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ABSTRACT: A new platform that allows encapsulation of anionic
surfactants into nanosized capsules and subsequent release upon
deployment is described. The system is based on DOWFAX
surfactant molecules incorporated into sub-100 nm hollow silica
nanoparticles composed of a mesoporous shell. The particles
released 40 wt % of the encapsulated surfactant at 70 °C compared
to 24 wt % at 25 °C after 21 and 18 days, respectively. The use of
the particles for subsurface applications is assessed by studying the
effectiveness of the particles to alter the wettability of hydrophobic
surfaces and reduction of the interfacial tension. The release of the
surfactant molecules in the suspension reduces the contact angle of
a substrate from 105 to 25° over 55 min. A sustained release profile is demonstrated by a continuous reduction of the interfacial
tension of an oil suspension, where the interfacial tension is reduced from 62 to 2 mN m−1 over a period of 3 days.

■ INTRODUCTION

Surfactant injection and delivery has been extensively utilized
as one of the most efficient approaches for chemical enhanced
oil recovery (cEOR) and for environmental applications
including oil spill remediation as well as enhancing
solubilization of soil contaminants. The surfactants can reduce
interfacial tension (IFT) and alter the wettability of hydro-
phobic surfaces.1−7 A key limitation of this approach is
premature adsorption and consumption of the surfactant
molecules, which requires deployment of a substantially larger
amount from that needed.8−11 For example, sodium dodecyl
sulfate (SDS) molecules adsorb preferentially to carbonate
surfaces present in oil reservoirs via electrostatic interactions
between the divalent Ca2+ ions and the negatively charged
surfactant.11

To that end, several groups started exploring the use of
nanoparticles to deliver surfactants as a means to reduce
surfactant losses. For example, Zhong et al. have reported
LUDOX nanoparticles with a nonionic surfactant, which
resulted in reducing the adsorption to rock powders.12 Others
reported using SiO2 nanoparticles to reduce SDS adsorption.13

They found that the concentration of the nanoparticles affects
the amount of surfactant adsorption.13 However, these
approaches do not offer a sustainable or controlled release
mechanism of surfactants to targeted locations. Moreover, the
physically adsorbed surfactant by the carrying nanoparticles

may be susceptible to losses and instability as the particles
diffuse in the porous medium. Other researchers explored the
addition of sacrificial chemicals to lower the adsorption of
surfactants to the reservoir minerals but these chemicals could
be costly for field operations.7 To overcome this limitation, the
use of the slow release of surfactant molecules (similar to slow
release of drugs carried by nanoparticles for therapy) has
emerged as one of the promising solutions to circumvent
surfactant losses and instability for subsurface applications.
One such approach is encapsulation of surfactants into a

compatible host. For example, one of the earliest proof-of-
concept demonstrations on reducing surfactant adsorption by
encapsulation was made by Kittisrisawai and Romero-Zero  n.
They reported the successful incorporation of SDS into β-
cyclodextrin. Their system resulted in reducing SDS adsorption
by as much as 74%.14 More recently, other researchers have
reported the encapsulation of surfactants in micron-sized
double emulsions.15 Beeswax shell, which allowed encapsula-
tion of nonionic surfactants,16 and type II resins isolated from
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vacuum residue were used as a shell for Span 20 and Petro 50
surfactants.17 However, previous studies did not provide
kinetic studies of surfactant release or demonstrate a controlled
mechanism for surfactant diffusion from the host materials.
Moreover, some of the reported materials may not be suitable
for high-temperature environments.17 More importantly,
previous studies were not conducted at conditions representa-
tive of the subsurface environment, especially in terms of
salinity.
Mesoporous materials represent a potential host platform

that could be utilized to encapsulate surfactants. Since their
discovery, mesoporous materials have attracted widespread
interest in many applications such as drug delivery and
biosensing,18−20 water treatment,21,22 catalysis,23,24 and
protective coatings.25 Among mesoporous materials, silica-
based mesoporous materials are promising due to their stability
and availability. During the synthesis, the surfactant is used as a
template and co-structure directing agent. However, the
surfactant is then typically extracted thermally or chemically
and the surfactant-free particles offer well-controlled meso-
porous systems used as catalyst supports or sorbents.10,18−26

