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Abstract

Hypothesis

Contact angle can be a key parameter in chemical engineering. However, the development and the
optimization of numerous processes using supercritical CO,, considered as environmentally friendly,
requires new measurements under dense CO, atmosphere. Besides, the influence of the roughness or the
wetting regime on the contact angle is known at ambient conditions but remains to be discussed for
systems under high pressure.

Experimental

Contact angle measurements of ethanol, water, and their mixtures, with ethanol mass fractions ranging
from 0.25 to 0.75, on two stainless steels in saturated CO, at pressures ranging from 0.1 MPa to
15.1 MPa, and at 313 K and 333 K were carried out in a set-up improving mass transfer between the
studied liquid and the continuous fluid phase. Stainless steel surfaces have been characterized by atomic
force and scanning electron microscopies allowing the application of the Wenzel equation.

Findings

Ethanol wetted totally both stainless steels while contact angles of all other liquids were increased by
the rise of pressure, with contact angles up to 128 © for water at 15.1 MPa. Trapped bubbles were
observed at the solid/liquid interface and the bubble formation is discussed. Furthermore, the potential
influence of bubble presence on the wetting regime is prospected through the question: could the
pressure rise modify the wetting regime?

Keywords: Contact angle measurement; sessile drop method; ethanol; water; ethanol-water mixtures;
supercritical carbon dioxide; high pressure; stainless steel surface characterization; wetting regime

1. Introduction

Several studies on contact angle have been carried out for systems under atmospheric conditions, while
measurements of contact angle under high-pressure conditions, especially in supercritical carbon
dioxide (scCO,) atmosphere, remain limited in the literature. Nonetheless, scCO, is nowadays
considered in various industries (food, nutraceutical, pharmaceutical, material...) as an alternative to
conventional processes using organic solvents. An increasing interest has been observed for it in the
development of industrial processes more respectful for the operators, the consumers, and the
environment. Indeed, supercritical fluids (SCF) have liquid-like densities, gas-like viscosities, and
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diffusion coefficients higher than liquids, giving them valuable solvent properties and are also
considered as green solvents. It is specifically the case of scCO, [1]. Hence, contact angles under high
pressure and/or high temperature conditions are now under investigation as key parameters in several
process designs since they bring a better understanding of transfer phenomena, for instance, in heat
transfer studies in a “water pressurized reactor” (WPR) nuclear power plant [2], or in a mass transfer
studies dealing with packing wettability in scCO, fractionation of liquid mixtures [3—8]. Besides, the
influence of interfacial properties on flooding phenomena in counter-current column is given less
attention in literature due to the lack of data, though they are suspected to play a key role in several
studies [9-13]. Contact angles of water on stainless steel or silicon, in pressurized N, at high temperature
[2,14], as well as contact angles of water [3—5], ethanol [5] or lipid mixtures [7,8] on stainless steel,
polymeric surfaces or glass in scCO, medium have been carried out. However, the studied systems
remain lacunary in comparison to the diversity of liquid mixtures treated by SCF processes [6], and
further measurements are still needed to link interface science and chemical engineering applied to high-
pressure systems.

Contact angle (¢) of a liquid droplet on a solid surface, in a gas or SCF atmosphere, is defined as the
angle delimited by the tangent, starting from the triple contact point and along the drop shape; and the
contact line between the liquid and the solid, as shown in Figure 1.

Gas or SCF

Yir

Liquid
Vsr

-
v

Solid

Figure 1 Schematic sessile drop at equilibrium following the Young approach with force balance at the triple contact point

The contact angle can be measured from photographs of a static liquid droplet deposited on a solid
surface and by image processing, which is known as the sessile drop method. Its value is between 0 and
180° and is used to characterize the wettability of a liquid on a solid surface under given operating
conditions. A contact angle lower than 90° indicates that the liquid wets well the solid, and a contact
angle greater than 90° indicates a “bad wetting” of the system. Besides, if the liquid forms a film instead
of a drop, with a contact angle close to zero, the wetting is said to be complete, total, or perfect.
Otherwise, the wetting is said to be partial when the liquid forms a drop.

The contact angle depends on the nature of the continuous phase, gas or dense fluid, the liquid and the
solid as well as operating pressure and temperature [14]. From a theoretical point of view, for a drop
deposited on an ideal surface (perfectly smooth and homogeneous), the static contact angle at
equilibrium, also called Young contact angle (8y). It is described by the Young equation (Eq. (1)) which
results from the force balance at the triple contact point [15,16], and where ygr, ys; and y;r are the
solid/fluid, the solid/liquid and the liquid/fluid interfacial tensions, respectively.

Ysr=VYsL+cosby-yir (1)

Further studies at atmospheric conditions also pointed out the influence of the surface roughness on the
apparent contact angle, and the Wenzel equation (Eq. (2), presented in detail in section 2.3), can be used



to correct this effect if the system is supposed to be in the Wenzel state, i.e. if the wetting is homogeneous
[17-20]. Also, the influence of the surface chemical heterogeneity was also investigated in the work of
Cassie-Baxter [21] and the eponym equation (Eq. (6), presented in section 3.5) can be used to take this
effect into account in the correction of the apparent contact angle if the system is in the Cassie-Baxter
state, i.e. if the wetting is heterogeneous [17,19]. Gao and McCarthy [22] started a discussion about both
representation of Wenzel and Cassie-Baxter indicating that the surface characteristics must be in
accordance with the characteristics at the three phase line contact for the correct use of both Wenzel and
Cassie-Baxter equations. Furthermore, the influence of an adsorption layer on wettability of the solid is
also known [23-25], and has been pointed out in the literature for systems involving dense CO, [8,26].
Besides, the hysteresis observed for dynamic contact angle are also under investigation in current
literature [17,19,20,27]. Nonetheless, these fundamental considerations of wetting phenomena remain
scarcely discussed in the literature for systems under pressure.

