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Abstract
Hypotheses

The performance of bicontinuous microemulsions is usually assessed on the characteristics of the middle
phase at equilibrium. However, applied to Enhanced Oil Recovery, such an evaluation would not be
representative of the structure and composition of fluids in reservoir rocks. Studies on the properties of
non-equilibrated microemulsions are still needed to better understand the formation of such complex
systems, in particular to optimize input parameters of process simulation tools.

Experiments

For this purpose, we monitored the formation of a microemulsion from contact with the oil to
equilibrium when no mixing or convection is provided. Non-destructive methods such as Nuclear
Magnetic Resonance, Micro-Computed Tomography, Dynamic Light Scattering and Small Angle X-
ray scattering were used to extract the compositions, phase thicknesses, dynamics and structures of the
system over time.

Finding

We found that the system gets structured into several layers over time that include the transient presence
of an oriented semi-crystalline phase. The growth of the bicontinuous middle phase results from a
progressive reorganization of the liquid crystal. The compositional and structural gradients, observed
along the sample height, are correlated and linked to the corresponding structures of the phase diagram
of the quaternary system. Equilibrium is reached after the total transfer of the liquid crystal into the
bicontinuous phase.
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1. Introduction

Since their discovery in 1959 [1], microemulsions have been intensively studied due to their remarkable
properties such as low viscosity, isotropic and thermodynamically stable phases as well as ultralow
interfacial tensions between oil and water [2][3]. They are used today in a wide variety of applications
in all fields of chemistry such as cosmetic, chemical, pharmaceutical, food and oil industries mainly for
their high oil solubilization performance. Particularly in Enhanced Oil Recovery (EOR), the use of
microemulsions appears to be a good alternative to extract the crude that is trapped by capillary forces
into the porous reservoir rock. When injecting an optimal surfactant-rich formulation, a microemulsion
should form after contact with the crude. When anionic surfactants are used, a co-surfactant (alcohol
type) is often added to the formulation to enhance the interfacial film fluidity and allow the formation
of the microemulsion. In most studies, the optimal formulation is determined according to the
performances of the microemulsion at equilibrium. However, this evaluation may not be representative
of the behavior of fluids in situ in the reservoir [4]. In a real porous rock, two situations may occur:
either the pores are interconnected, or they are dead-end pores. In the first case, convection processes
ensure a natural mixing of fluids in situ leading to a quasi-instantaneous formation of the microemulsion.
In the second case, no source of mixing is provided. Recently, Broens et al. [5] studied such micro-
emulsification in a microfluidics set up by modeling the dead ends pores of a reservoir. In this
configuration, they confirmed that the formation of the microemulsion is only controlled by diffusion
phenomena that take place in the pore space. By monitoring the penetration front of the microemulsion
under fluorescence microscopy, they indicated that the kinetics of micro-emulsification obeys Fick’s
law. However, if matter exchanges are limited by diffusion, one can wonder if the bicontinuous
microemulsion is properly formed in situ. In 2019, Unsal et al. [6] investigated the micro-emulsification
of a bicontinuous microemulsion under flow in a model porous rock using quantitative X-ray micro-
tomography. They directly proved the presence of local gradients of composition in the vicinity of the
dead-end pores in the porous rock. However, current methodologies and analytical instruments are
limited in accessing local properties and structure of fluids in these complex regions. To some extent,
these data would be particularly useful for optimizing oil recovery processes and better understanding
plugging issues during flow. We thus propose to work on the mechanisms of formation of a bicontinuous
microemulsion, in bulk and under static conditions, when only diffusion processes are present. The
challenge is to have access to local and quantitative information over time without affecting the diffusion
phenomena occurring in situ in the system. In particular, analytical methods that allow quantitative
kinetic studies of the formation of microemulsions are scarce. The usual chemical techniques such as
Karl-Fischer or Hyamine titrations [7,8] as well as gas chromatography [9,10] are destructive and
relatively time-consuming for kinetic perspectives. In addition, these methods do not allow simultaneous
and local quantification of a multi-component system. In this objective, we benefited from the
complementarity of Low-Field Nuclear Magnetic Resonance (NMR), X-Ray Micro-Computed
Tomography (Micro-CT), Dynamic Light Scattering (DLS) and Small Angle X-Ray Scattering (SAXS)
to monitor the formation of a bicontinuous microemulsion from phases contact to equilibrium. The
studied microemulsion is a quaternary system containing toluene/NaCl brine/butan-1-ol/Sodium
dodecylsulfate [11] at optimal formulation. The in-house NMR method was developed to obtain
composition profiles of oil, brine and co-surfactant along the sample height [12]. Micro-CT enabled
precise acquisitions of phase thicknesses and volume fraction of brine in the sample. Finally, we
correlated the compositional information collected from these techniques with SAXS and DLS
measurements which provided respectively local and dynamic information on the structure. The
methods implemented in this work are non-destructive and the measurements are fast enough to allow
kinetic monitoring.

2. Experiments

2.1. Products

The surfactant, Sodium dodecylsulfate, (dry weight > 98.5%, water <1.5%) was supplied by Alfa Aesar
and was used without further purification. Toluene was from VWR (AnalaR Normapur), butan-1-ol and



sodium chloride NaCl were from Merck (grade analysis). Milli-Q water was used (HX7000 from Merck,
Resistivity 10-15 MQ.cm; Conductivity < 0.2 pS/cm at 25°C).