Despite their widespread uses, there are only limited reports
on utilizing mesoporous materials for hydrocarbon recovery or
remediation applications. de Freitas et al. proposed using a
class of mesoporous materials (SBA-15) to control the delivery
of surfactants for subsurface applications. They utilized a
nonionic surfactant that binds to the surface of the particles
and slowly desorbs into water−oil mixtures to lower the IFT of
the oil−water interface.27 However, in their study, they
extracted the Pluronic 123 surfactant used as a template in
the synthesis and relied on physically adsorbed fatty
diethanolamides, which due to the weak interaction between
the surfactant and the silica surface, can dissociate easily and
suffer from the same loss issues as the neat surfactant injected
directly into the reservoir.
Recently, we demonstrated in a preliminary study that

mesoporous nanoparticles can indeed offer an effective
platform for controlling the release of cationic surfactants
present in the mesoporous host. In a proof-of-concept
experiment, mesoporous silica (MCM-41) has been used as
the host to deliver the encapsulated cationic surfactant by ion
exchange with the ions available in high-salinity water
(HSW).28 One limitation of this approach, however, is that
the typical synthesis of MCM-41 is based on cationic
surfactants as templates, which does not subject itself to
encapsulation of anionic molecules. Most of the work for the
synthesis of mesoporous silica hosts has been devoted to using
cationic and nonionic surfactants as templates.29−34 Here, we
extend our previous work and focus on encapsulating anionic
surfactant molecules into the pores of nanosized mesoporous
silica hollow particles. Incorporation of anionic surfactants as
templates for the mesoporous host requires careful selection of
the silica precursor and modification of the reaction conditions.
To that end, (3-aminopropyl) triethoxysilane (APTES) is
added along with tetraethyl orthosilicate (TEOS) as silica
precursors. The presence of a positively charged group on
APTES provides the anchor group for interactions with the
negatively charged surfactant molecules.26

DOWFAX represents a family of commercially available
anionic surfactants (Figure S1), which have been studied
extensively for subsurface oil and environmental remediation
applications including solubilization of soil contaminants.35,36

It is believed that due to the presence of the sulfonate groups,

it is stable in brines containing divalent calcium ions up to 0.1
M.37 It has received attention for cEOR application starting in
the 1970s as it proved effective in enhancing oil recovery and
demonstrated stability in the presence of both monovalent and
divalent ions. Furthermore, it had shown effectiveness in
improving the oil recovery by 25% from Berea sandstone
rock.38 However, no previous attempts were made to
encapsulate the surfactant for slow release.
In this paper, we demonstrate a platform for the slow release

of one of the DOWFAX surfactants, DOWFAX 2A1, an
anionic surfactant based on different-sized hollow silica
nanocapsules. We study how the size and morphology of the
nanocapsules affect the release of the surfactant. The release is
triggered by a reverse ion exchange process with ions present
in the injection and formation water. The release is also
studied at high-temperature conditions that are normally
encountered in the subsurface environment. To demonstrate
its applicability for subsurface applications, we further
investigate the ability of the nanocapsules to alter the surface
wettability and in reducing the IFT with the encapsulated
sulfonate surfactant.

■ EXPERIMENTAL SECTION
Materials. DOWFAX 2A1 was purchased from Dow

Chemicals Co. The average molecular weight is 576 with a
45% active ingredient and a density of ∼1.15 g mL−1. The
DOWFAX 2A1 was used as a templating agent to synthesize
the nanocapsules. TEOS and APTES were purchased from
Sigma-Aldrich and used without any purification. Sodium
chloride (NaCl), calcium chloride dihydrate (CaCl2·2H2O),
magnesium chloride hexahydrate (MgCl2·6H2O), sodium
sulfate (Na2SO4), and sodium bicarbonate (NaHCO3) were
all purchased from Sigma-Aldrich. Dodecane and silicone oil
were used for contact angle and IFT measurements. The
respective densities at room temperature are 0.75 and 0.99 g
mL−1.
We utilized a multi-salt brine solution similar to the HSW

composition proposed by Abdel-Fattah et al.39 The prepara-
tion was carried out in a 1 L volumetric flask. The composition
of the brine is shown in Table 1. The salts were dissolved in 1
L of deionized (DI) water, mixed, and stirred at 40 °C.