In the Young equation (1), the liquid/fluid interfacial tension (y,r) and the contact angle are directly
measurable, unlike the solid/fluid interfacial tension (ygr) and the solid/liquid interfacial tension (ys;).
On the one hand, contact angle is necessary for wettability characterization. On the other hand, it will
enable the determination of further characteristics, such as the work of adhesion between given solid
and liquid (Ws;) [17], or the critical surface tension of the solid (y¢) [28—30], when coupled with liquid-
fluid interfacial tension, or even the solid/liquid interfacial tension with several measurements on solid
substrates of the same nature with various roughness [31]. Indeed, the work of adhesion can be
calculated using the well-known Young-Dupré Equation by only knowing y;r and 8 [17], while the
critical surface tension of solid yc, which can be assimilated to ysr, can be determined with the Zisman’s
plot method [28,29] that requires the knowledge of both y,r and & for a series of liquids. These
characteristics are of further interest since they give information about solid/liquid interface and
solid/fluid interface where ysr and ys; are not directly measurable. Afterwards, these properties are also
required in various correlations used in chemical engineering. For instance, the correlation of Onda
[32,33], used for the estimation of the wetted specific surface, includes the liquid-fluid interfacial tension
as well as the critical surface tension of the solid yc.

In order to study the behavior of the wettability in saturated dense CO, media and complete a previous
work on liquid/fluid interfacial tensions under the same conditions [34], contact angle measurements of
ethanol, water and their mixtures were then realized on two stainless steel surfaces. The ethanol-water
system has been previously described as a good model system, since several thermodynamic properties
of both ethanol and water under pressure are well-documented in the literature [35-39]. Additionally,
ethanol-water mixtures are of industrial interest, to produce highly concentrated ethanol solutions [40—
43], or for alcoholic beverage treatment, using the scCO, fractionation process [44—46]. Considering the
composition variation of ethanol-water mixture along the counter-current column in such processes, it
is of interest to characterize the interfacial properties, like the contact angle, for several of these mixtures
in contact with saturated dense CO,. Besides, stainless steel was chosen as the solid substrate since it is
the most common packing material used in supercritical fractionation because of its good resistance to
corrosion, chemical inertness, and relatively inexpensive price. Although stainless steel is not ideal from
a theoretical standpoint as it is a metal alloy with surface roughness, it holds significant practical
importance in chemical engineering considering the widespread usage in various industries.

To the best of our knowledge, contact angle measurements on stainless steel surface in saturated dense
CO, were carried out only with pure water or with pure ethanol [3—5] and no data were found in the
literature regarding contact angles of ethanol-water mixtures. Therefore, an experimental campaign was
carried out to measure the static contact angle by the sessile drop method of five solutions: ethanol,
water, and three mixtures of different ethanol mass fractions, noted w, of 0.25, 0.50 and 0.75, on stainless
steel supports in contact with saturated dense CO, thanks to an original set-up enhancing mass transfer
between the studied liquid and the continuous fluid phase. Experimental conditions for contact angle
measurements were chosen to correspond to typical operating conditions applied in the fractionation of
ethanol-water mixtures using scCO, [40—43], with pressures up to 15.1 MPa and temperatures of 313 K
and 333 K. Besides, solid surface analyses were also realized to observe the morphology of the surfaces



as well as to measure their roughness. These characterizations enable the use of the Wenzel Equation to
correct the observed contact angles by considering the roughness effect.

2. Materials and methods

2.1 Materials

Absolute ethanol (VWR Chemicals) with a purity higher than 99.8% and ultrapure water (Merck) with
a resistivity of 18.2 MQ-cm were used for contact angle measurements. Mixtures were prepared using
the same reagents by weighing. This method was validated by density analysis with a densimeter Anton
Paar DMA 4500. Three aqueous mixtures with ethanol mass fractions of 0.25, 0.5 and 0.75 were then
studied. High grade CO, (Linde) was used during experiments with a purity greater than 99.9%.

Stainless steel surfaces (GoodFellow) used for contact angle measurements were made of 316 and 316L,
following the American Iron and Steel Institute (AISI) nomenclature. They were shaped as a disc with
a 1.5 mm diameter and a 0.5 mm thickness. The surface of a standard packing element InterPack®
(VFF) in stainless steel was also analyzed to compare it with AISI 316 and 316L surfaces. The element
could be in AIST 304, 304L, 316 or 316L according to VFF.

2.2 Contact angle measurement

One of the most common methods for static contact angle measurements under high-pressure is the
sessile drop method [2,5,7,8]. The experimental setup allowing to realize these measurements under
saturated dense CO, is presented in Figure 2, and was previously described for interfacial tension
measurements [34,47]. For the contact angle measurements, a PEEK support (L) on which the stainless
steel surface (K) is deposited (Figure 2.b), is introduced in the measurement cell (H).

(a)

(Pr),
8-S O — g, o
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Nomenclature

A CO, Tank F : Sapphire Windows K : Stainless Steel Surface P : Computer

B : Cooling bath G : Light Source L : PEEK support Q : Heating Baths

C : High-Pressure Pump I : Measurement Cell M : Magnetic Bar R : Heating Resistors
D : Mixing Cell I : Removable Capillary N : Magnetic Agitator S : Syringe Pump

E : Blade Agitator J : Height Regulator O : Camera CCD T: Vent

Figure 2 Experimental setup for contact angle measurements at elevated pressures and temperatures. (a) Schematic
diagram; (b) PEEK support and stainless steel surface, (c) stabilized hanging drop; (d) contact between the drop and the
studied surface; (e) drop deposited after the rise of the capillary

Contact angles were measured on AISI 316 and 316L for five liquids: ultrapure water, absolute ethanol,
and three ethanol-water mixtures of ethanol mass fractions of 0.25, 0.50 and 0.75, in contact with CO,
under different pressures from 0.1 to 15.1 MPa at two temperatures of 313 K and 333 K. Before starting
contact angle experiments, stainless steel surfaces were cleaned with absolute ethanol, then dried with
dry air flow to avoid surface contamination.



