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Abstract: This study developed dual-shell amphiphobic fluorinated polymer core–shell materials (AFPCSMs) for wettability altera-
tion in tight oil reservoirs. The materials comprise silica nanoparticle cores (30 nm), γ-aminopropyltriethoxysilane
methacrylic anhydride inner shells, and fluorinated polymer outer shells via 2,2,2-trifluoroethyl methacrylate dodeca-
fluoroheptyl methacrylate copolymerization. Fourier transform infrared spectrometer, X-ray photoelectron spectroscopy,
and thermogravimetric analyzer characterization confirmed successful dual-shell construction. AFPCSMs achieved
superior amphiphobic properties with water contact angles of 145.3°, n-hexadecane contact angles of 132.6°, and surface
free energy reduction to 1.44 mN/m (95.7% decrease). Stability tests demonstrated excellent retention rates: 92.1% thermal
stability at 120°C, 94.7% salt resistance under 25,000mg/L salinity, and 91.1% durability after 72-h flooding. Core flooding
experiments showed enhanced oil recovery of 71.52% with 36.05 percentage points net increase (101.6% relative enhance-
ment) and lowest pressure gradient (0.85 MPa/PV). Comparative studies confirmed the dual-shell design’s superiority over
single-shell materials across all evaluation criteria, providing an effective approach for precision wettability control in
challenging reservoir applications.
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1. Introduction

With the advancement of petroleum industry develop-
ment, low-permeability and tight hydrocarbon reservoirs
have emerged as focal points for unconventional resource
exploitation [1–3]. These reservoir formations commonly
exhibit characteristics of fine pore-throat structures and
strong water-wet properties, resulting in elevated capil-
lary resistance and poor sweep efficiency during water-
flooding operations, severely constraining development
effectiveness [4]. Wettability modification technology, as
a critical enhanced oil recovery technique, has garnered
extensive attention in recent years [5–7].

Nanomaterials demonstrate tremendous potential in
reservoir wettability alteration owing to their distinctive
surface effects and size-dependent properties [8,9]. Silica

nanoparticles possess advantageous characteristics including
large specific surface areas, abundant surface hydroxyl
groups, and excellent chemical stability, making them
ideal carriers for functionalized nanomaterial synthesis
[10,11]. However, conventional single-shell modification
strategies present numerous limitations: inadequate func-
tional group exposure, tendency toward aggregation in
high-salinity formation brines, and insufficient thermal
stability requirements [12,13].

Addressing these challenges, this investigation innova-
tively proposes a dual-shell design concept: utilizing nano-
silica as a rigid core, constructing a stable chemical
bonding layer through silane coupling agents as the inner
shell, and grafting fluorinated polymers as the outer shell
to achieve wettability modification functionality. The dual-
shell architecture offers several theoretical advantages
over conventional single-shell designs: (1) the inner shell
(APTES-MAnh) provides robust covalent bonding to the
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silica core through Si–O–Si linkages while introducing
polymerizable vinyl groups for subsequent polymer grafting;
(2) the outer fluorinated polymer shell delivers low surface
energy functionality through abundant –CF2– and –CF3
groups; (3) the interlayer synergistic effects enable stress
transfer and thermal buffering, where the flexible inner
shell accommodates thermal expansion mismatch between
the rigid silica core and the polymer outer shell, thereby
enhancing overall structural integrity under harsh reser-
voir conditions. This stratified design not only maximizes
the advantages of individual components but also signifi-
cantly enhances overall material performance through
interlayer synergistic effects. Through systematic com-
parative experimentation, the technical superiority of
the dual-shell design relative to conventional single-shell
architectures was validated, providing novel solutions for
precision reservoir wettability control.

2. Experimental section

2.1 Experimental materials

Nano-silica (SiO2, average particle diameter 30 nm, specific
surface area 300m²/g, purity 99.8%) was procured from
Shanghai Aladdin Biochemical Technology Co., Ltd; γ-ami-
nopropyltriethoxysilane (APTES, 99%) was procured from
Beijing Bailingwei Technology Co., Ltd; methacrylic anhydride
(MAnh, 99%) was obtained from Sigma-Aldrich (Shanghai)
Trading Co., Ltd; perfluorooctyl trichlorosilane (PFOTS, 98%)
was obtained from Shanghai Macklin Biochemical Technology
Co., Ltd; 2,2,2-trifluoroethyl methacrylate (TFEMA, 96%) and
dodecafluoroheptyl methacrylate (DFHMA, 96%) were pro-
cured from Harbin Xeogia Fluorine-Silicon Chemical Co.,
Ltd. ammonium persulfate (APS, analytical grade), N,N-
dimethylformamide (DMF, analytical grade), tetrahydrofuran
(THF, analytical grade), anhydrous ethanol (analytical grade),
etc., were procured from Sinopharm Chemical Reagent Co.,
Ltd. Experimental water was deionized water (resistivity
>18.2 MΩ cm).