2.2. Microemulsions systems

The Winsor III system studied is made of NaCl brine, Sodium dodecylsulfate “SDS” (surfactant), butan-
1-0l (co-surfactant) as aqueous phase and toluene as oil phase. Compositions were calculated to satisfy
a water-to-oil volume ratio WOR = 1; co-surfactant = 5.5 % v/v. of the total system; co-
surfactant/Surfactant weight ratio = 2. More details on the formulation steps can be found in
Supplementary Material Part [. Experiments were carried out on a microemulsion at optimal formulation
(Hydrophilic Lipophilic Deviation = 0)[13] corresponding to an aqueous phase salinity of 54 g/L of
NaCl. The microemulsion was directly formulated in 1.5 mm-diameter quartz capillaries for SAXS (50
pL) and in 1.8 cm diameter glass tubes for NMR (3 mL), Micro-CT and DLS (10 mL).

2.3. Kinetics studies

Kinetic studies were performed by NMR, Micro-CT and DLS. SAXS was used punctually to
characterize the structures encountered during the process. We first independently formulated the
aqueous phase of the microemulsion as described above. Toluene was added at a controlled speed of
126.8 mL/h via an automatic syringe pump on the aqueous phase without any stirring or mixing. After
Toluene addition, the vials were sealed with caps and Teflon rubber to avoid evaporation. During NMR
experiments, the samples were inserted into the probe and the temperature was set at 30°C by
temperature-controlled air stream. While in the DLS, Micro-CT and SAXS tests, the experiments were
carried out at room temperature (20°C) as no temperature control device is present on these experimental
setups. To verify if any change of structure occurs at a warmer temperature (between 20 and 30°C), the
equilibrated microemulsion was left to rest 1 day in an oven at 40°C. We did not notice any change in
the thicknesses of the triphasic system nor any change in the aspect of the intermediate phase. Thus we
assume that the temperature difference between the setups environment does not significantly affect the
structure and composition of each phase in the sample which are still comparable. The measurements
along the tube height were performed under completely static conditions until equilibrium was reached.
Once equilibrium is reached, the system is triphasic with a bicontinuous microemulsion in the middle
phase and excess oil and aqueous phases on both sides as illustrated in Figure 1 [14][15]. We define the
equilibrium state as the point where no more changes in the interfaces positions are noticed and constant
properties are found in each phase with the characterization techniques used.

CEmeees g rE——
Equilibrated Intermediary state

Excess oil phase

M1
M2 upper phase
M2 lower phase
Z3

Excess aqueous phase

Figure I Photograph of the SDS/butan-1-ol/NaCl brine/toluene microemulsion at optimal formulation
at equilibrium and an intermediate state

2.4. Methods

2.4.1. 1D-Composition profile from Nuclear Magnetic Resonance (NMR)



Low-Field NMR acquisitions were carried out on a 20 MHz benchtop MQR spectrometer from Oxford
instruments equipped with a probe of 1.8 cm outer-diameter. The set up allows to vertically scan a tube
over 2 cm in height corresponding to a 3 mL sample. The temperature was controlled at 30°C during
the experiment via the injection of compressed air into the probe. For one measurement, the acquisition
time is 1 min 40 s. The kinetics monitoring was stopped after 7 days of stabilization. We developed [12]
a methodology that allows the simultaneous quantification of toluene, brine and butan-1-ol along the
tube height. It is worth mentioning that the same method could potentially be applied to any multi-
component, dark/opaque and viscous system insofar as the sample is liquid and contrasts are present
between compounds. The accuracy of the method does not allow the quantification of small quantities
lower than 4 % v/v in the sample. To allow data treatment, a hypothesis had to be made on SDS partition
in the tube: we assumed the surfactant is entirely and homogeneously distributed in the intermediate
phase(s) between excess oil and brine phases at equilibrium. This hypothesis has been verified in the
literature on the same systems by carrying out Hyamine titrations or atomic adsorption tests in the excess
aqueous phase and middle phase [7,11]. It is shown that 0 to 1 % w/w of surfactant remains in the excess
water phase thus the surfactant is quasi-totally distributed in the middle phase. When no intermediate
phase can be identified, we assumed that SDS was distributed throughout the aqueous phase. To quantify
the other three compounds of the system the principle is based on 1D-imaging using weighted T1-
relaxometry. Detailed information on the calculations of volume fractions from T1-relaxation profiles
can be found in Supplementary Material Part II. The composition profiles resolution along the height of
the tube is 100 um.

2.4.2. Phase behavior and quantification by X-ray Micro-Computed Tomography

The X-Ray Micro-Computed Tomography (Micro-CT) tests were conducted on an EasyTom 150-160
from RX Solutions in 10 mL glass tubes of 1.8 cm-diameter at ambient temperature (~20°C). The
principle is based on the transmission of X-rays radiation through the sample. In the literature, the
technique is commonly used to quantify the brine from oily compounds (here, butan-1-ol and toluene)
because of a strong contrast in the attenuation coefficients [6,16,17]. Practically, radiographies of the
sample were acquired over time with a duration of 5 s/radiography as displayed in level of greys in
Figure 5. The raw transmitted intensities were collected and corrected with an empty tube signal as
refernce. The calculation of the brine volume fractions along the tube is deduced from Equation 1.
However, no significant contrast was observed between the references [5 % w/w SDS in water| and
[water]. Therefore, the presence of SDS solubilized in brine within the different phases of the
microemulsion could not be detected by this technique. Moreover, the Micro-CT analysis provides
precise information on the phase thicknesses and interfaces positions with a partial pixel resolution of
72 um.