At the beginning, the mixing cell (D), of a maximal volume of 86 mL, and the measurement cell (H), of
a volume of 48 mL, were filled with 50 mL and 5 mL of the studied solution, respectively. Large
volumes of studied liquid were introduced in both cells to keep the equilibrium composition, obtained
after mass transfer, close to the initial composition, especially in the case of ethanol-water mixtures. The
syringe pump (S), of a 100 mL volume, was also filled with the studied solution. The set-up was then
closed and flushed with CO, to remove the air and temperature and pressure were set. The CO, was
“pre-saturated” with the studied solution by flowing through the mixing cell under agitation.

After 30 to 60 minutes of CO,-rich phase saturation time, a drop was generated at the end of the
removable capillary (I), with an internal diameter of 500 pm, using the syringe pump (S) with a low
flowrate, around 1-2 pL-s"!. The drop volume was kept around 5 pL, and it was maintained for about
ten minutes at the end of the capillary (Figure 2.¢), to provide CO, transfer into the liquid phase [48]. If
the system was not well saturated, some volutes were observed. Consequently, it is important to ensure
sufficient saturation of the CO,-rich phase to limit transfer from the drop to the bulk phase after its
generation. The drop was then deposited on the stainless steel surface by descending the removable
capillary (I), thanks to the height regulation (J), until contact between the drop and the surface (K)
(Figure 2.d). The reverse operation with (I) was made to finally free the drop (Figure 2.e). Once the drop
was deposited, several pictures were taken over time, for 15 to 30 min, to ensure the stability of the
system that was then supposed to be at equilibrium or at least at a static state. Drop pictures were
analyzed using FIJI software and the “contact angle measurement” plug-in developed by Brugnara [49].
Measurements, considered as apparent or observed contact angle, were realized at least in triplicate.
These measures were then corrected with the Wenzel equation (Eq. (2)), and a mean value was finally
calculated. The repeatability uncertainty was calculated for a 95% confidence level.

2.3 Surface characterization and correction of the observed contact angle

Observations of the morphology and the chemical uniformity of stainless steel surfaces were carried out,
along with measurements of the roughness, developed surface (c4) and projected surface (c,) that define
the roughness parameter ¢, in equation (Eq. (3)). The roughness parameter is required in the application
of the Wenzel equation (Eq. (2)), where the measured contact angle, or Wenzel apparent contact angle,
is noted 0,,, and the corrected angle, referred as the Young contact angle, is noted 0 [18]. The wetting is
then assumed to be homogeneous.

cosby=¢-cos@ (2)

¢=— 3)

The morphology was observed using Scanning Electron Microscopy by Field Emission Gun (SEM-
FEG) (Jeol JSM-7900F). Chemical uniformity of the metal alloy was also verified by X-ray
spectroscopy analysis (BRUKER Esprit) using the same SEM-FEG. The roughness, expressed in Root
Mean Square (RMS) in this work, the developed surface (cg4), and the projected surface (c,) were
determined in triplicate using Atomic Force Microscopy (AFM) for three different surface sizes (90%90,
30%30, 10x10 um?), with a resolution of 512x512 pixels, which is higher than the minimal resolution
recommended in the literature [50]. However, AFM measurements for the InterPack® packing with the
90x90 um? were not possible because of the curvature of the element. The average values were then
considered. The AFM used in this work was an AFM Multimode Nanoscope III (Digital Instrument), in
tapping mode with a Mikromasch HQ:NSC15/ Al BS, and the picture analysis was carried out with the
software Gwyddion.



3. Results and discussion

3.1 Apparent contact angle, surface characteristics and roughness correction

Pictures of observed contact angles are presented in the supporting material (Appendix A) for both
stainless steels in all explored conditions and are comprised between 20° and 130°, except for ethanol
that shows total wetting. Similar behavior was previously observed in the literature on AISI 303 [5].

Stainless steel surface characterization results are presented in Figure 3 for the AISI 316, the AISI 316L
and the InterPack® element. At low magnification, the surface appeared streaked for both 316 and 316L
samples. At higher magnification, the steel grain was visible, and grain boundaries were finer for the
AISI 316 than for the AISI 316L. Nonetheless, both samples appeared chemically uniform by X-ray
spectroscopy, with a homogeneous repartition of the alloy compounds. From AFM characterization, the
roughness was higher for AISI 316L than for AISI 316, respectively from 81 nm to 146 nm and from
33.5 nmto 131 nm according to the screened scale. The lower roughness at low scale corresponds to the
roughness of the grain while the higher roughness at higher scale includes the streaking of the surface
which generates these evolutions of the measured RMS. Although these roughness measurements were
ten times bigger than the one obtained on stainless steel (AISI 304) with polishing treatment [2], the
roughness remained quite low. Besides, morphology and AFM observations are in good agreement since
AISI 316L stainless steel is rougher than AISI 316.

