.1 Materials

2,2-Dimethoxy-2-phenylacetophenone (DMPA) and p-toluene-
sulfonic acid (TsOH) both with a purity of 99.0% were supplied
by Macklin (China). VPOSS-CHO and NH2-O-PS50 with purity $
90% were synthesized, as shown in the ESI.† Mercaptoacetic
acid (TGA) was purchased from ACMEC (China) with a purity of
98.0%. The anionic surfactant AOS (alpha olen sulfonate, C14–
C16) as the foaming agent was supplied by YNTC (China) with
the active component content of $92.0%. HPAM (partially
hydrolyzed acrylamide) from PYIHOO (China) has a molecular
weight of 800 � 104 to 1000 � 104, a hydrolysis degree of 25%
and purity >98.0%. Nitrogen was obtained from Xin Source
(China) with a purity of 99.9%. The quartz sand used in the sand
cores, with two average diameters of 355 mm (45 mesh) and 63
mm (230 mesh), was provided by Macklin (China). The crude oil
from Shengli Oileld, China had a density of 0.916 g cm�3 and
viscosity of 54 mPa s at 50 �C.
PS50 (a) molecule structure, (b) self-assembly in aqueous phase and (c)

This journal is © The Royal Society of Chemistry 2019
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2.2 APOSS-PS50 synthesis and foaming solution preparation

50mg POSS-based click-reaction precursor VPOSS-CHO, 230mg
“clickable” hydrophobic polymer tail NH2-O-PS50 and 75 mg
POSS surface modier TGA were dissolved in 5 mL tetrahydro-
furan. Under TsOH catalysis (oxime ligation), DMPA photo-
initiation (TECC, thiol–ene “click” coupling) and UV-light
irradiation (wavelength 365 nm), the oxime ligation and TECC
reactions occurred simultaneously, producing 273 mg APOSS-
PS50 with a yield of 82% in one step. The reaction process is
shown in Fig. 2.

2.2.1 Foaming solution preparation. A certain amount of
foaming agent AOS (0.5 wt%) and foam stabilizer (HPAM or
APOSS-PS50, 0.3 wt%) were dissolved in water and stirred at
200 rpm for 30 min at room temperature to obtain three types of
foaming solutions: AOS (0.5 wt%), HPAM/AOS (0.5 wt% AOS +
0.3 wt% HPAM) and APOSS-PS50/AOS (0.5 wt% AOS + 0.3 wt%
APOSS-PS50). The relevant concentration screening experiments
of AOS, HPAM and APOSS-PS50 are shown in ESI 1.2 and 2.2.†
Using the AOS and HPAM/AOS system as the reference, the
effects of APOSS-PS50 on the foaming solution and its foam
physical properties were investigated.
2.3 Characterization

Infrared spectra were acquired on an Antains II FTIR spec-
trometer (Thermo Fisher, USA) using the Omnic soware.
Herein, solid APOSS-PS50 was pulverized, mixed with KBr
powder evenly and pressed into a tablet for analysis. 1H and 13C
NMR spectra were obtained in CDCl3 using an AVANCE 600
NMR spectrometer (Bruker, Germany), and were referenced to
CDCl3 at d 7.27 ppm and 77.00 ppm, respectively.29 Si solid-state
NMR spectra were acquired on an AVANCE III 400 MHz WB
Fig. 2 Synthesis procedure of APOSS-PS50. (a) Synthesis reaction mech

This journal is © The Royal Society of Chemistry 2019
NMR spectrometer (Bruker, Germany) at 79.43 MHz with spin
rates in the range of 3.56–5.56 kHz. Specically, the sample in
5 mm pencil rotors under N2 atmosphere was sealed with
paraffin wax. Normal one pulse magic angle spinning (MAS) and
cross polarization (CP) MAS with a 30� pulse were performed by
relaxation delays of 30 s and 10 s for one pulse MAS and CPMAS,
respectively. Meanwhile, X-ray diffraction analysis was per-
formed using a D8 ADVANCE powder X-ray diffractometer
(Bruker, Germany) in the 2q range of 1–40� at a scanning speed
of 0.05� � 3 s�1. The ST (surface tension) and oil–water IFT
(interfacial tension between simulated oil and aqueous solu-
tion) of the aqueous mixtures at 50 �C were determined with
dodecane as simulated oil by the pendent-drop method using
an OCA20 optical tensiometer and contact angle meter (Data
Physics, Germany). The HLB (hydrophilic-lipophilic balance) of
the foam stabilizers, evaluated through water number, was
acquired using the cloud point methodology (Fig. S1 and Table
S1, ESI†).