B = ln(loil) —lIn (Isample (h))
Xprine(R) = (L) — n(yrine) Equation 1

With xpine(h): the volume fraction of brine at height / in the sample, I,; and I},ne: the respective
transmitted intensities of separate brine reference and toluene reference (or butan-1-ol reference as the
same transmitted intensities were measured for toluene and butan-1-ol).

2.4.3. Dynamic Light Scattering (DLS)

Measurements were performed using a DLS apparatus, Vasco-flex from Cordouan Technologie. The
setup is equipped with a laser diode as light source (A = 656 nm) and a single mode fiber connected to a
photon counting detector. Thanks to the flexibility of the fiber, the sample was directly analyzed in its
container (10 mL and 1.8 cm-diameter glass tube) so that the internal structure of the microemulsion
was preserved. The diffusion measurements were conducted at an angle 8 of 90° at room temperature
(20°C). Data were collected and analyzed by the NanoQ software. The apparatus measures fluctuations
of intensity versus time and plots the autocorrelation function G(t) of the scattered intensity. For random
processes, the autocorrelation function is properly fitted by an exponential decay in the form written in
Equation 2 If the dispersed objects are considered as spherical hard spheres having a Brownian
motion,



the Stokes-Einstein relation (Equation 3) is commonly used to determine the particles size from the
measurement of the characteristic relaxation time 7. In the case of a bicontinuous system or non-
Brownian motion of particles, the Stokes-Einstein relation is no longer applicable and the interpretation
of the relaxation times becomes more complex. In the literature, DLS studies on bicontinuous structures
are scarce but one can interpret DLS relaxation times of bicontinuous microemulsions as the ability to
create/break connections between oil and water domains that is to say T is probably relative to the rate
of matter exchanges through the interfacial film of oil and water domains [7,18]. Low relaxation times
could be potentially linked to highly interconnected interfaces. We thus noted D, the apparent
diffusion coefficient that stems from Equation 3 when referring to the bicontinuous structures or a non-
Brownian motion of particles.

G(t) = Agexp(—2Dq?t) and T = ﬁ Equation 2

With A, a normalization constant, T the characteristic relaxation time of the process in us, g =

4m . o o
THSln (8/2) the wave vector in m™', and D the diffusion coefficient in m2.s™.

D= kT Equation 3
3nDyn

With & the Boltzman constant in kg.m?.s 2K, T the temperature in K,  the dynamic viscosity of the
continuous medium in Pa.s, Dy the hydrodynamic diameter of the dispersed object in m.

2.4.4. Small Angle X-Ray Scattering (SAXS)

SAXS measurements were conducted on a Xeuss 2.0 set up from Xenocs on the Winsor III system. The
microemulsions were directly formulated into quartz capillaries (diameter of 1.5 mm) to avoid sampling.
We first inserted 25 uL of a pre-formulated aqueous phase using a Hamilton syringe. 23 uL of toluene
was added via an iron rod above the aqueous phase to prevent any mixing in the capillary. The capillary
was sealed by a drop of silicon paste. We studied two samples that were formulated in two different
capillaries: a non-equilibrated system obtained 3 days after toluene addition and the equilibrated
bicontinuous microemulsion measured at 7 days after toluene addition. It is worth noting that the
addition speed of Toluene in capillaries cannot be controlled and implies that the equilibration times are
not comparable with DLS, NMR or Micro-CT experiments even if the same processes are observed.
The sample-to-detector distance was 600 mm allowing a q-range from 0.01 to 0.40 A"'. The X-ray beam
(A=1.54 A) was collimated by two slits: 0.7 mm? and 0.4 mm?. The calibration of the g-range was
performed using standard silver behenate AgBe as reference. The intensity calibration was carried out
with Lupolen only for the equilibrated sample. The cross-section intensities are given in cm™! for this
sample. Practically, the transmitted intensities were scanned from bottom to top in order to locate the
intermediate phases. Accordingly, scattering measurements were performed at various heights. For the
non-equilibrated sample, we confirmed that the system did not evolve during the experiment by carrying
out another transmission scan after the experiment that overlaps the previous scan.

In the case of the bicontinuous microemulsion system, scattering was found to be isotropic and the
azimuthally averaged curves I(q) were fitted using the well-known Teubner-Strey model [19,20] widely
used for microemulsions SAXS data interpretation in medium ¢ range (more information on the model
can be found in Supplementary Material Part III). It gives access to the periodicity of the structure d and
the correlation length & (i.e. the characteristic decay length of periodic order). On the SAXS curve, the
position g« of the characteristic peak of the microemulsions is related to d = 22/gmax and its width is
related to & the longer the correlation length is, the thinner the peak will be [21]. From these two
parameters the amphiphilicity factor fa can be calculated (Equation 4). The amphiphilicity factor fa
indicates a scale of the extent of ordering of the molecules at the interfacial film within Winsor III
systems. It goes from +1 with completely disordered water/oil interfaces to -1 with well-ordered
interfaces leading to lamellar phase.



(f)z 1 <1 - fa> Equation 4

d) T a?\1+ fa

In the case of an oriented phase [22—24], we adjusted the azimuthal profiles by a Maier-Saupe function
(Equation 5) to have access to the Hermann or order parameter S (Equation 7) corresponding to the
second moment of the normalized Maier-Saupe function (Equation 6)When S is equal to 1, the structure
is perfectly ordered, when it is equal to 0 the structure is random. The fit also provides the angle of
orientation a of the scattering objects.