2.2 Dual-shell nanomaterial synthesis

The preparation of dual-shell nanomaterials encompasses
three sequential steps: silica core pretreatment, inner shell
formation, and outer shell construction, as illustrated in
Figure 1.

2.2.1 Silica core pretreatment

5.0 g of nano-silica was dispersed in 150 mL of anhydrous
ethanol and ultrasonicated for 45min. 10mL of 10% ammonia
solution was added to adjust pH to 9–10, followed by 30min
stirring for surface activation. The product was isolated by
centrifugation, washed with deionized water until neutral,
subsequently washed three times with ethanol, and dried at
80°C for 12 h.

2.2.2 Inner shell formation

Step 1: 4.5 g of activated silica was dispersed in 100mL of
toluene, and APTES solution (3.0mL dissolved in 25mL of
toluene) was dropwise added at 110°C, followed by 6h reaction.
The aminofunctionalized product was obtained after washing
and drying. Chemical reaction equations are shown in Figure 2.

Step 2: The product was dispersed in 80 mL THF,
MAnh solution (1.5 g) was added under ice-bath conditions,
then heated to 40°C for 4 h reaction to introduce polymer-
izable double bonds. Inner shell material was obtained
after washing and drying. Chemical reaction equations
are presented in Figure 3.

2.2.3 Outer shell formation

2.5 g of inner shell material was dispersed in 80mL of DMF,
and APS initiator (0.4wt%) was added at 75°C. Fluorinated
monomer mixture (TFEMA 0.8 g + DFHMA 1.2 g) was added
dropwise using a peristaltic pump over 2 h, followed by con-
tinued reaction for 3.5 h to obtain amphiphobic fluorinated
polymer core–shell materials (AFPCSMs). Chemical reaction
equations are shown in Figure 4.

Figure 1. Synthesis procedure of dual-shell nanomaterials.

Source: Author’s contribution.
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2.2.4 Product isolation

Upon reaction completion, the product was sequentially
washed with DMF, ethanol, and deionized water, dried at
60°C for 24 h, followed by 80°C for 24 h to yield white
powdered dual-shell nanomaterials.

2.2.5 Comparative material preparation

To validate the advantages of dual-shell design, the fol-
lowing comparative materials were synthesized: Single-
shell material-B (APTES-MAnh): Silica modified only with
APTES and MAnh; Single-shell material-C (C-PFOTS):
Single-shell core–shell material based on PFOTS. The
overall yield of AFPCSMs was 76.5 ± 3.2% (n = 3) based
on initial silica mass. Individual step yields were activated
silica 94.2%, inner shell formation 89.3%, and outer shell
grafting 91.0%. The moderate yield is attributed to cumu-
lative losses during multiple washing and centrifugation
cycles.

2.3 Characterization methods

Fourier transform infrared spectrometer (FTIR, Bruker
Vertex 70) for chemical structure analysis, X-ray photo-
electron spectroscopy (XPS, Thermo Fisher ESCALAB
250Xi) for surface elemental composition analysis, thermo-
gravimetric analyzer (TGA, PerkinElmer TGA 4000) for
thermal stability evaluation, and contact angle measuring
instrument (OCA 20, DataPhysics, Germany) for wettability
determination were utilized.

2.4 Performance evaluation methods

2.4.1 Wettability assessment

Natural sandstone cores (φ2.5 cm × 5.0 cm, permeability
∼750mD, porosity 22%) were selected and subjected to
the following pre-treatment procedure: (1) Soxhlet extrac-
tion with toluene for 48 h to remove residual hydrocar-
bons, (2) sequential washing with methanol and deionized
water, (3) drying at 105°C for 24 h in a vacuum oven, and
(4) cooling in a desiccator to room temperature. The pre-
treated cores were then saturated with different material
solutions under vacuum for 2 h, followed by atmospheric
soaking for 12 h. Treatment concentration ranged from
0.01–0.20 wt%. After treatment, cores were dried at 80°C
for 4 h before measurements. Static contact angles with

deionized water and n-hexadecane were measured before
and after treatment using the sessile drop method, with
eight measurements at different positions averaged
for each sample. Surface free energy was calculated using
the Owens–Wendt–Rabel–Kaelble (OWRK) method with
two probe liquids: deionized water (γL = 72.8 mN/m) and
diiodomethane (γL = 50.8 mN/m). The total surface free
energy (γs) was determined as the sum of dispersive
(γsᵈ) and polar (γsᵖ) components using the equation:

( ) [( ) ( ) ]γL θ γs γL γs γL1 + cos = 2 +d d 0.5 p p 0.5 .

