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ABSTRACT: Controlling the interfacial chemistry is critical to the
behavior of several material systems. In this report, we demonstrate
how subtle changes in the surface chemistry of silica nanoparticles -
have a profound effect on their colloidal stability, as well as their

ability to assemble at oil—water interfaces. The ability to direct the | .
assembly by fine-tuning the surface chemistry of nanoparticles, ** *
NPs, allows for controlling the interfacial properties and the overall "
behavior of the resulting Pickering emulsions. We start by showing Brine

that the colloidal stability of silica nanoparticles functionalized by a

mixture of silanes is dramatically improved compared to that of

silica functionalized with either one. For example, NP suspensions

synthesized using a 50:50 mixture of N1-(3-trimethoxysilylpropyl)diethylenetriamine and N-trimethoxysilylpropyl-N,N,N-
trimethylammonium in a complex brine containing a mixture of salts remain suspended when subjected to acceleration of 500 X
g and temperatures as high as 60 °C. In contrast, particles functionalized with either one of the silanes are far less stable under the
same conditions. The colloidal stability of the particles is correlated to the silane-grafted layers and surface roughness obtained by
atomic force microscopy (AFM). We next studied the mechanism of the particles’ assembly at oil—water interfaces and characterized
the interfacial properties under various conditions. In all cases, the assembly is driven by electrostatic interactions between the
positively charged particles and the negatively charged oil surface. Ultrasmall-/small-angle X-ray scattering measurements confirm
the assembly of nanoparticles at the interface, and time-dependent scattering measurements reveal the presence of two steps in the
assembly in brine, consistent with the interfacial tension dynamics. The assembled particles at the interface lead to a solid-like
behavior or jamming, with the interface behaving like an elastic membrane with high dilatational and storage moduli. This study
provides fundamental insights into the surface and interfacial properties of silane-grafted NPs and ways to fine-tune their assembly at
oil—water interfaces while improving their colloidal stability under harsh environmental conditions.
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B INTRODUCTION

Surface functionalization of nanoparticles, including silica

tions.' 373 Assembly of nanoparticles of various chemistries
and dimensionalities at the oil—water interfaces stabilizes the

nanoparticles, is a necessary step to fine-tune their inter- and
intramolecular interactions and thus their behavior. A common
approach is based on using different types of silanes, which are
reacted with the particles via surface hydroxyl groups.' ™ The
grafted silanes endow the particles with distinct surface
chemistry and properties. While there is ample information
regarding surface modification using single silanes,®™'" the
literature appears sparse, when more than one silane is used
concurrently for functionalization." ">

Manipulating the properties of liquid—liquid interfaces and
specifically oil—water interfaces using nanoparticles (so-called
Pickering emulsions) has attracted widespread attention due to
both scientific interest as well as use in practical applica-

© XXXX American Chemical Society

7 ACS Publications

emulsion and offers the possibility to synthesize materials with
controlled behavior by fine-tuning interfacial properties.'®****
By varying the chemistry and dimensionality of the nano-
particles, the adsorption energy and thus the interfacial

properties can be modulated and controlled.'**°
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Nanoparticle assembly and thus interfacial properties can be
fine-tuned by controlling the pH,”’~*” electric and magnetic
fields,*°~*? or combinations thereof.**> Previous reports have
emphasized the effect of charge screening on particle assembly
in the presence of electrolytes. Adding ions to the medium
screens surface charges, which suppresses particle—particle
repulsion and improves the packing density of the particles at
the interface.”™” For instance, the assembly of silica NPs
functionalized with carboxylic acid groups varies with NaCl
concentration. The equilibrium interfacial tension (IFT)
decreased from approximately 29 mN/m in the ion-free
suspension to 20 mN/m with 500 mM NaCl. With increasing
ion concentration, the interface transformed from liquid-like to
solid-like due to the dense packing of NPs at the interface.*®
However, there is a trade-off since the presence of ions and the
associated screening of the surface charges decrease the
colloidal stability of the suspension.””~*’

