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ABSTRACT: Irreversible colloidal asphaltene adsorption layers are formed on formation rock surfaces due to long-term contact
with crude oil, and large amounts of crude oil adhere to these oil−wet layers to form residual oil films. This oil film is difficult to peel
off due to the strong oil−solid interface effect, which seriously restricts further improvement in oil recovery. In this paper, the novel
anionic−nonionic surfactant sodium laurate ethanolamide sulfonate (HLDEA) exhibiting strong wetting control was synthesized by
introducing sulfonic acid groups into the nonionic surfactant laurate diethanolamide (LDEA) molecule through the Williamson
etherification reaction. The introduction of the sulfonic acid groups greatly improved the salt tolerance and the absolute value of the
zeta potential of the sand particles. The experimental results showed that HLDEA altered the wettability of the rock surface from
oleophilic to strongly hydrophilic, and the underwater contact angle increased substantially from 54.7 to 155.9°. In addition,
compared with LDEA, HLDEA exhibited excellent salt tolerance and enhanced oil recovery performance (the oil recovery was
improved by 19.24% at 2.6 × 104 mg/L salinity). Based on nanomechanical experimental results, HLDEA was efficiently adsorbed
on the core surfaces and regulated microwetting. Moreover, HLDEA effectively reduced the adhesion force between the alkane
chains and the core surface, which facilitated residual oil stripping and oil displacement. This new anionic−nonionic surfactant
affording great oil−solid interface wetting control has practical significance for the efficient development of residual oil.

1. INTRODUCTION
Petroleum is an indispensable energy source and an important
industrial raw material for maintaining production and life, and
it meets approximately half of the total energy demand.1,2 With
the continuous acceleration of global industrialization, the
demand for oil resources from countries and individuals has
grown rapidly. However, crude oil extracted by conventional
means is far from satisfying the requirements for productivity,
which increases the gap between crude oil output and refined
oil consumption.3,4 Most of the oil fields in the later stages of
water flooding development have entered the high water cut
stage, so the residual oil is dispersed and exists in the form of
difficult-to-exploit oil droplets, oil films, and blind end oil.5,6

Overcoming these difficulties to enhance oil recovery is the
focus of research on tertiary oil recovery.
Surfactants exhibit low interfacial tension and wetting

control, which cause oil droplets to coalesce, form oil belts,
and migrate after deformation to produce residual oil.7−9

Studies have shown that achieving a low interfacial tension
effectively increases the number of capillaries and reduces
residual oil saturation.10 However, due to the dominant force
between the residual oil and the rock surfaces, it is difficult to
realize efficient recovery of oil-film residual oil with low
interfacial tension. The wettability of the reservoir rock surface

is an important parameter used to characterize interfacial
properties, and it affects the peeling efficiencies of oil films
adhered to surfaces.11,12 The long-term contact between the
reservoir rock and the crude oil causes the colloidal asphaltene
molecules with aromatic rings and alkyl side chains to stack
and become entangled due to intermolecular forces, thus
forming a solid adsorption layer and making the surface
strongly lipophilic.13,14 The adhesive force between the oil−
wet surface and the oil-film residual oil is extremely strong,
which makes it difficult to peel off the oil film. Changing the
surface wettability to construct a hydrophilic surface would
weaken the interaction between the two and enable oil film
peeling.12,15

Wetting control chemical agents for reservoirs are realized
by constructing new hydrophilic surfaces to replace the original
lipophilic surfaces. The main mechanism is adsorption,
including ion-pairing adsorption, hydrogen adsorption, and
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hydrophobic adsorption.16,17 Ion-pairing wetting control
agents construct local hydrophilic active sites through
electrostatic attraction between the positively charged
surfactant molecules and negatively charged formation rock
surfaces to modify the surface hydrophilicity.18,19 However,
this wetting modification is not selective, and the adsorption
losses are high. The hydrogen adsorption wetting control agent
gradually covers the lipophilic surface to form a new
hydrophilic surface by forming hydrogen bonds between the
molecules and the polar components on the lipophilic rock
surface.20,21 Hydrophobic wetting regulators, due to their
strong lipophilicities, rely on hydrophobic interaction forces
with the surface lipophilic components to expose hydrophilic
groups and construct new hydrophilic surfaces.22,23 When
wetting regulator molecules achieve wetting regulation
primarily through hydrophobic forces, they act selectively on
lipophilic surfaces, which results in efficient reagent utiliza-
tion.24,25 Achieving hydrophilic modifications of rock surfaces
through surfactant design and screening is the key to
improving residual oil recovery.
Nonionic surfactants exhibit high interfacial activities, which