2.4.2 Stability assessment

2.4.2.1 Thermal stability testing
Treated cores were maintained at different temperatures
(60, 80, 100, and 120°C) for 24 h, and contact angle varia-
tions were measured.

2.4.2.2 Salt resistance testing

Cores were treated in formation brines of different sali-
nities (5,000, 15,000, 25,000 mg/L NaCl solutions) to eval-
uate the impact of salt ions on wettability modification
effectiveness.

2.4.2.3 Durability testing

Treated cores underwent long-term waterflooding erosion
(flow rate 2 mL/min, duration 72 h) with periodic contact
angle measurements.

2.4.3 Displacement performance evaluation

One-dimensional sand-pack displacement apparatus was
employed for systematic evaluation of dual-shellfluorinated
nanocomposite displacement performance. The experi-
mental setup included precision injection pumps for
sequential fluid injection, real-time pressure monitoring
systems, and temperature-controlled sand-pack models (φ2.5
× 30 cm) filled with 40–60 mesh quartz sand. Standard dis-
placement experimental procedure: (1) Vacuum saturation
with formation brine to establish connate water saturation,
(2) Oil saturation with n-octane to achieve initial oil satura-
tion, (3)Waterflooding to 95%water cut to determine base-
line recovery, (4) Injection of 0.5 pore volumes (PVs) of
chemical solution (0.05 wt% concentration) followed by
12-h shut-in, and (5) Continued waterflooding until pres-
sure stabilization. All experiments were conducted at 70°C
with injection rate of 0.3 mL/min. Experimental apparatus
and procedure are shown in Figure 5.
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3. Results and discussion

3.1 Material structural characterization

3.1.1 FTIR analysis

The successful construction of the dual-shell architecture
was confirmed by FTIR spectroscopy, as shown in Figure 6.
FTIR spectra of pristine SiO2 nanoparticles and the synthe-
sized dual-shell AFPCSMs were comparatively analyzed to
validate the stepwise functionalization process.

3.1.1.1 Pristine SiO2 baseline
The spectrum of unmodified silica exhibited characteristic
absorption bands at 3,450 cm⁻1 (O–H stretching [14]),
1,100 cm⁻1 (Si–O–Si asymmetric stretching [15]), and
800 cm⁻1 (Si–O–Si symmetric stretching), confirming abun-
dant surface hydroxyl groups available for subsequent
modification.

3.1.1.2 Dual-shell structure validation

The FTIR spectrum of synthesized AFPCSMs provided defi-
nitive evidence for successful dual-shell construction:

Figure 5. Schematic diagram of experimental apparatus for displacement. performance evaluation.

Source: Author’s contribution.

Figure 6. FTIR spectroscopy spectrum.

Source: Author’s contribution.
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3.1.1.2.1 Inner shell confirmation
The emergence of a distinct peak at 1,580 cm⁻1, attributed
to N–H bending vibration [16], confirmed the successful
grafting of APTES onto the silica surface. C–H stretching
vibrations at 2,920–2,970 cm⁻1 further evidenced the pre-
sence of aminopropyl chains [17].

3.1.1.2.2 Outer shell verification
Intense absorption bands at 1,240 cm⁻1 (CF2 stretching [18])
and 1,180 cm⁻1 (C–F stretching) definitively confirmed the
successful polymerization and grafting of fluorinated
polymer chains [19]. The simultaneous presence of CF3
characteristics at 1,150 cm⁻1 (from TFEMA) and CF2 chain
signatures at 1,200–1,250 cm⁻1 (from DFHMA) indicated
the formation of the intended copolymer outer shell.

3.1.1.2.3 Structural integrity
The preservation of Si–O–Si vibrations at 1,100, 800, and
460 cm⁻1, albeit with reduced intensity due to surface cov-
erage, confirmed that the silica core remained structurally
intact throughout the multi-step functionalization. Peak
broadening in the 1,100 cm⁻1 region, resulting from the
overlap of Si–O–Si andC–F stretchingmodes, is characteristic
of extensively functionalized core–shell nanocomposites.

The FTIR analysis provided unambiguous spectro-
scopic evidence for the successful construction of the
dual-shell architecture, with both aminosilane inner
shell and fluorinated polymer outer shell components
clearly identified while maintaining core structural
integrity.