() = A + Bexp(mcos*(y — a)) Equation 5

A + Bexp(mcos*(B)) Equation 6
2 ["(A + Bexp(meos*(8)))sin(B)dp

from(B) =

3cos?(B) — 1 Equation 7

P <M _ fzn do f”fm(ﬁ) S sin(B)dp

2 >
dN=sinf d6 d¢

Where 4 and B are normalization constants; m is the orientation parameter accounting for the liquid
crystal interactions; 1 is the azimuthal angle; o the orientation angle of the liquid crystals; f = - a.

3. Results and discussion

3.1. Equilibrium state characterization

The compositions of the final system after equilibration calculated from Micro-CT and NMR profiles
are given in Table 1. A good agreement is found between the two techniques showing that the kinetics
monitoring could be carried out. Micro-CT is more reliable than NMR in assessing the thicknesses of
the different phases and NMR provides additional information on the co-surfactant distribution given a
better contrast between butan-1-ol and water/toluene. With Micro-CT, we found that the final triphasic
system is made of 36 % v/v of a bicontinuous phase, 34 % v/v of excess oil phase and 30 % v/v of excess
aqueous phase.

Table 1 Composition of the equilibrated SDS/butan-1-0l/NaCl brine/Toluene microemulsion at
optimal formulation — from NMR and Micro-CT

% volume Phase Brine + SDS Others
Excess oil 2) 98
Micro-CT . .
(+-2 % vIv) Bicontinuous 48 52
Excess aqueous 98 (2)
Brine SDS butan-1-o0l Toluene
Excess oil 100
NMR . .
Bicontinuous 42 5% 14 39
(+/-4 % viv)
Excess aqueous 97 3)

() Not significant
* Determined by hypothesis

3.1.1. Middle bicontinuous phase

As depicted in Figure 4 h., when equilibrium is reached, an homogenous composition of brine, butan-
1-ol, SDS and toluene is found in the middle phase. NMR calculations in the middle phase lead to
percentages of 47 % v/v of [brine +SDS] (48 % v/v with Micro-CT); 14 % v/v of butan-1-ol ; 39 % v/v
of Toluene. The results are coherent with the data provided by Bellocq et al. [11] on the same system



for a co-surfactant/surfactant ratio of 2 at optimal salinity where 52.5 % w/w of brine and 33.5 % w/w
of o0il were measured in the middle phase. Similarly, for the composition, no structural gradient was
found neither in SAXS nor in DLS (Figure 2). The relaxation time of the bicontinuous middle phase is
about 60 ps leading to a diffusion coefficient Dy, = 2.3x10" m?s. In addition, the SAXS results
confirmed the presence of a bicontinuous « sponge-like » structure with a characteristic peak in the
intermediate g-range. A correlation length ¢ of 13 nm was found and domains periodicity d is 31 nm
leading to a deduced amphiphilicity factor fa of -0.75 which indicates that the microemulsion forms a
distinct phase [25]. DLS and SAXS results are in agreement with the literature for similar systems at
optimal salinity [7,26-29].

3.1.2. Composition in the excess oil phase

At equilibrium, no butan-1-ol is detected in the excess oil phase in the limit of detection of our method
(Figure 4 h.). Also, the phase does not scatter neither in light nor in the X-ray domain (position F in
Figure 7). This confirms that no dispersed object was present in the excess oil phase which is thus
composed of toluene.

3.1.3. Composition in the excess aqueous phase

In the excess water phase, butan-1-ol is found at around 3 % v/v with NMR. The value is coherent with
Micro-CT where 2 % v/v of other species were detected in the excess aqueous phase. However, this
result is not significant regarding the respective accuracy of each method. Nevertheless, it is likely that
small quantities of butanol (< 2 % w/w) could remain in the excess aqueous phase as it was previously
reported on the same system [11,30]. As the excess oil phase, the aqueous phase does not scatter visible
light.
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Figure 2 Characteristics of the equilibrated middle phase from SAXS and DLS measurements. Left:
SAXS in absolute intensity (cm™) versus the scattering vector q (nm™) at the bottom and top in the
middle phase fitted with Teubner-Strey model ; right: DLS Normalized Autocorrelation function G

(a.u) in function of time (us) at the bottom and top in the middle phase.

3.2. Kinetic study of the microemulsion formation

We illustrated in Figure 3 the different configurations of the sample that were observed in this work
during the formation of the microemulsion. The process can be divided into different sections that will
be commented below:

a. The initial aqueous phase

b. The oil/aqueous phase contact



c. The original formation of M2 phase

d. The evolution of the system into three intermediate phases called “Z3”, “M2” and “M1”
e. The kinetic aspects leading to the disappearance of the liquid crystal

f. The growth of the bicontinuous phase with the fading of M2 and Z3.

