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ABSTRACT

Janus nanoparticles have applications in many fields. Particularly, the oil industry is interested
in applying them for enhanced oil recovery. Within this context, there is a need to understand
the influence of the factors involved in the formulation of crude oil type emulsions over their
properties and rheological behavior. In this contribution, spherical SiO2 Janus nanoparticles of
two different sizes were synthesized and used as surfactants for the formulation of aqueous
emulsions with two model oils: namely, squalane and vacuum gas oil. Factorial experiments
were designed and made to analyze the effects of the particle size of the Janus nanoparticles,
the water content, the emulsification energy, and of the second and third order interactions
between these variables over the droplet size distributions, polydispersity, and rheological
profiles of the emulsions. On the one hand, it was found that the used Janus nanoparticles
produced either water in oil (for vacuum gas oil) or oil in water (for squalane) depending on
the chemistry of the oil phase. On the other hand, it was demonstrated that non-additive factors
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play an important role over the properties of the emulsions; especially in the case of the water

in oil ones. These effects also implied non-additive correlations between the droplet size

distributions of the emulsions and their rheological behavior. Therefore, this work
demonstrates that simpler linear relationships do not suffice for finding the best conditions for
formulating crude oil type emulsions aimed for applications such as enhanced oil recovery.

KEYWORDS: SiO; based Janus nanoparticles, enhanced oil recovery, formulation of

emulsions, non-additive effects, rheology.
1. INTRODUCTION

Emulsions have applications in drug delivery,® cosmetics,? food,®> petroleum industry*,
etcetera.> An emulsion is a heterogeneous system that consists of at least one immiscible liquid;
the dispersed phase, forming droplets in another; the continuum phase. Typical emulsions are
classified as oil-in-water (O/W), when water is the continuum phase, and as water-in-oil (W/O),
in the opposite case. The size of the droplets of the dispersed phase is another criterium to classify
emulsions. Therefore, microemulsions are said to be made of droplets whose sizes are between 5
and 100 nm, while macroemulsions are made of droplets of larger sizes. Micro- and
macroemulsions also differ in terms of their stability;® namely, the former are thermodynamically
stable, whereas the latter are thermodynamically unstable and require a considerable input of
kinetic energy for their formation.’

The use of additives for achieving stability for macroemulsions is common practice.®*° The
additives are typically molecules, called surfactants, with an amphiphilic behavior, i.e., their
structure has both lipophilic and hydrophilic segments, which facilitate their interaction with both
phases of the emulsion. Surfactants tend to segregate into the liquid-liquid interface hence

decreasing the interfacial surface tension of the system.!! The phase in which the surfactant is most



soluble ends up being the continuous phase of the emulsion.® Hence, the combination of a specific
surfactant with a given solvent favors the formation of a specific kind of emulsion (W/O or O/W).
Surfactants can also slow down the processes that lead to the breaking of a macroemulsion. For
example, surfactants may decrease the rate of coalescence of the dispersed phase by creating
mechanical, steric, or electrostatic barriers around its droplets.?

The use of solid surfactants based on micro- and nanoparticles has been intensively
investigated. The stabilization of emulsions by solids acting as surfactants was discovered by
Ramsden®® and popularized by Pickering.}* Many particles must be superficially modified to
provide them with an amphiphilic character if they are aimed to be used as surfactants.® For this
purpose, coating agents, i.e., molecules (organic or inorganic) and even smaller particles are
adsorbed onto the material to modify its surface physicochemical properties. This process is
commonly called functionalization.*® Without suitable functionalization, nanomaterials often tend
to agglomerate once suspended in a liquid.*"®

A conventional functionalization process consists of suspending the solid in a solution
containing the desired coating agent. The process must be carried out under conditions at which
chemisorption of the coating agent over the nanoparticles occurs.*® Anisotropically functionalized
nanomaterials act as Pickering emulsion stabilizers owing to their amphiphilicity.? In the
literature, amphiphilic materials might be of the “Janus” type when they are provided with two
functionalities on their surface as of making allusion to the two-faced Roman god.*°

Janus nanomaterials have been proposed for applications in biology,?* the production of
nanomotors,?? catalysis,?® bioimaging,? drug delivery?®?%, and in the oil industry.??” For the
latter, Janus nanomaterials are thought to have potential applications in the exploration, drilling,

corrosion control, oil-well cementing, enhanced oil recovery, wastewater treatment, and



desulfurization of crude oils.#?123-2527.28 |n the specific case of their application to enhanced oil
recovery, an emulsion of Janus nanoparticles must be formulated and injected into the given oil
well. Nevertheless, some characteristics of the emulsions such as different nature (W/O or O/W)
or the droplet size distribution might impact their performance regardless of the application.
Particularly, the properties of macroemulsions strongly depend on the synthesis conditions due to
their thermodynamic instability.?®
There is evidence on the effect of some formulation parameters over the droplet size
distribution of macroemulsions; namely, the types of soluble surfactant and oil, the water to oil
ratio, the surfactant concentration, the mechanical mixing conditions, the temperature, and, in the
case of emulsions from the oil industry, the concentration of brine. Salager et al.*>° studied how the
water to oil ratio influences the droplet size distributions of emulsions formulated with a
hydrocarbon distillation cut of low viscosity and a heavy crude oil. The authors found that this
input variable has a volcano type effect over the average droplet size of the emulsions. Other
authors®-32 found similar effects for emulsions formulated with bitumen. These studies were made
for emulsions formulated with soluble surfactants. Regarding Pickering emulsions, there are
reports considering the individual effects of solid particle content, particle size,* and oil/water
volume fraction® over the characteristics of emulsions. However, there are very few studies
analyzing the possible non-additivity; i.e. interactions, of the effects of the factors involved in the
formulation of Pickering emulsions. In this sense, Pey et al.?® showed that non-additive effects
between the factors involved in the formulation of oil, liquid paraffin, in water nano-emulsions
play a significant role over their droplet size distribution.
Considering the above, this contribution studies the properties of macroemulsions

formulated with SiO2 Janus nanoparticles, water, and two oil phases relevant for applications in



the oil industry; namely, squalane and vacuum gas oil. The methodology of the research comprised
the synthesis of SiO2 nanoparticles of two different sizes, their further functionalization with a
hydrophobic organic coating agent, namely, 3-aminopropyl trimethoxysilane (APTES), following
the conventional functionalization pathway and the Pickering emulsion-based method to produced
Janus nanoparticles, and further use as surfactant during the formulation of the macroemulsions.
Factorial experiments were designed and executed for formulating the emulsions considering the
following input variables: the nature of the oil phase of the emulsion: the diameter of the
functionalized solid used as surfactant, the volumetric water percentage, and the applied
emulsification energy. The influence of these variables and their interactions over the nature,
droplet size distribution, and rheological profile of the produced emulsions was assessed.

Materials and methods

Reactants. Milli-Q water (18MQ-cm at 25°C), tetraethyl orthosilicate (TEOS) 99% wt, 25%
ammonium hydroxide, ethanol, 99.5% wt, cetyltrimethylammonium bromide (CTAB) 98% wt, 3-
aminopropyl trimethoxysilane (APTES) 98% wt, dichloromethane 99.9% wt, n-heptane 99% wt,
squalane 99% wt, sulfuric acid 97%, potassium nitrate 99%, paraffin wax (51-53°C and p = 0.9
g/mL) and squalane 98% were all supplied by Merck and used without further purification. A

sample of a refined vacuum gas oil (VGO) was gently provided by Ecopetrol (Colombia).