3.1.2 XPS analysis

XPS analysis provided quantitative confirmation of the
dual-shell architecture construction, as illustrated in Figure 7.
Surface elemental composition revealed dramatic changes
upon stepwise functionalization: Si content decreased progres-
sively from 28% (pristine SiO2) to 22% (APTES-MAnh) to 13%
(AFPCSMs), while carbon content increased correspondingly
from 5% to 18% to 38%. Most significantly, the emergence of
fluorine signal at 15atomic%inAFPCSMsconstituteddefinitive
evidence for successful fluorinated polymer grafting, while
retained nitrogen signal (2–3%) confirmed preservation of
the APTES inner shell (Table 1).

Core-level spectral analysis provided detailed chemical
environment information. Si 2p spectra maintained the
characteristic doublet at ∼103.4 eV for all materials, con-
firming SiO2 framework preservation with systematic
intensity reduction reflecting increasing surface coverage

[20]. C 1s spectra exhibited substantial evolution from
minimal adventitious carbon in pristine SiO2 to complex
multi-component profiles in AFPCSMs, displaying aliphatic
polymer carbons (285 eV), fluorinated carbons (287 eV),
and ester carbonyls (289 eV) [21]. N 1s analysis demon-
strated stable amide linkage retention, with peaks at
401.0 eV (APTES-MANH) and 400.8 eV (AFPCSMs) [22]. F
1s spectra revealed a characteristic peak at 689.5 eV, con-
firming C–F bond formation in the fluorinated polymer
shell [23]. O 1s spectra exhibited systematic chemical shifts
from 532.7 eV (SiO2) to 532.6 eV (APTES-MANH) to 531.7 eV
(AFPCSMs) [24]. The significant 1.0 eV negative shift in
AFPCSMs indicates substantial changes in oxygen che-
mical environment due to extensive organic layer forma-
tion and ester bond creation.

The XPS data collectively validated successful dual-
shell construction through multiple lines of evidence:
15% fluorine content confirmed polymer grafting efficiency,
54% silicon signal reduction demonstrated effective surface
coverage, and the observed C/F atomic ratio (∼2.5:1)
aligned with theoretical TFEMA-DFHMA copolymer com-
position. These results establish the chemical integrity of
each functional layer and confirm the dual-shell archi-
tecture design.

3.1.3 TGA analysis

Thermogravimetric analysis results are presented in
Figure 8, where thermal decomposition profiles of the
three materials exhibit distinctly different stages, reflecting
their unique structural characteristics and chemical compo-
sitions. Decomposition temperatures at 5% weight loss
were: APTES-MAnh 184°C, C-PFOTS 202°C, AFPCSMs 183°C,
with onset decomposition temperatures directly correlated
to the bond energy of the weakest chemical bonds in each
material.

APTES-MAnh displayed typical single-stage decomposi-
tion characteristics, with concentrated weight loss occur-
ring in the 200–300°C temperature range [25]. The deriva-
tive thermogravimetry (DTG) curve showed a single sharp
decomposition peak at 250°C, corresponding to synergistic
rupture of C–N bonds and amide linkages. After 68% total
weight loss, the remaining mass stabilized at 32%, primarily
representing the silica core.

C-PFOTS demonstrated excellent thermal stability with
decomposition concentrated in the 280–350°C range. The
DTG peak appeared at 300°C, corresponding to Si–C bond
cleavage and perfluorooctyl chain detachment. Following
complete decomposition, approximately 25% residual mass
remained, with 75% weight loss primarily attributed to high
molecular weight perfluoroalkyl chains.

Preparation and enhanced oil recovery mechanism of
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Figure 7. XPS characterization of dual-shell amphiphobic fluorinated. nanocomposites. (a) Si 2p spectra; (b) C 1s spectra, (c) N 1s spectra,
(d) F 1s spectra, (e) O 1s spectra, and (f) surface elemental composition (atomic percentage).

Source: Author’s contribution.
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AFPCSMs exhibited complex multi-stage decomposi-
tion behavior, with the entire decomposition process divi-
sible into four stages: 180–220°C (surface volatiles, 5%
weight loss), 220–280°C (APTES inner shell decomposition,

15% weight loss), 280–380°C (polymer backbone decompo-
sition, 40% weight loss), 380–550°C (fluorinated side chain
decomposition, 32% weight loss) [26]. Final residual mass
was only 8%, indicating absolute dominance of organic
components. The DTG curve displayed multiple separated
decomposition peaks, directly validating the existence of
dual-shell architecture.