We previously reported the assembly of positively charged
silica NPs at oil—water interfaces modified by two silanes but
did not provide detailed information on their surface chemistry
or colloidal behavior. In addition, we did not compare the
double silane-functionalized NPs to those synthesized by either
silane.' In this paper, we use a number of analytical
techniques, including atomic force microscopy (AFM) and
transmission electron microscopy (TEM) to characterize in
detail the surface chemistry and morphology of the double
silane-functionalized NPs and contrast to those functionalized
by either one. We also show that the double silane-
functionalized NPs exhibit enhanced colloidal stability,
especially in the presence of various electrolytes. Using the
colloidally stable silica NPs, we study the assembly mechanism
at oil—water interfaces using static- and time-dependent
measurements, including in operando ultrasmall-/small-angle
X-ray scattering (USAXS/SAXS).'®"” We finally relate the
mechanistic information to the interfacial mechanical proper-
ties in tension as well as in shear. We find that when the
particles are dispersed in brine, the assembly becomes solid-
like with a behavior similar to an elastic film. The fundamental
insights provided by this study can serve as a base for
understanding the surface and interfacial properties of NPs in
general and silica in particular. Furthermore, this strategy can
be exploited to improve colloidal stability under harsh
environmental conditions (both salinity and temperature) as
well as fine-tune their assembly at oil—water interfaces to
control the properties of the resulting Pickering emulsions.

B EXPERIMENTAL SECTION

Materials. Colloidal silica NPs (LUDOX, 30 wt % in water) with
an average diameter of 12 nm, hydrochloric acid (37 wt %), N1-(3-
trimethoxysilylpropyl) diethylenetriamine (TMPA), sodium chloride
(NaCl), calcium chloride dihydrate (CaCl,-2H,0), magnesium
chloride hexahydrate (MgCl-6H,0), sodium sulfate (Na,SO,),
sodium bicarbonate (NaHCO;), hexadecane, and stearic acid were
all purchased from Sigma-Aldrich and used without further
purification. N-trimethoxysilylpropyl-N,N,N-trimethylammonium
chloride (TMAC), 50% in methanol, was obtained from Gelest.
Crude oil (density 0.82 g/mL and viscosity 6.1 mPa-s) was obtained
from the Cornell Energy Systems Institute. The composition of the
crude oil determined by SARA analysis (saturates, aromatics, resins,
and asphaltene) is 33.1% saturates, 47.3% aromatics, 8.7% resins
(polar I), and 10.9% asphaltenes (polar II). The complex brine is
made by dissolving the appropriate amount of salt to make a final
solution composed of 701 mM NaCl, 22 mM CaCl,, 185 mM MgCl,,
44 mM Na,SO,, and 1.6 mM NaHCOj;. In some experiments, model

oil was used, which is prepared by dissolving 10 mM stearic acid in
hexadecane.

Surface Functionalization of the Silica NPs. As we reported
previously, the SiO, NPs were surface-modified using a 1:1 mixture of
TMPA and TMAC. Briefly, in 30 mL of deionized water (DIW), 3 g
of TMAC and 1.5 g of TMPA (pH 10) were mixed by stirring
vigorously at room temperature for 30 min. In parallel, 9 g of silica
NPs was ultrasonicated for 30 min at 30% amplitude in an ice bath to
minimize heating of the suspension. After that, the particles were
added to 150 mL of DI water in a 200 mL round-bottom flask and
sonicated for an additional 1 h. The TMAC and TMPA mixture was
then added dropwise to the silica suspension while being sonicated.
The color of the suspension immediately changed from clear to white.
After that, the reaction mixture was transferred to an oil bath and kept
stirring at 70 °C overnight. The pH of the reaction was 9.5 and
remained unchanged throughout the synthesis. The product (referred
to as S;,) was collected and dialyzed against water for 7 days. The
water in the dialysis apparatus was changed twice a day and the pH
was kept at 4—5 by adding aliquots of 0.1 M HCl or 0.1 M NaOH."’
Synthesis of single-functionalized silica NPs was carried out using a
similar procedure except that either 6 g of TMAC or 3 g of TMPA
was added to 9 g of LUDOX particles to synthesize the S, or S,
suspension, respectively. The pH of the synthesis of S; was 7.5 while
that of S, was 10.5.

Methods. Transmission electron microscopy (TEM) was also
used to investigate the morphology and size of the particles. The
imaging was conducted using an LaB6 electron source at 120 kV and
a Gatan Orius S1000 CCD camera on an FEI-Tecnai 12 BioTwin
TEM from FEI Co. Hillsboro, OR. Prior to imaging, 1 wt %
suspension of the particles in water was cast on a carbon-coated
copper grid. The particle size distribution was then analyzed by using
Image].

Surface functionalization of the particles was confirmed by X-ray
photoelectron spectroscopy (XPS) (ScientaOmicron ESCA 2SR
XPS). The instrument was equipped with an Al Ka 1486.7 eV
monochromator that operated at a pressure of 10™° Torr. The sample,
in powder form, was deposited on copper tape. Surveys were collected
at 200 eV pass energy, and high-resolution scans were collected at 50
eV. All of the binding energies were referenced to the C s core level
region.

