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In the present work, the temperature-dependent phase behavior of a C,oE4 based microemulsion is studied

in different meso—macroporous glasses, as a function of their pore diameter. The phase behavior in these
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pores is investigated by small-angle X-ray scattering (SAXS). The crucial parameter we discuss based on the

SAXS results is the domain size of the bicontinuous phase. Using a simplified model to fit the scattering data,
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1 Introduction

Microemulsions are thermodynamically stable mixtures of oil
and water that exhibit a complex phase behavior."® Their
unique properties have led to applications in enhanced oil
recovery (EOR),°** decontamination,’*** cosmetics,"”* drug
delivery,'**® nanoparticle fabrication,' and catalysis.>* Due to
the growing demand for EOR applications worldwide, there
are many studies aiming at enhancing efficiency and reduce
the environmental impact of microemulsion flooding.**** In
our study, we use microemulsions based on alkyloligoethyle-
neglycol surfactants, because of their relative nontoxicity and
low impact of the salt concentration on the phase behavior.>*
These surfactants show a pronounced temperature-dependent
phase behavior.”® This is why the phase behavior of these
microemulsions can be studied regarding their composition
and temperature.*® To reduce complexity, many studies focus
on equal volume fractions of oil and water and then investi-
gate the phase behavior as a function of temperature and
surfactant concentration. This approach leads to the Kahlweit-
fish cut of the phase prism. Under certain conditions, an
isotropic, single-phase region, the bicontinuous phase, is
obtained.”® The geometry of oil and water within this structure
is bicontinuous, and the interfacial tension between the oil
and water phases reaches its minimum in this temperature
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we can observe the microemulsion inside the pores. These experiments reveal a temperature-dependent
change in domain sizes of the bicontinuous microemulsion only for large pores.

range.””** This is also why this phase is promising for clean-
ing, decontamination, or EOR applications.**** However, in
these applications, understanding the bulk phase behavior
can only serve as a base for understanding the actual
processes in the system, because the confinement of the
microemulsion by an interface must be considered. The
interaction of a nonionic surfactant microemulsion with a flat
surface has been studied in many works,**° including simu-
lations,*” investigations under shear stress,*® and at high-
pressure conditions.* In the case of bicontinuous micro-
emulsions, the main difference between the interface and the
bulk structure is the planar geometry near an interface, which
becomes sponge-like when the distance to the interface
increases. Since, in many relevant applications, the surface is
rough or even porous, we must also consider the influence of
curved interfaces. For example, water confined in a porous
solid smaller than 2 nm will not form ice.** The binary iso-
butyric acid-water solution shows an extended temperature-
dependent phase transition, exhibiting a lowered upper crit-
ical solution temperature when confined in a controlled pore
glass.”** Concerning ternary microemulsions, a paper by
Prause et al. shows the arrangement of microemulsion drop-
lets in pores*® and concludes that the microemulsion droplets
have a bulk-like size when the diameter of the droplets is
smaller than the pore diameter and that they are elongated
cylinders when the size of the microemulsion droplets is
larger than the pore diameter. However, at least to our
knowledge, the temperature-dependent phase behavior of
a bicontinuous tetraethyleneglycol-monodecylether (C,(E,)
microemulsion in a hydrophilic pore system has not yet been
studied. This study aims at investigating the general phase
behavior of microemulsions confined in porous glasses by
investigating the domain sizes over a large temperature and
pore size range.
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2 Experimental
2.1 Materials

Water was taken from a Sartorius Arium VF pro ultrapure water
system (Gottingen, Germany). Tetraethyleneglycol-mono-
decylether C;0E, (>95.0%) was obtained from Bachem, and n-
octane (>99.0%) was obtained from Honeywell. The controlled
pore glasses (CPG) used in this work were obtained from Poly-
Org, Inc. The nominal pore diameters of the CPG studied were
1000 A, 500 A, 184 A. To purify the CPG, they were stored in
concentrated H,SO, solution for two days and then rinsed with
ultrapure water using a Soxhlet extractor. To test for remaining
SO4>7, the samples were washed with water, then tested for
remaining SO,>~ anions using a BaCl, solution. After no SO,>~
could be detected, the CPG was dried overnight at 80 °C.