Thermal stability ranking was as follows: AFPCSMs <
APTES-MAnh < C-PFOTS. Notably, decomposition onset
temperatures for all materials significantly exceeded
typical reservoir temperature ranges (60–150°C), indicating
adequate thermal stability margins for maintaining struc-
tural integrity and functional stability during long-term ser-
vice in actual hydrocarbon reservoir environments.

Table 1. Surface elemental composition determined by XPS
(atomic %)

Material Si O C N F

Pristine SiO2 28.3 66.8 4.9 — —

APTES-MAnh 22.1 56.7 18.2 3.0 —

AFPCSMs 12.8 32.1 37.6 2.3 15.2

Source: Author’s contribution.

Figure 8. TGA results: (a) TG and (b) DTG.

Source: Author’s contribution.

Figure 9. Contact angle measurements of core samples treated with different materials: (a) Contact angle with water and (b) contact
angle with n-hexadecane. Error bars represent standard deviation (n = 8).

Source: Author’s contribution.
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3.2 3.2 Comparative wettability
modification performance

3.2.1 Concentration effect comparison

Contact angle measurements of cores treated with three
core–shell materials against water and n-hexadecane are
presented in Figure 9. Concentration effect analysis revealed
distinct differences in wettability modification capabilities
as concentration increased. For water contact angle testing,
APTES-MAnh showed limited hydrophobic capability with
contact angles increasing slowly from 38.2° to 59.3° as con-
centration increased from 0.01 to 0.20 wt%, representing a
maximum increase of approximately 21° while maintaining
hydrophilic characteristics throughout. C-PFOTS demon-
strated significant concentration dependence, with water
contact angles increasing rapidly from 65.3° to 123.5°,
achieving hydrophobic-to-hydrophobic transition at 0.05 wt
% concentration (100.3°). AFPCSMs exhibited optimal wett-
ability modification performance, reaching 70.1° water con-
tact angle at 0.01 wt% concentration, achieving superhydro-
phobic state (138.2°) at 0.10wt%, and continuously increasing
to 145.3° at 0.20wt% concentration. The superior perfor-
mance of AFPCSMs at low concentrations (0.01 wt%) can
be attributed to several molecular-level factors: (1) the
high density of fluorinated functional groups (–CF2– and
–CF3) on the outer shell surfacemaximizes per-particle mod-
ification efficiency, (2) the dual-shell architecture prevents
nanoparticle aggregation through steric stabilization, ensuring
uniform dispersion and effective surface coverage, and (3)
the covalently bonded APTES-MAnh inner shell provides
multiple anchoring sites through Si–O–Si linkages to rock
surfaces, significantly enhancing adhesion compared to
physically adsorbed single-shell materials.

N-hexadecane contact angle testing further confirmed
significant material differences. APTES-MAnh showed vir-
tually no oleophobic properties with maximum contact
angles reaching only 22.3°, confirming absence of oil-repel-
ling functionality. C-PFOTS achieved n-hexadecane contact
angles exceeding 82.1° at 0.02wt% concentration, ultimately
reaching 108.6°, demonstrating effective oleophobic

performance. AFPCSMs displayed excellent amphi-
phobic characteristics within the same concentration
range, with n-hexadecane contact angles reaching
128.4° at 0.10 wt% concentration, achieving maximum
values of 132.6°, demonstrating superior oil-repelling
capability.

Surface free energy analysis further quantified wett-
ability modification effectiveness, as shown in Table 2.
APTES-MAnh surface free energy decreased from 59.72
mN/m to 45.78 mN/m, representing only 23.4% reduction,
indicating limited surface modification effectiveness.
C-PFOTS demonstrated significant surface energy reduc-
tion from 37.18 to 6.20 mN/m, achieving 83.3% decrease,
confirming fluorination modification effectiveness. AFPCSMs
exhibited the most exceptional surface energy modification
capability, decreasing from 33.10 to 1.44 mN/m with 95.7%
reduction, achieving ultra-low surface energy state at
0.10wt% concentration. Substantial surface free energy
reduction directly corresponds to superior amphiphobic per-
formance, where low surface energy signifies significantly
weakened liquid spreading tendency on solid surfaces,
thereby achieving hydrophobic and oleophobic functional
objectives.

Concentration effect analysis revealed that AFPCSMs
achieve effective wettability modification at extremely
low concentrations, demonstrating clear concentration
advantages over single-shell materials. This advantage pri-
marily stems from high surface functional group density
and stable anchoring mechanisms provided by dual-shell
structures [27]. Surface free energy data highly correlates
with contact angle measurements, collectively validating
AFPCSMs’ significant advantages in wettability modification
and providing reliable theoretical foundation for reservoir
modification applications.