{-potential was determined using a Zetasizer (ZS90, Malvern
Instruments) at 25 °C and a backscattering detection angle of 173°. 1
wt % suspension of silica and 10 vol % of oil-in-water emulsions in
Malvern polycarbonate folded capillary cells (DTS1070) were used.
The emulsion was prepared using a Fisher Scientific QS00
ultrasonicator at 10% amplitude for 10 min while the pH of the
aqueous phase was adjusted to 7 using 0.1 M NaOH. For the
measurements of the {-potential in brine, a Malvern Universal Dip
Cell (ZEN 1002) was used with the suspension in a cuvette (PCS
1115) to minimize corrosion to the electrodes because of the high
salinity brine. Different brine concentrations were prepared by
diluting the initial brine with DI water.

Colloidal stability was assessed using a STEP-Technology
LUMiSizer 651 (LUM, Gmbh, Germany). In this technique, the
suspension placed in 10 mm polyamide (PA) is centrifuged at an
acceleration of S00 X g and temperatures from 25 to 60 °C while
transmission at 410 nm is followed through a vial with time. Stability
was determined by monitoring the transmission profiles, and the
separation indices were calculated using SEPView software (LUM,
Gmbh, Germany). The separation index is evaluated from the
transmission of the system at a certain time (T) subtracted from the
first transmission profile (T;) and divided by the maximum
transmission through the vial. For stable suspensions, the transmission
remains constant with time (T; = T;) and the separation index is 0.
On the other hand, for suspensions where aggregation and
sedimentation do take place, the transmission decreases and the
separation index increases with time. A separation index of 1
corresponds to complete particle sedimentation.*”

To gain further insights on how the different particle suspensions
behave in various electrolytes, quartz crystal microbalance, QCM,
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Figure 1. TEM images of different NPs (top panels): S, (a), S, (b), and S,, (c). AFM images taken in a liquid cell in the presence of DI water

(bottom panels): S; (d), S, (e), and S, , (f).

experiments were conducted using a Qsense E1 (Biolin Scientific,
Sweden). A Au sensor (QSX 301, Biolin Scientific) was cleaned
according to the supplier’s protocol prior to each measurement.
Briefly, the sensor was UV-treated for 10 min. A S:1:1 mixture of DI
water, ammonia (25%), and hydrogen peroxide (30%) was heated to
75 °C and the sensor was placed in the solution for S min. The sensor
was then rinsed with DI water, followed by drying with nitrogen gas
and treated with UV again for 10 min. After that, 1 wt % of the
suspension was drop-cast on the sensor and allowed to dry overnight.
DI water was then injected at a flow rate of 0.3 mL/min to establish a
baseline. After that, the complex brine mixture was injected for 30 min
at 0.3 mL/min, followed by rinsing with DI water at the same flow
rate. To the first approximation, the mass of brine adsorbed on the
surface is related to the change of frequency according to the
Sauerbrey equation®

T (1)

where Am is the adsorbed mass,  is the overtone number (3rd in this
experiment), and C is the constant indicative of the device sensitivity,
which is 1.8 ng/cm?® for the crystal with a fundamental resonance
frequency of S MHz.

A spinning drop tensiometer (SDT, KRUSS) was used to
determine the interfacial tension, IFT, and dilatational modulus. An
oil droplet was released in a capillary tube with an inner diameter of
3.25 mm that was prefilled with water or a suspension of the NPs. The
shape of the droplet was fitted using the Young—Laplace equation,
and the IFT was determined using ADVANCE software (KRUSS).
When the IFT reached an equilibrium value, the oil droplet was
sinusoidally dilated using 1000 rpm amplitude and 0.1 Hz to
determine the dilatational modulus of the interfacial layer. The
variation of the surface area and IFT was recorded, and the following

equation was used to determine the complex dilatational mod-
44—46
ulus

E=a%
C oA 2)

where y is the interfacial tension and A is the surface area of the oil
droplet.

Interfacial rheology was measured with a Discovery Hybrid
Rheometer (DHR3, TA Instruments). A Couette cell geometry was
placed on the Peltier device and filled with approximately 18 mL of
the aqueous phase. Then, a diamond-shaped double-wall ring (DWR)
made of Pt—Ir was placed at the air—water interface by monitoring
the axial force drop. The DWR was then lowered by 500 ym to pin
the interface.”’ After that, 5 mL of oil was added carefully against the
wall of the Couette cell to avoid disturbing the interface and forming
air bubbles. Plexiglass was used to cover the setup to minimize airflow
during the experiment. The interface was allowed to equilibrate for 15
min. To determine the linear viscoelastic region, a dynamic strain
sweep at 1 Hz was conducted from 0.01 to 100% strain, followed by a
frequency sweep to measure the interfacial elastic, G', and viscous, G”,
moduli as a function of the frequency.