The rheological properties of the foaming solution were
evaluated using the modulus (including elastic modulus, G0 and
viscous modulus, G00) and viscosity (its calculation method is
shown in ESI 2.6†) at a frequency of 0.01–100 s�1 and a shear
rate of 0.1–120 s�1, respectively, which were measured using
a DHR-2 rotary rheometer (TA instruments, USA). The micro-
structure and surface morphology of the foam stabilizers were
observed using a Zeiss-Supra 55 eld-emission scanning elec-
tron microscope (Carl Zeiss, Germany) and CM 100 trans-
mission electron microscope (Philips, Netherlands). A
DM2700P polarizing microscope (Leica, Germany) and TCS SP8
STED laser scanning confocal microscope (Leica, Germany)
were employed to observe the foam texture and distribution
patterns of the stabilizers.
anism and (b) equation.

RSC Adv., 2019, 9, 31551–31562 | 31553
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The foaming time under a xed foam volume of 200 mL and
corresponding half-life were determined using an HP Foamscan
high temperature and pressure foam analyzer (Teclis, France) at
50 �C. The foam interfacial viscoelastic modulus was measured
using an OCA20 optical tensiometer and a contact angle meter
(Data Physics, Germany) at 50 �C, with an oscillation frequency
in the range of 0.01–0.1 s�1, injection volume of 10 mL and
relative foam surface area change DA/A of 0.1. The foam
apparent viscosity (its calculation method is shown in ESI 2.6†)
at 50 �C was obtained from a DV3T rotary viscometer (Brook-
eld, USA) at a shear rate of 0.1–10 s�1.
2.4 Sandpack ooding experiments

The sandpack ooding experiment set-up is shown in Fig. 3.
The sandpacks in these experiments, having almost the same
permeability (2.3 � 0.2 D) and porosity (33.7 � 0.2%), were
prepared by lling a quartz sand mixture into core holders with
a xed mass ratio (m335 mm : m63 mm ¼ 2 : 1). The oil displace-
ment experimental procedure was as follows: (1) Sand core
saturation: the sand core was rst saturated with water, and
then crude oil at injection rates of 1 mL min�1 and 0.5
mL min�1 successively. (2) Water ooding: water ooding was
carried out at 1 mL min�1 until the oil production was negli-
gible. (3) Foam ooding: foam ooding was performed by
injecting a 1.0 PV foam slug, which was generated by simulta-
neous co-injection of foaming solution and N2 with a constant
gas fraction of 0.75 (gas friction and gas–liquid ration screening
experiments are shown in ESI 2.5†) and a total injection rate of
0.5 mL min�1. (4) Subsequent water ooding: subsequent water
Fig. 3 Schematic of sandpack flooding experimental apparatus.

31554 | RSC Adv., 2019, 9, 31551–31562
ooding was conducted at a rate of 1 mL min�1 until little oil
was produced. Throughout the ooding process, the conning
pressure and temperature were maintained at 6 MPa and 50 �C,
and the displacement abilities of the foam were evaluated by DP
(differential pressure) and ultimate oil recovery.

The foam owing experiment was the same as the oil
displacement experiment described above except for the satu-
ration process. Moreover, RF (resistance factor), to evaluate
foam plugging and prole control abilities, was calculated
according to the DP data as follows:

RF ¼ DP

DP0

where DP0 and DP are differential pressure of water ooding
and foam ooding, respectively.