Synthesis of SiO2 nanoparticles. A modification of the method proposed by Stober et al.’
was used to produce SiO2 nanoparticles of two different sizes. Briefly, 200 mL of an aqueous
solution containing ethanol (11.80 M) and ammonium hydroxide (0.3M) was prepared and heated
at 50°C or 60°C, depending on the desired diameter of the nanoparticles. After the desired
temperature was reached, 65 mL of TEOS were added dropwise. The obtained suspension was

kept at the same temperature for 1 h. Then, the SiO2 nanoparticles were separated from the liquid



by centrifugation and washed with water and ethanol twice before drying them at 60°C and 175
mbar for 12 h. The functionalized nanoparticles were suspended in deionized water under ambient
conditions. Finally, the nanoparticles were lyophilized for 24 h to remove water (model 79340-
022, Labconco equipment). The recovered powder was branded as SiO.-d,. Where, dp is the

average diameter of the produced nanoparticles.

Functionalization of the SiO2 nanoparticles. Two different functionalization protocols were
applied. The Pickering method was used to promote anisotropic functionalization.®® The obtained
SiO2 nanoparticles (400 mg) were well-dispersed in 60 mL of ethanol/water (6.7% w/w) by using
a magnetic stirrer. To facilitate the adsorption of the nanoparticles into the oil-water interphase, an
adequate amount of CTAB was added to the suspension to obtain a 1.8 mM concentration of the
surfactant (this concentration was higher than the critical micellar concentration),® and the
obtained suspension was heated to 65°C. Finally, ~1.0000 g of solid wax was added to the
suspension. After the wax melted, the resulting suspension was kept at the same temperature for
10 min, and then it was shaken in a dispersing instrument (IKA T-25, Ultra Turrax Digital High-
Speed Homogenizer (Cole-Parmer®)) at 12000 rpm for 3 min. Then, the system was cooled down
under magnetic agitation to room temperature to solidify the wax while producing well-dispersed
droplets of paraffin. The functionalization of the unprotected surface of the silica particles was
then achieved by mixing the emulsion with an equal volume of an ethanol/water solution
containing ammonium hydroxide (7% v/v) and APTES as in agreement with the method presented
by Perro et al.** The reaction system was kept in agitation at 750 rpm for 12 h. After that time, the
solid was separated from the liquid by centrifugation and washed with ethanol to remove
physically adsorbed APTES and any other residua. Then, the solid was washed thrice with

dichloromethane to remove the residual paraffin from its surface. As a reference, conventional



isotropic functionalization of SiO2 was performed following the same conditions mentioned above,
but without using CTAB and paraffin wax. The functionalized materials are denoted from here as
SiOz-dp@Anisotr and SiO.-dp@Ilsotr as in regards to the anisotropic and isotropic

functionalization, respectively.

Particles characterization. The morphology of the SiO> nanoparticles was studied by
scanning electronic microscopy (SEM) using an FEI Quanta 650 FEG instrument operated at an
electron voltage of 10.00 kV. Previous to the measurements, the samples were dispersed in ethanol,
and some drops were added into a carbon-based tape. The images were analyzed with the ImageJ2

software*! using the individual diameter of at least 250 particles.

Particles surface area and porosity. N> adsorption—desorption isotherms at 77 K were
measured in a 3FLEX Micromeritics apparatus. The analysis was performed on the SiO> materials
before their functionalization. In general, 0.15-0.25 g of sample were outgassed overnight at 373
K for 12 h under a vacuum pressure of 15 Pa before running the analyses. The relative pressure
(P/Po) range of the measurements was comprised between 0.01—0.99 with 59 points being collected
to complete the isotherms. The BET specific surface area (SSger)*? of the materials was computed
by using data within the linear range of relative pressures between 0.04 and 0.24 according to
IUPAC recommendations.*

Assessment of the surface chemistry of the materials. The functional groups present in the
nanoparticles were identified by their infrared (IR) signals using a Thermo Scientific™ Nicolet™
iST™M50 spectrometer working at 128 scans that were averaged at a 2 cm™ resolution within the
range 4000-400 cm™. The solids were diluted with KBr and then analyzed. To analyze the effect

of temperature on the IR signals, samples were put inside a vacuum chamber coupled to the



spectrometer, and they were heated from 50 up to 800 °C using a 10 °C min‘* heating ramp and 10

min of stabilization in the desired final temperature.

Thermogravimetric profiles. Thermogravimetric analysis (TGA) measurements were
performed with a Discovery series TGA, TA Instruments, interfaced to a computer and controlled
by the software TRIOS®. The analyses were performed under a 10 mL/min of nitrogen (99.999%)
starting at an initial temperature of 100°C, equilibration time of 10 min, followed by heating to

800°C at a rate of 5°C/min.

Hydrodynamic particle size and Z potential. The hydrodynamic diameter of the particles
was measured by dynamic light scattering (DLS) using a LiteSizer 500 instrument, Anton Paar,
working at an angle of 15° at (25.0 £ 0.1) °C. The instrument was coupled to a Metrohm automatic
titrator, provided with an 867-pH module and an 846 Dosing Interface, working at pH steps of 0.5.
The initial pH for these measurements was ca. 12, and the final was ca. 1. A pH-stabilization time
of 5 min per step was programmed to measure the Z potential as a function of pH. The runs were
performed on aqueous suspensions of the corresponding materials (0.15% w/w) using KNO3 as

background electrolyte. In all cases, the Kalliope™ software was used to control the instrument.

Hydrophobicity. The hydrophobic character of the materials was evaluated by static contact
angle measurements. For this purpose, five drops of aqueous suspensions of equal concentration
of all materials were deposited over glass slides and then heated up to 140°C until evaporating the
solvent. This process was repeated until the formation of a homogeneous layer of the material over
the surface, and then the measurement was done. A Drop Shape Analyzer DSA25E instrument
controlled by the ADVANCED® software, KRUSS, was used. The baseline was detected
automatically by the equipment. The measurements were made according to a Young-Laplace fit.*4

All measurements were done by triplicate for each material.