316

Diameter : 15 mm
Thickness : 0.5 mm

% & 8 8 8 8 E 8 &

AISI 316

Surface 10x10 pm? 30x30 pm? 90x90 pm*
RMS (nm) 335+ 14 98 + 1.0 1314+ 1.7
[ 1.0374 + 0.0066  1.0158 + 0.0014  1.005] + 0.0020
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RMS (nm) 81+08 1225+ 1.1 1464+ 1.5
[\ 1.0426 = 0.0604  1.0542+ 0.0014  1.0266 + 0.0020

InterPack®

InterPack®

Surface 10x10 pm* 30x30 pm*
RMS (nm) 233+ 1.1 102+ 1.1
) 1.0155 £ 0.0142 10257 + 0.0061

Figure 3 Surface characterization of AISI 316, 316L and InterPack® element:
(a) sample picture; (b,c,d) SEM-FEG observations with magnification of x100, x1000 and x10000, respectively,
(e.f.g) AFM observations; and table of AFM measurement results

The evolution of the roughness parameter ¢ for AISI 316 and 316L, from higher values at low scale to
lower values at higher scale, was in accordance with previous literature [50]. Moreover, the significative
uncertainty of the roughness parameter on the 10x10 um? surface for AISI 316L (1.0426 £ 0.0604) was
due to one of the measurements made on a grain of low roughness which was larger than the screened
surface, lowering the average value and increasing the uncertainty. This behavior was not observed with
the packing element with close values at both scales according to the uncertainties. To estimate the
maximum of roughness effect, the biggest values of ¢ were used for the correction through the Wenzel
equation for each surface with ¢ = 1.0374 for AISI 316 and ¢ = 1.0541 for AISI 316L, respectively. Even
if the scales of AFM measurements were lower than the drop size, the retained values were expected to
be representative of the three phase line contact characteristics.

The roughness effects described by Wenzel equation imply that the corrected contact angle () is higher
than the Wenzel apparent contact angle (0,,) if 0,, < 90°, while corrected contact angle (0) is lower than
the Wenzel apparent contact angle (0,,) if 0,, > 90°, and it remained ineffective if 0,, = 90° [17]. This
behavior is illustrated in the supporting material (Appendix B) for the considered roughness factors of
each stainless steel and apparent contact angles can be computed from these data.



3.2 Influence of pressure on contact angle in saturated dense CO,

In this section, corrected average contact angles at each condition are presented in Figure 4. Each figure
presents the contact angle at 313 K and 333 K on AISI 316 and 316L for water (Figure 4.a), and the
three studied ethanol-water mixtures (Figure 4.b-d). All data are presented in supporting material

(Appendix C).
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Figure 4 Contact angle as a function of pressure at 313 K and 333 K on AISI 316 or AISI 316L for (a) water (on AISI 303 or
on unknown type of steel at 313 K [3-5]); and of ethanol-water mixtures: (b) w = 0.25; (c) @ = 0.50; (d) w = 0.75

Ethanol contact angle on stainless steel AISI 316 and 316L in dense saturated CO,

Ethanol drop formation with the capillary was not possible for pressures higher than around 8 MPa at
313 K and higher than around 10 MPa at 333 K, because the system ethanol/CO, is miscible beyond
these conditions and becomes monophasic [34]. Hence, operating conditions were restricted for ethanol.
Ethanol totally wetted the stainless steel surfaces (AISI 316 and 316L), forming a liquid film on the
solid surface instead of a drop, for all explored conditions (Appendix A, Figure 6). A similar behavior
was reported by Sutjiadi-Sia et al. [5] concerning ethanol wettability on AISI 303 in dense CO, at 313 K.

Water contact angle on stainless steel AISI 316 and 316L in dense saturated CO,

Contact angle of water on AISI 316 and AISI 316L as a function of pressure is presented in Figure 4.a
with available literature data [3—5]. The contact angle of water was increased by the rise of pressure
reaching maximal values of 128° and 125° on AISI 316L at 333 K and 313 K, respectively.
Measurements are in good agreement with the work of Sutjiadi-Sia et al. [5], despite the difference of
stainless steel (AISI 303). In contrast, contact angles of water on steels presented in [3,4] presented some
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discrepancies. As discussed by Sutjiadi-Sia [51], discrepancies observed in the work of Jaeger [4] could
be the result of different measurement methods, while much lower values observed by Wesch et al. [3]
could be generated by different wetting characteristics of the studied steel since the water wets it with
contact angles lower than 90° for pressures up to 10 MPa. Nonetheless, this study, along with the studies
of Sutjiadi-Sia et al. [5] and Jaeger [4] remain in the same order of magnitude, despite the stainless steel
difference, indicating that these values could be representative of the general behavior of the water
contact angle in dense saturated CO, on standard stainless steel (without specific treatment).

Influence of pressure was the same at both studied temperatures according to the stainless steel support.
When the pressure increased, the contact angle of water also increased. At 0.1 MPa, water wetted the
material with contact angles less than 90° while non-wetting behavior was observed for higher pressures
(= 5.1 MPa) with angles up to around 112° to 128° at the highest pressure. This behavior was also
reported in the work of Sutjiadi-Sia et al. [5] which is followed by the stabilization of the water contact
angle for higher pressure, up to 27 MPa at 313 K.

This behavior according to the pressure can be understood in terms of interfacial tensions of the system
with the Young equation rearranged and written in the form of Equation (4), completed with assumptions
made from other works.

Ysr(P) — ys.(P) 3 Ysr(P)  vsu(P)
vir(P)  vie(P)  yir(P)

cos By(P) = 4)

Data on ygr for stainless steel (AISI 303) in contact with dense CO, can be found in the work of Sutjiadi-
Sia et al [52] at 313 K and up to 27 MPa. These data have been determined in a system involving sessile
drops of water and ethanol on stainless steel in dense CO,. Moreover, data of water/CO, interfacial
tension are also available in the literature at 313 K [34], allowing the calculation of the ysg/y; ¢ ratio in
the equation (4). At 313 K, this ratio first decreases then becomes almost constant between 10 MPa and
15 MPa (Appendix D).

