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ABSTRACT: Multiphase aqueous-organic systems where a bicontinuous phase is
in equilibrium with an excess organic and aqueous phase find various applications
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in industry. These systems—also known as Winsor III—are complex not only for ?‘M € !r.m,.._.,.,‘,,,.,
the different phases that develop therein but also because they are multicomponent ﬂ E [prose
systems. In this work, we explore for the first time the use of a benchtop low-field lﬁ‘ [ L i
single-sided NMR to determine the species distribution in Winsor III systems. The m=—————— [ (- | [eaveous
proposed methodology provides information at macroscopic and microscopic r- | - g S.:qn;.. \GRosts!

levels. In particular, we show the use of single-sided NMR to determine the phases’ 1 Phases dimention

dimensions and the species distribution in a polymer-based bicontinuous system. Component distribution

The phases’ dimensions and limits can be resolved with micrometric precision and

are indicative of the bicontinuous phase stability. The species distribution is determined by means of spatially resolved NMR
relaxation and diffusion experiments. It was observed that the salinity of the aqueous phase also impacts the species distribution in
the bicontinuous system. Experiments show that the additive and the polymer are mainly located in the bicontinuous phase. As the
salinity of the aqueous phase increases, the amount of organic components in the bicontinuous phase decreases as a consequence of
the species distribution in the system. This influences the total amount of recovered organic liquid from the organic phase. The
information is obtained in a relatively fast experiment and is relevant to the system’s possible applications, such as enhanced oil
recovery (EOR). This methodology is not only circumscribed to its application in EOR but can also be applied to the study of any

emulsion or microemulsion systems without sample size or geometry constraints.

B INTRODUCTION

Emulsions are systems in which two immiscible liquids are
temporarily mixed homogeneously to produce a dispersion of
one phase in the other.' The most effective strategy to inhibit
phase separation is adding surfactants. Due to their
amphiphilic nature, these entities are adsorbed at the interface
and form a viscoelastic film around the disperse system, thus
reducing the tendency to coalesce.” These systems play a
crucial role in many processes such as controlled release drug
delivery,” cosmetic industry,” bioseparations methods,” and
fundamentally, in enhanced oil recovery (EOR).°™ Among the
most remarkable properties of an emulsion are the type of
emulsion, size, distribution of droplets, and system stability.
In the 1950s, Winsor'® classified microemulsions by relating
the interactions of adsorbed surfactant molecules at the
interface with oil and water molecules in equilibrium. When
the system involves a microemulsion in equilibrium with an
excess phase, Winsor I and II systems are formed. A Winsor I
system is an oil-in-water microemulsion with an upper excess
organic phase. In Winsor 11, the equilibrium is between a lower
aqueous excess phase and a water-in-oil microemulsion. When
the affinity of the surfactant molecules for the phases is similar,
a triphasic system is formed. These systems are known as
Winsor III and contain most of the surfactant with highly
interconnected water and oil domains. In a Winsor III system,
a bicontinuous microemulsion is in equilibrium with two
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excess phases: an upper excess organic phase and a lower
excess aqueous phase. When used for EOR, several factors
affect the behavior of microemulsions under reservoir
conditions; they include but are not limited to the class and
molecular structure of the surfactant, temperature, salinity,
solvent, pressure, and pH.'" A critical aspect is the amphiphilic
component selection since it directly affects the stability and
behavior of the microemulsion.'”””'* We have previously
designed and prepared amphiphilic copolymers to use as
emulsifying agents that showed an adequate hydrophilic—
lipophilic balance.”"*

Different techniques such as titration'® and differential
scanning calorimetry'”'® (among others) are used to evaluate
the composition in microemulsions. However, these methods
are destructive, and the information collected is often limited
to an average compound or composition. Nuclear magnetic
resonance (NMR) has proven to help characterize the
individual components of these bicontinuous systems. Most
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Figure 1. Schematic representation of the single-sided NMR-MOUSE showing the experimental setup, an acquired profile, and the detected signal

decay during a Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence.