Formulation of emulsions. All materials were used as emulsion stabilizers using squalane or
vacuum gas oil as oil phase and water in glass test tubes. The selected particles were dispersed in
water using an ultrasonic bath (EImasonic E30H) working at a 37 kHz for 15 min before adding
the corresponding oil phase to the aqueous suspension. The obtained mixture was stirred at 300
rpm for 15 min, and finally, the pH was adjusted between 2 — 3 by using H.SO4. The emulsions
that were physically stable for more than one day were characterized as described next. A particular
experimental design was purposely planned and executed for analyzing the characteristics of the
emulsions made with the APTES anisotropic functionalized silica nanoparticles. Specifically, the
effects of key variables for the formulation of the emulsions; namely, the nature of the oil phase
of the emulsion: squalane or vacuum gas oil, the SiO> particle diameter (dp), the volumetric water
percentage (W% [vol.%]), and the applied emulsification energy (g), see Section S1.1 for details
on the calculation of €, and of their interactions on their droplet size distributions and rheology
were investigated. Therefore, two blocks of a complete 23 factorial design were planned and
executed. The two experimental blocks were water-squalane and water-vacuum gas oil. The levels
of the main variables were dp, = 58 and 88 nm -as from particle size distributions, see Results
section-, W% = 24.6 and 49.3%, and € = 4.0 and 13.0 GW/m? for the water-squalane emulsions
and 4.8 and 16 GW/m?® for the water-vacuum gas oil emulsions. The concentration of the
nanoparticles was 1.48 wt.% in all cases. The statistical analysis of the data was made adopting

techniques presented in experimental design textbooks*># and in previous works.*’
Characterization of the emulsions

Nature. The nature of the emulsions, W/O or O/W, was determined by measuring their
conductivity with a research-grade bench meter HI5522 (HANNA® instruments). Further

confirmation of these results was made by making drop dissolution tests. For this purpose, some



drops from the emulsions were added to 60 mL of water. If the drops dissolved, the emulsion was

classified as of the oil in water type and viceversa if the drops did not dissolve.

Droplets size distributions. Droplets size distributions were measured with the instruments
mentioned before using the DLS technique described previously. Measurements were made at 90°.
The Dgow, Dsos and D1o% diameters were used to calculate the polydispersity of the distributions

as shown in equation 1:

Dogoy—D .
p = 22 19% Equation 1.
D509,

Where, Dxy denotes the diameter in which X% of the particles have at most the mentioned
diameter. These analyses were repeated twice for each one of the formulated emulsions. For the
measurements, samples were prepared as previously mentioned for the SiO2 nanoparticles, but for
the vacuum gas oil-water emulsions, n-dodecane was used as dispersant instead. Moreover, a glass

cell was used in this instance.

Rheology of the formulated emulsions. Rheological measurements were carried out at 25 °C
with an instrument, Paar Physica MCR 301, provided with a cone and plate geometry, CP75-1;
cone angle = 0.0175 rad, gap width = 0.5 mm. Measurements were made by ramping up the shear
rate (g) from 0.01 to 1000 s in 50 steps. The stabilization time at each step was 15 s. Reference
tests were performed with water, squalane, and the vacuum gas oil and with a 1.48 wt.%

suspensions of the amphiphilic nanomaterials in the squalene or the vacuum gas oil.
2. Results and discussion

In this section, the results of the characterization of all materials, starting with the SiO;

nanoparticles produced with two different sizes are presented first. Then, the isotropic and
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anisotropic functionalization of the SiO2 nanoparticles to produce four different materials is
analyzed. Finally, the properties of the emulsions produced with the anisotropic functionalized

materials is discussed.

Characterization of the silica particles. Figure S1 shows SEM images of samples from the
silica particles synthesized at 50 and 60°C. The synthesized particles were spherical with very
uniform sizes. The means of the particle sizes were: 87.6 < pUggec[nm] < 88.6 and 57.4 <
Ueooc[nm] < 58.3, considering t-Student 99.0% confidence intervals with 265 and 302 degrees
of freedom, respectively. Figure S2 shows that these confidence intervals comply with statistical
principles since a normal distribution fits data adequately.*® The particles synthesized at 50°C were
ca. 34% larger than those synthesized at 60°C. DLS measurements shown in Figure S3 were in
line with the values obtained by SEM; namely, these measurements produced volume based mean
diameters of 60 £ 4 and 89 + 3nm for SiO,-58 and SiO,-88, respectively. Considering these results,
in what follows, both type of particles will be referred to by replacing dp in the designated SiO>-dp
nomenclature by the average particle size of each set of particles; namely, the particles synthesized

at 50°C will be named as SiO»-88, and those synthesized at 60°C will be named as SiO2-58.

Figure S4 shows the N2 adsorption isotherms for SiO2-58 and SiO,-88. According to the
IUPAC classification,*? these corresponded to a type Il isotherm typical of unrestricted monolayer-
multilayer adsorption on non-porous materials. Applying the BET model,* the estimated specific
surface areas, SSger, for Si02-88 and Si0O2-58 were 30.0 (Cger = 222.2) and 33.9 m?/g (Cger =
214.1), respectively. Therefore, taking SiO»-88 as a reference, the ~34.1% decrease in the average
particle size of SiO; led to ~13.3% increase in SSget. According to what is observed in the
isotherms, the surface area of these powders are due to their particle size and not to the

development of micro- or mesopores, also called internal porosity. Indeed, an estimation of the
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surface area, using the average particle sizes as measured by both SEM and DLS and considering
spherical particles with a density of 2.196 cm®/g,>? gave values of specific surface area which were
very close to those estimated by the BET model; SSsem ~31.1 and 47.1 m?/g and SSp.s ~30.7 and
45.5 m?/g for SiO,-88 and Si0,-58, respectively.

Analysis of the functionalized materials. Samples of SiO.-88 and SiO2-58 were
functionalized with APTES following the protocol mentioned in the experimental section. FTIR
spectra for samples of SiO»-88 and SiO2-58 and the correspondingly anisotropically functionalized
materials are shown in Figure S5. For the silica samples, the recorded peaks, Table S1,
corresponded to the vibrational modes of siloxanes, Si-O-Si, surface silanols, Si-OH, and Si-O-H
structures due to physisorbed water.>*>* Samples from SiO2-88@Anisotr and SiO2-58@Anisotr
showed two additional peaks around ~2916 and ~2860 cm™ due to the C-H stretching mode from
the hydrocarbon structure of the APTES molecule.>® The band for the N-H group from APTES,
expected at ~3400 cm™, was not observed most likely because of the masking of the broad band
attributable to O-H.%® To get further confirmation of the functionalization of the materials with
APTES, temperature-programmed FTIR spectra were recorded for a sample of SiO2-58@Anisotr.

Figure 2 summarizes these results.
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Figure 2. Evolution of the IR spectra from the C-H region of the sample SiO2-58@ Anisotr
over a temperature gradient. The corresponding temperatures were 80, 100, 120, 150, 180, 200,
215, 225, and 250°C.

The bands corresponding to the C-H bonds, i.e., those located at ~2916 and ~2860 cm™,
remained stable up to 215°C. Further disappearance of these bands at 225°C was ascribed to
desorption since APTES boils at 217°C at 1.0 atm.>?> The ensemble of the FTIR results
demonstrates that APTES was chemisorbed over the silica particles hence proving that the
functionalization of the silica nanoparticles was successful. Further proof of the functionalization
of the silica nanoparticles with APTES was provided by C-potential and static contact angle
measurements, Figure 3 and Table 1. The {—potential profiles of the SiO»-88 and SiO-58
materials as a function of pH were typical of the behavior of SiO2 in aqueous suspensions.>” At pH
values higher than 8.0, both materials showed a { = -52 mV. Decreasing the pH resulted in an
increase of £, and at pH values around 2.9 with both materials reaching their isoelectric point, IEP,
(¢ = 0 mV). The reported IEP for SiO; is around 3.0,%® which agrees with the results presented

herein.
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Concerning the functionalized materials, the samples from SiO2-88@Isotr and SiO2-58@ Isotr
shifted their isoelectric points from a pH of 2.7 to 7.8 as compared to the corresponding silica
nanoparticles, Table 1. Notice that the isoelectric point of the isotropically functionalized
materials did not change for the two different particle sizes of the silica nanoparticles. This is
coherent with a full coverage of the surface of the silica nanoparticles with APTES in both
instances. The shifts observed in the IEP of the materials can be attributed to the protonation of
the -NH. groups of APTES into -NH3*.%" For the anisotropically functionalized materials, SiO,-
88@Anisotr and SiO2-58@Anisotr, the isoelectric points were 4.6 and 5.5, respectively.
Therefore, their shifts in isoelectric points were lower than those for the isotropically modified
materials and, contrary to the latter, they changed with the size of the silica nanoparticles. Hence,
a shorter shift in isoelectric point was recorded for the larger silica nanoparticles. This suggests
that the coverage of the surface of the nanoparticles functionalized anisotropically with APTES
increased when decreasing the particle size of silica. Similar behavior has been reported by