provide surface wetting modifications through hydrophobic
interactions and hydrogen adsorption. However, the poor
polarity of the hydrophilic end limits the solubility, and the
surface is weakly lipophilic or neutral after modification.26,27

To ensure the formation of environmentally adaptable
surfactants, the key is to build highly hydrophilic surfaces
through the synergistic effects of hydrophobic and hydrogen
bond adsorption to improve residual oil recovery with
nonionic surfactants.
In this paper, a novel anionic−nonionic surfactant, sodium

laurate ethanolamide sulfonate (HLDEA), which contains one
hydrophobic tail chain and hydrophilic heads containing
hydroxyl groups and sulfonic acid groups, was prepared via a
one-step reaction. The solubility, interfacial tension reduction,
wettability reversal, and oil displacement performance of
HLDEA were investigated by varying the formation temper-
ature and salt environment. The results showed that HLDEA
altered the wettabilities of rock surfaces from strongly
lipophilic to strongly hydrophilic, which significantly improved
oil recovery. The micromechanism for wetting regulation from
the perspective of nanomechanics was revealed via the atomic
force microscopy (AFM) technique, which provided theoreti-
cal guidance for further optimization of the surfactant
molecular design.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Laurate diethanolamide

(LDEA) with a purity above 99% was purchased from Jiangsu
Hai’an Petrochemical Plant. Sodium hydroxyethyl sulfonate

(SHES) was purchased from Aladdin Chemical Reagent Co.,
Ltd. (Shanghai, China). Concentrated sulfuric acid, dimethyl
sulfoxide, sodium hydroxide, isopropyl alcohol, cyclohexanone,
benzalkonium chloride (BAC), methylene blue, acid sodium
sulfate, trichloromethane, sodium chloride (NaCl), calcium
chloride, magnesium chloride hexahydrate, and other inorganic
salts were purchased from Sinopharm Chemical Reagent Co.,
Ltd. The simulated formation water was a CaCl2 water type
and was based on the ionic components shown in Table 1.
Crude oil was supplied by the Shengli Oilfield and configured
with kerosene to give a mass ratio of 7:3 to form simulated oil.
Cores were purchased from Beijing Anmei Petroleum Scientific
Research Instrument Co., Ltd. Ultra-pure water was prepared
with a reverse osmosis unit (UPT-II-5T, Chengdu ULUPURE
Ultrapure Technology Co., Ltd.).

2.2. Synthesis and Characterization. The synthetic
route to the anionic−nonionic surfactant (HLDEA) is shown
in Figure 1. LDEA, SHES, dimethyl sulfoxide (solvent), and
concentrated sulfuric acid (catalyst) were put into three flasks
in this order according to certain proportions and heated to
140−170 °C for 18−22 h. The effects of the molar reactant
ratios, reaction times, reaction temperatures, and catalyst
dosages on the yield were investigated. Sodium hydroxide was
added to adjust the pH of the system to neutral. Dimethyl
sulfoxide and a small amount of water were removed by rotary
evaporation, and the unreacted SHES and the neutralization
product sodium sulfate were removed by filtration and then
washed with isopropanol until the washing solutions were
colorless. A deep brown viscous liquid was obtained by rotary
evaporation and the removal of isopropanol. After dissolving
the viscous liquid in ultrapure water, cyclohexanone was added
to extract the unreacted LDEA, which was dehydrated by
rotary evaporation to obtain a light-yellow liquid product.28,29