Estimation of yg; is scarce in the literature and no data were found for CO,/water/stainless steel system.
Nonetheless, the interfacial tension ys; was estimated to be constant or increasing with a pressure rise
by Dickson et al. [26] for the CO,/water/glass system at 296 K, corresponding to subcritical conditions
for CO,. Hence, the ratio ys;/yir can be assumed to increase with a pressure rise at 313 K, if ygr is
constant or increasing since yir is known to be decreasing with pressure [34]. Following these
assumptions, the ratio difference (ysp/yLr - Ysi/yLr) leads to a decrease of cosfy which corresponds to an
increase in fy with the pressure rise. Moreover, if both ratios became constant for higher pressure, then
the contact angle would also be constant, as observed in the work of Sutjiadi-Sia ez al. [5].

Ethanol-water mixtures contact angle on stainless steel AISI 316 and 316L in dense saturated CO,

Contact angles of ethanol-water mixtures are presented in Figure 4.b,Figure 4.c andFigure 4.d, for
mixtures with ethanol mass fractions @ 0f 0.25, 0.50 and 0.75, respectively. No previous data were found
in the literature to compare with the results of this work.

Concerning the pressure influence, contact angle of all mixtures increased when pressure increased. This
behavior could be generated by the evolution of the interfacial tension balance as presented for water.
However, the contact angle of the mixture with low ethanol content (0 = 0.25) showed at first an
increase, up to around 10.1 MPa, and then seemed to stabilize. This behavior is similar to the behavior
obtained with the water.

In contrast, the contact angle of mixtures of medium and high ethanol contents (o = 0.50 and @ = 0.75)
as function of pressure was almost constant or showed a small rise at first, up to around 5.1-7.5 MPa,
which was followed by a significant increase at higher pressures, and no stabilization was observe in
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this operating condition range. Several assumptions can be made to discuss these observations. First, it
is important to note that the composition of both the liquid and the fluid phases are determined by the
Vapor-Liquid equilibrium (VLE). Hence, both phases became a mixture of the three compounds CO,,
ethanol, and water, after the mass transfer occurred. Consequently, the composition of the sessile drop
can deviate from the composition of the initial mixture. On the one hand, CO, will transfer inside of the
drop [5]. On the other hand, ethanol will preferentially transfer towards CO,-rich phase since it has more
affinity for scCO, than water, leading to the rise of the water content in the drop and higher contact
angles. This latter phenomenon will be more significative at higher pressure when the density and the
solvent power of the CO, are increased. As perspective, experimental set-up allowing the knowledge of
the global composition of the system to determine the VLE data in given conditions would allow the
determination of the effective content of each compound in the drop as well as in the fluid phase. Second,
a potential heterogeneity of the liquid/solid interface due to trapped bubbles could also play a role in the
apparent contact angle as initially reported in the work of Cassie and Baxter [21]. Indeed, the presence
of such bubbles could indicate a switch from homogeneous wetting to heterogenous wetting by
increasing the pressure. This effect is discussed in further details in section 3.5.

3.3 Influence of temperature and stainless steel surface

The temperature seemed to have a low influence for both AISI 316 and 316L in the tested temperature
range (313 K and 333 K). This is in accordance with the work of Song ef al. [2] which deals with water
contact angle on stainless steel in N, for high pressure and high temperature. Indeed, three temperature
dependent regimes were described: low temperature (<393 K); intermediate temperature
(393 K<T<483K); and high temperature (T >483 K) [2]. The low temperature regime, that
corresponds to the conditions applied here, showed a weak decrease in the contact angle generated by a
temperature increase, which is the mostly observed in this work (Figure 4). Nonetheless, the temperature
dependence in the case of the mixture containing 0.5 mass fraction of ethanol is more pronounced.
Indeed, the increase of temperature from 313 K to 333 K led clearly to a lower contact angle for both
stainless steels. This behavior could be due to the higher CO, density at 313 K than at 333 K, increasing
the solvent power of the CO, and modifying the drop composition towards higher water content at 313 K
than at 333 K, as discussed in the section 3.2. Nonetheless, no such temperature dependence was
observed for the mixture with an ethanol mass fraction of 0.75. Besides, the discussion in terms of
interfacial tension balance with the Young equation (Eq. (1)) is not possible since data were found only
for y r at various temperatures and not for ys; and ys.

Small differences remain observable between contact angles on AISI 316 and AISI 316L despite the
correction of the contact angle through the Wenzel equation. If the contact angle magnitude were similar
for both stainless steels, slightly higher contact angles were generally observed on 316L (Figure 4). The
difference could be explained by the difference of the global chemical composition of the two stainless
steels 316 and 316L; nevertheless, this difference only consisted of a small amount of carbon. Besides,
the difference could be attributed to the chemical heterogeneity of the solid/liquid interface generated
by trapped bubbles that is discussed in section 3.5.

Because of measurement uncertainties, the temperature and the stainless steel surface influences
required further measurements to be confirmed. Measurements on ideal surface under larger temperature
range remain of interest to discuss the temperature influence on contact angles in saturated dense CO,.