Addition of Toluene M1 Bicontinous phase T Toluene

: 'E} M2 Crystalline phase A Aqueous phase

- Dispersed objects ~  ------ Undefined interface

_ Z3 opalescent zone

v

Steps in time

Figure 3 Schematic description of the phases behavior in the system during the formation of the
microemulsion — from the Toluene addition to the equilibrium

The mechanisms described here were the same independently of the total volume of the system (~50 pL
for SAXS, 3 mL for NMR and 10 mL for DLS and Micro-CT). However, the volume of the system has
an impact on its equilibration time. At an oil addition speed of 126.8 mL/hour at ambient temperature,
a 3 mL-microemulsion needs 7 days to stabilize while a 10 mL-microemulsion reaches equilibrium in
100 days. Kinetics results for NMR, Micro-CT and DLS are given respectively in Figure 4, Figure 5
and Figure 6. The SAXS acquisitions were performed solely at step 4 (Figure 3) when the three
intermediate phases coexisted. The corresponding scattering pictures, acquired in function of height in
capillaries, are displayed in Figure 7. SAXS scattering curves for each position in the capillary are shown
in Figure 8.

a. Initial aqueous phase

Initially, we added 4 % w/w of SDS, and 10 % v/v of butan-1-ol in 54 g/L of NaCl brine as the aqueous
phase (Figure 4 a.). Using DLS and a cumulant analysis, measurements at several values of ¢ confirm a
linear relationship between 1/7 and ¢? in the aqueous phase, characteristic of a diffusive process. The
average value of the observed object hydrodynamic diameter is Dy = 40 nm. An SBL-type analysis of
the autocorrelation function reveals the presence of polydisperse objects with a size distribution between
Dy = 20 nm and 70 nm. However, typical sizes measured for SDS spherical micelles have an
hydrodynamic radius Dyof 4-6 nanometers [31]. As a result, we deduce that the initial aqueous phase at
optimal salinity is not mainly made of spherical micelles. It is found in the literature that the addition of
salt and alcohol to micellar solution of SDS leads to the formation of rod-like or worms micelles and
even surfactant bilayers either vesicles or lamellar phases at higher concentration [32,33]. Small Angle
Neutron Scattering experiments (results to be published) were performed in such phase for wave vectors
g between 0.004 and 0.4 A™'. It confirmed the presence of cylindrical-shape micelles of 25 nm-length
and 2 nm-diameter but did not exclude the presence of larger objects as our lower g-range is limited.
The SANS and DLS results are compatible in the sense that the DLS scattering signal accounts for the
pseudo-spheres associated with the cylindrical objects.
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Figure 4 Composition profiles after Toluene addition onto the aqueous phase until equilibrium is
reached - Total volume 3 mL— calculated from NMR 1D-relaxation profiles. The dashed zones
correspond to a region where quantification is not possible due to the presence of the liquid crystal
phase.

b. Oil/aqueous phase contact

After phases contact, we noticed that the butan-1-ol progressively migrated at the interface between the
aqueous phase and toluene as seen in the NMR compositions profiles (Figure 4 b. and c.). This is
characterized by an increase in the brine volume fraction in the aqueous phases between t = 0 to 1 day
with our Micro-CT method (see Supplementary Material Part IV). As a confirmation of this effect, the
bulk aqueous phase no longer scatters light one day after toluene addition. The upper oily phase also
does not scatter light and still corresponds to toluene (Figure 4 b. and ¢.). We deduced that the surface-
active species, SDS and butan-1-ol, diffused to the new interface to lower surface tensions when the two
initial phases come into contact at t = 0. Visually, the system is still composed of two phases: oil and
aqueous phase with an undefined and turbid interface.

¢. Original formation of the M2 phase

The third step (Figure 3) is the formation of a first intermediary phase called M2 between the aqueous
and oil phases. The situation is illustrated by Figure 4 d. with NMR, Figure 5 with Micro-CT and Figure
6 with DLS. The interfaces of M2 with the oil and aqueous phases are diffuse and opalescent.
Macroscopically, the M2 phase is clear and birefringent by observation under crossed polarizers.
Surprisingly, at the location of M2, we observed a sharp loss of NMR signal that stems from a drop in
T1-relaxation times [34,35], which is displayed as the hatched area (Figure 4 d.). This is due to a drastic
reduction of molecules mobility. The local structure is considered as a new species that has a specific
relaxation time significantly different from the bulk case. Because this region could not be separately
measured, we could not have access to the characteristic T1-relaxation time. Consequently, the complete
composition could not be extracted in this zone. We were limited to the fact that M2 is made of a [brine
+ SDS]-rich phase up to 90 % v/v (Figure 5). Despite its birefringence, from DLS analysis, the M2 phase
has a characteristic relaxation time of 71 ps which is the same at the top and bottom of M2 (Figure 6).
Due to the evidences of birefringence, its NMR behavior and composition, we deduce that M2 is
probably a SDS liquid crystal. Indeed, in the literature, the phase diagram of SDS/water confirms the
presence of a semi-crystalline phase at a high concentration of surfactants (~ 30 % w/w) [36-38].
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Figure 5 Brine volume fraction mapping in function of height in the tube and time (Total volume = 10
mlL) - calculated by Micro-CT from the corresponding radiographies of the tube in time in level of
grey, displayed above. Vertical lines show the times where the acquisitions were carried out. White
lines represent the composition contours as guidelines. The dashed horizontal white line is indicative
of the interface of Z3 with the excess aqueous phase as it cannot be highlighted with the chosen color
map. (See in Supplementary Material Part IV that details a better representation of Z3).

d. Evolution of the system into three intermediate phases: “Z3”, “M2” and “M1”

The fourth step is characterized by a more complex intermediate zone (Figure 3). The situation is related
to Figure 4 e. in NMR, and between 2 to § days in Micro-CT (Figure 5) and DLS (Figure 6). At this
stage, the liquid crystal, that was located between the excess oil and water phases, tends to form
supernatant and underlying layers with well-defined interfaces. The sample is now composed of excess
oil and aqueous phases, and three intermediate phases that are respectively called M1, M2 and Z3 from
top to bottom.