of the studies report the use of this technique for structure
elucidation or synthesis control.'” However, the use of NMR
to analyze multighase and multicomponent systems has been
less exploited.”””" One of the advantages of NMR is that it is
suitable for studying optically opaque or turbid solutions,
where other optical techniques may fail. For the particular
study of microemulsions, most experiments use pulsed field
gradient (PFG) pulse sequences to determine the self-diffusion
coefficients of the components.”” ™’

In some cases, PFG is combined with NMRspectroscopy to
further differentiate between species in a mixture.”’ > In
recent years, benchtop NMR has gained many users due to
various factors. Not only do they have lower price and involve
null maintenance costs but their operation modes are also easy
that do not require an NMR expert and special laboratory
requirements. Only a few reports used benchtop equipment to
localize the components in a microemulsion,”* determine
diffusion coefficients,”® monitor the oil saturation in a stone
plug,36 and study the emulsification kinetics.®”

Single-sided NMR sensors combine surface radio frequency
(RF) coils and open magnets to generate a sensitive slice
external to the sensor and inside the sample under
investigation.”® This setup enables the study of arbitrarily
sized objects in a noninvasive way since the sample lies outside
the equipment. Since the NMR signal arises solely from the
excited selective slice, the information provided is spatially
resolved with typical depth resolutions in the range of 50—500
um.””* By changing the position of the sensitive slice, data
from different parts of the sample is obtained; thus, different
phases of the sample can be scanned. It has been widely used
to study and characterize different systems, including rubber
testing, cultural heritage, cementation, and gelatinization
processes, among many others.*' ="

In this work, we design, prepare, and characterize a
bicontinuous phase based on an aqueous saline phase/n-
hexane/LMA4PEGMA,,/n-butanol using single-sided NMR
methodologies adapted to the study of these systems. The
copolymer synthesis was performed by reversible-addition
fragmentation (RAF) chain-transfer polymerization. Using
single-sided NMR, we developed a method for inspecting the
system components as a function of the position. Since salinity
significantly influences the system’s capacity to recover organic
fluids,**~** we use this relatively fast methodology to probe the
system under different salinity conditions. We believe that
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these results provide fundamental insights into the capabilities
of emulsifying agents for their potential use in oil recovery and
other applications, as well as the prospective use of single-sided
NMR to characterize bicontinuous phases, microemulsions,
and other colloidal systems.

B EXPERIMENTAL SECTION

Polymer Synthesis. The polymerization mixture was prepared in
a Schlenk flask by dissolving 8 g of poly(ethylene glycol) methyl ether
methacrylate (Aldrich average M, S00) and 6.12 g of lauryl
methacrylate (Aldrich 96%) and purging with N, bubbling for 30
min. Afterward, 3.29 mg of 1,1'-azobis(cyclohexanecarbonitrile)
(Aldrich 98%) and 41.6 mg of 4-cyano-4-(dodecylsulfanylthiocar-
bonyl) sulfanyl pentanoic acid (Aldrich 97%) were added
predissolved in 1 mL of tetrahydrofuran. The flask was heated to
70 °C, and after 6 h, the reaction mixture was dissolved in
tetrahydrofuran. The crude polymer was purified first by precipitation
in n-hexane and then the precipitate was dissolved in water, and the
dissolution was dialyzed and freeze-dried.

Sample Preparation. The samples are composed of an aqueous
solution with different concentrations of salts (3, 5, and 7%), hexane
as the organic phase, amphiphilic LMA,PEGMA,, polymer, and
butanol as a cosolvent. The aqueous phase is prepared by dissolving
CaCl, (11.5 g/L), MgCl, (11.8 g/L), Na,SO, (0.5 g/L), and NaCl
(38.5 g/L). Different aliquots of this solution are diluted in water to
obtain the different salt concentrations (3, S, and 7%) in the aqueous
phase. Then, 240 uL of a 10% w/w solution of the polymer and 800
#L of butanol are added to 8 mL of the aqueous solution. Finally, 8
mL of hexane is gently added, and the tube is then rotated up and
down to allow phase contact. After a resting period of a few minutes,
the multiphase system is developed (see the Supporting Information).
Since temperature affects the structure and stability of the
bicontinuous phase,'>** the thermal sensitivity was tested. Systems
showed stability at room temperature, and the triphasic structure is
conserved below 40 °C. Before the measurement, a small part
(approximately 1 mL) of the bottom aqueous phase is removed using
a Pasteur glass pipette to ensure that the different phases can be
monitored with the maximum penetration depth of the single-sided
NMR sensor. The capped flask is placed directly on top of the
equipment, and measurements are acquired at room temperature
(Figure 1).