3.2.2 Stability performance comparison

Based on performance data at 0.1 wt% concentration, sys-
tematic stability evaluation of three materials was con-
ducted, with results shown in Figure 10. Stability testing
encompassed three dimensions: thermal stability, salt
resistance, and durability, quantitatively assessing mate-
rial performance stability under different environmental
conditions through contact angle retention rates.

Thermal stability testing revealed varying degrees of
performance degradation as temperature increased from
60 to 120°C, with significant differences in degradation
extent among materials. As shown in Figure 10(a), APTES-
MAnh demonstrated relatively poor thermal stability with
water contact angle retention rate of only 78.6% at 120°C
conditions, primarily attributed to thermal degradation of

Table 2. Surface free energy of rocks with different materials

Material 0.01 wt% 0.05 wt% 0.10 wt%

APTES-MAnh 59.72 mN/m 51.46 mN/m 45.78 mN/m

C-PFOTS 37.18 mN/m 12.79 mN/m 6.20 mN/m

AFPCSMs 33.10 mN/m 6.18 mN/m 1.44 mN/m

Source: Author’s contribution.

Guojie Sui et al.

9



Figure 10. Stability test results of different materials. (a) Thermal stability–contact angle with water, (b) thermal stability–contact angle
with n-hexadecane, (c) salt resistance–contact angle with water, (d) salt resistance–Ccntact angle with n-hexadecane, (e)
durability–contact angle with water, and (f) durability–contact angle with n-hexadecane.

Source: Author’s contribution.
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C–N bonds and amide bond instability at elevated tempera-
tures. Figure 10(b) shows n-hexadecane contact angle reten-
tion rate decreasing to 71.4%, further confirming insuffi-
cient thermal stability. C-PFOTS exhibited good thermal
stability in Figure 10(a and b), maintaining 88.3 and 85.7%
retention rates for water and n-hexadecane contact angles,
respectively, after 120°C treatment, reflecting high-tempera-
ture stability characteristics of Si–C and C–F bonds [28].
AFPCSMs performed optimally at all test temperatures,
maintaining 92.1% water contact angle and 89.5% n-hexade-
cane contact angle retention after 120°C treatment, where
dual-shell structure thermal protection mechanisms effec-
tively delayed functional group thermal decomposition
processes.

Salt resistance testing results indicated varying degrees
of impact from increased salt ion concentrations on mate-
rial wettability performance. Figure 10(c) shows that under
25,000mg/L high-salinity conditions, APTES-MAnh exhib-
ited relatively weak salt resistance with 87.2%water contact
angle retention rate, indicating salt ion damage to its sur-
face modification layer. Figure 10(d) shows n-hexadecane
contact angle retention rate of 86.9%, similar to water con-
tact angle performance. C-PFOTS demonstrated good salt
stability in Figure 10(c and d), achieving 92.0 and 93.0%
retention rates, respectively, where fluorinated surface
chemical inertness effectively resisted salt ion corrosion.
AFPCSMs exhibited exceptional salt resistance in Figure 10(c

and d), maintaining high retention rates of 94.7 and 95.9%
even under maximum salt concentrations, where dual-shell
structure barrier effects against salt ion penetration and
fluorinated polymer corrosion resistance constitute key fac-
tors for excellent salt resistance performance.

Durability testing through 72-h continuous waterflooding
erosion assessed long-term service stability. Figure 10(e)
shows APTES-MAnh exhibited obvious performance degra-
dation under mechanical erosion, with water contact angles
decreasing from 58.0° to 39.6°, achieving only 68.3% retention
rate, closely related to its relatively weak surface anchoring
capability. C-PFOTS demonstrated moderate durability per-
formance with 81.4% water contact angle retention rate after
72 h, where monolayer structures face gradual detachment
risks under long-term erosion. AFPCSMs exhibited excellent
durability with water contact angles decreasing only from
138.0° to 125.7°, achieving 91.1% retention rate.

Figure 10(f) n-hexadecane contact angle durability
testing further validated oleophobic performance stability.
APTES-MAnh n-hexadecane contact angles decreased from
21.3° to 16.8°; due to poor initial oleophobic performance,
this decrease primarily reflects overall surface property
changes. C-PFOTS n-hexadecane contact angles decreased
from 101.3° to 81.3° with 80.2% retention rate, maintaining
certain oleophobic characteristics after 72 h. AFPCSMs
n-hexadecane contact angles decreased only from 128.0°
to 114.6° with 89.4% retention rate, maintaining excellent

Figure 11. Analysis of stability mechanism.