Operando ultrasmall-/small-angle X-ray (USAXS/SAXS) experi-
ments were performed at the advanced photon source (APS),
Argonne National Laboratory. As reported elsewhere,'®'” 50 puL of
the nanoparticle suspension was added to a glass vial with a diameter
of 5 mm, followed by injecting 50 yL of the oil. The X-ray flux is 10"
photon/mm?s and the energy of the incident X-ray beam is 21.0 keV
corresponding to a wavelength of 0.589 A. Bonse—Hart and Pilatus
100 K pinhole cameras (Dectris Ltd., Baden, Switzerland) were used
to collect the scattered USAXS and SAXS data, respectively. Nika and
Irena software were used to reduce the 2D data to 1D.***
Background scattering from the oil—brine or oil-DI water was
collected and subtracted from the scattering profiles in the presence of
the nanoparticles. Silver behenate was used to calibrate the sample-to-
detector distance and geometry. When the interfacial region was
detected, USAXS and SAXS measurements were collected for 60 min
to characterize the dynamics of the assembly. The wavevector,
denoted by Q, is calculated using the following equation

4 .
Q= 75m9 3)

where / is the radiation wavelength and 6 is the scattering angle.
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AFM experiments were performed using PeakForce Tapping mode
on a Multimode 8 (Nanoscope 6) in air and in liquid using a silicon
tip on a nitride cantilever (SCAN ASYST-AIR probe with spring
constant of 0.4 N/m for dry measurements and Peakforce-HIRS-F-A
probe with spring constant of 0.35 N/m for liquid measurements).
The Si wafers (p-type Si, single side polished, purchased from Pure
Wafer) were cleaned before use for 15 min in an ultrasonic bath (160
W) with water, acetone, and ethanol. For imaging in air, NPs were
deposited from 0.0S wt % aqueous dispersions onto silicon wafers by
drop casting. For the liquid AFM measurements, a 100 uL droplet of
the aqueous dispersions of the NPs was placed on the silicon wafer
and allowed to dry. A droplet of DI water was placed on the sample
and on the tip and allowed to equilibrate for 20 min prior to the
measurements in the fluid cell. In some experiments, an oil droplet
was placed on top to completely cover the aqueous phase.

B RESULTS AND DISCUSSION

Materials Characterization. The SiO, NPs functionalized
with the mixture of silanes (referred to as S, ,) show a spherical
morphology with an average diameter of 15 + 3 nm (based on
the measurement from TEM and AFM) (Figure 1cf). The
grafted silane layer increases the average diameter of S, , by 3
nm compared to the core silica (the size of HS-30 colloidal
silica NPs was 12 + 3 nm). The organic content for S, , as
determined by TGA is 10 wt %. Using a 1:1 ratio of grafted
silanes (see XPS analysis below), the organic content
corresponds to a surface coverage of 43% (based on S OH/
nm?).”’ Grafting of the silanes on the NPs was further
confirmed by XPS. The wide scan survey shows peaks at about
400 and 285 eV corresponding to N 1s and C 1Is, respectively.
Deconvolution of the high-resolution spectrum of the N 1s
core region reveals three types of nitrogen species present at
398, 401, and 402.5 eV, which correspond to the primary and
secondary amine and quaternary ammonium groups, respec-
tively. Quantification of the XPS spectra shows that the ratio of
the two silanes on §;, is 1:1."" Consistent with the XPS
analysis (the presence of quaternary ammonium groups and
primary and secondary amine groups that are protonated at pH
7), the particles show an average {-potential of +30 + 2 mV. In
contrast, the silica NPs before surface functionalization are
negitlively charged with a {-potential of =25 mV at neutral
pH.

For the S, silica (NPs functionalized with N-trimethox-
ysilylpropyl-N,N,N-trimethylammonium, TMA), the organic
content is 4.2%, which corresponds to a surface coverage of
22%. The size of S, particles determined by TEM and AFM as
described above is 15 + 2 nm (Figure la,d). The
corresponding values for S, (functionalized with N1-(3-
trimethoxysilylpropyl) diethylenetriamine (TMPA)) are size
15 + 4 nm (Figure 1b,e), organic content 6.7 wt %, and surface
coverage 24%. Both S; and S, are positively charged in DI
water with a {-potential in DI water similar to S, (+30 mV).