2.2 Sample preperation

To characterize ternary microemulsions, the weight fraction of
the surfactant y and the relative volume ratio of oil and water
«a are useful comparators, regardless of the total volume of the
batch.

o= unter ( 1)
Vwater + Voil
y= Mgurfactant (2)

Mgurfactant T Mwater T Moil

The microemulsion (ME) used was prepared and tempered
at 22 °C and consisted of C;yE,/water/n-octane with « = 0.5 and
v = 0.14. The complete formation of a bicontinuous phase at
20 °C was confirmed by a faint blue translucent sample that
showed birefringence only under shear when observed under
a microscope with crossed polarizers. For the subsequent SAXS
experiments, 1 mm quartz capillaries from WJM-Glas Miiller
GmbH are used as sample cells. They were filled with the
microemulsion, and the CPG was slowly added until a 5 mm
supernatant of the microemulsion was left. Throughout the
process, the turbidity of the microemulsion did not increase,
indicating a stable microemulsion after adding the porous
solid. The prepared quartz capillary was sealed and transferred
to a temperature-controlled SAXS sample holder to perform
SAXS measurements.

3 Methods

3.1 Porosimetry

To obtain the pore diameter Gy, per of the CPGs (Table 1), Hg-
and N,-porosimetry were performed. The Hg-intrusion
measurements were performed for CPG1000 and CPG500 by
the Bundesanstalt fir Materialforschung und -priifung. For
CPG184, N,-physisorption isotherms were obtained at 77 K using
an Autosorb-1 (QUANTACHROME). To minimize the dead
volume, the used glass tubes were also filled with a glass rod and
glass wool. The samples were degassed under vacuum at 90 °C
for at least 24 h to remove any water and gas adsorbates. Bru-
nauer-Emmett-Teller (BET) method in a pressure range of p/p, =
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Table 1 Fit results and porosity data of CPG-1000, -500, -184. The
parameters of the Teubner—Strey model are d, the domain size, £, the
correlation length, and B, a scaling factor. The pore diameters resulting
from SAXS Dsaxs are given by a multiplication of the porosity with the
domain size d

CPG/A d/A  E¢A B Porosity/%  Osaxs/A  Ongprr/A
1000 1353 507 2.325 x 10° 77 1038 1116

500 625 313 5.550 x 10° 72 445 491

184 381 79 8.581 x 10° 66 251 157

0.04 to 0.2 was applied to calculate the overall surface area using
a multipoint fit. The Barrett-Joyner-Halenda (BJH) method was
applied to calculate the pore size distribution. A detailed
description of these methods can be found in the literature.**

3.2 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering is a well-established method to
obtain information about the structure of microemulsions.
Hence, using SAXS to obtain information about the micro-
emulsion inside the pores seems straightforward. SAXS
measurements were performed using an in-house SAXS/WAXS
system (XEUSS, Xenocs, Sassenage, France). Radial integration
of the 2D detector image recorded by a Pilatus 300K hybrid pixel
detector (Dectris, Baden Deattwil, Switzerland) was performed
using the Foxtrot software.*” To obtain the intensity of the
scattered beam on an absolute scale, background correction
and normalization with glassy carbon type 2 (ref. 46) were per-
formed. In small-angle X-ray scattering, the intensity of a dif-
fracted X-ray beam is determined as a function of the scattering
vector g. The scattering vector, which depends on the scattering
angle 6 and the wavelength of light 4, is given as follows:

0= in(5) 6

The scattering signal from controlled porous glasses can be
modeled in several ways.*”** In general, CPGs also have
a bicontinuous, sponge-like structure.*’

Despite the scattering of the porous matrix, two distinct
scattering contributions can be observed when the micro-
emulsion is inside the pores. One is at g values smaller than the
signal of the CPG, and one is at higher g values than the signal
of the CPG. It has been shown that the scattering contribution
from randomly distributed binary fluid domains leads to
a quadratic Lorentzian scattering behavior.*>** Hence, to model
the scattering contribution of these regions at small g values,
the quadratic Lorentzian term in eqn (4) is used. The Lorentzian
we use has A as the scaling factor, £}, as the Lorentzian corre-
lation length, and » as the Lorentzian exponent. The parameter
qo is the peak position of the Lorentzian.