NMR Measurements. NMR measurements were carried out in a
single-sided PM2S5 NMR-MOUSE (MObile Universal Surface
Explorer) from Magritek GmbH, which operates at a resonance
frequency of 12.99 MHz for 'H nuclei and can detect signals of
horizontal slices with an area of 4 X 4 cm® with a static magnetic field
gradient of 7 T/m. The device was configured to achieve a maximum
penetration depth of 10.6 mm and a resolution of 50 ym. Radio
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frequency pulses of 9.5 us with varying amplitude for the 90° and
180° flip angles were used in the different experiments.

The most standard technique for measuring the decay of time-
domain signals in this type of device is with a multipulse, Carr—
Purcell-Meiboom—Gill (CPMG) pulse sequence.’>>" The intensity
of the signal in a slice located at a distance d of the surface of the
equipment (S,) corresponding to the top of the echoes is described as

2
Sd(m‘r) — A(d)e{—[(l/Tz)+l/12D(yrG0) Imt} (1)

where T, is the transversal relaxation time, y is the 'H gyromagnetic
ratio, G is the magnetic field gradient intensity, 7 is the echo time, m
is the echo number, and D is the diffusion coeflicient of the spin-
bearing molecules. The coefficient A(d) is proportional to the number
of hydrogen nuclei in a sample slice located at depth d during the
scanning. To obtain the full CPMG decays at specific values of d,
different slices were detected, where 4000 echoes with an echo time 7
= 120 ps were acquired with 16 averages to improve the signal-to-
noise ratio. The echo time was chosen as a compromise between coil
heating and experimental repetition time.’’Equation 1 shows that
signal attenuation due to molecular diffusion during the CPMG pulse
sequence is produced. As each phase studied here has different
diffusion coeflicients, the effect of diffusion is included in the effective
relaxation time, T,,; therefore, the magnetization decay is considered
as

Si(t) = A(d)e™ B ()

with t = mr.

Profile Acquisition. As the sensor can be repositioned to different d
values, information from different slices may be obtained with a
precision of 10 um. Acquisition of the first data point in the CPMG
decay provides a positional distribution of the sample or a one-
dimensional (1D) image of the sample, where the intensity is related
to the number of hydrogen nuclei per slice. This procedure is referred
to as a profile acquisition. Additional contrast may be introduced by
acquiring and adding a given number of echoes during the CPMG
acquisition;>® following eq 2, it can be observed that species with
short relaxation times will have a reduced intensity compared to
species with longer relaxation times. As our interest is mainly in the
bicontinuous phase, the scanning depth was chosen between 10.4 and
S mm, and 541 slices were measured using steps of 10 pm. The
acquisition of a complete CPMG decay is more time-consuming, so to
optimize the acquisition time of the profile, only 70 echoes were
acquired with 16 scans. For comparison purposes, the relative value of
d is referenced as zero to the last data point corresponding to the
aqueous phase. A scheme of the experimental setup and typical signal
response is shown in Figure 1 for the sample with a 3% of salt
concentration.

Diffusion Measurements. Diffusion measurements were carried
out using a stimulated echo (STE)** pulse sequence with CPMG
detection. In the presence of a constant magnetic field gradient, the
normalized signal attenuation is expressed as”®