Atomic force microscopy was used to quantify changes in
the surface roughness due to silane grafting on the silica
surface. Under dry conditions, the average surface roughness
increased from 0.2 nm in the starting colloidal silica to 0.87 =+
03, 12 + 0.1, and 14 = 02 nm for S, S,, and S,
respectively. When the NPs are placed in DI water, their
roughness increases somewhat compared to that under dry
conditions. The small increase is most likely due to hydration
of the polar surface groups. The roughness for S, S, and S, , in
DI water is 0.9 + 0.3, 1.5 + 0.3, and 1.7 + 0.4 nm. That is the
roughness increases in the order S; < S, < S, ,, regardless of

whether the particles are dry or in DI water. These data are

summarized in Table 1.

Table 1. Summary of Surface Properties of the Different NP
Systems

organic grafting -
NPs content efficiency roughness roughness  potential
system (wt %) (%) dry (nm) in DI (nm)  (mV)
M 4.2 22 0.87 +£ 0.3 09+ 03 30 £2
S, 6.7 24 12+01 1.5+03 31+3
Sia 10 43 14402 17+04 30+2

Colloidal Stability of the Suspension. One of the
challenges of using NPs in practical applications is their
colloidal stability, especially in high salinity and high charge
electrolytes. With increasing ion concentration, the surface
charge on the particles is screened resulting in aggregation and
sedimentation.'””"*” In the following section, we focus on the
stability of NPs in a complex brine containing a mixture of salts
(701, 22, 185, 44, and 1.6 mM NaCl, CaCl,, MgCl, Na,SO,,
and NaHCO;, respectively) and different temperatures (up to
60 °C) under accelerated test conditions. We start with
suspensions of S, (1 wt %) subjected to 500 X g at different
temperatures for 500 s. We quantify the stability by the
separation indices at different temperatures, calculated from
the transmission profiles (Figure 2a). Recall that the separation
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Figure 2. (a) Separation indices for 1 wt % suspension in brine of S, ,
NPs modified with the mixture of two silanes at 25 °C (blue), 40 °C
(orange), and 60 °C (red). (b) Separation indices for the different NP
systems in brine (black: unmodified NPs, green: S;, blue: S, and red:
S,,) indicating the stability of the double-functionalized system in
comparison to the single-functionalized particles and the unmodified
silica NPs.

index for a stable suspension is 0. On the other hand, a
separation index of 1 corresponds to complete particle
separation and sedimentation. The separation index for §,,
at 25 °C is basically zero. At 60 °C, the separation index
gradually increases to 0.1 (10%) in the first 70 s and then
remains unchanged. For comparison, when the unmodified
silica NPs were suspended in brine, the particles aggregated
immediately even at room temperature (Figure 2b). The
transmission of the suspension increased quickly, and the
separation index reached 1 in about 50 s. It is also worth

https://doi.org/10.1021/acs.chemmater.3c01871
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01871?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

p

ubs.acs.org/cm

(a)

(b)

25
\o. oo 0 - ;—o——o—“—-o-ooo—o-ooo—o——o-—o-—o—-é
20 ® % o0cececeee o o o o 1: !
e NPsinDIW -2 e NPsinDIW
z 15 = NPs in Brine ?. = NPs in Brine
2 L] < -4+ ")
3 £ :
- 10 - ~ v
£ = -6+ [
£ n
54 \\
-8 4 \
\
| |
0 v
T T T T T T T T T T T T T -10 T T T T T T T T T T
01 2 3 4 5 6 7 8 9 10 11 12 13 2 3 4 5 6 7 8 9 10 11 12 13
Time (min) Time (min)

Figure 3. (a) Dynamic interfacial tension of oil—water when 1 wt % NP suspension in brine (black) and DI water (red) was used. (b) Natural log
fit of the dynamic data with the dashed lines representing a linear fit of the selected portions.

mentioning that, when the S;, suspension was stored in brine
for 3 months, the separation profile was similar to the fresh
sample, suggesting an excellent shelf life of the suspension.

We further compare the colloidal stability of S, to
suspensions of particles functionalized with either one of the
silanes (S; and S,). As shown in Figure 2b, S is the least stable,
with complete separation after 150 s. On the other hand, S,
shows a separation index of about 0.2 in 100 s and continues to
increase reaching a plateau of 0.35 in 300 s.

The stability of the particles grafted with different silanes
was correlated to salt adsorption using QCM (Figure Sla) and
{-potential measurements (Figure S1b). For the QCM
measurements, after deposition of the particles onto the quartz
crystal and placement of the sensor in DI water to establish a
stable baseline, a solution of the brine is injected for 30 min,
followed by rinsing with DI water. The amount of brine
adsorbed by the S,, particles calculated from the change in
frequency using eq 2 is 23 times lower compared to S;. In
addition, the adsorption is reversible, as the frequency
difference after the DI water rinse approaches zero. This is
contrasted with the slower return to the baseline for S,. The
behavior of the different NP systems to electrolyte adsorption
is in excellent agreement with both the {-potential and the
accelerated stability tests.