3.4 Influence of ethanol mass fraction

Contact angle as a function of ethanol mass fraction for pressures from 0.1 MPa to 15.1 MPa are
presented at 313 K in Figure 5.a andFigure 5.b and at 333 K in Figure 5.c andFigure 5.d for 316 and
316L surfaces, respectively. Since ethanol totally wetted on both stainless steels, the contact angle values
were supposed to be zero for pressures up to 7.5 MPa at 313 K and up to 10.1 MPa at 333 K. Beyond
these conditions, the ethanol/CO, system is miscible in all proportions and becomes monophasic[34].
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Figure 5 Contact angle as a function of ethanol mass fraction at various pressures. (a) 316 at 313 K, (b) 316L at 313 K, (c)
316 at 333 K and (d) 316L at 333 K, dotted lines are plotted to guide the eye

As a general behavior, the contact angle diminished as the ethanol mass fraction increased. Similar
tendencies of ethanol-water mixture contact angle on different types of glass as a function of ethanol
mass fraction have been also observed in air [53]. For pressures under 7.5 MPa, corresponding to the
gaseous state of the CO,, the decrease was quite linear. However, the evolution of the contact angle
through the ethanol mass fraction seemed not monotonic at higher pressures, where the CO, is beyond
its critical point. The observed behavior of the contact angle at higher pressures can then be the result
of transfer phenomena with lower ethanol content in the mixture drops and higher contact angles,
together with a potential influence of surface heterogeneity, as discussed in the following section 3.5.

Besides, the liquid/fluid interfacial tension y;r of ethanol-water mixtures is known to decrease
exponentially with a rise of ethanol content [34], which results in a diminishing denominator in the
Young equation (4). Nonetheless, no information is available concerning the evolution of yg; with the
variation of the ethanol content of the system. Furthermore, the composition of the CO,-rich phase
depends on the nature and the amount of liquid in contact with, which could also modify the solid/fluid
interfacial tension ysr according to the studied liquid. However, the contact angle behavior suggests that

the y.r decreases more significantly than the term (ysr - YsL) With a rise in ethanol content since smaller
contact angles are obtained.
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3.5 Discussion on influence of surface heterogeneity and adsorbed film

Trapped bubbles were observed at the liquid/solid interface during several measurements at pressures
of 10.1 MPa and 15.1 MPa, mainly for ethanol mass fractions of 0.75 and 0.50 (Appendix E). The
formation of bubbles could be generated by trapped fluid in the solid asperities. Nonetheless, another
phenomenon could be relevant in the formation of bubbles at the solid/liquid interface such as the
oversaturation of dissolved fluid in the liquid phase at the solid/liquid interface as indicated by Tortora
et al. [54] in the case of nanobubble formation. Since the solubility of CO, in water [5] and ethanol [55]
increases with pressure, the latter phenomenon could be enhanced at higher pressures. Then, the
formation of macroscopic bubbles could be formed by coalescence.

The presence of trapped bubbles could also indicate a potential chemical heterogeneity of the solid/liquid
interface. The wetting regime could then evolve depending on the operating conditions, switching from
homogenous wetting at low pressure to heterogeneous wetting at higher pressure. The determination of
the wetting regime (homogeneous or heterogenous) is generally solved by a minimization of the Gibbs
energy of the system [56], and the transition between homogenous and heterogenous wetting has been
discussed in terms of energy barrier in the literature [57]. The Gibbs energy of the system, noted G, is
generally given by the equation (Eq. (5)), where y and 4 are the interfacial tensions and interfacial areas,
respectively, at the interfaces liquid/fluid (LF), solid/liquid (SL) and solid/fluid (SF) [56].

G=VYir ALr +VsL AsL +Vsr-Asr  (5)

The modification of interfacial tensions through pressure will then influence both the Gibbs energy of
the system and the energy barrier required for the wetting regime transition. To discuss the potential
influence of the surface heterogeneity, the Cassie-Baxter equation (Eq. (6)) is considered.

€cosOc_p=0-c0s0+ 0;-cosOco, o cosOc_p=0-(cosf+1)—1 (¢)

The contact angle 6 _ p corresponds to the observed contact angle and 4 to the corrected contact angle.
The heterogeneity is considered through the ¢ parameter, that corresponds to the fraction of the solid
surface wetted by the liquid; and o,, the fraction of the surface formed by the trapped gas, or saturated
dense CO,. The total surface is generally normalized to obtain ¢ + o,=1; and 0o, = 180°. The
parameter ¢ is not known in this work, and heterogeneity can only be prospected using equation (6).
Values of corrected contact angle from equation (6) using different arbitrary values of ¢ from 0.9 to 1
are then presented in the supporting material (Appendix E) to illustrate the influence of solid/liquid
interface heterogeneity. This model describes a significant increase in the apparent contact angle with a
diminution of o, especially for smaller contact angles, and even for a low fraction of non-wetted solid
surface.

Because the phenomenon of trapped bubbles was observable mainly with mixtures of 0.50 and 0.75
ethanol mass fractions, two assumptions can be made. First, the rise of the contact angle of mixtures
with ethanol mass fractions of 0.50 and 0.75 observed at high pressure could be interpreted, in part, as
an effect of enhanced surface heterogeneity in these conditions. Second, the bubble trapping, and thus
potential switch from homogeneous wetting to heterogeneous wetting, could be favored by the low
liquid/fluid interfacial tension y; r of these mixtures [34].

The roughness is also known to influence the wetting regime, with for instance preferential
heterogeneous wetting above a certain value of the roughness factor for sinusoidal surface [56]. The
height of asperities has also been pointed out as influencing their capability to entrap air pocket [58],
indicating that a rougher surface can promote the bubble trapping. Moreover, asperities favor the
nucleation of bubbles [8]. Hence, the surface heterogeneity of AISI 316L could be greater than the
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surface heterogeneity of the AISI 316, since the 316L is rougher than the 316. This assumption can
explain, in part, the difference between contact angles on both surfaces with generally higher values on
AISI 316L, especially at pressures of 10.1 MPa and 15.1 MPa. Further works on various well-defined
surfaces with controlled roughness or patterning should clarify the influence of roughness and
heterogeneity under saturated dense CO, atmosphere, which is scarcely discussed in the literature, and
even highlight the possibility of a wetting regime transition generated by the rise of pressure
[56,57,59,60].