We first analyzed the composition of such a system. The excess aqueous and oil phases are mainly
composed of brine and toluene respectively. The bicontinuous phase M1 is made of toluene, SDS, brine
and a high volume fraction of butan-1-ol (25 % v/v). Butan-1-ol is homogenously and entirely
distributed in M1 but small gradients of oil and brine are present (Figure 5 and Figure 4 e.). Regarding
M2 phase, significant gradients of composition emerged as seen on the Micro-CT colormap in Figure 5
after about 3 days. The brine volume fraction varies between 60 % v/v and 80 % v/v in M2 from top to
bottom of the tube. Finally, Z3 is an homogenous phase containing 96 % v/v of brine given by Micro-
CT (see detailed raw profiles in Supplementary Material Part IV).
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Figure 6 Evolution of relaxation times during the formation of the microemulsion in the intermediate
phases from top (M1) to bottom (Z3) (Total Volume = 10 mL) — Extracted from a classical cumulant
method from Dynamic Light Scattering measurements at 6= 90°- Vertical lines represent the acquired
measurements times.

When analyzing the structure and dynamics of the systems, we focused on SAXS and DLS
measurements at the formation of the three intermediate phases. The corresponding figures are
respectively Figure 7, Figure 8 and Figure 6 at day 7. Excess oil and aqueous phases do not scatter
visible light or X-Ray (position F in Figure 7) and are coherent with the found compositions. Concerning
M1, we found that it has the same dynamics as the equilibrated microemulsion (Figure 6). We also
confirmed that M1 is a bicontinuous microemulsion of which SAXS scattering patterns can be fitted by
the Teubner-Strey model (Figure 8). A structural gradient is present in the bicontinuous phase. Indeed,
the periodicity of the domains and the correlation length & are gradually different from the bottom to the
top of the capillary passing from (d=19 nm; ¢=9.5 nm) to (¢=22 nm; (=11 nm) respectively. We assume
that these structural gradients are related to the compositional ones described above. In that sense, a
higher concentration of oil would imply larger domains of the bicontinuous network. Additionally, the
amphiphilicity factor fa = - 0.81 is relatively constant in M1 and smaller than the one measured at
equilibrium (fa = - 0.75). The structure of the bicontinuous phase, at this time, appears to be more
ordered compared to the final one. The decrease of fa in time arises from the increase in domains sizes
linked to the incorporation of both water and oil in the bicontinuous phase.
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Figure 7 Schematic description of the SAXS experiment on a non-equilibrated microemulsion. (left)
Location of the measured scattering points and corresponding transmissions in _function of height z in
the tube — (middle) Observation of the M2 phase in the SAXS capillary under crossed-polarized light.

— (right) The scattering acquisitions that are represented at each measurement point in the sample.

In M2, the upper and lower parts of M2 now show distinct values of relaxation times meaning that they
are significantly different in terms of dynamics and probably in structure (Figure 6). Under crossed-
polarizers, the whole M2 phase is still birefringent and we could clearly identify a change in morphology
along the capillary (Figure 7). Indeed, a variety of structures is found in M2 (Figure 7, Position A to C).
At the center of M2 (Figure 7 at position A), the azimuthal profile I(i)corresponds to a vertically
oriented liquid crystal phase with a characteristic lamella size (period) of 11 nm (Table 2). The objects
have an angle of orientation of 10° and an order parameter of 0.44 (Figure 8), which is characteristic of
highly ordered objects. When approaching M1, the objects preserve their sizes but progressively change
their orientation (position B, C, D) by rotation until reaching a perpendicular position with an angle of
orientation o of 96° (Table 2). The origin of such an orientation remains questionable, it could potentially
stem from steric molecular interactions or could be influenced by the initial addition of toluene onto the
aqueous phase. The parameter S that characterizes the ordering of the system, i.e. here linked to its
anisotropy, decreases when passing from M2 to M1 as described in Table 2. The change in structure
goes through a point (B on Figure 7) where both the bicontinuous network and the liquid crystal phase
coexist in a similar proportion. At this point, the parameter S is not consistent due to a significant noise
in the scattering signals. Above the interface with M2, the structure loses orientation in M1 (position D,
E on Figure 7). These are direct evidences of the progressive restructuring of SDS molecules from liquid
crystal (in M2) into monolayers (in M1). The sizes of the lamella in M2 are similar to the correlation
length & of the objects in the bicontinuous phase (~ 10 nm), which is in some cases approximated as the
length where the interfacial film is flat [39,40]. Consequently, it is possible that the bicontinuous
network arises from the merging of the sub-units of M2. Regarding the structure type [41-43], M2 at
position A and B stems from nematic phases as only one and relatively broad scattering peak is detected
on the SAXS scattering plots in M2 (Figure 8 at position A, B) [22]. At position C, the peak is sharp
and no second order peak is observed. Such a structure is questionable and could be either an
electrostatic pseudo-lamellar phase or a smectic phase or an electrostatically swollen sponge phase
[44.,45] in equilibrium with the sponge phase of position D.