Synthesis of Encapsulated DOWFAX 2A1. The
modified procedure described by Han et al.40 was employed.
DOWFAX 2A1 was dissolved in a mixture of 100 mL of DI
water and 10 mL of ethanol at room temperature. The
temperature was later increased to 80 °C, and 2.4 mL of TEOS
and 0.3 mL of APTES were added dropwise to the mixture.
Synthesis parameters such as stirring time, temperature, and
molar ratios of DOWFAX 2A1, APTES, and TEOS that affect
mean particle size and the amount of the surfactant
encapsulated are shown in Table 2. The critical micelle
concentration (cmc) of DOWFAX 2A1 in 0.1 M NaCl as
reported by the manufacturer is 0.12 mM. During the

Table 1. Amounts of Salt Used to Prepare the HSW Brine
(Amounts in 1 L of DI Water)a

compound NaCl CaCl2·2H2O MgCl2·6H2O Na2SO4 NaHCO3

mass (g) 41.04 2.384 17.645 6.343 0.165
aPublished with permission from Alsmaeil et al.28 through Copyright
Clearance Center, Inc.
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synthesis, the concentration of DOWFAX 2A1 was kept above
the reported cmc.
Characterization. Transmission electron microscopy

(TEM) images were obtained using a Mira Tescan and Tecnai
T12. The powder was dispersed in DI water and dropped into
copper grids prior to the measurements. The images were
analyzed using ImageJ software to obtain the average particle
size. Thermogravimetric analysis (TGA) was performed to
quantify the organic content present using Q500 TA
Instruments’ thermal analyzer with a heating rate of 10 °C
min−1 from 25 to 900 °C under a nitrogen flow (10 mL
min−1). The instrument has an isothermal accuracy of ±1 °C.
The sample was crushed evenly and about 10 mg of the
powder was placed on the platinum pan and loaded into the
TGA. Fourier-transform infrared (FTIR) spectra were
obtained on the Bruker Vertex V80V Vacuum FTIR system
with a spectral range of 500−6000 cm−1 and resolution of 0.02
cm−1. The measurements were conducted under vacuum. The
size of the pores after extracting the surfactant from the
nanocapsules was determined by the Barrett−Joyner−Halenda
(BJH) method using nitrogen adsorption on a Micrometrics
model ASAP 2460. UV−vis spectra used to quantify the
surfactant release were acquired by the plate reader model M2
instrument manufactured by Molecular Devices. Contact angle
measurements were performed using a contact angle tester by
Biolin Scientific model Theta Lite that has a digital camera that
operates with a capability of 2068 frames per second (fps). The
instrument can measure the contact angle from 0 to 180° with
an accuracy of ±0.1°. The experiments were repeated on
different locations of the glass surface. The IFT measurements
were performed using a spinning drop tensiometer (SDT) by
Kruss. The instrument can measure the IFT from 10−6 to 2000
mN m−1 with a resolution of 10−6 mN m−1 and a temperature
range from ambient to 120°.
Release Experiments. The surfactant release was

measured by suspending 10 mg of the nanocapsules in 20
mL of HSW and measuring the concentration of the surfactant
released by UV−vis spectroscopy. Detailed information is
provided in the Supporting Information.
Wettability Alteration Experiments. Wettability alter-