S, T 2 21, .
In 7‘1( v %) = —yszrlz(rz + —rl)D -=1-2
Sd(Tl,minr ) 3 T, T (3)

where the echo time was varied linearly from 7;,,;, = 0.08 to 7;,, =
1.25 ms to encode diffusion, while the storage time, 7,, was fixed at 5
ms. For the CPMG detection, 10 echoes were coadded, and 128 scans
were acquired for each 7, value. The CPMG echo train in the
acquisition is used to improve the experiment’s sensitivity.*®
Diffusion—Relaxation Correlation. Diffusion-T, correlation ex-
periments were performed using the same STE sequence. The timings
7, were linearly varied in 50 steps from 0.08 to 1.25 ms, while 7, was
fixed at 5 ms. For the CPMG detection, 8000 echoes and 32 scans
were acquired for each 7, value with a repetition time of 4.9 s.
Numerical Inversion of Data Decays. In complex systems
where several components contribute to a signal decay, either for
transverse magnetization during a CPMG pulse sequence or due to
diffusion in an STE pulse sequence, a combination of different decay

rates drives the signal evolution. For transverse magnetization, eq 2
may be rewritten as

56 = 3 A(d)el B
4(t) ; i(d) @

where n represents the number of relaxation rates present in the
system. Numerical inverse Laplace processing is usually carried out to
obtain the distribution of relaxation times, that is, the factors A,
related to the decay constants T,,; employing Contin or Upen
methods.>>*® For diffusion measurements, the last two terms in eq 3
are not considered in this work; these can be neglected for long T,
and T, values compared with experimental times, which is not
necessarily the case for all of the involved species. This data
processing does not render the real diffusion coeflicient values but an
effective one, D,. The signal attenuation due to diffusion in an STE
pulse sequence is then considered to be

1
5(b) = Y B(d)el )
(s)

where the b value is y2G2112(12 + %Tl). After the introduction of the
first two-dimensional (2D) algorithm for data inversion introduced by
Venkataramanan et al,>’ many strategies for the obtention of 2D
relaxation maps were introduced. In this work, we use the algorithm
introduced by Teal and Eccles®® with a reconstruction matrix of 100 X
100 points and an adapted version for 1D data inversion.

B RESULTS AND DISCUSSION

Determination of the Bicontinuous Phase Thickness.
To determine the phases’ dimensions, profile experiments were
performed for the different samples. In particular, the thickness
of the bicontinuous phase is relevant with the view to its
applications in EOR, since it is necessary to determine the
amount of organic matter recovered by the microemulsion.
This aspect will be discussed in more detail in the following
section. In addition, it can be used to monitor the stability of
the microemulsion as a function of time.'* Different profiles
can be measured as a function of time to monitor the
development of the different phases (see the Supporting
Information). Once the three phases have been formed, the
profiles can help investigate whether the system is stable over
time. If the profiles coincide, then the microemulsion is stable
over that period. It is worth mentioning that the relaxation and
diffusion parameters obtained by single-sided NMR (those
obtained from egs 4 and S) can also be indicative of the
system’s stability.”” The experiments reported in this work are
performed on stable systems.

As shown in Figure 1 for the sample with 3% of salt
concentration, the transverse magnetization decays of each
phase are clearly distinguished, as the three different phases
have significantly different signal intensities and relaxation
decay rates. These differences can be attributed to several
factors. The first is salinity, which is responsible for the fast
decay of water in the aqueous and in bicontinuous phases.*’
On the other hand, since salts have very low or negligible
solubility in the organic phase, the decay is unaffected. The
other relevant factor is the density of 'H in each phase, which
is reflected in the CPMG signal intensity.

It is then possible to use these differences as a contrast in the
profile acquisition. The profile data points are built by adding
the first 70 echoes of the CPMG decay. Since the phases have
different decays, the addition of the 70 first echoes of the
aqueous phase renders a lower value than the sum of those of
the organic phase. In this way, it is possible to acquire a T),-
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weighted profile of the samples that provides the dimensions of
the different phases. In particular, we focused our attention on
the bicontinuous phase, and Figure 2 shows the profiles
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Figure 2. Profiles of the three studied samples. The dotted lines show
the phases determined for the 5% salt concentration sample.

obtained for the samples for various salt concentrations. The
data at low d values correspond to the aqueous phase. As
previously mentioned, the salinity is high, and consequently,
the decays are fast, leading to a low amount of signal. In the
bicontinuous phase, a steep increase in the signal is observed as
the bicontinuous phase has a much longer T, relaxation value
than the aqueous one, together with higher proton density.
This fact is related to the dual composition of the phase, which
incorporates material from the upper organic layer. Different
samples render different values since the formed phases vary in
composition, as discussed in the next section. For higher values
of d, the signal intensity decays as the interphase between the
bicontinuous and organic phases is reached. It can also be seen
that for the three different samples, the aqueous-bicontinuous
interface limit is sharper than the interface between the
bicontinuous and the organic phase. Finally, the purely organic
phase is reached, and the signal reaches a constant value higher
than the one corresponding to the aqueous phase and lower
than the bicontinuous one.