The product content was determined by the Determination of
anionic-active matter content-Direct two-phase titration procedure
(GB/T 5173-2018). A 0.30 g sample was accurately weighed
with an electronic balance and dissolved in 20.00 mL of
deionized (DI) water. Then, 5.00 mL of acidic sodium sulfate
and 30.00 mL of chloroform were added to a conical flask.
After stirring, approximately 1.50 mL of methylene blue
indicator was added. A calibrated 0.05 mol/L BAC standard
solution was titrated until the lower blue layer disappeared and
became light yellow at the titration end point. The amount of
BAC standard solution was recorded, and the yield of HLDEA
was calculated according to eq 1, where X is the yield of the
reaction (%), c is the molar concentration of the BAC standard
solution (mol/L), V is the volume of the BAC standard
solution consumed by the titration sample (mL), M is the
molar mass of the HLDEA product molecule (g/mol), m1 is
the total mass of the product mixture (g), m2 is the mass of the

Table 1. Formation Water Composition

ion Na+ Ca2+ Mg2+ Cl− SO42− CO32− T.D.S

concentration (ppm) 7931 1056 720 15,522 353 418 26,000
standard deviation 12 2 2 22 4 3 47

Figure 1. Synthetic route to HLDEA.
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sample (g), and m3 is the theoretical product mass after the
completion of the first reaction (g).

X
cVMm

m m
%

1000
100%1

2 3

= ×
(1)

The structure of HLDEA was characterized by Fourier
transform infrared spectroscopy (FTIR, FTLA2000-104, ABB
Bomen Corporation) and 1H nuclear magnetic resonance
(NMR, Bruker Avance 300), with deuterated dimethyl
sulfoxide (DMSO) as the solvent. FTIR test samples were
prepared by the potassium bromide (KBr) pellet method.

2.3. Stability Evaluation. The solubilities of LDEA and
modified HLDEA in NaCl and calcium ion solutions were
evaluated according to the Surface Active Agents-Determination
of Stability in Hard Water (GB/T 7381-2010). Stock solutions
of LDEA and HLDEA with mass concentrations of 0.3 wt %
were prepared with ultrapure water. Different masses of NaCl/
calcium chloride were added to the mother liquor, and a
surfactant solution with a mass concentration of 0.3 wt % was
prepared with different salinities. The solution was allowed to
stand at 25 ± 2 °C for 6 h. The appearance of the solution was
observed and identified as clear, milky, or turbid and with a
small amount of precipitation or a great deal of precipitation.
Cores were polished and sieved to separate the sand

particles with particle sizes of approximately 70 mesh. The
sand particles were sieved again after ultrasonic cleaning and
drying to complete the pretreatment of the sand particles. The
resin and asphaltene components in the crude oil were
extracted via the Test method for separation of asphalt into four
f ractions (NB/SH/T 0509-2010) and prepared into a colloidal
asphaltene/toluene solution with a mass fraction of 0.1 wt %.
The pretreated gravel was immersed in the colloidal
asphaltene/toluene solution, sealed, and then aged at 75 °C
for 48 h. The treated sand and the untreated sand were placed
in LDEA and HLDEA solutions with different concentrations
and a mass ratio of 1:20 and oscillated at 75 °C for 24 h. The
zeta potential of the sand surface was measured after the
surfactant treatment with an Omni Zeta potential instrument
(NanoBrook Omni, Brookhaven Instruments, U.S.A).

2.4. Surface Tension and Interfacial Tension Meas-
urements. The surface tensions of LDEA and HLDEA in
solutions prepared with ultrapure water and different
concentrations (from 1 × 10−6 to 5 × 10−1 wt %) were
measured by an interfacial rheometer (Tracker-S) at 25 °C.
The surface tension was recorded to determine the critical
micelle concentrations (CMCs) of LDEA and HLDEA. LDEA
and HLDEA solutions with different concentrations (from 0.05
to 0.5 wt %) were prepared with simulated formation water. An
interfacial tension meter (TX-500C, KRÜSS) was employed to
test the oil/water interfacial tension between oil and the
LDEA/HLDEA solutions at 75 °C and 6000 rpm.