&) = T

YRR @

The relation dy, = 27/g, can be used to find the average
center-to-center distance of microphase-separated structures,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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while the Lorentzian screening length is obtained from the size
of the structures. The Lorentzian exponent is set to n = 4.

The Teubner-Strey model provides a simple model that
describes the scattering of the bicontinuous phase around the
maximum ¢n,.x of the correlation peak.”” High g values can be
fitted if the diffuse surfactant layer is considered.*® The scat-
tering intensity of the Teubner-Strey model I1s(q) scales with
the factor B in which the volume fraction of a phase, the scat-
tering contrast, and the correlation length £ are considered.
However, because these parameters cannot be accurately
determined inside the porous solid, B is used only as a scaling
factor.

B

hs(g) = ——————
15(9) @+ aq* + aqt

(5)

The parameters a,, ¢;, and ¢, yield the periodicity of the oil
and water domains, i.e. the domain size d,

-1/2
1 ay 12 1 C1

d=2r|z|—= - == 6

T |:2 (Cz) 4 Cy ( )

and the correlation length £ measures the distance between

a domain and a random environment without a long-range

structure. ¢ can be interpreted as the decay length of the
quasi-periodic structure.

-1/2
1 a) 172 1 C1
=15\ -\ 7
5 |:2 (6‘2) + 4 C ( )
The parameters a,, ¢;, and ¢, are defined by d and £ using the
following relations.

272 2
1+ <%) ] e ?zgz(z%g) +28% =6 (8)

a) =

d

To model the complete signal of the microemulsion inside
the CPG matrix, we use a linear combination of the signal from
the CPG matrix, the Teubner-Strey model to account for the
microemulsion signal, and a Lorentzian for possible phase-
separated regions for data analysis. Note that the scattering
contribution of the matrix is scaled by a factor C to account for
different contrasts of the CPG matrix in the presence of the
microemulsion. In total, this approach leads us to seven vari-
able parameters (4, B, C, d, &, qo, £1), three of which are ampli-
tude parameters (4, B, C).

I(g) = C x I(q)cpc + I(g)L + I(¢)1s )

4 Results and discussion
4.1 Bulk microemulsion

Firstly, the bulk behavior of the microemulsion is examined as
areference. A temperature-dependent measurement of the bulk
microemulsion at 20 °C with SAXS revealed a broad correlation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SAXS curves of a ternary CioE4/water/n-octane microemulsion

at 20 °C. The fit to the Teubner—Strey model (eqn (5)) is shown as a red
line.

peak at gm.x = 0.031 A~ typical of a bicontinuous micro-
emulsion, which can be described by the Teubner-Strey model
(eqn (5), Fig. 1). The determined mean domain size d = 191 A
and a correlation length of £ = 97 A. Under the assumption that
the oil and the water phases are isometric, we get a mean
domain size of 95.5 A for the oil and water domains.

4.2 Controlled pore glasses

We performed SEM measurements on all investigated CPGs to
get a general impression of the real space structure. For the
large structures of CPG1000, the bicontinuous character can be
seen and is displayed in the ESL.{ The Hg- and N,-porosimetry
normalized pore size distribution of the CPGs is shown in
Fig. 2A. We observed a broad pore size distribution for the
Oper(CPG184) = 8 nm to 60 nm and a narrow distribution for
O1g(CPG500) = 37 nm to 59 nm and @;,(CPG1000) = 82 nm to
143 nm. The measured mean pore diameters Qyg per are close
to the nominal pore diameters given by the supplier (Table 1).

The SAXS curves of the CPGs used in this work are shown in
Fig. 2B. For the CPG500 and the CPG184, a broad scattering peak
at Gmax = 0.009 A7 and gmax = 0.013 A™* is observable. For the
CPG1000, only about half of the main correlation peak is detec-
ted at gmax = 0.0045 AL Additionally, a shoulder is present at g >
max- In this g range, the decay of the scattering signals follows
a g *® power law typical of a fractally rough pore surface,
attributed in the literature to chemisorbed water clusters.>* At g <
gmax, AN increased scattering intensity is observed for CPG184.
Using USANS, Kim et al. demonstrated that mesopores could not
be the reason for this increase, as the signal persists when the
signal from the main correlation peak is matched out.>® A
possible explanation for this signal is an incomplete leaching
process during the CPG production, resulting in an inhomoge-
neous scattering length density of the solid phase.