Table 2 Parameters extracted from the Maier-Saupe fits at position A, B, C, D in M2/M1 region
introduced in Figure 7. Raw data are available in Supplementary material Part VI



Position Order parameter S Orientation angle a (°) Periodicity (nm)

A 0.44 10 11
B (0.04) 51 11
C 0.14 77 11
D 0.063 96 11

Concerning the Z3 phase, it is an opalescent and isotropic zone of relatively constant thickness located
between the excess aqueous phase and M2. 73 is hardly detectable with NMR because it is too close to
M2 phase where the signals are strongly impacted by the semi-crystalline structure. In DLS, the simple
cumulant inversion method leads to relatively high relaxation times in Z3 phase that are characteristic
of large objects in the range of ~100 nm as seen in Figure 6. A polymodal, thus more adapted, Pade
inversion analysis was carried out at different angles 6 of 30; 45; 90 and 135°. It follows that the process
of relaxation is diffusive and characterized by two diffusion coefficients D ~ 5.10""! m?s! (Dy =
20nm) and D ~ 5.10"? m2s! (Dy = 200 nm). Because there is one decade between those two
coefficients, the result is compatible either with a polydisperse distribution of objects or a bimodal
distribution. Regarding the structure, the interpretation of the SAXS data in Z3 is ambiguous as we do
not know its dilution regime, and because our lower g-range is limited at 0.01 A"'. However, we noted
that it could be fitted using a two-population “core-shell structure with thin shell” form factor as detailed
in Supplementary Material Part VII. The diameters found are 20 nm (length) and 1.4 nm (radius). DLS
and SAXS agree to state that Z3 contains polydisperse core-shell structures but the observation range
varied between the two techniques. Further SAXS or SANS experiments would be appreciated to
characterize more precisely Z3. We assume that such a phase may appear to ensure the continuity of the
thermodynamical properties between the liquid crystal and the excess brine phase.
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Figure 8 Scattering profiles according to the position in the capillary introduced in Figure 7.
Scattering curves in M1 (D, E) were fitted by the Teubner-Strey model; Scattering curves in M2 (A, B,
C, (D)) with Maier-Saupe fits. Scattering pattern for point G (divided by 5 for better representation)
was fitted with a two-populations core-shell form factor (see in Supplementary Material Part VII).

The given analysis leads us to wonder why the system is structured in layers as described above. In the
literature, the nucleation of different phases in the vicinity of the original interface has already been
observed in various systems and explained by the differences in diffusion coefficients of the species
[46][47]. In our case, the layering is caused by a competition between the migration of the surfactant
and the co-surfactant towards toluene. Butan-1-ol is likely to diffuse quickly and totally to the toluene
interface immediately after phases contact because of its total solubility and small molecular weight
(Mw



=74 g/mol). At the opposite, as a bigger molecule (M., = 288 g/mol), SDS diffuses with a lower rate to
the new interface (see Supplementary Material Part VIII for the reported value of self-diffusion
coefficients). The difference between SDS and butan-1-ol diffusivities implies the presence of high
composition gradients in the system. Thus, several assemblies of SDS are encountered in function of the
height in the system as if the tridimensional phase diagram of the quaternary system was partially
covered [11,48,49]. Indeed, it is known that the molecular exchanges with surfactants occur in the range
of the nanosecond to the microsecond [50,51]. Thus, the structures observed in M1, M2 and Z3 can
locally be considered at equilibrium and correspond to the microstructures of the phase diagram for the
compositions that were determined by NMR and Micro-CT. In Figure 9, we indicate in the
Toluene/butan-1-0l/6% NaCl Brine phase diagram available in literature [11] the points that correspond
to t = 0 and the equilibrium as well as the probable location of M2, M1 and Z3 phases. The limit of
quantification of our methods prevents us to point out a precise point of the phase diagram. Moreover,
we believe that the SDS and butanol composition gradients from bottom to the top of the tube imply that
the diffusion path crosses different planes of the butan-1-ol/toluene/Brine phase diagram, each plane
corresponds to a specific butan-1-0l:SDS ratio. Because butan-1-ol diffuses towards the toluene
supernatant phase, the butan-1-o0l:SDS ratio increases from M2 to M1 phase. This conclusion is coherent
with literature where “gel” regions were observed for butan-1-0l:SDS ratio lower than 2 (equals to the
ratio in the final bicontinuous phase).
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Figure 9 The ternary phase diagram n-butanol/toluene/6% NaCl brine for different planes
corresponding to a specific butan-1-ol/SDS ratio [11]. In our case, n-butanol/SDS ratio is 2 at t=0
and equilibrium. The symbols I, II, Ill stem from Winsor I, Winsor II, Winsor 11l region. The dashed

zone represents an identified “gel” region in literature and the red zones/arrows represent the
probable locations of the M2, M1 and Z3 phases.

e. Kinetic aspects leading to the disappearance of the liquid crystal

In this part, we focused on the evolution over time of the three intermediary phases. This is related to
the measurements between day 2 and day 33 in Micro-CT (Figure 5) and DLS (Figure 6). Namely,
we



extracted the interfaces positions M2/M1 and M1/Oil from Micro-CT profiles and followed their
behavior over time. Results are plotted in Figure 10.