2.5. Contact Angle Measurements. The experimental
cores were cut into approximately 3 mm thick discs and
polished with sandpaper. The surfaces were immersed in
ultrapure water for ultrasonic washing for 2 h and then dried at
90 °C to obtain flat and clean core surfaces. The cores were
subjected to lipophilic treatment (as mentioned above), and
the colloidal asphaltenes that were not firmly adhered were
washed away with n-heptane solution. After aging at 75 °C for
72 h, an oil−wet surface with colloidal asphaltene deposition
was obtained. LDEA and HLDEA solutions with different
concentrations (from 0.05 to 0.5 wt %) were prepared with the

simulated formation water. The lipophilic sandstone surface
was slowly immersed in the solution, sealed, and treated at 75
°C for 24 h. The underwater oil contact angles of the
oleophilic cores treated with the simulated formation water
and LDEA and HLDEA solutions were measured with a
contact angle meter (JC2000D).

2.6. Oil Displacement Evaluation. The sandstone core
parameters used in this experiment are shown in Table 2. The

physical simulation core flooding device is shown in Figure 2.
The simulated oil was introduced into the cores by vacuum
saturation, which were then aged at 75 °C for 7 days. The
displacement experiments were conducted at 75 °C with a flow
rate of 0.3 mL/min. The displacement fluid with a mass
concentration of 0.3 wt % and 3 times the pore volume (PV)
was completely injected until the water content in the
produced liquid exceeded 98%. The resulting liquid was
collected, and the recovery factor was calculated.

2.7. Wetting Regulation Mechanism. The adsorption
morphologies of the surfactants were observed by AFM
(Multimode 8) in tapping mode. The oleophilic core surface
was obtained as described earlier. The samples were prepared
by immersing the oleophilic cores into 0.3 wt % LDEA and 0.1
wt % HLDEA (near the CMC) at 75 °C for 10 min and dried
by nitrogen flow. The morphologies were characterized for
comparison.
A gold-plated probe (NPG-10) was functionalized with a 5

wt % N-dodecanethiol solution in ethanol via Au−S bonding
to fabricate the dodecane-functionalized hydrophobic probe.30

Straight-chain alkanes were used to simulate the hydrophobic
components of crude oil. Successful preparation of the
hydrophobic probe was confirmed with scanning electron
microscopy (SEM, JSM-7610F) and energy-dispersive spec-
trometry (EDS, S-4800 Hitachi), as shown in Figure S1. In the
DI water environment, the adhesive forces between the
hydrophobic probe and oleophilic cores treated with 0.3 wt
% LDEA and 0.1 wt % HLDEA (near the CMC) were
measured in force-volume mode.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Synthesized Surfactant.

The effects of the molar ratio of LDEA to SHES, reaction
temperature, reaction time, and catalyst dosage on the yield for
dehydration to ether were investigated, and the results are
shown in Figure S2. Overall, the optimum reaction conditions
were n (LDEA)/n (SHES) = 1:2.0, a reaction temperature of
160 °C, a reaction time of 20 h, and a catalyst dosage of 3%.
The highest yield of HLDEA (89.33%) was achieved with
these reaction conditions.
The FTIR spectra of LDEA and HLDEA are shown in

Figure 3. For both compounds, the O−H, C−H, and C−N
stretching vibrations were indicated by peaks near 3360, 2920,
and 1040 cm−1. In addition to these peaks, the S�O
stretching vibrational peak at 1215.97 cm−1 and the C−O−C
bond stretching vibrational peak at 1168.25 cm−1 appeared in

Table 2. Core Parameters for Oil Displacement

core
length
(mm)

diameter
(mm)

pore
volume
(cm3)

permeability
(10−3 μm2)

oil
saturation
(%)

number 49.64 25.15 5.71 51.48 94.06
standard
deviation

1.11 0.03 0.23 0.66 0.50
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the spectrum of HLDEA. The vibrational peaks for C−O−C
bonds and S�O bonds indicated the generated ether bonds
and the introduced sulfonic acid groups. The presence of these
two peaks proved the successful reaction and grafting of the
sulfonic acid groups to the LDEA molecules.
The 1H NMR spectrum of HLDEA is shown in Figure 4.