A bimodal pore size distribution could be responsible for the
shoulder at higher g values. Also, a fractal structure scattering®®
and a long-range structure correlation leading to a second
structure factor peak® have been discussed earlier. For

RSC Adv, 2024, 14, 12735-12741 | 12737
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bicontinuous structures, multiple scattering effects can also
lead to a shoulder in this region.*”

The analysis of the scattering signal of CPG is not trivial, and
there is not yet a complete model describing all its properties.
Several ways of modeling the scattering curves of CPGs are
presented in the literature.””** Since the structure of CPG is
known to be bicontinuous, the Teubner-Strey model (eqn (5)) is
chosen to fit the data to obtain information about the mean
domain sizes of the CPG. However, there are deviations from
the Teubner-Strey-like scattering, such as the pronounced
shoulder at g > gnax-

The results of the Teubner-Strey fit are shown as a red line in
Fig. 2B. Table 1 lists the resulting fitting parameters. For the
CPG1000 and CPG500, we observe a good fit to the scattering
data in the peak region. However, the model fails partly to
describe the scattering curve of CPG184. Indicating a bimodal
pore size distribution, as seen in the porosimetry results in
Fig. 2A.

A —o— CPG1000-Hg
—o— CPG500-Hg
1.0 1 —o— CPG184-BET
[2]
: ﬂ
o >
& l
-~ /
08’ 0.5 |
C l
> .
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Fig. 2 Porosimetry data in (A) and SAXS curves in (B) of CPG-1000,
-500, and -184. The fit according to the Teubner—Strey model (egn (5))
is shown as a red line (B).
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4.3 Imbibed microemulsion

By comparison of the scattering signal of the matrix (Fig. 2)
and the signal of the microemulsion imbibed in CPG (Fig. 3),
a pronounced shoulder at g > gmax can be observed. After
subtracting the matrix signal scaled by a factor, which is
necessary because the contrast of the matrix changes after the
pores are filled with the microemulsion, we can also observe
another contribution at low g < gmax. To fit both features,
a combination of the matrix scattering signal, the Teubner-
Strey model, and a Lorentzian peak for the contribution at g <
¢max are employed as described in eqn (9). This simplification
of the scattering signal can describe the signal of the micro-
emulsion inside the CPG well enough to model the shoulder
contribution of the microemulsion at high g-values. However,
the model does not describe the contribution at lower g values,
discussed in Section 3.2.

A . = CPG500
0] . = CPG500+ME

10° 5

0.01 0.1
gl A’

10*

103_

100_

107

0.01 0.1
g/ A"

Fig. 3 SAXS curves for CPG500 with and without the microemulsion
(A), and the SAXS curve after subtracting the matrix signal from the
signal of the soaked CPG (B). In addition, the respective
contributions of the Lorentzian and the Teubner—Strey Model to the fit
are displayed (B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.4 Temperature dependent behavior

4.4.1 Microemulsion. The temperature-dependent phase
behavior was measured using the same protocol as in Section 4.3,
measuring in 5 °C steps in the temperature range of 5 °C to 55 °C.
The results show a temperature-dependent shift of the correlation
peak position (Fig. 4A). At low temperatures, the microemulsion
consists of two phases, with a water continuous oil-in-water
emulsion in the lower phase.”® The SAXS data of the water
phase show a strong correlation peak. With increasing tempera-
ture, the peak shifts to smaller g values, and the shape of the peak
broadens. At temperatures between 19 °C and 31 °C, the single-
phase region is observed in the bulk sample. Here, the typical
scattering pattern of a bicontinuous microemulsion is present. At
25 °C, we measure a sharp correlation peak showing the existence
of the lamellar phase at this temperature (Fig. 4A). Upon heating
above temperatures where the single-phase region is stable, we
obtain a two-phase region with an oil continuous water-in-oil
emulsion in the upper phase.*® Heating to 55 °C shows the
opposite trend observed for the water phase at low temperatures.
With increasing temperature, the correlation peaks shift to
higher g values. The shift in the correlation peak position as
a function of temperature agrees well with the expectation of
a temperature-dependent curvature of the microemulsion based
on alkyloligoethylene surfactants. At low temperatures, there is
a strong curvature of the surfactant interface towards the oil
phase. With increasing temperature, the curvature decreases
until a bicontinuous structure is formed, exhibiting a locally flat
interface with zero mean curvature. A further increase in
temperature leads to a negative curvature of the surfactant
interface, and inverse water-in-oil droplets are formed.