3. Results and discussion
3.1 APOSS-PS50 characterization

The one-pot reaction included two steps: (1) the functionaliza-
tion of the VPOSS head through TECC reaction, where the vinyl
groups on the VPOSS surface were replaced by carboxyl groups.
(2) One POSS head VPOSS-CHO was tethered with one polymer
chain NH2-O-PS50 by an oxime ligation reaction. Specically,
compared with VPOSS-CHO, the disappearance of the vinyl
protons (in the resonance range of d 6.13–5.91 ppm in the 1H
NMR spectrum in Fig. 4a) and sp2 carbon resonances (at
d 128.67 and 136.97 ppm in the 13C NMR spectrum in Fig. 4b),
as well as the emergence of protons from the thiol–ether bond
(at d 2.78 and 3.61 ppm in the 1H NMR spectrum), carboxylic
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Molecular characterization of samples. (a) 1H NMR, (b) 13C NMR, (c) 29Si SSNMR spectra and (e) XRD patterns of VPOSS-CHO and APOSS-
PS50; (d) FTIR spectra of VPOSS-CHO, APOSS-PS50.
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acid proton (at d 12.09 ppm in the 1H NMR spectrum) and
carbonyl carbon resonance (at d 173.76 ppm in the 13C NMR
spectrum) of APOSS-PS50 prove the successful TECC reaction.
Also, this is evidenced in the FTIR spectrum (Fig. 4d) by the
absence of the C]C vibration band (at 3068.63–2968.34 cm�1,
triple peaks) of VPOSS-CHO and the appearance of the –OH (at
3000–2500 cm�1, broad peak) and C]O vibration bands (at
1678.01 cm�1) of APOSS-PS50. Meanwhile, VPOSS-CHO exhibits
two resonances at d �68.38 ppm (–Si–CH2–CH2–) and
�81.27 ppm (–Si–CH]CH2), while APOSS-PS50 merely displays
a single resonance at d�67.52 ppm (–Si–CH2–CH2–) in their 29Si
SSNMR spectra (Fig. 4c), further revealing the complete TECC
reaction.27,28 On the other hand, the disappearance of the
aldehyde proton resonance (at 10.04 ppm in VPOSS-CHO 1H
NMR spectrum, Fig. 4a) and –NH2 vibration band (at
1571.93 cm�1 in NH2-O-PS50 FTIR spectrum, Fig. 4d), together
with the enhanced resonances of the alkyl area of APOSS-PS50
(at 0.6–1.8 ppm in the 1H NMR spectrum, Fig. 4a), indicate the
successful oxime ligation. Furthermore, the XRD patterns in
Fig. 4e for VPOSS-CHO and APOSS-PS50 show three main char-
acteristic diffraction peaks at 9.6�, 21.1� and 24.5�, attributed to
the overall dimensions, body diagonal of POSS and the distance
This journal is © The Royal Society of Chemistry 2019
between opposite Si4O4 faces, respectively. Also, the FTIR
spectra in Fig. 4d demonstrate a common Si–O–Si vibration
band at 1172.68 cm�1, suggesting the integrity of the POSS cage
during the one-pot synthesis process. Therefore, all the above
results conrm that APOSS-PS50 was synthesized efficiently via
the one-pot reaction with simultaneous oxime ligation and
TECC reaction.
3.2 Foaming solution physical properties

3.2.1 Foamability. As the foaming performance evaluation
indicator, the foaming time of 50 mL foaming solution to
produce 200 mL foam was determined using a foam analyzer at
50 �C. From Fig. 5a, the foaming time of the APOSS-PS50/AOS,
HPAM/AOS and AOS foaming solutions was 40.0, 65.5 and
48.8 s, respectively, indicating the enhanced foamability due to
the addition of APOSS-PS50 compared to that of HPAM. As
shown in Fig. 5b and c, the APOSS-PS50/AOS foams, consisting
of spherical wet bubbles with a smaller average diameter rela-
tive to the HPAM/AOS foam a with polygonal shape, have a more
stable structure with the help of APOSS-PS50 (Video in ESI†).18

According to Table 1 and the inset in Fig. 5a, the HLB value
of APOSS-PS50, ST and IFT of its aqueous solution are similar to
RSC Adv., 2019, 9, 31551–31562 | 31555
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Fig. 5 Foamability analysis. (a) Foam volume versus foaming time of foaming solutions; (b) and (c) foam pictures of APOSS-PS50/AOS and HPAM/
AOS from Teclis foam analyzer; (d) schematic of APOSS-PS50 enhancing surface activity of foaming solution.