Regarding the dynamics evolution of M2 over time, the upper part of M2 shows a maximum in
relaxation times and then vanishes when its dynamics becomes comparable to M1 phase (Figure 6).
After a few days, the lower part of M2 undergoes the same behavior. We correlate the presence of the
maxima in relaxation times to the position of M1/M2 interface over time. The displacement of this
maximum indicates the progressive breakage of the liquid crystal phase. Surprisingly, from Figure 10
we found that the displacement of M1/M2 interface is linear in function of time. The flux of matter
exchanges through the interface from M2 to M1 is constant at a speed of 4.3x10 m.s™!. Curves plots
are displayed in Supplementary Material Part V for more details.

Concerning M1, its thickness increases by progressive solubilization of oil and brine by conserving a
mean water/oil ratio around 50/50 v/v (Figure 5). Also, the displacement of the 0il/M1 interface is
proportional to vt and thus follows Fick’s law with a characteristic diffusion coefficient of 1.2 x10!
m?.s! as seen in Figure 10. This is in agreement with Broens et al. study in flowing conditions [5]. It
means that the penetration of oil is driven by the composition gradients present in the bicontinuous
phase. In addition, the DLS monitoring highlights that M1 reaches a minimum in relaxation times at the
total disappearance of M2 (Figure 6). An increase of the ordering of the bicontinuous network (i.e
decrease of fa or increase of &d) could explain the decrease in relaxation times. Indeed, the correlation
between ¢/d and the relaxation time 7 has already been found in previous work by Fukumoto et al. [6].
In that sense, this result would particularly support the static SAXS analysis where the phase M1 was
found to be more ordered than the final bicontinuous phase.

Overall, given the evidences of the dynamic and static analysis, we confirmed that the bicontinuous
phase M1 is growing towards the excess aqueous interface by progressive merging with the liquid crystal
M2. The liquid crystal M2 then acts like a reservoir of surfactants for the building of the bicontinuous
phase M1 (i.e. the future middle phase of the equilibrated system).
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Figure 10 Relative position X of M2/M1 and M1/0il interfaces (normalized to initial position) in
function of time and fits associated.

f. The growth of the final bicontinuous phase

In the last step of the process (Figure 3), the growth of M1 finally leads to the total consumption of the
liquid crystal M2. The disappearance of the liquid crystal M2 causes the inherent fading of the Z3 phase
(Figure 5). This provides another source of surfactants to the bicontinuous phase M1. As a consequence,
it enables the additional solubilization of toluene and water that leads to a thickening of the middle phase
until equilibrium is reached (Figure 4. f., g., h. and from day 29 in Figure 5). We noticed a symmetrical
growth of the middle phase along the tube leading to a centered middle phase in the final system
as



expected for a microemulsion at optimal salinity [52]. Structural and compositional properties of the
final system were previously commented in 3.1.

4. Conclusions

Applied to Enhanced Oil Recovery, previous kinetic studies on microemulsion formation were
performed in dynamic conditions to better understand the phases behaviors of such systems in flowing
conditions [4-6,53—-56], especially at the vicinity of dead-end pores. However, the information extracted
by such an investigation is limited due to complexity of model rocks or non-applicability of quantitative
advanced techniques. To extend the knowledge on the in-situ mechanisms, we monitored in bulk the
formation of a bicontinuous microemulsion from oil/water contact to equilibrium. We succeeded in
using DLS, Micro-CT, NMR [12] and SAXS techniques in a non-destructive way to quantitatively
analyze the properties of the system over time. First, the techniques were implemented on an equilibrated
sample to assess the methods and to have access to the structure and compositions of the final system.
A good agreement was found with the literature on a similar system [11,26,27,30] which made it
possible to carry out the kinetic study. The work shows that the formation of the model microemulsion
involves the presence of transitional layers in which structures/dynamics properties and compositions
are correlated according to the position in the phase diagram [11]. We were able to identify different
steps of the microemulsion formation. The initial aqueous phase contains cylindrical objects that migrate
at the interface when in contact with oil. Then, an intermediate liquid crystal appears and causes the
formation of the supernatant and underlying layers, respectively a bicontinuous phase and a dispersed
phase. The final bicontinuous phase of the Winsor III system stems from the dismantling of the liquid
crystal phase. The latter acts as a reservoir of surfactants by providing a constant matter flow toward the
bicontinuous phase until total consumption. The sub-units of the liquid crystal are about 10 nm and can
be compared to bricks that build up the bicontinuous network. Several types of liquid crystals that have
different orientation angles were observed and should be studied in a more detailed SAXS analysis.
Toward the excess oil phase, the penetration front [bicontinuous phase/excess oil] follows the Fick’s
law with a diffusion coefficient that is comparable to those observed under flow conditions in dead-end
pores [5]. Toward the water excess phase, the liquid crystal coexits with a dispersed phase that
potentially contains large vesicles. Rheological studies would be appreciated to assess the viscosity and
interfacial properties of the found liquid crystal phase - provided that the liquid crystal structure is
preserved when sampled. Applied to Enhanced Oil Recovery, this would give further information on
the flowing behavior of such a phase in-situ in the reservoir. Indeed, the formation of a liquid crystal
could potentially lead to a reservoir plugging and a decrease in oil solubilization performances at larger
scale. Also, this study should provide interesting routes to understand further the mechanisms of
formation of a Winsor I or II system where spherical structures are found at equilibrium. One can wonder
if they also arise from a crystalline phase. It could eventually also be extended to non-ionic surfactants,
1.e. when no co-surfactant is added to the formulation, to stress their roles in the mechanism of formation
and have a better insight on the nature of phase transitions occurring in-situ.
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