4.4.2 Controlled pore glass imbibed with microemulsion.
We observed no macroscopic phase separation at all measured
temperatures for the imbibed microemulsion. All parameters of
the fitted model (eqn (9)) are displayed in the ESL.{ The main

16
107§ 10
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104 — “M 10'2 TrC

o 5[ 4qi
3 50 10" 55
‘“7‘ 45|« 10: 50
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Fig. 4 SAXS curves for the ME as bulk (A) and in CPG-1000 (B), -500
(C), and -184 (D) at temperatures from 5 °C to 55 °C. The fits according
to egn (9) are shown in red.
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Fig.5 Domain size for ME as bulk and soaked in the CPG-1000, -500,
-184 according to eqn (6). The parameters shown here result from a fit
to the corresponding SAXS data displayed in Fig. 4 based on egn (9).
The temperature range with a stable one-phase region of the bulk ME
is indicated in grey.

parameter of interest is the domain size d of the microemulsion
shown in Fig. 5. We can observe the temperature-dependent
variation of the domain sizes of the bulk phase micro-
emulsion and the embedded microemulsion in CPG1000 and
CPG500, shown as green, red, and black data points in Fig. 5.
However, this behavior no longer appears favorable for the
small pore diameters of CPG184, as blue data points in Fig. 5.
Here, we observe an approximately constant domain size
around d = 230 A as a function of temperature. In our approach,
bulk-like structures can be formed and are measured in SAXS
for large pore diameters, leading to the observed change in
domain size. The domain size of the microemulsion in CPG184
remains constant over the entire temperature range. As the
main correlation peak of the CPG184 and the microemulsion
are very close, we are probably unable to resolve the micro-
emulsion's scattering contribution.

5 Conclusion

No macroscopic phase separation was observable in sample
cells at any measured temperature in the range of 5 °C to 55 °C.
This indicates that the two-phase region of the microemulsion,
if present, is formed at the scale of the pore network. In regards
to the domain size of the microemulsion, we have shown that
the temperature-dependent phase behavior of the C;oE,/water/
n-octane microemulsion in a CPG resembles the bulk phase of
the microemulsion for samples with large pore diameters. This
hints at a low interaction of the CPG surface with the micro-
emulsion. These results are desirable for applications such as
decontamination and enhanced oil recovery. Low surfactant
interaction with the pore surface is necessary to remove
substances from the pores without losing the surfactant. These
findings can potentially help address one of the main chal-
lenges of using microemulsions in EOR. Up-to-date approaches
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lead to high surfactant losses or include further manufacturing
steps, like adding alcohols or inducing a salinity gradient,
increasing the environmental impact.>*%*

The water/oil interface does seem to alter the microemulsion
domain size in small pores. This would be remarkable because
it happens even if the domain sizes in the larger CPG pores and
the bulk microemulsion would be much smaller than the pore
diameter of the CPG184 with dyz = 120 A and pore diameter
Oger = 251 A (Fig. 5) respectively. However, as the SAXS signal of
the microemulsion and the SAXS signal of CPG184 overlap, this
can also be an artifact. Further insights into the actual geometry
inside the CPG remain unclear and require other methods to be
used in future research on this system. Self-diffusion NMR,
small-angle neutron scattering contrast variation,* and neutron
spin-echo experiments are our following research goals, as they
have led to insights into binary fluids inside porous CPG.
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