The characteristic signal at δ = 4.64 ppm was attributed to the

hydroxyl (−OH) proton. The integrated peak area was 0.84,
indicating only one hydroxyl group in the molecule. The
multiplets at δ = 2.58−2.96 ppm and δ = 3.51−3.72 ppm were
for methylene protons between the amide group and the
hydroxyl and ether groups, respectively. The singlet at δ = 2.55
ppm was for the two methylene groups near the amide group.
The aliphatic methylene (−CH2−)n protons showed a strong
peak at δ = 1.25 ppm, and the terminal methyl (−CH3)
protons were indicated by the presence of a peak at δ = 0.86

ppm. The 1H NMR spectrum confirmed the presence of the
expected functional groups in the synthesized surfactant.

3.2. Stability. To reduce the sedimentation loss of the oil
displacement agent system and maintain the effective
concentration, the solubility of the surfactant in the formation
environment was evaluated. Salt ions have the greatest
influence on the solubilities of surfactants in the formation
environment, so the effects of NaCl and calcium ions on the
solubility were evaluated experimentally. The physical
diagrams for LDEA and HLDEA are shown in Figure 5a,c
for different salinities. When the concentration of NaCl was
more than 2 × 104 mg/L, LDEA changed from turbid to milky,
indicating that the stability of the solution itself was destroyed.
However, the HLDEA solution maintained a clear and
transparent stable state when the concentration of NaCl was
lower than 27 × 104 mg/L. Only when the concentration was
30 × 104 mg/L did the solution begin to turn milky. With the
increased salinity, there was no floccule formation or
precipitation during the whole process. The stability of
HLDEA in the NaCl solution was significantly higher than
that of LDEA, and the upper limit for NaCl tolerance was
higher than 27 × 104 mg/L.
Figure 5b also shows that the solubility of LDEA in a

calcium-containing solution was very poor, and the addition of
a small amount of calcium ions (600 mg/L) to an LDEA
solution caused the solution to become turbid. After grafting
the sulfonic acid groups, the molecular hydrophilicity and
intermolecular electrostatic repulsion were enhanced to
improve the stability of HLDEA in the calcium-containing
solution.31 When the calcium ion concentration was more than
2.7 × 104 mg/L, the HLDEA solution began to appear milky
(Figure 5d). HLDEA had a high upper limit for salt tolerance
and could be applied to most reservoirs.
Surfactant molecules adsorbed on the surface of the sand to

change the stability of the sand itself. Surfactants containing
anionic groups increased the surface charge density, thereby
changing the surface potential of the sand particles. The zeta
potential data for the water−wet sands and oil−wet sands after
the LDEA and HLDEA treatments are shown in Figure 6.
Figure 6a shows that the initial zeta potential was negative due
to the inherent negative charge on the surfaces of the sand
particles. With increasing LDEA concentration, the surface zeta
potential decreased gradually but slightly. The surface zeta
potential at a 0.5 wt % concentration was −6.93 mV, which
was still unstable. As the concentration of HLDEA increased,
the zeta potential of the modified sand surface decreased faster
than that of LDEA. The zeta potential of the 0.4 wt %

Figure 2. Apparatus for the physical simulation experiments.

Figure 3. FTIR spectra of LDEA and HLDEA.

Figure 4. 1H NMR spectrum of HLDEA.
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HLDEA-modified surface was −15.09 mV, which was
significantly higher than that of LDEA.
The zeta potential data for the oil−wet sands are shown in

Figure 6b. The adsorption of LDEA on the surface of oil−wet
sand produced little effect on its surface potential. The surface
zeta potential decreased to −10.32 mV at a 0.5 wt %
concentration and was still in a relatively unstable state. With
increasing HLDEA concentration, the surface zeta potential
decreased to −32.22 mV, which increased the negative charge
on the sand surface. HLDEA was adsorbed on the sand surface
through the hydrophobic tail to expose the hydrophilic sulfonic

acid, which improved the surface negative charge density and
the stability of the sands in solution.32

3.3. Surface Tension and Interfacial Tension. Figure 7a
shows that the surface tensions generated with the two
surfactants decreased rapidly and then basically remained
invariant with increasing concentration. The surfactant
molecules in water first floated on the surface due to surface
tension. After the surface was covered with the surfactant
molecules, the molecules began to form micelles in the
solution, and the corresponding concentration was defined as
the CMC.33 The CMCs of HLDEA and LDEA were found to
be 0.3 and 0.1 wt %, respectively. Due to electrostatic repulsion

Figure 5. Effects of NaCl (a,c) and Ca2+ (b,d) on the solubilities of LDEA and HLDEA.