ation experiments were performed to evaluate the effectiveness
of the system in transforming an oil-wet to a preferred water-
wet surface.41 The degree of alteration was determined by
contact angle measurements.42,43 Silane was used to coat glass
slides to form a stable hydrophobic surface.44 The glass slides
were immersed in the oil bath and aged in a vacuum oven at 80
°C for 4 days. After that, the slides were washed with DI water
and dried at 80 °C in the vacuum oven for 2 days. Wettability
was determined by the sessile drop technique. A drop of the
solution was placed on the glass slide and recording of the
contact angle was started for a period of 55 min. For each data
point, the average of 124 contact angle measurements taken

over 10 s is reported. In some measurements, the drop would
wet the surface completely after 55 min at which point, it was
no longer possible to capture the contact angle. The degree at
which the drop spreads over the surface is utilized to indicate
the efficiency of the delivery system in altering the wettability.

IFT Measurements. The IFT is a useful indication of how
the capillary forces between oil and water change in the
presence of an active material. The capillary number is defined
as the ratio of viscous drag forces to IFT forces. Reducing the
IFT by adding surfactants could aid in overcoming the
capillary forces, thereby improving the oil recovery.1,7,39

An SDT by Kruss was used to measure the IFT.
Measurements were made between 25 and 80 °C. The drop
shape was fitted by the Young−Laplace model and the IFT was
calculated by the ADVANCE software. The average of the last
three measurements after stabilization of the IFT is reported.
Dodecane is used as the light phase and HSW brine as the
heavy phase.

■ RESULTS AND DISCUSSION

Optimization of the Size of the Nanocapsules. Several
trials were necessary to optimize the size and morphology of
the nanocapsules. When the mixture of reagents was stirred at
100 rpm for 2 h and then aged for 48 h, the resultant capsules,
D_1, exhibited an irregular shape with a size larger than 200
nm as shown by the TEM images (Figure 1a). To investigate

Table 2. Synthesis Conditions and Stoichiometries Used for the DOWFAX 2A1 Containing Nanocapsules

recipe # D_1 D_2 D_3 D_4

molar ratio (H2O/ETOH/DOWFAX 2A1/APTES/TEOS) 833/25/1/0.7/2.5 833/25/1/0.7/2.5 926/29/1/0.3/1.3 1159/35.5/1/0.4/0.9
stirring speed (rpm) 0 100 300 400
temperature (°C) 80 80 70 70 (2 h), 25 (22 h)
reaction time (days) 1 1 2 1
size (nm) 260 ± 26 257 ± 34 129 ± 32 52 ± 11
shape irregular irregular spherical spherical
organic content (%) 29 29 35 42