Zenerino et al.*® for SiO2 Janus nanoparticles functionalized with APTES.
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Figure 3. Z potential profile over the pH of the different materials. The horizontal line denotes
¢ =0 mV, and the vertical lines represent some fixed pH values. All experiments were performed
by triplicate, and the showed values are the respective mean with the standard deviation.
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Static contact angle measurements between samples of the particles and of a drop of water in
an air atmosphere were done. The results are shown in Table 1 and some images are reported in
Figure S6. SiO2 materials were the most hydrophilic among the studied materials, contact angle ~
48°, while the functionalized materials became less hydrophilic, contact angle > 53°. The materials
functionalized by the isotropic method were the least hydrophilic, contact angle for SiO.-58@Isotr
and SiO,-88@Isotr ~ 55°. The observed increase of contact angle was somehow expected because
the carbon backbone of APTES replaces the surface -OH groups of the silica during
functionalization. On the other hand, the particle size of silica did not seem to significantly affect
the contact angle of the functionalized materials.

Thermogravimetric analysis has proven to be an adequate tool for assessing the quantity of
APTES chemisorbed on functionalized silica particles.®® Figure 4 shows the thermogravimetric
profiles for samples of Si0,-58, SiO.-58@Anisotr, and SiO,-58@Isotr.

Sample Particle diameter IEP Conta(it angle Y%oWarres APTES/OH
(nm) )
SiO,-58 58+4*, 604~ 2.7 47.9+0.3 0.0 N.A.
SiO2-58@Anisotr 62+3 5.7 53.0£0.5 55 0.9
SiO2-58@Isotr 63+3~ 7.8 55.8+0.3 9.8 1.6
SiO,-88 88+5*, 89+3~ 2.7 48.1+0.5 0.0 N.A.
SiO2-88@ Anisotr 9245 4.6 53.2+0.2 4.6 0.8
Si0O2-88@ Isotr 915~ 7.8 55.4+£0.3 95 1.7

Table 1. Samples properties obtained from several techniques. Particle diameter: Obtained
from a statistical analysis of the SEM micrographs* or by DLS*. Isoelectric point (IEP):
Determinate by zeta potential over a pH range Contact angle (°): measured by the static contact
angle between water and the corresponding nanomaterial in an air environment at 25°C. %
WarpTes: Determinate by TGA data through a mass balance represented in eq. 1. consideration.
APTES/OH: Experimental APTES/OH surface ratio calculated with TGA data and Zhuravlev®:
aoH value.
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The sample from SiO»-58 lost 5.02 wt.% during the test. The recorded profile and the weight
loss are typical for silica.®® The ~0.98 wt.% loss from 100 to 190°C was due to the desorption of
physisorbed water, while the weight loss from 190°C onwards is due to the dehydroxylation of
surface silanols. For the sample from SiO2-58@Anisotr, the wt.% loss due to desorption of water
was ~0.93 wt.%, approximately the same as compared to SiO»-58, while the wt.% loss at T >
190°C was higher hence being ascribed to the desorption of chemisorbed APTES. Considering
that APTES boils at 217°C, the wt.% losses after such a temperature can be associated with its
decomposition and further elimination from the material. In the literature, the desorption of
chemisorbed APTES over silica nanoparticles was observed between 200 and 750°C.6962
Assuming that the weight loss due to dehydroxylation was negligible as compared to the APTES
weight fraction, it was possible to estimate the weight percentage of chemically bonded APTES

for each material doing a material balance, equation 2:

%WapTeS = (M) x 100% Equation 2.

M3o00

Where, mr represents the residual weight of the sample at the T-th temperature of the TGA

analysis. Table 2 shows the values obtained for this parameter.
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Figure 4. Thermogravimetric profiles for SiO.-58 (continuum-black), SiO2-58@Anisotr (
dashed-red), and SiO2-58@Isotr (dashed-blue). Top inset: first derivates of the featured TGA
profiles.

According to Zhuravlev,5! the concentration of -OH superficial groups is indistinct of the type
of silica, with a value of aon ~ 5 groups nm=. A rough estimation of the surface concentration -
OH groups could be made taking into consideration the particles as perfect spheres (measuring
their surface area and total volume) with diameters of 88 and 58 nm, the Avogadro number, and
pSiO, = 2.65 g cm=. The values thus obtained were 2.1x10* and 3.2 x10* mol OH g* SiO, for
Si0,-88 and Si0,-58, respectively. Taking into consideration these values and the TGA results, an
estimation of the APTES/OH ratio was done. These values (shown in Table 1) evidenced the
differentiation in both kinds of particles when functionalized by the Pickering method or the

conventional one, and they were in the range for the theoretical APTES/OH ratio®® values from 0

to 3, forming mono-, bi-, and tridentate structures.®® Moreover, the particles functionalized by the
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Pickering method did not occupy all the available OH groups, which is in agreement with the DLS

and contact angle results.

To summarize, non-porous spherical silica nanoparticles of two well-differentiated sizes were
produced and functionalized with APTES by two methods; namely an isotropic and an anisotropic
method. Regardless of the size of the silica nanoparticles, the isotropic method produced
functionalized nanoparticles with a higher degree of functionalization which hence led to a higher
isoelectric point and a higher degree of hydrophobicity. The collected evidence allows to conclude
that the silica nanoparticles functionalized by the anisotropic method are Janus nanoparticles. In

what follows, the characteristics of emulsions formulated with these nanoparticles are investigated.

Formulation of emulsions using isotropically functionalized silica nanoparticles. Figure
S7 shows a photograph of a squalene-water emulsion formulated with SiO.-58@|sotr. In general,
the emulsion broke in 10 min upon its formation. This behavior was ascribed to the fact that the
functionalizing agent completely covered the surface of these silica nanoparticles. Therefore, they
would not interact with the water phase of the system which results in a rapid coalescence of the
droplets. Considering these results, isotropically functionalized nanoparticles were no longer

considered for analysis.