Source: Author’s contribution.
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oleophobic performance throughout the test period. Mul-
tiple anchoring mechanisms and polymer chain entangle-
ment effects in dual-shell structures provided exceptional
mechanical stability [29].

Comprehensive analysis of Figure 10 indicates stability
ranking: AFPCSMs > C-PFOTS > APTES-MAnh. Quantitative
analysis shows that AFPCSMs achieved average retention
rates exceeding 90% across three stability dimensions,
while APTES-MAnh and C-PFOTS achieved 75.8 and 85.2%,
respectively. As shown in Figure 11, AFPCSMs’ excellent
stability primarily stems from: (1) multi-layer protection
mechanisms provided by dual-shell structures, where outer
polymer layers effectively shield direct environmental impact
on inner layers [30], (2) chemical inertness and low surface
energy characteristics of fluorinated polymers, enhancing
material anti-corrosion capabilities [31], (3) enhanced overall
stability through inner-outer layer synergistic effects, delaying
overall material failure through stratified decomposition
mechanisms.

These results validated significant advantages of dual-
shell design in improving material environmental adapt-
ability and long-term stability. Under typical reservoir con-
ditions (temperature 60–120°C, salinity 5,000–25,000mg/L),
AFPCSMs maintains functional stability exceeding 90% for
extended periods.

3.3 3.3 Displacement performance
evaluation

Displacement performance evaluation results revealed
significant performance differences among three

nanomaterials in fluid mechanical characteristics and
recovery enhancement, directly reflecting technical advan-
tages and limitations of different surface modification
strategies. Through comprehensive analysis of pressure
response curves in Figure 12(a) and recovery–time curves in
Figure 12(b), the influence patterns of wettability modifica-
tion on fluid flow mechanisms in porous media can be
thoroughly understood.

Figure 12(a) demonstrates pressure response differ-
ences among three materials during displacement pro-
cesses. In the linear pressure increase segment, AFPCSMs
exhibited optimal fluid mechanical characteristics with
pressure increase rates of only 0.85 MPa/PV (pressure
buildup per PV injected) during the initial injection phase,
significantly lower than C-PFOTS (1.16 MPa/PV) and APTES-
MAnh (0.99 MPa/PV), representing reductions of 26.7 and
14.1%, respectively. This parameter reflects the flow resis-
tance characteristics in porous media during chemical
flooding. APTES-MAnh exhibited sustained high-pressure
characteristics throughout displacement processes, ulti-
mately reaching 6.10 MPa, while C-PFOTS and AFPCSMs
stabilized at 2.67 and 2.23 MPa, respectively. AFPCSMs’
low-pressure response not only favors reduced opera-
tional costs but importantly minimizes potential reservoir
damage, creating favorable conditions for economic devel-
opment of low-permeability reservoirs.

Recovery–time curves in Figure 12(b) clearly demon-
strate chemical flooding enhancement mechanisms. During
baseline waterflooding stages (first 5 h), recovery curves
for three materials highly overlapped, achieving 35.89%
(APTES-MAnh), 36.05% (C-PFOTS), and 35.47% (AFPCSMs),
respectively, establishing unified baselines for subsequent

Figure 12. Evaluation of displacement performance for different materials: (a) Graph of the relationship between displacement volume
and pressure and (b) relationship between displacement time and oil recovery efficiency.

Source: Author’s contribution.
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comparisons. Following chemical injection, material perfor-
mance differences significantly diverged. AFPCSMs demon-
strated optimal chemical flooding effects with final recovery
reaching 71.52%, chemical flooding net increase of 36.05
percentage points, and relative enhancement of 101.6%.
C-PFOTS achieved final recovery of 66.44% with net increase
of 30.39 percentage points and relative enhancement of
84.3%. APTES-MAnh showed limited enhancement with final
recovery of 59.33%, net increase of 23.44 percentage points,
and relative enhancement of 65.3%. These results indicate
dual-shell design possesses’ significant technical advantages
in residual oil mobilization.

Comprehensive analysis of Figure 12(a) and (b) data
shows AFPCSMs achieved ideal low pressure-high recovery
combinations, obtaining maximum recovery while main-
taining lowest displacement pressures, reflecting dual-shell
structure technical advancement. In contrast, APTES-MAnh
exhibited unfavorable high pressure-low recovery combi-
nations, indicating surface modifications increased flow
resistance without corresponding recovery enhancement.
C-PFOTS achieved relative balance between extremes, but
overall performance remained significantly below AFPCSMs.
From engineering application perspectives, AFPCSMs’ pres-
sure–recovery relationship proved most ideal, enabling effi-
cient hydrocarbon extraction while controlling development
costs and reservoir damage risks.