Figure 6. Surface potentials of the water−wet sand surface (a) and oil−wet sand surface (b).

Figure 7. Surface tension (a) and interfacial tension (b) curves for HLDEA and LDEA with different concentrations.
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between the hydrophilic sulfonic acids, HLDEA caused the
molecules to reach saturation on the surface faster and reduced
the CMC.
The ability of the surfactant to reduce the oil−water

interfacial tension strongly influenced the residual oil
utilization capacity. The oil−water interfacial tensions for
LDEA and HLDEA at 75 °C are shown in Figure 7b. The oil−
water interfacial tension of LDEA varied in the range of 9−12
mN/m, and the concentration had little effect. Due to the
strong lipophilicity of LDEA, fewer surfactant molecules in the
solution were distributed at the oil−water interface and tended
to enter the oil phase, making it difficult to reduce the
interfacial tension further. With increasing HLDEA concen-
tration, the oil−water interfacial tension decreased first and
then increased. The lowest oil−water interfacial tension
occurred at 0.3 wt % and was 0.82 mN/m. The enhanced
hydrophilicity of the modified HLDEA increased the number
of surfactant molecules at the oil−water interface relative to
the number seen before modification. The ability of HLDEA to
reduce the oil−water interfacial tension was significantly
greater than that of LDEA.34

3.4. Contact Angle. In the exploitation of residual oil via
water injection, changing the surface wettability effectively
strips the surface oil films.35 The abilities of LDEA and
HLDEA to change the wettability were evaluated by measuring
the underwater oil contact angles of the gum asphaltene
deposited on the core surfaces before and after surfactant
modification. The experimental results for changing the
underwater oil contact angle on the lipophilic core surface
with different concentrations of LDEA and HLDEA are shown
in Figure 8. After the oleophilic treatment, the underwater oil

contact angle on the core was 54.7°, indicating that the surface
had been converted to an oil−wet state. When the
concentration was higher than 0.05 wt %, the surfaces
modified by LDEA and HLDEA gradually transitioned toward
water wetness. As the concentration was increased to 0.5 wt %,
the underwater oil contact angle of the LDEA-modified surface
was 136.9° and that of the HLDEA-modified surface increased
to 155.9°. The enhanced solubility of the modified HLDEA in
solution made the activity higher than that of the LDEA
solution at the same concentration. There were more
surfactant molecules on the unit oil−wet surface, which
enhanced the wetting control performance. In addition,

HLDEA with the strongly hydrophilic sulfonic acid groups
formed a hydration layer outside the hydrophilic adsorption
layer constructed on the lipophilic surface, which made the
modified surface more hydrophilic.36

3.5. Oil Displacement. The experimental results described
above showed that HLDEA with a concentration of 0.3 wt %
exhibited superior performance and achieved a low interfacial
tension with oil and regulated interfacial wettability. To further
evaluate its practical oil displacement performance, a dynamic
core displacement experiment was carried out, and the results
are shown in Figure 9. As the injection fluids gradually entered

the cores, the water flooding recovery rate no longer increased
at 0.7 PV. When the water content in the resulting liquid
exceeded 98%, the water flooding and 0.3 wt % LDEA recovery
factors were calculated as 26.06 and 34.89%, respectively. For
0.3 wt % HLDEA, a recovery factor of 54.13% was attained,
which constituted an ∼19.24% increase in oil recovery
compared with that of 0.3 wt % LDEA. The improved oil
recovery was attributed to the low interfacial tension as well as
the wettability reversal caused by the HLDEA. The oil droplets
were stripped off by the oil−solid interface effect and detached
from the surface. Due to the low interfacial tension, the
stripping oil droplets were deformed to overcome the Jamin
effect and migrated out of the pores.37