Formulation of emulsions using Janus silica nanoparticles. Figure 5 shows pictures of the
emulsions formulated with the Janus silica nanoparticles and with vacuum gas oil (orange) and
squalane (white). These emulsions were stable for more than 24 h. Their nature changed with the
type of oil phase. When the oil phase was squalane, the emulsions were of the oil in water type,
whereas the emulsions were of the water in oil type when the oil phase was the vacuum gas oil.
Proof of this conclusion was that the conductivity of the squalane/Janus silica/water emulsions was

between 3.3 — 4.5 uS cm, while the conductivity of the water/Janus silica/vacuum gas oil system
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was 0.1 — 0.3 uS cm™; i.e., the conductivity of the squalane/Janus silica/water emulsions
approached the value of conductivity of the oil phase while the conductivity of the water/Janus
silica/vacuum gas oil system approached the value of conductivity of water.5* Further proof of the
change in the nature of the formulated emulsions with the change in the used oil phase was
provided by the results of the drop dissolution tests shown in Figure S8. Therefore, the formulated
Janus silica nanoparticles produced both oil in water and water in oil emulsions depending on the
nature of the oil phase. Typically, oil in water emulsions are stabilized by hydrophilic particles and
viceversa; i.e. water in oil emulsions are stabilized by hydrophobic particles.’>% Therefore, the
formation of the squalane/Janus silica/water emulsions was expected while formation of the
water/Janus silica/vacuum gas oil emulsions was not. Next, a separate analysis of the

characteristics of these two types of emulsions is presented.

Figure 5. Photographs of vacuum gas oil-water (orange) and squalane-water (white) emulsions
formulated with SiO2-58@Anisotr (left side of the pictures) and SiO2-88@Anisotr (right side of
the pictures). The formed emulsions were stable for a period longer than 1 day upon their
formation.

Characteristics of the squalane/Janus silica/water emulsions. According to the measured
droplet size distributions, Figure S9 and Table S2, the emulsions produced with the Janus silica

nanoparticles had monomodal droplet size distributions and average droplet diameters ranging
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from ~0.45 um to ~1.60 pm.%® A statistical analysis of the effects of the factors involved in the
formulation of these emulsions over their average droplet diameters (Dso%) and over the
polydispersity of their droplet size distributions will now be made. The raw data for these two

metrics are reported in Tables S2 and S3, respectively.

Figures 6 and 7 present a series of statistical plots for analyzing the effect of the factors of the
designed 2° experiment over the square root of the Dsoy average droplet diameter of the
squalane/Janus silica/water emulsions. The square root transformation of the Dsoy raw data was
necessary to stabilize the variance of the residuals of the ANOVA model. This kind of
transformation is well explained in statistical textbooks.®”%® A scaling of the response variable
does not imply any wrongs during experimentation but helps making an adequate statistical
assessement of the effects of the factors investigated in the experiment.®® Figure 6 shows main
effects and interaction plots for detecting and cataloging the effects of the factors of the experiment
over the square root of the average droplet size of the formulated emulsions. Meanwhile, Figure
7 shows the corresponding analysis of variance table plus the analysis of the residuals of the
ANOVA model. The latter must observe a linear pattern for the normality test and random patterns
for the constant variance tests in order to warrant the reliability of the ANOVA.576870 The effects
of the factors involved in the experimental design were classified as positive when the response
variable increased with the increase of the corresponding main factor and as negative when the
response variable decreased with the increase in the corresponding main factor. Regarding the
interaction factors, these were classified as synergistic when the slopes of the curves plotted for
each level of the factor plotted as secondary (the levels of the factor plotted as primary are
represented in the x-axis of the plot) have the same sign. The denominations primary and secondary

serve merely as guidance for making interaction plots. Overall, we followed the principles stated
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by Wu & Hamada®’, Quinn and Keough,”® and Wagenmakers et al.”* for making the presented

plots and interpreting them.

According to the statistical analysis, the effects of the main factors of the experiments
followed the order, Figure 7: dp > &€ >> W%, where, both the effects of the average particle size
of the silica nanoparticles and the energy of emulsification were negative and statistically
significant at a 95% significance level. Meanwhile, the effect of the water percentage of the
emulsions was positive but not strong enough as to be considered statistically significant.
Considering these tendencies, one may conclude that the emulsions formulated with both the
largest silica nanoparticles and the highest emulsification energy had the smallest droplets
regardless of the water percentage. On the other hand, the effect of the second order interaction
factors followed the order: dpxe > W%xe >> W%xdp. According to the ANOVA test, the W%xdp
interaction was not statistically significant at the 95% confidence level. Therefore, only the
dpxe and W%xe interactions will be analysed further. In this regard, both the interaction plots for
the dpxe interaction, Figure 6, showed a synergistic behavior, meaning that the behavior of the
response variable always followed the same trend regardless of the levels set for these two input
variables. However, the statistical interpretation of this interaction is difficult because the plotted
curves did not cross hence being considered a borderline interaction, i.e., one that may or may not
be removed from the ANOVA model.”t In the case of the present data, this interaction
corresponded to the two main factors who had the stronger effects over the response variable.
Therefore, it is possible that the dpxe interaction is a consequence of the latter and not due to the
non-additivity of the effects of these two factors. Such a conclusion is supported by the fact that
the slope of the curves for both the low levels of d, and € approched zero for both the dpxe and the

exdp reciprocal plots, Figure 6. Further support for this interpretation is provided by the hierarchy
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principle in experimental design®” which states that lower-order effects are more likely to be
important than higher order effects.®” On the other hand, the plots for the W%Xxg interaction,
Figure 6, showed a cross, W%3xg —synergistic—, and two converging lines exW% —antagonistic—.
This kind of behavior indicates that the interaction between the water content of the emulsion and
the emulsification energy is not removable by a monotonic change of the measurement scale which
implies that this is a non-additive effect that must be considered when modeling the dependence
of the square root of the average droplet size over these two variables. Such a conclusion is further
supported by the ANOVA test which showed statistical significance at the 95% confidence level
for this factor, Figure 7. Finally, the statistical analysis of the data revealed that the triple
interaction of the input variables of the experiment can be ruled out since two, exW%xd, and
dpoxexW%, of the triple interaction plots, Figure 6, were almost parallel and the other one,
W%xdpX ¢, did not cross. Meanwhile, the ANOVA test showed that this factor did not surpass the

95% confidence limit for statistical significance, p-value ~ 0.5809.

To summarize, one may say the following about the above results: (i) the average diameter of
the silica nanoparticles and the emulsification energy had the strongest effects over the average
droplet size of the squalane/Janus silica/water emulsions. The effect consists of a decrease of the
average droplet size of the emulsions when increasing both the average diameter of the silica
nanoparticles and the energy applied during emulsification. This is in alignment with previous
reports in which the particles sizes and applied energy are inversely proportional to the droptlet
size.”7" (ii) There was no evidence indicating that the water content of the emulsions had an effect
over the average droplet size of the formulated emulsions. (iii) There was evidence of the existence
of non-additive effects between the water content and the emulsification energy and between the

average diameter of the silica nanoparticles and the emulsification energy.
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Figure 6. Plots for detecting the effects of the main factors, particle size of the silica
nanoparticles -dp-, water content, W%, and emulsification energy, &, of the interaction factors,
dpXW9%, dpxe, W%xe, and dpxW%xe of the 23 experiment over the square root of the average,
Dso%, droplet size of the squalane/Janus silica/water emulsions.