Figure 1. TEM images of the different nanocapsule systems. (a) D_1,
(b) D_2, (c) D_3, and (d) D_4, (e) schematic of the interactions
between the anionic surfactant and APTES, which is one of the silica
precursors used in the synthesis.
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the effects of the stirring on the shape and size of the particles,
another synthesis was carried out with molar ratios similar to
the above but maintaining a stirring speed of 100 rpm for 48 h.
While the shape of the particle became mostly spherical
(D_2), the size remained larger than 200 nm, as shown in
Figure 1b. For many practical applications, the size of the
particles is important. For example, for subsurface applications
where access to the smaller pores is necessary, it is desirable to
use particles that are less than 100 nm. In addition to access
issues, deployment of large-sized particles to a porous medium
will result in plugging the pores with adverse effects in the oil
recovery.45−48 Further optimization by controlling the molar
ratio of reactants led to smaller-sized particles. The D_3
system results in spherical particles with a size of about 130 nm
as shown in Figure 1c. Finally, D_4 shows sub-100 nm
particles with a uniform hollow spherical structure (Figure 1d).
The size of the mesopores, as determined from the Brunauer−
Emmett−Teller measurements and the BJH model, is 4.5 nm.
Note that the mesopores are formed by templating around the
anionic surfactant molecules. Thus, the surfactant is electro-
statically bound inside the pores rather than physically
adsorbed onto the surface. The ionic interactions between
the positively charged aminopropyl group from APTES and
the anionic head of the surfactant are shown schematically in
Figure 1e.26,40 Optimization of the amount of surfactant used
in the synthesis as well as thorough washing of the product is
necessary to minimize the presence of excess surfactant
molecules that physically bind to the surface. It is also clear
that the size of the particles depends greatly on the molar ratio
of TEOS, APTES, and DOWFAX 2A1. In addition, the shape
of the nanocapsules depends on the nucleation process, which
is also a function of the TEOS/APTES/DOWFAX 2A1 ratio.
The presence of ethanol in the mixture slows the hydrolysis
rate of TEOS and APTES, which results in a kinetically
controlled reaction. As seen from Table 2, as the amount of
ETOH increases, the size of the particles decreases. Moreover,
APTES can act as a catalyst that accelerates the hydrolysis
process, which leads to larger-sized particles.40 It could also be
inferred from the table that when the amount of APTES was
reduced, the size of the particles also became smaller. By
controlling the particle size and further limiting the rate of
nucleation by the stirring speed, we are able to produce sub-
100 nm-sized capsules with DOWFAX 2A1 encapsulated into
the hollow core. One interesting consequence of size control is
the amount of DOWFAX 2A1 encapsulated. As shown in
Figure S3, the amount of DOWFAX 2A1 encapsulated in D_4
is 40 wt % compared to 30% in D_1. Therefore, maintaining
the stirring speed of 400 rpm for 24 h, carrying out the reaction
at 70 °C for 2 h and then at 25 °C for 22 h with molar ratios of
1159/35.5/1/0.4/0.9 H2O/ETOH/DOWFAX 2A1/APTES/
TEOS resulted in nanocapsules with a size less than 100 nm
and a 40 wt % surfactant encapsulation.
Slow Release of DOWFAX 2A1 Molecules. As

mentioned earlier, for successful implementation of cEOR,
large quantities of the surfactant are needed to overcome
adsorption, which leads to high cost. A potential solution is a
system with slow and controlled release mechanism that
ensures surfactant availability deeper in the subsurface
formation. The surfactant release profiles of various systems
in HSW brine are shown in Figure 2. For the large particles,
the release reaches 14% even after a long period of time. In
contrast, for the smaller size, the amount of release is higher.
The D_3 capsules show two distinct regimes. The first part,

within the first 5 days, is linear and releases 15% of the total
amount of surfactant encapsulated. It is followed by a slower
increase in surfactant concentration until it levels off at 25%
after 20 days. D_4 also follows a similar profile; it plateaus at
18% within the first 10 days and stays at that level for 18 days.
Generally, the smaller the particles the better they disperse and
hence they interact more with the ions in the solution. This
could be one explanation for why the D_3 and D_4 profiles
show a higher release in comparison to D_1.
The rate of release was also studied at elevated temperatures

closer to the conditions, which are normally encountered in
the subsurface environment. Figure 3 shows clearly that the

release of the surfactant is enhanced at higher temperatures.
The amount of the surfactant released is doubled compared to
that released at room temperature. The enhanced release is
likely to have resulted from the increase in diffusion as a result
of the temperature increase.
The slow release profile is essential for subsurface

applications. Nanoparticles require months to travel from an
injector to a producer. In a recent field study,45,46 fluorescent

Figure 2. Release profile for DOWFAX 2A1 using different capsules
at room temperature. The release of D_1 reaches a quick plateau
whereas D_3 and D_4 show a longer sustainable release.

Figure 3. Comparison of the release profiles at room temperature and
70 °C.
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nanoparticle tracers injected in a water injector required 50−
200 days to be recovered from a producer that is 500 m away.
For the nanosized capsules, only 40% of the surfactant is
released within the first 20 days, followed by a much slower
release rate, suggesting that they can reach deeper into the
unswept reservoir areas and deliver surfactant molecules due to
the slow-release kinetics.
Wettability Alteration Performance. The tendency of a