3.6. Mechanism of Interface Wetting Regulation.
AFM was used to elucidate the mechanism for interface
wetting regulation.38,39 For anionic surfactants, their ability to
modify rock surface wettability is closely related to the
adsorption capability.40,41 Therefore, the surface topographies
and mean roughness values of the oleophilic cores were
characterized after the LDEA and HLDEA treatments. Figure
10 shows three-dimensional (3D) and two-dimensional (2D)
microtopography images and surface profiles based on the
chosen paths of the different samples. The adsorption layer
formed by surfactant molecules on the lipophilic surface was
granular with a certain interval and was evenly distributed
independently. Figure 10a shows that the adsorption layer of
LDEA on the oil−wet core was approximately 14.8 nm thick
and had a mean roughness of 4.6 nm. In contrast, the
adsorption layer of the oil−wet core treated with HLDEA
(Figure 10b) was approximately 21.3 nm thick. Many clusters
and spherical particles were observed on the HLDEA layer,
which accounted for the increased surface roughness (6.9 nm).

Figure 8. Underwater oil contact angles on the oil−wet core surfaces
vary with the concentrations of LDEA and HLDEA.

Figure 9. Oil recovery rates for simulated formation water, LDEA,
and HLDEA.
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Based on the AFM results, HLDEA showed a higher
adsorption capacity which improved the surface coverage.
AFM was used to study the interactions between the

hydrophobic surface and alkanes after the adsorption of LDEA
and HLDEA to clarify the mechanism for enhancement.
According to the extended DLVO theory, the adhesion forces
of colloidal particles include the van der Waals force (vdW),
electric double-layer interactions (EDLs), and possible hydro-
philic/hydrophobic forces.42,43 In this experiment, the vdW
and the EDL measured before and after the adsorption of
LDEA and HLDEA did not contribute to changes in the

resultant forces, so the change in the adhesion force comprised
the hydrophilic/hydrophobic force.44 The adhesion force
(Figure 11a,c) and frequency distribution histograms (Figure
11b,d) are provided in Figure 11. The colors in the adhesion
force diagrams from light to dark indicated that the
hydrophobic force decreased and the hydrophilicity increased
gradually. It was obvious that the color of the lipophilic core
became darker after the HLDEA treatment. Notably, the colors
in the adhesion force diagrams in Figure 11a,c were not
uniform, which may have been caused by an uneven mineral
distribution. In the corresponding force frequency distribution

Figure 10. AFM height images of the oleophilic cores treated with LDEA (a) and HLDEA (b).

Figure 11. Diagrams and frequency histograms for the adhesion forces between alkane and the core: (a,b) LDEA-treated core and (c,d) HLDEA-
treated core.
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histogram, the values of the average adhesion forces after the
LDEA and HLDEA treatments were 0.0837 and 0.0191 nN,
respectively. In contrast to the LDEA treatment, the adhesion
force after the HLDEA treatment was significantly lower, and
the hydrophilicity was considerably higher. Moreover, the
lipophilic surface was more homogeneous based on the
obvious narrowing of the distribution range for HLDEA
adhesion in the force frequency histogram. The reduced
adhesion and wettability alterations functioned simultaneously
to strip the oil droplets.

4. CONCLUSIONS
In this paper, a novel HLDEA surfactant designed for residual
oil displacement was successfully synthesized by a Williamson
etherification reaction of LDEA and SHES. The experimental
results showed that the introduction of the sulfonic acid groups
greatly increased the salt tolerance and the absolute value of
the zeta potential on the surfaces of the sand particles.
Compared with LDEA, HLDEA was adsorbed at the oil−water
interface and significantly reduced the oil−water interfacial
tension. In addition, HLDEA exposed the sulfonate hydro-
philic head groups to construct a hydrophilic surface from the
hydrophobic force between the long-chain alkanes and the
surface lipophilic components, which greatly increased the
underwater contact angle from 54.7 to 155.9°. Recovery rates
of up to 75% were attained with 0.3 wt % HLDEA core
flooding. HLDEA exhibited excellent oil displacement
performance as well as wetting regulation performance, and
it demonstrated considerable potential for use in efficient
oilfield development.
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