From microscopic displacement mechanism analysis,
performance differences among materials primarily stem
from varying degrees and mechanisms of wettability mod-
ification, as illustrated in Figure 13. AFPCSMs’ ultra-low
surface energy interfaces (1.44 mN/m) formed through
dual-shell structures significantly reduced oil–water inter-
facial tension, where amphiphobic neutral wetting effects
effectively reduced capillary retention phenomena while
avoiding channeling problems caused by wettability het-
erogeneity [32]. Kinetic analysis from Figure 12(b) shows
AFPCSMs achieved 11.5%/h recovery increase rate during
initial chemical flooding phases (5–8 h), significantly
exceeding other materials, indicating rapid wettability mod-
ification effectiveness. C-PFOTS single-shell fluorination
modification provides effective wettability control but
with relatively limited functional group density and surface
coverage uniformity. APTES-MAnh’s limited hydrophobic
capability only partially improves capillary retention
effects, with high pressure responses reflecting technical
limitations of surface modification strategies.

Quantitative comparisons indicate AFPCSMs performed
optimally across two key displacement performance dimen-
sions: lowest pressure gradient (0.85MPa/PV) and highest
chemical flooding relative enhancement (101.6%). This com-
prehensive advantage validates dual-shell design concept
correctness, demonstrating that inner–outer layer

Figure 13. Schematic diagram of enhanced oil recovery mechanisms.

Source: Author’s contribution.
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synergistic effects achieve maximum wettability modifica-
tion effectiveness. Compared to conventional single-shell
modification strategies, dual-shell structures not only pro-
vide higher functional group densities and more stable sur-
face modification effects but also achieve significant fluid
mechanical performance improvements through opti-
mized surface microstructures.

From microscopic displacement mechanism perspec-
tive, the enhanced oil recovery performance of AFPCSMs
can be attributed to three synergistic effects, as illustrated
in Figure 13: (1) Wettability alteration – the ultra-low
surface energy interface (1.44 mN/m) formed by the fluori-
nated outer shell transforms rock surfaces from strongly
water-wet to intermediate-wet state, fundamentally con-
verting capillary forces from oil-trapping to oil-releasing
mode and enabling spontaneous mobilization of residual
oil in pore corners; (2) Interfacial tension reduction –
AFPCSMs adsorption at oil–water interfaces reduces interfa-
cial tension, decreasing the capillary number threshold for
oil droplet mobilization and promoting deformation and
passage of trapped oil ganglia through narrow pore throats;
(3) Disjoining pressure enhancement – the amphiphobic
nanoparticle-modified surfaces create stable thin water films
between oil droplets and rock surfaces, generating positive
disjoining pressure that facilitates oil detachment from pore
walls. These three mechanisms operate synergistically: wett-
ability alteration reduces capillary retention forces, interfa-
cial tension reduction enhances oil droplet mobility, and dis-
joining pressure modification promotes oil-rock separation,
collectively enabling efficient mobilization of capillary-
trapped residual oil that remains inaccessible to conven-
tional waterflooding. The displacement performance
evaluation results provide reliable technical support for
industrial applications of precision reservoir wettability
control technologies in challenging low-permeability
formations.

4. Conclusion

This study developed dual-shell AFPCSMs for enhanced oil
recovery in tight oil reservoirs. The main conclusions are
as follows:
(1) The dual-shell architecture was successfully constructed

with silica cores, APTES-MAnh inner shells, and
TFEMA-DFHMA copolymer outer shells. FTIR, XPS,
and TGA characterization confirmed the chemical
integrity of each layer, with surface fluorine content
reaching 15 at%.

(2) AFPCSMs exhibited superior amphiphobic properties
(water contact angle 145.3°, n-hexadecane contact angle

132.6°) and ultra-low surface free energy (1.44 mN/m,
95.7% reduction), significantly outperforming single-
shell materials.

(3) Excellent stability was demonstrated under reservoir
conditions: 92.1% retention at 120°C, 94.7% under
25,000mg/L salinity, and 91.1% after 72-h waterflooding.

(4) Core flooding experiments achieved 71.52% oil recovery
with 36.05 percentage points net increase (101.6% relative
enhancement) and lowest pressure gradient (0.85MPa/PV).
The dual-shell design provides an effective approach

for precision wettability control in low-permeability reser-
voirs. Future work will address cost optimization, long-term
field validation, and compatibility with oilfield chemicals to
advance this technology toward practical applications.
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