Table 1 Surface activity of the solutionsa

Solution ST/(mN m�1) IFT/(mN m�1)

0.5 wt% AOS 29.3 4.8
0.5 wt% APOSS-PS50 35.1 6.7
0.5 wt% HPAM 68.5 18.3
0.5 wt% AOS + 0.3 wt% HPAM 51.7 16.4
0.5 wt% AOS + 0.3 wt% APOSS-PS50 27.5 4.3

a ST: surface tension and IFT: interfacial tension between simulated oil
and aqueous solution.
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that of AOS, but signicantly smaller than that of HPAM, indi-
cating the relatively strong hydrophobicity and surface activity
of APOSS-PS50. Meanwhile, from Table 1, in contrast to HPAM,
the addition of APOSS-PS50 decreased the foaming solution ST
and IFT, and strengthened its surface activity compared with
that of the unique AOS system. The reasons for this are as
follows: (1) different from HPAM, APOSS-PS50 does not adsorb
AOS molecules in aqueous solution to avoid their unfavorable
inuence on foamability. (2) APOSS-PS50, due to its high surface
activity, can migrate to the air–water and oil-water interfaces
and reduce the ST and IFT of the foaming solution.29 (3) The
carboxyl groups in the hydrophilic APOSS head are benecial to
31556 | RSC Adv., 2019, 9, 31551–31562
produce strong supramolecular ion–dipole interactions
between the AOS and APOSS-PS50 molecules, which causes
APOSS-PS50 to be inserted into the electrostatic repulsive AOS
molecules and weakens their electrostatic repulsion (Fig. 5d,
namely, increases AOS quantity at the interface, and thus
decreases the ST and IFT of the foaming solution, and enhances
its surface activity and foamability).

3.2.2 Viscoelasticity. From Fig. 6a and b, the viscosities of
the foaming solutions all decreased continuously with an
increase in shear rate, displaying a shear thinning performance
and pseudoplastic behavior. Also, G0 (elastic modulus)
increased gradually with an increase in frequency. In compar-
ison with the unique AOS, APOSS-PS50 and HPAM possess
prominent viscosifying and reinforcing ability, that is, small
amounts (0.3 wt%) of each could greatly increase the viscosity
(1–2 orders of magnitude) and elastic modulus (2–3 orders of
magnitude) of the foaming solution, and reduce the tan d value
from 2.14 to less than 1 (inset in Fig. 6b), indicating that the
addition of APOSS-PS50 or HPAM can make the elastic modulus
larger than the viscous modulus, leading to solid-like rheolog-
ical behavior in the foaming solution and improved mechanical
property.30 As shown in Fig. 6c–h, the viscosifying and rein-
forcing behaviors of AOS, HPAM and APOSS-PS50 originate from
their individual micelle network (Fig. 6c and f), polymer
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Foaming solution viscoelasticity analysis. (a) Viscosity versus shear rate and (b) G0 versus angular frequency. (c)–(e) SEM and (f)–(h) TEM
images of solutions of 0.3 wt% HPAM, 0.3 wt% APOSS-PS50 and 5 wt% AOS, respectively. (i)–(k) Charge, frontier molecular orbitals and elec-
trostatic potential distribution of the APOSS head, respectively.
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network (Fig. 6d and g) and supramolecular self-assembly
network (Fig. 6e and h) in aqueous solutions. However, the
viscosifying and reinforcing performance of AOS was generally
limited due to the requirement of a large amount of AOS
molecules (5 wt%) to form a micelle network (Fig. 6c). Simul-
taneously, although HPAM can signicantly improve the
foaming solution viscoelasticity (Fig. 6a), the strong association
among the molecules made it difficult to be dispersed evenly in
This journal is © The Royal Society of Chemistry 2019
solution. Namely, the excessive crosslinking of the polymer
network in some solution regions led to the agglomeration and
precipitation of HPAM.31,32 From the inset table in Fig. 6a, the c
value (Flory–Huggins interaction parameter, ESI†) of APOSS-
PS50 was 0.25, indicating the high chemical incompatibility
between the APOSS cage and PS tail segment.33–37 Meanwhile,
APOSS-PS50, with cN ¼ 14.8 > 10.5 (N is the overall degree of
polymerization, ESI†), could form ordered self-assembly
RSC Adv., 2019, 9, 31551–31562 | 31557
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nanostructures (Fig. 6h). In addition, the APOSS carboxyl
groups, around which the HOMO orbitals (the highest occupied
molecular orbital, Fig. 6j) of the APOSS head are located, have
the largest negative charge density (Fig. 6i), revealing its high
reactivity28 with electrophiles by supramolecular interactions.
Furthermore, according to Fig. 6k, as for the APOSS cage surface
with carboxyl groups, its negative electrostatic potential shows
weak attraction between the nuclei and lone pair electrons,
resulting in the enrichment of these electrons and dispersive
distribution of their aggregates.38 Therefore, these electrons
have a higher energy level and activity, displaying the strong
nucleophilicity of the carboxyl groups.38 On the other hand, the
LUMO orbitals (the lowest unoccupied molecular orbital,
Fig. 6k) of APOSS, located at its POSS skeleton, exhibit that the
POSS cage with strong electrophilicity is vulnerable to external
nucleophiles.39,40 In general, APOSS-PS50 with high reactivity
Fig. 7 Foam stability analysis. (a) Foam volume and (b) drainage liquid volu
field images, (d) and (g) foam fluorescence image and (e) and (h) foamin