Figure S1b shows the zeta-potential for the different NPs at
various concentrations of brine. All NP systems (S;, S,, and
S,,) show the same {-potential in DI water (approximately
+30 mV). However, when suspended in a diluted brine (5700
ppm), the single-functionalized particles show a steep decrease
in {-potential. The {-potentials become +13 and +18 mV for
the S; and S, particles, respectively. In contrast, the {-potential
of the double-functionalized particles (S, ,) in the same brine
concentration is +25 mV. Increasing the salt concentration
results in similar trends, although the high salt concentration
(higher conductivity of the medium) introduces a larger error
and makes the {-potential measurements less reliable. Never-
theless, the effective charge screening of the S; and S, particles
significantly affects their colloidal stability significantly. In
contrast, the charge of S;, does not seem to be screened as
effectively resulting in higher stability even in a high ionic
strength brine.

Recall that S, is functionalized with a silane terminated in a
permanently charged ammonium group, while S, is function-
alized with a silane bearing both primary and secondary amine
groups that are protonated at neutral pH. On the other hand,
S,, contains a 1:1 ratio of both silanes. Furthermore, the
coverage with the silane molecules increases in the order §; <
S, < §y,. The increased coverage of S, and the presence of
both silanes resulting in a random, disordered structure, forces
the silane molecules to adopt a more extended configuration
(recall the grafted layer of S, , and the surface roughness is the
highest). We believe this extended arrangement of the silanes
and rougher surface structure results in different water
structures around the particles, which, in turn, influences the
ability of ions to interact. The reduced number of ions
adsorbed and the reversible nature of the interaction signify a
reduced interaction, which results in less effective charge
screening and, thus, higher colloidal stability. In addition, it has
been reported that increasing the chemical heterogeneity and/
or surface roughness (i.e., by using two different silanes on the
surface of the particle) contributes to higher colloidal stability
under high salinity conditions. Specifically, the surface
roughness becomes a contributing factor to the stability of
colloids, when the Debye length becomes smaller than the
surface roughness.””**

Interfacial Assembly. Next, we turn our attention to the
NP assembly at the oil—water interface. In this section, we
study both the interfacial structure as well as the dynamics of
the process and relate to the resulting interfacial properties.
Since S, , shows better colloidal stability than either S; or S,;
henceforth, we focus on §;,. We use crude oil and, in some
cases, model oil as substrates for interfacial studies. Both of
these systems bear permanent negative surface charges in water
at neutral pH ({,’-potential = =52 + 3 mV and —-34 =+ 5,
respectively) due to the presence of deprotonated carboxylic
acid groups.”**"*> These permanent charges differ from the
charges developed at a neat hydrocarbon—water interface,
which are due to the adsorption of hydroxyl groups on the
hydrocarbon surface from water.*">

The interfacial tension, IFT, as a function of time for crude
oil in a 1 wt % suspension of S, , in DI water is shown in Figure
3a. First, there is a fast drop in IFT to about 25 mN/m (the
IFT is 32 mN/m when no NPs are present) followed by a slow
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decrease. The IFT reaches 20 mN/m after 13 min. In contrast,
when a 1 wt % suspension of the S, , particles in brine is used,
the IFT decreases fast initially followed by a slower decrease
and it reaches a plateau value of 2.1 mN/m (equilibrium IFT)
after ~10 min.

The particle assembly can be divided into three steps: (1)
diffusion of the particles to the interface, (2) reaction of the
positively charged particles with the negatively charged oil
surface, and (3) reorganization of the particles at the interface
to complete particle coverage. For a diffusion-controlled
process, a plot of IFT vs t'/> should be linear.”” Indeed, the
early stages of the IFT vs t'/* (ie., 0—200 s) are linear with
slopes of 0.15 and 0.64 mN/m.s"/? for particle suspensions in
DI water and brine, respectively. The particle diffusion rate
constant is somewhat faster in brine than in DI water
consistent with faster diffusion when ions are present and
the particle surface charges are screened.”®”**

The IFT as a function of time, ¢, can also be fitted to a first-
order model*”*’