Analysis of Variance table

Factor Effects Type of effect SS %ContrtoSS| v MS Fratio | p-value | Sign*(95%)
W% 0.0406|Very weak, positive 0.00658 10325 1 0.0066 0.70 0.4255 No

d, -0.2159|Strong, negative 0.18649 29.2665 1 0.1865 19.98 0.0021 Yes

€ -0.1861|Strong, negative 0.13847 217317 1 0.1385 14.84 0.0049 Yes
W%xd, -0.0730|Weak, W¥%xd , = synergistic; d ,xW% = antagonistic 0.02131 33449 1 0.0213 2.28 0.1692 No
W%xe 0.1476|Strong, W%xe = synergistic; £ xW% = antagonistic 0.08714 136749 1 0.0871 9.34 0.0157 Yes
d,xe -0.1728Strong, d, x; = synergistic; ¢ xd,, = synergistic 0.11946, 187484 1 01195 1280 0.0072 Yes
Wo%x dpxg 0.0278|Very weak, synergistic 0.00309 0.4848| 1 0.0031 0.33 0.5809 No
Error 0.0747, 8 0.0093

Total 0.6372] 15
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Analysis of the residuals of the ANOVA model
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Figure 7. Analysis of variance for assessing the effects of the main factors, particle size of the
silica nanoparticles -dp-, water content, W%, and emulsification energy, €, of the interaction
factors, dpxW%, dpxe, W%xg, and dpxW%xe of the 2% experiment over the square root of the
average, Dso, droplet size of the squalane/Janus silica/water emulsions. *Sign = significance
level.

Polydispersity ranged between ~0.42 and ~0.91, which shows that the emulsions had a very
heterogeneous distribution of size populations. The individual detection of these populations may
have escaped detection by DLS.” Therefore, it should be admitted that the interpretation of the

present data has a rather qualitative value.

Figure 8 shows the ANOVA table and the corresponding residuals of the ANOVA model
used for the statistical assessment of the effects of the factors of the designed experiment over
polydispersity. Main effects and interaction plots are presented in Figure S10. In this case, the
only factor that showed a strong, positive, and statistically significant effect over polydispersity
was the water content of the emulsion. Therefore, none of the factors that modified the average

droplet size distribution of the emulsions had an effect over polydispersity.
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Analysis of Variance table

Factor Effects Type of effect SS %Contr to SS [} MS F p-value | Sign*(95%)
W% 0.1938 | Strong, positive 0.1502 48.9836 1 0.1502 14.75 0.0049 Yes
d, 0.0513 | Very weak, positive 0.0105 3.4273 1 0.0105 1.03 03394 No
€ -0.0738 | Very weak, negative 0.0218 7.0973 1 0.0218 2,14 0.1819 No
Wo%x dl 0.0513 | Weak, W%xd, = synergistic; d;xW% = antagonistic 0.0105 34273 1 1 0.0105 1.03 0.3394 No
Wo%xg -0.0488 | Weak, W%xg = synergistic; exW% = antagonistic 0.0095 31011 | 1 0.0095 0.93 0.3622 No
dyxe 0.0438 | Weak, d,xs = synergistic exd, = antagonistic 0.0077 24976 | 1 0.0077 0.75 04111 No
Wo%x dpx g -0.0612 | Very weak, synergistic 0.0150 48953 | 1 0.0150 1.47 0.2593 No
Error 0.0815 8 0.0102
Total 0.3065 15
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Figure 8. Plots for detecting the effects of the main factors, particle size of the silica
nanoparticles -dp-, water content, W%, and emulsification energy, &, of the interaction factors,
dpxW%, dpxe, W%xg, and dpxW%xg of the 22 experiment over the polydispersity of
squalane/Janus silica/water emulsions.

Rheological behavior of the squalane/Janus silica/water emulsions. Flow curves for water,
squalene, vacuum gas oil, squalane + Janus silica, and vacuum gas oil + Janus silica fluids are
presented as references in Figure S11 of the Supplementary Information. Its initial shear stress, z,
was 1x107° Pa with a corresponding viscosity, 7, of 0.001 Pa.s all throughout the range of the
tested shear rates: y = 0.01 to 1000 s%. Squalane behaved as a Newtonian fluid with a viscosity of

=0.027+3.50x10-5 Pa-s, ), which agreed with the value reported in the literature.”®
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The addition of Janus silica particles (1.48 wt.%) to squalene modified its rheological behavior,
Figure S11. Shear thinning behavior was evidenced from the data for . Namely, the system
showed an onset viscosity, 7i, of ~0.184 Pa-s that decreased to 7., = 0.062 Pa-s. Notice that 7., for
the squalane + Janus silica system was a little higher than 7. for squalane, which is a typical

behavior for liquid fluids + nanoparticles systems.!®

Figure 9 shows the flow curves for the emulsions formulated from the singly replicated 23
experiment considering the water percentage, average diameter of the silica nanoparticles, and the
emulsification energy as input variables. In general, all the formulated emulsions showed shear

thinning behavior.

In most cases, apparent yield stress, w, was observed. The corresponding values for this
parameter were tabulated in Table S4. A statistical analysis of the effects of the studied
experimental factors over o is presented in Figure 9 and Table S5. The only factor that had an
effect over np was the content of water of the emulsions. Figure 10 shows a main effect plot that
allows establishing that the water content of the emulsions had a linear negative effect over .
These results allowed concluding that increasing the loading of water in these emulsions increased

their flowability.
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Figure 9. Flow curves for squalane/Janus silica/water emulsions formulated according to
a single replicate 2° full factorial experiment considering the water content, W%, average size of
the silica nanoparticles -dp-, and emulsification energy, ¢, as input variables.
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For describing shear thinning, the data were fitted to the so-called power law model’’ starting
from y ~ 1.00 s. The power law model describes the rheology of a fluid in terms of two
parameters; namely, the consistency index, K [=] Pas", which is a descriptor of the effective
viscosity of the fluid, and the flow behavior index, n, which measures the deviation of the behavior

of the fluid as in regards to the Newtonian flow.

Figure 10 shows that an increase in the water content of the squalane/Janus silica/water emulsions
decreased the consistency index in the same fashion as the value of z. Meanwhile, the flow
behavior index increased from n < 1, i.e., shear thinning behavior, to n ~ 1.0, i.e. Newtonian
behavior, with the increase of the water content. It is noticeable that the other factors studied for
the formulation of the emulsions had statistically negligible effects over the rheological
parameters, Tables S4 — S7. Therefore, the increase in the content of water of these emulsions
made them less viscous and more Newtonian as it was also evidenced by the flow curves shown
in Figure 11. Indeed, the other two families of emulsions showed only shear thinning behavior

with minimum viscosity similar to the viscosity of squalane, Figure 11.
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Figure 10. Main effect plots illustrating the effect of the content of water of the
squalane/Janus silica/water emulsions over their rheological parameters: o, consistency index, K,