31558 | RSC Adv., 2019, 9, 31551–31562
could form high-strength self-assembly networks, and effec-
tively improve the viscoelasticity of the foaming solution.

3.3 Foam physical properties

3.3.1 Stability. According to Fig. 7a and b, the t1/2, FV (half-
life of foam volume) of the APOSS-PS50/AOS, HPAM/AOS and
AOS foam was 1023.2 s, 913.3 s and 701.0 s, and t1/2, LV (half-life
of liquid drainage) was 246.1 s, 181.4 s and 40.6 s, respectively.
Herein, APOSS-PS50, in comparison with HPAM, could more
efficiently impede foam rupture, reduce liquid drainage
velocity, and thus enhance foam stability. Moreover, according
to Fig. 7c and f, the spherical APOSS-PS50/AOS foam compared
with the polygonal HPAM/AOS foam was more uniform and
smaller, suggesting its more stable structure.41,42 Furthermore,
as shown in Fig. 8, the minimum liquid fractions (the calcula-
tion shown in the ESI†) in the APOSS-PS50/AOS, HPAM/AOS and
AOS foam were 3.78%, 1.45% and 0.24%, respectively. Herein,
me versus time; APOSS-PS50/AOS, HPAM/AOS: (c) and (f) foam bright-
g solution fluorescence image of laser scanning confocal microscope.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Liquid carrying capacity analysis of foam. (a) Liquid fraction in foam versus time, and (b) and (c) polarizing microscope images of APOSS-
PS50/AOS and HPAM/AOS foam.
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the APOSS-PS50 enhanced foam had a smaller size and thicker
liquid lm relative to that of the HPAM/AOS foam, and thus its
coalescence and drainage were more effectively inhibited.4

According to Fig. 7d, e, g and h, the APOSS-PS50 molecules were
concentrated at the foam air–water interface, while the HPAM
molecules easily aggregated into groups, and were distributed
randomly in both the foaming solution and foam surface. The
reasons for these phenomena are as follows: (1) the amphiphilic
APOSS-PS50 molecules, with high surface activity, can be
adsorbed at the foam surface in large quantities and decrease
the air–water IFT and coalescence of the APOSS-PS50/AOS foams
with a dense liquid lm (Fig. 5d) and low gas permeability.18 (2)
Due to the accumulation of APOSS-PS50 molecules in the liquid
layers adjacent to the foam surface, the viscosifying and thick-
ening efficiencies are signicantly enhanced, thus improving
the foam stability.
Fig. 9 Foam viscoelasticity analysis. (a) E* versus frequency, and (b) h0 v

This journal is © The Royal Society of Chemistry 2019
3.3.2 Viscoelasticity. According to Fig. 9, for the APOSS-
PS50/AOS, HPAM/AOS and AOS foam, E* (interfacial viscoelastic
modulus) was 10.1, 7.4 and 3.3 mN s m�1 under a frequency of
0.1 s�1, and h0 (apparent viscosity) was 1857.1, 1321.7 and 379.3
mPa s under a shear rate of 7.44 s�1, respectively. Obviously, in
comparison with HPAM, APOSS-PS50 could effectively increase
the foam viscoelasticity, mechanical strength and shearing
resistance, making the foam elastically deformed43,44 under
external shear, and benecial to improve the plugging and
prole-control abilities of the foam. Generally, APOSS-PS50, with
good viscosifying and reinforcing ability and surface activity,
can concentrate at the foam surface and its neighboring liquid
layers (Fig. 7d), form nano-sized self-assembly networks
(Fig. 6e), and efficiently strengthen the viscoelasticity of the
foam lm. Briey, APOSS-PS50, with a moderate molecular
weight and high hydrophobicity, has high surface activity and
good viscosifying and reinforcing ability (molecular size
ersus shear rate.