Besides, the existence of an adsorption layer on the solid surface has been underlined as influencing its
wettability [23-25,61]. The solid/fluid interfacial tension for the stainless steel/CO, system is greatly
reduced with a pressure rise, as concluded by Sutjiadi-Sia ef al.[52]. This diminution of ygr could then
be interpreted as the result of the formation of the adsorption layer on the stainless steel. However, since
mass transfer occurs between the CO,-rich phase and the liquid phase [5], the exact nature, molecular
composition and thickness, of such adsorbed film in saturated dense CO, remains unknown although
assumed of great influence by Santos et al.[8].

4. Conclusions and perspectives

This work brings experimental measurements of contact angle on two types of stainless steel surfaces,
in AISI 316 and 316L, of absolute ethanol, ultrapure water and newly for three of their mixtures (with
ethanol mass fraction of @ = 0.25; ® = 0.50 and @ = 0.75) in saturated dense CO, atmosphere from
0.1 MPa to 15.1 MPa at 313 K and 333 K. Experiments were carried out in an original set-up allowing
enhanced mass transfer between the studied liquid and the continuous fluid phase. Moreover, surface
characteristics, morphology, homogeneity of the metal alloy, roughness and roughness parameter were
also determined thanks to SEM observations and AFM measurements. Such characterization enables
the use of the Wenzel equation (Eq. (2)) describing the roughness effect on apparent contact angle that
are often neglected for measurements under high-pressure. Experimental conditions were restricted for
ethanol to pressure up to 8 MPa at 313 K and 10.1 MPa at 333 K because of the miscibility in all
proportions of the ethanol/CO, system which becomes monophasic [34]. Ethanol showed total wetting
on both stainless steels at each experimental condition that is in accordance with previous literature [5].
Contact angles of water increased with pressure rise on both stainless steels at both temperatures. This
behavior was previously described in the literature for this pressure range but seems to stabilize at higher
pressure, up to 27 MPa [5]. The rise of the water contact angle through pressure, as well as its
stabilization at higher pressure, appeared in agreement with the Young equation considering the
hypothesized evolution of the balance of the interfacial tensions. Evolution of the ethanol-water mixture
contact angle through pressure is different according to the mixture. Indeed, the behavior of the low
ethanol content mixture (o = 0.25) followed the same tendency than water. In contrast, contact angles
of mixture with medium and high ethanol content (o = 0.50 and ® = 0.75, respectively) showed at first
a low increase for pressure below around 5.1 MPa to 7.5 MPa while significant increases were observed
at higher pressure and no stabilization seemed to appear (Figure 4). The rise of temperature from 313 K
to 333 K seemed to decrease the contact angle despite the short range of temperature coupled with
measurement uncertainties. Nonetheless, this behavior appeared clearly for the mixture with medium
ethanol content (o = 0.50) and is in accordance with observed tendency for water contact angle on
stainless-steel under pressurized N, [2]. Further measurements on ideal surface screening larger
temperature range should be of interest to precisely discuss the temperature effect under saturated dense
CO,. Measurements on both stainless steels showed generally higher contact angle on AISI 316L than
on AISI 316, especially under high pressure conditions. The increase of ethanol content in the liquid led
to a decrease in the contact angle that appears quite linear for pressure up to 7.5 MPa, while non-
monotonic behavior was observed at higher pressures, on both stainless steels and at both temperatures.
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Several phenomena have been discussed according to the behavior of the contact angle through pressure,
temperature, stainless steel surface and ethanol content of the studied liquid. It has been highlighted that
transfer phenomena may play a role particularly at higher pressure by decreasing the ethanol content of
the studied mixture leading to higher contact angles, since the density and the solvent power of CO,,
preferentially towards ethanol, are increased. The quantification of the mass transfer effect should be
accessible by VLE calculation. Moreover, although the wetting was assumed homogeneous with the
consideration of the roughness effect through the Wenzel equation (Eq. (2)), the observation of trapped
bubbles at the solid/liquid interface suggested a potential heterogeneous wetting. The formation of
bubbles could be generated from trapped fluid in the surface asperities and by an oversaturation of
dissolved CO, in the liquid phase at the solid/liquid interface. Hence, the idea of a transition from
homogeneous wetting to heterogeneous wetting induced by the rise of pressure, involving the
diminution of the solid/fluid and the liquid/fluid interfacial tensions, is discussed according to the
minimization of the Gibbs energy of the system. The potential influence of the surface heterogeneity is
then discussed according to the Cassie-Baxter equation (Eq. (6)) that describes higher apparent contact
angles in the case of heterogenous wetting. The influence of surface heterogeneity could then be
involved in the significant increase of the contact angle of medium and high ethanol content mixtures
observed through pressure. As well, rougher surface could involve higher surface heterogeneity and then
higher apparent contact angles as observed on the AISI 316L that is rougher than the AISI 316. Also,
trapped bubbles were mainly observable with medium and high ethanol content mixtures which could
suggest higher surface heterogeneity enhanced by lower liquid/fluid interfacial tension generated by the
increased ethanol content. Nonetheless, such wetting transition requires further investigation to be
confirmed. Furthermore, the nature of the adsorption layer on stainless steel is a topic of interest since
it has been less studied in literature and probably has an influence on the wettability. Besides, a first
consequence of such adsorption layer under high pressure seems to be the decrease in the solid/fluid
interfacial tension, as estimated in the work of Sutjiadi-Sia et al. [52].