and flow behavior index, n.
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Figure 11. Flow curves for the squalane/Janus silica/water emulsions in terms of log(n)
vs. log(t). Nomenclature: E = emulsion; the first two digits of the code are the water percentage,
the underlined digits are the emulsification energy, and the last two digits are the average diameter
of the silica nanoparticles. CaoHs2 = squalane. J = Janus.
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Figure 12a plots 7;i -a descriptor of the viscosity of the emulsions at the lowest applied shear rate-
as a function of the average diameter of the droplets for each one of the formulated squalane/Janus
silica/water emulsions. There was a saddle-shape correlation for the data with a minimum initial
viscosity for the emulsion formulated with 50% water, Janus silica nanoparticles of average
diameter equal to 58 nm, and using an emulsification energy of 4.0 GW/m3. The shape of the
observed correlation curve for the data set reflects the existence of the non-additive effects between
the factors influencing the droplet size distributions of the emulsions discussed earlier, Figure 7.
Typically, the literature considers that the viscosity of an emulsion increases with the decrease in
the size of its droplets when all the other factors are kept constant.?®"87 However, the behavior of
the current coarse emulsions was more complicated than that. On the other hand, a linear
correlation between the polydispersity of the droplet size distributions was found, Figure 12b. It
can be recalled that, contrary to the behavior of the average droplet size distribution, the
polydispersity of the squalane/Janus silica/water emulsions was only influenced by the content of
water of the emulsions. The literature postulates®®® that a decrease in polydispersity is expected
to decrease the viscosity. As observed, this was not the case for the current emulsions. Therefore,
in general, the behavior of the squalane/Janus silica/water emulsions cannot be completely
explained by principles found for emulsions whose behavior has been studied with the classical

one factor at a time experimental approach.
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Figure 12. Plots of m vs. (a) average droplet diameters and (b) polydispersity.
Nomenclature: E = emulsion; the first two digits of the code are the water percentage, the
underlined digits are the emulsification energy, and the last two digits are the average diameter of
the silica nanoparticles.

Characteristics of the water/Janus silica/vacuum gas oil emulsions.

The API gravity and chemical composition of the vacuum gas oil studied herein were reported
in a previous work.2° This vacuum gas oil corresponded to a heavy oil with total sulfur and nitrogen
contents of ~1.04 and ~0.143 wt.%, respectively. In addition, the vacuum gas oil also contained
~3.11 wt.% resins and acidic oxygenated structures. Accordingly, it could be expected that the
properties of the water/Janus silica/vacuum gas oil emulsions differed from those found for the
squalane/Janus silica/water emulsions. Indeed, it was already commented that the former were

water in oil and the latter oil in water.

The measured droplet size distributions for these emulsions and the average droplet sizes are
presented in Figure S12 and Table S8, respectively. Results showed that coarse water in oil
macroemulsions with monomodal droplet size distributions and average droplet diameters ranging

from ~0.40 um to ~1.44 um were produced. The statistical analysis of the average droplet
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diameters (Dso%) and the polydispersity of their droplet size distributions data is presented next.

Raw data are shown in Tables S8 and S9, respectively

The statistical analysis of the effects of the factors studied for the formulation of the
water/Janus silica/vacuum gas oil emulsions over their average Dsos droplet size is presented in
Figures 13 and S13. Except for the second order W%xe interaction, all the studied factors of the
experiment had strong effects over the average droplet diameter of the emulsions. Also, all the
main factors of the experiment had strong negative effects whose strength followed the order: ¢ (p-
value =~ 4.63x10°°) > dj (p-value = 0.0072) > W% (p-value = 0.0045). Considering the statistically
significant non-additive factors —-W%=xdp, dpxe, and W%xdpxe—, these were all synergistic and
strong. These trends differed from what was observed for the oil in water squalane/Janus
silica/water emulsions (Figures 6 and 7). These differences are related to the fact that the water
percentage of the latter had a weak but positive effect over their behavior. Overall, the results of
the statistical analysis suggested that controlling the average droplet size of the water/Janus
silica/vacuum gas oil emulsions requires considering strong second and triple order non-additive

effects into account.

Analysis of Variance table

Factor Effects Type of effect SS %Contr to SS v MS F p-value Sign*(95%)

W% 01655 | Strong, positive 0.1096 4.9645 1+ | ooas1 | 1530 | oco0ds Yes

d, 01515 | strong, negative 0.0918 41601 1 | oows | 1282 | 00072 Yes

e 03358 | Strong, negative 0.4509 20.4319 1| oooos | 6297 | a63x10° Yes
%Wxd), -05128 | Strong, %W=x d), = synergistic; dyx%W=synergistic 1.0517 47.6527 1 00518 | 14686 | 1.99x10°° Yes
%W 0.0405 | vVery Weak, %WxPagt = synergistic; Pagiox %W= antagonistic 0.0066 0.2973 1 0.0000 | 0.92 0.3665 No
dpxe -0.1065 Strong, dyx& = synergistic; £x dj, = synergistic 0.0454 2.0558 1 0.0018 6.34 0.0360 Yes
%Wx dxz 0.3138 Strong, synergistic 0.3938 17.8420 1 0.0003 54.99 7.51x107 Yes
Error 0.0573 8 0.0027

Total 2.2069 15
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Analysis of the residuals of the ANOVA model
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Figure 13. Analysis of variance for assessing the effects of the main factors, particle size of
the silica nanoparticles -dp-, water content, W%, and emulsification energy, ¢, of the interaction
factors, dpxW%, doxe, W%xg, and dyxW%xe of the 23 experiment over the Dsoy average of the
droplet size of the water/Janus silica/vacuum gas oil emulsions. *Sign = significance level.

Figures 14 and S14 show the statistical analysis of the effects of the studied experimental
factors over the polydispersity of the droplet size distributions of the water/Janus silica/vacuum
gas oil emulsions. Polydispersity was changed significantly by the water percentage, the particle
size of the silica nanoparticles, and by the second order interaction between these two input
variables, Figure 14. The strength of the effects of these factors followed the order: W% (p-value
~0.0038) > W%xd, (p-value = 0.0022) > dp (p-value ~ 0.0331). On the other hand, while the water
percentage of the emulsions had a negative effect over the polydispersity, the average size of the
silica nanoparticles had a positive effect. Meanwhile, the effect of the W%xd, interaction was
synergistic. In general, it can be noticed that polydispersity was most strongly influenced by the
water content of coarse macroemulsions formulated with silica Janus nanoparticles regardless if

they were of the oil in water or water in oil types.
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Analysis of Variance table

Factor Effects Type of effect sS %Contr to SS ] Ms F p-value Sign*(95%)
W% -0.1038 Strong, negative 0.0431 31.6488 1 0.0431 16.21 0.0038 Yes
d, 0.0663 Strong, positive 0.0176 12.9049 1 0.0176 6.61 0.0331 Yes
€ -0.0088 Very weak, negative 0.0003 0.2251 1 0.0003 012 0.7429 No
W%x dj -0.1138 Strong, %WxDE= synergistic; DE x%W =synergistic 0.0518 38.0438 1 0.0518 | 19.48 0.0022 Yes
W%xe 0.0013 Very Weak, %Wx Py = synergistic; Pygrx%W= antagonistic 0.0000 0.0046 1 0.0000 0.00 0.9625 No
doxe 0.0213 Weak, DExPxgit = synergistic; Pxirx DE = antagonistic 0.0018 13277 1 0.0018 068 0.4335 No
W% xdpx e -0.0087 Very weak, synergistic 0.0003 0.2251 1 0.0003 012 0.7429 No
Emor 0.0212 8 0.0027
Total 0.1360 15

Analysis of the residuals of the ANOVA model
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Figure 14. Analysis of variance for assessing the effects of the main factors, particle size
of the silica nanoparticles -dp-, water content, W%, and emulsification energy, ¢, of the interaction
factors, dpxW%, dpxe, W%xg, and dpxW%xe of the 2° experiment over the polidispersity of the
droplet size distributions of the water/Janus silica/vacuum gas oil emulsions. *Sign = significance
level.