fluid to adhere to a solid surface in the presence of another
immiscible fluid defines its wettability. It is a crucial property
when evaluating the multiphase flow in a rock matrix. It
controls the distribution of oil and water in the reservoir and,
hence, has a great impact on oil recovery.44 If the contact angle
of a water drop on a solid surface is above 90°, then the surface
is considered oil-wet. Those with contact angles less than 90°
are water-wet.5 The change of the wettability from oil-wet to
water-wet can significantly increase the capillary pressure, as
shown by the well-known Young−Laplace equation.49 The
highest value of the capillary pressure results when the contact
angle between the oil and water is zero.
The effectiveness of the system in altering the wettability is

shown in Figure 5. When a drop of HSW is placed on the

hydrophobic surface that is coated with oil, the contact angle
remains constant at 103° over 55 min. However, when D_3
was first suspended in HSW for 1 day and then a drop of the
suspension was placed on the glass slide, the contact angle
dropped linearly with time to below 30°, demonstrating that
the released surfactant molecules are effective in altering the
surface wettability. To prove that the mechanism for the
wettability alteration is the slow release of the surfactant, the
host capsules were tested after the surfactant molecules were
removed from the system (D_3) by calcination under N2 at
600 °C for 6 h.40 The results using the D_3 capsules with the
surfactant that have been first suspended for 1 day at room
temperature, the surfactant-free capsules, and the neat
surfactant (0.15 mg mL−1, which is the total concentration
of the material encapsulated in 0.5 mg mL−1 of D_3) are
shown in Figure 4. As can be seen, the surfactant-free capsules
showed no major alteration of wettability, confirming that the

released surfactant is primarily responsible for the observed
changes.
The change in surface wettability utilizing an anionic

surfactant is believed to be caused by the hydrophobic
interactions between the surfactant and the oil layer coating
the glass slide. It is assumed that one reason for the reduction
in wettability is the formation of a bilayer of the surfactant with
the hydrophilic part pointing upward. The anionic end of a
water-soluble surfactant would end up facing toward the flow,
creating a zone of hydrophilicity. Due to the strong hydrophilic
interactions, the surfactant will push and displace the oil that
coats the glass surface. A similar mechanism was proposed by
Nguyen et al. for nonionic surfactants.50 However, in our
system, there are two major interactions to consider. Since the
silica nanocapsules are hydrophilic, they are not expected to
interact strongly with a hydrophobic surface. Thus, other
mechanisms based, for example, on the disjoining pressure
have been proposed.51 Nevertheless, the nanoparticles could
still exert a force on the surface of the oil phase, creating a
high-pressure and velocity potential zone that pushes the oil
aside. Moreover, the presence of the surfactant in the solution
after it is released from the silica host might improve the
hydrophobic interactions between the particles and the oil,
which further can enable a better sweep of oil.
To further investigate the effect on the surface of the glass

slides after treatment with D_3, we used FTIR spectroscopy.
The glass slides were soaked in a solution of D_3 in HSW for 2
h. After that, the glass was dried in a vacuum oven at 80 °C for
3 days. The FT-IR spectra are shown in Figure 5. The peak
intensity of CH2 and CH3 groups at ∼2960 cm−1, which arises
from the modification of the glass with the oil, is significantly

Figure 4. Contact angle vs time using the D_3 nanocapsules and the
neat surfactant. For comparison, the contact angle values of the
nanocapsules from which the surfactant has been previously removed
is also shown. The latter appears virtually identical to the HSW brine
only, where no change is observed.

Figure 5. FT-IR spectra of a hydrophobic glass slide before (bottom)
and after treatment with D_3 nanocapsules in HSW (top). The
intensity of the peak due to the alkyl groups from the oil is reduced
significantly after treatment due to the released surfactant.
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reduced after exposure to D_3 nanocapsules in agreement with
the contact angle measurements.
IFT Experiments. Another important indication of the

applicability of a system to mobilize trapped oil is the
reduction of the IFT between oil and water. Lowering the IFT
has been reported to result in achieving a higher oil recovery.41