From each profile, the thickness of the bicontinuous phase
can be determined simply by subtracting the values of d, as
seen in Figure 2. The determined values are 1210, 670, and
410 pm for 3, 5, and 7% of salinity, respectively. It can be seen
that as the salinity of the aqueous phase increases, the
bicontinuous phase thickness decreases since different salt
concentrations affect the balance of interactions between the
polar components of the mixture. The different ions produce a
screening effect between the polymer polar groups and the
water molecules, which reduces the interaction on the water
side of the amphiphile.’’ The same effect affects the
interactions between the polymer and the butanol. Bicontin-
uous microemulsion only occurs when the interactions
between the amphiphilic polymer and the oil and water phases
are similar.'” The resulting arrangement can satisfy both
affinities so that the equal dislikes for oil and water are
canceled. By increasing the salinity, the previously mentioned
ion screening effect is also increased and alters the distribution
of all components across the sample. The difference in the

composition leads to variation in the bicontinuous micro-
emulsion structure.””*’ Consequently, the interfacial tensions
are modified, and the macroscopic thicknesses of the
bicontinuous phases are altered.®*®*

Species Distribution among the Phases. Through
relaxation and diffusion experiments at different depths, the
different phases’ compositions can be explored. The CPMG
decays obtained in the profiling experiment were optimized to
determine the phase dimension in a rapid experiment.
However, since only a few echoes are acquired, the resulting
decays are insufficient to determine the species distribution
using eq 4. Once the phase dimensions and positions have
been determined, the selective slice of the NMR-MOUSE can
be placed in specific values of d, and more time-consuming
experiments can be performed to determine the sample’s
composition, acquiring a complete CPMG decay. The
assignation of each component’s relaxation and diffusion
coeflicient was done using a more straightforward reference
solution. Readers are referred to the Supporting Information
for a detailed discussion of the assignation procedure. The
resulting values of T,, and D, are summarized in Table SI
(Supporting Information).

Positioning the sensor in the center of each phase, a D—T),
experiment is used to determine the different components
present in these sensitive volumes. Figure 3 shows the result of
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Figure 3. D—T, map of the different phases in the 3% salinity sample.

D-T, maps for the 3% salinity sample. Comparing the
obtained values of T,, and D, with the reference samples, it can
be stated that the organic phase is composed of hexane (Figure
3, upper panel) and the aqueous phase with the salt solution
and butanol (Figure 3, lower panel). The composition of the
bicontinuous phase is clearly more complex, and multiple
components are shown on the map (Figure 3, middle panel).

Based on the initial profiles and the result of the 2D
experiments, different values of depth were chosen to explore
the composition of the samples (Figure 4). The first value
(lower d) is representative of the composition of the pure
aqueous phase. Then, increasing the d value, a few points were
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Figure 4. species distribution determined by NMR in the samples of (a) 3%, (b) 5%, and (c) 7%.

acquired to study the characteristics of the interphase between
the aqueous and the bicontinuous phases, attempting to
sample the borders and middle of the interface as well. Two
heights were selected as representative of the bicontinuous
phase in the 3 and 5% salinity samples. As the 7% salinity
sample has a very thin bicontinuous phase, only one height is
measured. Finally, some point explores the limits and middle of
the interphase between the bicontinuous and organic phases,
and one point represents the purely organic phase.

Figure 4 shows the species distribution for the 3, 5, and 7%
salt concentrations. The species distribution is built from the
CPMG decays. For a single slice, the CPMG signal is
composed of the contributions of each constituent’s decay.
The different T),, values are distinctive enough to be fitted from
the decay. As previously stated, the assignation of each T,
value was based on simpler standard solutions (see the
Supporting Information).