Rheological behavior of the water/Janus silica/vacuum gas oil emulsions

Figure S11 shows the flow curves for the vacuum gas oil and the vacuum gas oil + Janus
silica system. The vacuum gas oil showed a typical Newtonian behavior with a media 77 =2.946
3.00x107 Pa.s (95% t-Student confidence interval with 50 degrees of freedom). This value agreed
with the heavy oil character of the substance.®%8! The addition of the Janus silica nanoparticles to
the vacuum gas oil produced a Newtonian fluid with a higher viscosity, 7 = 3.421 + 1.46x107 Pa.s

(95% t-Student confidence interval with 50 degrees of freedom) as compared to the vacuum gas
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oil. This tendency suggested that the Janus silica nanoparticles interacted with the vacuum gas oil

in a way that allowed the formation of a system whose structure emulated the one of a pure fluid.

Figure 15 shows the flow curves for the water/Janus silica/vacuum gas oil emulsions. In
general terms, those emulsions with 25 % water content had a more Newtonian behavior than those
of 50% as corroborated with flow behavior index, n (Table S10). All of them exhibited shear
thinning behavior with some of them exhibiting a certain degree of structure instability under
certain shear rate conditions. Namely, the emulsion formulated with W% = 24.6, € = 4.8 GW/m?,
and dp = 58 nm, coded as E25558, as well as those coded as E251658, and E25588, displayed a
sudden drop of viscosity for shear rates higher than 100 s™. In addition, the emulsion coded as
E251688 showed structural transitions at lower shear rates. These changes can be ascribed to the

deformation and further growth of the droplets of the emulsions during the rheological tests.?

To describe the rheological behavior of the emulsions, i, K, and n were estimated from the
flow curves shown in Figure 15. In this case, wi was taken as the value of shear stress recorded
for the lowest shear rate of each experiment. On the other hand, K and n were the power law
parameters for the fitting of the flow curves between y = 0.01 and 100.00 s™. The latter procedure
was adopted because of the already commented instabilities of the recorded flow curves at higher
shear rates. Table S10 shows the values of these parameters for each one of the formulated

emulsions.
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Figure 15. Flow curves for water/Janus silica/vacuum gas oil emulsions formulated
according to a 23 full factorial experiment considering the water content, W%, average size of
the silica nanoparticles -dp-, and emulsification energy, ¢, as input variables.



The statistical analysis of the data, Figure 16 and Tables S11 — S13, led to conclude that only

the water content of the emulsions may have had an effect over =i and K. However, a definite

conclusion on the observed effects could not be reached since there was not a complete

correspondence between the analysis made with the main effect plots, Figure 16, and the results

of the ANOVA tests, Table S11 — S12, because the p-values for this factor were larger than the

95% confidence limit. However, the test captured the fact that the water content was the factor that

most influenced the variance of the experiment, see %contribution to the sums of squares in Tables

S11and S12. Anyway, while the tendency showed by ; as a function of the water content, volcano

plot, is hard to explain, the tendency displayed by K was coherent with the fact that more diluted

water in oil emulsions should display lower viscosity.
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01

LI VGO + Janus Si0,

Consistency index, K [Paxs]

Global average ~ 5.30
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Flow behavior index, n
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Figure 16. Main effect plots illustrating the effect of the content of water of the water/Janus
silica/vacuum gas oil emulsions over their rheological parameters: , consistency index, K, and
flow behavior index, n.
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The flow behavior index displayed an inverted volcano plot type tendency with the content of

water. In this case, the ANOVA test, Table S13, was also able to detect that the average size of

the silica nanoparticles and the d,x ¢ factor had effects whose p-values were lower than the 95%

confidence threshold. Considering the ensemble of these analyses, one may conclude that an

understanding the rheological behavior of the water/Janus silica/vacuum gas oil emulsions must

consider the influence of non-additive factors involved in their formulation. The volcano plots

found in Figure 16 attest the influence of such effects. On the other hand, the flow curves presented

in Figure 17 show how some of the formulated emulsions approached a Newtonian behavior with

viscosities very near the one of the vacuum gas oil phase, while others had a net shear thinning

character with their viscosity decreasing to an intermediate value between the viscosity of water

and vacuum gas oil.
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Figure 17. Flow curves for the water/Janus silica/vacuum gas oil emulsions in terms of log(n)
vs. log(t). Nomenclature: E = emulsion; the first two digits of the code are the water percentage,
the underlined digits are the emulsification energy, and the last two digits are the average diameter
of the silica nanoparticles. VGO = vacuum gas oil, J = Janus.
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Finally, Figure 18 shows that the viscosity of the water/Janus silica/vacuum gas oil
emulsions have a non-linear correlation with their average droplet size, Figure 18a, and a roughly
linear correlation with polydispersity, Figure 18b. These tendencies were similar to the ones found
for the squalane/Janus silica/water emulsions. But, in this case, the curve found for the 7; vs.
average droplet diameter plot displayed two regions with roughly constant viscosity preceded by

viscosities with a ca. one order of magnitude gap.
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Figure 18. Plots of 7; vs. (a) average droplet diameter and (b) polydispersity. Nomenclature: E =
emulsion; the first two digits of the code are the water percentage, the underlined digits are the
emulsification energy, and the last two digits are the average diameter of the silica nanoparticles.

3. CONCLUSIONS

In this contribution, SiO> Janus nanoparticles of two different sizes were synthesized and used
as surfactants for formulating macroemulsions composed of water and two different oil phases:
squalane and vacuum gas oil. The influence of the particle size, the water content, the
emulsification energy, and of the second and third order interactions between these variables over
the droplet size distributions, polydispersity, and rheological profiles of the emulsions was

investigated. The following conclusions were reached from the results of the study: (i) the nature
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of the emulsions formulated with the synthesized SiO. Janus nanoparticles depended on the
chemistry of the oil phase; namely, squalane formed squalane/Janus SiOz/water (i.e., oil in water)
emulsions while vacuum gas oil formed water/Janus SiOz/vacuum gas oil (i.e., water in oil)
emulsions; (ii) for the formulated oil in water emulsions, the droplet size distributions was
modified by the particle size of the SiO, Janus nanoparticles, the emulsification energy and their
interaction while the other experimental factors had no effect. Meanwhile, the polydispersity was
only changed by the water content of the emulsions. On the other hand, these emulsions exhibited
shear thinning behavior which was strongly dependent on the water content and not on the other
experimental factors. (iii) for the water in oil emulsions, the average droplet diameter was
influenced by all the experimental factors involved in their formulation except for the non-additive
effect between the water content and the emulsification energy. Meanwhile, polydispersity was
influenced by the particle size of the SiO Janus nanoparticles, the water content and the interaction
factor related to these two input variables. Accordingly, the rheological behavior of these
emulsions was influenced by both the changes in the input variables and by the second interaction
factors between these variables. Finally, regardless of the type of emulsion, an analysis of the
rheological data and the average droplet diameter of these emulsions showed that these two
parameters are non-linearly correlated. The ensemble of these results put into evidence that the
formulation of emulsions using Janus nanoparticles requires the consideration of non-additive
effects when aiming to achieve certain desirable characteristics for diverse applications in the oil
industry.
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