In u = _kit

T h 4)

where ¥; 7, 7, and k; are the final IFT, the IFT at time ¢, the
initial IFT, and the rate constant, respectively. Figure 3b shows
the fit using the above equation. For suspensions in DI water,
the dynamic IFT is described by a single process with a rate
constant of 1.1 X 10™*s™". In contrast, the IFT for suspensions
in brine shows two distinct regimes with rate constants of 6.4
X 107 and 4.5 X 1072 s7', respectively. We attribute the first
rate constant to the particles reacting/decorating the interface,
while the second to subsequent particle reorganization to
complete the particle coverage at the interface. The rate
constant in brine is 60 times higher compared to DI water
consistent with the particle adsorption being faster in the
presence of electrolytes.”® We find that for suspensions in DI
water, there is no subsequent step to complete the particle
coverage at the interface probably due to the higher
interparticle repulsion in DI water that prevents the particles
from forming a dense monolayer.”® We also find that the
reorganization step to complete the coverage is 7 times faster
than that of particles reacting with the oil surface.

The adsorption energy and surface coverage of the different
systems can be estimated from dynamic interfacial tension
experiments. For the suspension in brine, the surface coverage
reaches the theoretical value of a hexagonal close-packed
assembly (0.91) in 13 min. The corresponding value for the
NPs in DI water after the same amount of time was 0.6.
Moreover, the adsorption energy is approximately 2400 and
1000 K, T for the particles in brine and DI water, respectively.
The calculated values are in agreement with the expected
adsorption energy of a particle with a diameter of 15 nm and a
three-phase contact angle of 70°, where the attachment energy
is in the order of 10> K, T.%

The analysis of the IFT is corroborated with USAXSS/SAXS
measurements. Figure 4a,b shows the scattering profiles of the
oil—water interface for 1 wt % suspensions of NPs in brine or
DI water. The scattering profiles are consistent with the
assembly of spherical NPs at the interface.'® While both
systems show that NPs are present at the interface, the
difference in behavior becomes apparent when we compare the
time dependence of assembly. As shown in Figure 4a, the
scattering intensity in the USAXS region (low Q region) for
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Figure 4. USAXS/SAXS measurements for the assembly of silica
particles at the oil—water interface: (a) NPs in brine, (b) NPs in DI
water, and (c) evolution of the power law slope for NPs in DI water
(red circles) and NPs in brine (black squares).

the particles in brine increases with time and stabilizes after
about 10 min. In contrast, for the particles in DI water, the
assembly shows no time dependence (Figure 4b). These
results are consistent with the IFT behavior described earlier.
Recall that the IFT of the particles in DI water is virtually
unchanged with time but keeps decreasing with time for
suspensions in brine. The morphology of the assembled
particles is further characterized by calculating the power law
slope in the USAXS region (Q < § X 10™* A™"). Figure 4c
shows that the power law slope for NPs in brine increases
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Figure 5. (a) Comparison of the interfacial dilatational modulus for 1 wt % particle suspension in brine (black bars) and in DI water (red bars) for
crude oil and model oil. (b) Interfacial storage (filled symbols) and loss modulus (open symbols) as a function of frequency for crude oil—water
when 1 wt % NP suspension in brine (black) and DI water (red) are used. (c) Similar but as a function of strain at 1 Hz. The inset in panel (c) is an
expanded plot that shows the presence of one (NPs in DI water) and two (NPs in brine) relaxation peaks.

quickly, reaching a value of 3 after about 10 min. This behavior
agrees well with the IFT experiments (Figure 3a), where the
IFT reaches an equilibrium value in ~10 min. For comparison,
the power slope of the particles in DI water remains constant
with time with a value of ~1, indicative of an interface where
particles form a very open structure (what we might refer to as
a mass fractal in 3D)."” For the particles in brine, the slope
starts at 1 similar to that in DI water, but it increases quickly
before it plateaus to a value of 3 after about 10 min. The latter
slope is consistent with particles in a dense assembly (the
analogue in 3D of a smooth, dense structure).

In the next section, we focus on the mechanical properties of
the interface in the presence of NPs. We start with
measurements of the dilatational modulus, followed by
experiments in shear. As shown in Figure Sa, the dilatational
modulus of the crude oil-water interface for 1 wt %
suspensions in DI water is 65 mN/m. The dilatational
modulus for the same particle suspension in brine reached
450 mN/m. This large increase in modulus can be reached
even at a much lower concentration of particles in brine (0.25
wt %). In contrast, the interfacial modulus for a pure
hydrocarbon (hexadecane) in 1 wt % suspension of particles
either in water or brine is much lower (11 + 2 and 15 + 3
mN/m) underlying the importance of having complementary
permanent charges at the interface. Recall that hexadecane has
a {-potential of approximately —30 mV in DI water due to the
adsorption of OH groups on the surface but not permanent
charges.”” The presence of permanent charges is further
confirmed by adding 10 mM stearic acid to hexadecane (model
oil), where the dilatational modulus increases from 15 + 3 to
about 180 + 30 mN/m when a suspension of nanoparticles is
used in brine and from 11 + 2 to 28 + 2 mN/m when the
suspension is in DI water.