In the bicontinuous structure, the polymer monolayer is self-
organized to some highly connected surface of the cubic
symmetry, dividing the oil and aqueous channels.”* Since the
amphiphilic polymer is composed of hydrophobic and
hydrophilic side chains, it is expected that it presents a
“pancake state,” where the primary backbone is on the surface,
and its hydrophilic and hydroghobic tails stick out into the
water/oil domains, respectively.”>°° It is important to note that
in this situation, water and polymer exhibit a very similar T),,
value because their relaxation is affected by the ions in the
aqueous phase. Consequently, the signal decay is swift, and the
CPMG cannot efliciently sense two different decays. However,
since the D, values are different, the composition of the
polymer can be determined. The salinity does not affect the
more polar molecules with no exchangeable protons, so the
CPMG easily distinguishes their relaxation value.

As shown in Figure 4, in the bicontinuous phase, water and
hexane coexist. However, the proportion between hexane and
water in the central points of the bicontinuous phases is
different. Therefore, the NMR data shown can be used to
monitor how the different components partition in the three
phases. It can be seen that for the S and 7% solutions, the
amount of hexane is 2.6 and 2.7, respectively. In contrast, the
3% formulation reaches a 4.5 value. The difference in the
composition can be attributed to the species distribution. The
3% formulation is the one that shows a higher proportion of
alcohol in the bicontinuous phase. The amount of butanol
diminishes as the salinity is increased. It can also be observed
that an increase in the salinity reduces the water solubilization

into the middle phase due to a reduction in the water—
microemulsion interfacial activity.”” A closer inspection of the
polymer distribution shows that it is also affected by the
salinity of the aqueous phase. In the 3% sample, these
molecules are mainly distributed in the aqueous and
bicontinuous phases. However, as salinity increases, the
distribution shows that the polymer tends to reside in the
bicontinuous and organic phases. As previously mentioned, the
increase in salinity of the aqueous phase changes the balance of
interactions in the system. The transition of the polymer from
the bicontinuous phase to the organic phase is then forced, and
the systems shifts from a Winsor III to a Winsor II. It has been
previously reported that changes in the salt, water, and additive
amounts produce differences in the microemulsion structure
sizes.””*® The differences observed by NMR also support the
results shown by Hayes et al., where the interphase of Winsor
III systems undergoes gradual structural transition and
composition in the vertical direction.’®

It is worth noting that in such a complex formulation, the
distribution of different species is not the consequence of a
single parameter. Furthermore, an increase in the local number
of additives and the salinity affects the dimensions and
topology of the molecule’s ensemble in the bicontinuous
phase, leading to a variation in the total amount of hexane that
can be hosted in the channels. The NMR data can also be used
to determine the total amount of hexane recovered in the three
samples. As previously discussed, the sample with higher
salinity exhibits more hexane in the bicontinuous phase.
However, the thickness of the phase is the lowest. Therefore,
multiplying the thickness of the bicontinuous phase by the
hexane fraction determined renders the total amount of hexane
that the system can solubilize in the bicontinuous equilibrium
state (Figure 5). This amount is proportional to the recovery
factor or solubilization parameter usually employed in EOR
studies.”” The data can be obtained in a single fast NMR
experiment. It is worth mentioning that the acquisition of
spatially resolved data is not exclusive to single-sided
equipment, so a similar analysis can be performed with other
NMR types of equipment with the necessary hardware to
acquire spatially resolved data.

B CONCLUSIONS

Single-sided NMR proves to be a valuable tool for studying
bicontinuous systems. This technique can provide the spatial
distribution of the different components of the studied
bicontinuous systems, as well as macroscopic parameters,
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Figure 5. Amount of hexane in the bicontinuous phase for the three
studied samples.

such as the phases and interphase dimensions. It does not
require the use of deuterated solvents and may be helpful in
analyzing not only Winsor III systems but also other
microemulsions. The results show that the salinity of the
aqueous phase affects not only the phases’ dimensions but also
their composition. Consequently, it has an important impact
on the amount of recovered organic liquid from the organic
phase. This parameter is very relevant, given the system’s
possible applications. The relaxation and diffusion values of the
components were also determined, and the differences
observed can be interpreted as a consequence of changes in
the interactions between them.
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