RSC Adv., 2019, 9, 31551–31562 | 31559
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Fig. 10 Sandpack flooding experiments. (a) Differential pressure and (b) oil recovery versus injected fluid volume in oil displacement experi-
ments; (c) differential pressure and (d) RF versus injected fluid volume in foam flowing experiments.
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comparative analysis of APOSS-PS50, AOS andHPAM is shown in
ESI 2.6†).
3.4 Sandpack ooding experiments

According to Fig. 10a, aer water ooding, DP increased rapidly
up to a peak with the foam uid injection, and then declined
and remained constant in the subsequent water ooding
process. Specically, for the APOSS-PS50/AOS, HPAM/AOS and
AOS foam ooding, the highest DP was 2.68, 2.17 and 0.87 MPa,
and the nal oil recovery (Fig. 10b) was 81.7%, 66.3% and
53.5%, respectively, indicating enhanced foam oil displacement
ability from APOSS-PS50 compared with that of HPAM. Mean-
while, the highest DP (Fig. 10c) in the foam owing experiment
was 1.87, 1.53 and 0.36 MPa, and their RF (resistance factor,
Fig. 10d) were 467.5, 383.6 and 91.8, respectively. Clearly,
compared with HPAM, APOSS-PS50 largely increased the foam
plugging and prole-control abilities, and oil displacement
performance of foam ooding. Moreover, in the subsequent
water ooding process, the DP descent rate for the APOSS-PS50/
AOS system was obviously smaller than that of HPAM/AOS,
indicating the stronger foam stabilizing ability of APOSS-
PS50.41 In general, the stabilizer APOSS-PS50, with good viscosi-
fying and reinforcing ability as well as high surface activity,
31560 | RSC Adv., 2019, 9, 31551–31562
enhanced the foam stability and viscoelasticity, and thus
resulted in the outstanding plugging, prole-control and oil
displacement ability of the foam.
4. Conclusions

A novel giant surfactant, APOSS-PS50, was synthesized and its
inuence on foamability, foam stability and oil displacement
was investigated in this study. The specic conclusions are as
follows:

(1) APOSS-PS50, which was well characterized via several
techniques, such as FTIR, NMR spectroscopy and XRD, was
synthesized successfully via a one-pot reaction with simulta-
neous oxime ligation and TECC reaction.

(2) APOSS-PS50, with good viscosifying, reinforcing ability
and high surface activity, improved the foamability and visco-
elasticity of the foaming solution. Specially, APOSS-PS50, con-
sisting of two chemical incompatible segments, an APOSS head
and PS polymer tail, has high amphiphilicity and surface
activity. The foaming time of the APOSS-PS50/AOS foaming
solution was 40.0 s, which was much shorter than that of the
HPAM/AOS system.
This journal is © The Royal Society of Chemistry 2019
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(3) The APOSS-PS50/AOS foam exhibited excellent stability
and viscoelasticity. Accordingly, APOSS-PS50, with high surface
activity, aggregated at the foam surface, decreased the air–water
IFT, thickened the foam lm and enhanced the viscoelasticity of
the foam. Compared with HPAM/AOS, the t1/2FV and t1/2LV of the
APOSS-PS50/AOS foam were enhanced by 12.0% and 35.7%, up
to 1023.2 s and 246.1 s, and its E* and h0 increased by 36.5% and
40.5%, up to 10.1 mN s m�1 and 1857.1 mPa s, respectively.

(4) The APOSS-PS50/AOS foam exhibited prominent plugging,
prole-control and oil displacement ability. In comparison with
HPAM/AOS, the highest DP, nal oil recovery and RF were
enhanced by 23.5%, 23.2% and 21.9%, up to 2.68 MPa, 81.7%
and 467.5, respectively.
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