The interfacial behavior above is consistent with the
experiments in shear. When the NPs are in brine, the storage
modulus is nearly independent of frequency, suggesting a solid-
like interface (Figure Sb). In addition, the interfacial storage
modulus in brine is ~7-fold higher compared to that in DI
water. Moreover, the interfacial tan (§), which is the ratio of
the loss modulus to the storage modulus, is the lowest for the
suspension of NPs in brine, consistent with its solid-like
character. The interfacial tan (§) is nearly 1 when NPs are not

present (i.e., oil—DI water).él’62 Finally, when NPs are present
at the interface, the crossover strain, where the storage and loss
moduli become equal in the strain sweep signifying the
transition from solid-like to liquid-like, is 10% in DI water but
50% in brine consistent with a less deformable interface for the
latter (Figure 5c).%

Looking closer, we see (Figure Sc) that the interfacial G'' for
the NPs in DI water exhibits a single peak at 4% strain. In
contrast, the G’ in brine shows two such peaks: one at about
1% and another at 16% strain. Based on ideas developed for
colloidal glasses®”®* and consistent with the dynamics of the
assembly as we discussed above, where the assembly in DI
water is characterized by one step but by two steps in brine, we
attribute the single peak of interfacial G'’ for the system in DI
water to the bond breaking between the particles and the oil
surface. In other words, the interface would dynamically be
distorted to a strain of 4% without altering the underlying
structure, but once that strain value is reached, it starts
deforming as the oil—particle bonds start breaking. On the
other hand, a strain of 1% is enough to start breaking first the
interparticle interactions creating a loosened particle layer, but
it takes a strain of 16% to break the bonds between the
particles and the oil, remove the particle assembly at the
interface, and return to a liquid-like behavior. As expected, for
a liquid-like behavior at that point, the loss modulus is higher
than the storage modulus.*®

The less deformable interface can be seen macroscopically
by observing the shape of oil droplets after spinning at 10 000
rpm and subsequently bringing back to rest (0 rpm) (Figure
S2). For the systems in the absence of NPs, the oil droplet
returned to its equilibrium spherical shape when it returned to
0 rpm. In contrast, when the NPs were present in the brine, the
oil droplets remained deformed in a nonequilibrium ellipsoidal
shape because of the higher modulus; that is, the interface is
jammed and becomes less deformable.

To sum it up, although particle assembly does take place
from suspensions in either DI water or brine, the interface
becomes solid-like and behaves like an elastic membrane as we
demonstrate below only in the case of the particle suspension
in brine. Videos 1,2 and Figure S3 in the SI show the reaction
to an AFM tip pushed against the oil—water interface. As can
be seen in the videos, the AFM tip can easily pierce through
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the interface when the NPs are suspended in DI water. In
contrast, when the NPs are suspended in brine, the AFM tip
encounters resistance similar to that of an elastic membrane
(solid but deformable), as evident from the presence of the
wrinkles formed during deformation of the interface. This
elastic, deformable oil—water interface translates into signifi-
cant changes in the stability of the emulsion. As shown in
Videos 3,4 in the SI, when two oil droplets are pushed against
each other, they coalesce when the NPs are suspended in DI
water but resist coalescence, when the NPs are suspended in
brine. A clear deformation of the droplets can be seen for the
latter, but no coalescence occurs.

B CONCLUSIONS

The colloidal stability of silica NPs functionalized simulta-
neously with two different silanes and their assembly at oil—
water interfaces was studied under various environments.
Using accelerated tests, we demonstrate that the particles were
stable in high salinity brine and high temperature for extended
periods of time, even when subjected to accelerated separation
conditions. In contrast, the colloidal stability of the particles
functionalized with either silane under identical conditions was
much lower. The difference in colloidal stability was related to
the amount and roughness of the grafted silane layers, which
influence the ability of ions to interact with the NPs and screen
their surface charge. Using the colloidally stable silica NPs, we
studied the assembly mechanism at oil—water interfaces using
static- and time-dependent measurements, including in
operando ultrasmall-/small-angle X-ray scattering (USAXS/
SAXS). We find that the process in DI water is characterized
by a single step, while that in brine is made up of an additional
step that leads to a denser, smoother NP layer assembled at the
interface. This second step in the assembly is critical to the
interface becoming solid-like, as illustrated by measurements of
the interfacial dilatational and shear moduli as well as looking
at its macroscopic behavior.
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