IFT measurements were carried out to show the performance
of the DOWFAX 2A1 containing nanocapsules over time and
at elevated temperatures. The cmc of DOWFAX 2A1 in HSW
brine was determined to be 0.126 mg mL−1 (Figure 6). Note

that the cmc value reported in 0.1 M NaCl is 0.07 mg mL−1.
The small difference is attributed to the different brine
solutions used (0.1 M NaCl vs HSW) in the measurements.
The figure shows a typical behavior for the IFT variation in the
presence of the surfactant. Below the cmc, the surfactant
molecules adsorb preferentially to the oil−water interface,
which causes the IFT to reduce quickly to a minimum value of
0.5 mN m−1. When the maximum adsorption is reached,
further addition of surfactant molecules can form micelles,
which does not contribute to further decreases of the IFT.52,53

Note that the maximum concentration of surfactant available
in the systems tested is 0.15 mg mL−1, which suggests that the
concentration of the surfactant in these experiments will be
below the cmc.
Experimental studies have concluded that the oil saturation

decreases when the capillary number increases.54 The IFT of
dodecane−HSW in the presence of D_3 at 500 ppm in HSW
for various hydrolysis times is shown in Figure 8. The surface
tension of the HSW−dodecane system is 62 mN m−1, as
shown in Figure 7. After 3 days of immersion in HSW and
surfactant release, the IFT of the dodecane−HSW mixture
drops 10-fold, reducing from 62 to 2.1 mN m−1. Moreover, as
a result of the slow release of the surfactant, the IFT becomes
lower as more surfactant is released from the nanocapsules.
The system is expected to be functional for a long time when
deployed for subsurface applications such as oil recovery,
where it takes nanoparticles around a month to travel from an
injector to a producer.45 Recent work has shown that
equilibrating surfactant molecules with crude oil results in an
IFT increase due to the partitioning of the surfactant into the

oil phase.55 Hence, the slow release of the surfactant molecules
could overcome this limitation by providing a fresh supply of
surfactant molecules. Note that the release is only ∼35% of the
total amount of surfactant encapsulated, which corresponds to
0.05 mg mL−1 surfactant released in the solution.
Subsurface environments, such as oil reservoirs, could have

temperatures as high as 100−120 °C.56 Therefore, it is
important to test the performance of the system also at
elevated temperatures. Figure 9 shows clearly that the IFT is
reduced at elevated temperatures. Similar to Figure 6, it shows
a V-shaped plot as a result of having excess surfactant present
in the solution. Diffusion of the surfactant is a thermally
activated process and, therefore, it is enhanced at elevated
temperatures as seen by the Stokes−Einstein equation

Figure 6. IFT vs concentration for DOWFAX 2A1 in HSW. The cmc
calculated from the minimum in the plot is 0.126 mg mL−1.

Figure 7. Surface tension of dodecane and HSW without the
nanocapsules.

Figure 8. IFT measurements over time of dodecane HSW mixture
after the addition of D_3. The continuous decreases of IFT over time
supports the sustainable release of the surfactant from the nano-
capsules.
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=
πμ

D
K T

R6
b

(1)

where Kb is Boltzmann’s constant (1.38 × 10−23 J K−1), T is
the temperature in degrees kelvin, R is the radius of the
molecule or the particle if they are small enough to follow
random motion.

■ CONCLUSIONS
A new platform for slow release of an anionic surfactant (e.g.,
DOWFAX 2A1) has been demonstrated. The system is based
on anionic surfactant molecules incorporated into sub-100 nm
hollow sphere-like silica nanocapsules composed of a
mesoporous shell. The size of the nanocapsules was optimized
by varying the experimental parameters that affect typically the
nucleation and growth during the synthesis reaction. The
applicability of the system for hydrocarbon recovery
applications and environmental remediation was demonstrated
at both room and elevated temperatures in HSW. Moreover,
the ability of the particles to alter the wettability of
hydrophobic surfaces was tested and showed that the release
of the surfactant is responsible for altering an oil-wet surface to
a more favorable water-wet one. Finally, the IFT of a
dodecane−HSW mixture was lowered by an order of
magnitude by incorporating the nanocapsules in the HSW.
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