As perspectives, the contact angle measurements of such solutions are also of interest for the calculation
of the work of adhesion, with the well-known Young-Dupré equation, or even for the determination of
the critical surface tension of the solid, thanks to the Zisman’s plot method. Estimation of such
parameters is also of interest in chemical engineering since they are directly required in usual
correlations used for the estimation of mass transfer coefficients in the modeling and the simulation of
several processes [32,33], such as scCO, fractionation of liquid mixture that is considered as a promising
green process. Moreover, interfacial properties are pointed out to influence flooding phenomena in
counter-current columns involving a dense gas or a supercritical fluid phase [9-13] and where a lack of
data has been identified to discuss it. Further with respect to fractionation process, it is often emphasized
that the range of operation pressure is narrow to keep enough density difference between the two phases
to allow counter-current flows. This work shows also that lower pressures are recommended for higher
packing wettability and higher contact area between the two phases for an enhanced mass transfer.
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Figure captions

Figure 1 Schematic sessile drop at equilibrium following the Young approach with force balance at the
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Figure 2 Experimental setup for contact angle measurements at elevated pressures and temperatures. (a)
Schematic diagram; (b) PEEK support and stainless steel surface; (c) stabilized hanging drop; (d) contact
between the drop and the studied surface; (e) drop deposited after the rise of the capillary.................... 5

Figure 3 Surface characterization of AISI 316, 316L and InterPack® element: (a) sample picture; (b,c,d)
SEM-FEG observations with magnification of x100, x1000 and x10000, respectively; (e,f,g) AFM
observations; and table of AFM measurement r€SUILS...........ooiiiiiiiiiiiiiiiiiiieeee e e e e 8

Figure 4 Contact angle as a function of pressure at 313 K and 333 K on AISI 316 or AISI 316L for (a)
water (on AISI 303 or on unknown type of steel at 313 K [3—5]); and of ethanol-water mixtures: (b) © =

0.25; () @ =0.50; (A) = 0.75 oottt ettt et e ettt s b e e e ree e taeenraeenns 11
Figure 5 Contact angle as a function of ethanol mass fraction at various pressures: (a) 316 at 313 K, (b)
316L at 313 K, (c) 316 at 333 K and (d) 316L at 333 K, dotted lines are plotted to guide the eye....... 16
Figure 6 Apparent contact angles through all explored conditions...........cc.ceccerereeienininiieneneneeeenee, 27

Figure 7 Roughness effect following the Wenzel equation considering maximal values of ¢ parameter
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Figure 8 Ratio ysr/yr as a function of pressure for CO,/water/ stainless steel system at 313 K, data used
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Figure 9 (a) picture of trapped bubbles, (b) correction of the observed contact angle through the Cassie-
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Appendix A

Pictures of apparent contact angles are presented for all studied conditions in the Figure 6.
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Figure 6 Apparent contact angles through all explored conditions

Appendix B

Corrections of the apparent contact angles through the Wenzel equation are presented for various

roughness parameters in the Figure 7.
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Figure 7 Roughness effect following the Wenzel equation considering maximal values of ¢ parameter for AISI 316 and AISI
316L surfaces

Appendix C

Table 1 and Table 2 regroup all averages of corrected contact angles obtained in this work with the
statistical uncertainties calculated for a 95% confidence level. Each measurement was carried out at least
in triplicate then corrected through the Wenzel equation and finally averaged.

Table 1 Data of corrected contact angle (CA) at 313.15 K for AISI 316 and AISI 316L with statistical uncertainties

P T CA 316 CA 316L
®ethanol
(MPa) (K) ) ©)
0.1 313.15 0 79 + 8 78 + 10
5.1 313.15 0 92 + 4 103 + 8
7.5 313.15 0 104 + 6 108 + 8
10.1 313.15 0 102 + 6 122 + 9
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Table 2 Data of corrected contact angle (CA) at 333.15 K for AISI 316 and AISI 316L with statistical uncertainties

P T CA 316 CA 316L
®ethanol

(MPa) (K) ©) ©
0.1 333.15 0 66 + 6 76 + 1
5.1 333.15 0 97 + 2 94 + 3
7.5 333.15 0 96 + 5 103 + 3
10.1 333.15 0 102 + 14 117  + 2
15.1 333.15 0 117+ 4 1286 + 3
0.1 333.15 0.25 51 £ 6 60 + 7
5.1 333.15 0.25 56 + 7 71 + 4
7.5 333.15 0.25 77 + 2 84 + 4
10.1 333.15 0.25 94 + 4 105 + 5
15.1 333.15 0.25 105 + 2 120 =+ 1
0.1 333.15 0.5 38 + 3 37 + 3
5.1 333.15 0.5 34 + 2 32 + 4
7.5 333.15 0.5 34 + 6 38 + 6
10.1 333.15 0.5 63 + 3 44 + 5
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15.1 333.15 0.5 82 + 3 78 + 3
0.1 333.15 0.75 21 + 1 27 + 4
5.1 333.15 0.75 24 + 5

7.5 333.15 0.75 26 + 4 29 + 3
10.1 333.15 0.75 53 + 5 47 + 2
15.1 333.15 0.75 75 + 3 77 = 4
0.1 333.15 1 0 0

5.1 333.15 1 0 0

7.5 333.15 1 0 0

10.1 333.15 1 0 0

Appendix D

The ratio ysp/yLr of water at 313 K in saturated dense CO, as a function of pressure is presented in Figure
8. Data of ygr are taken from [52] and data of yr are taken from [34].
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Figure 8 Ratio ys/y,r as a function of pressure for COy/water/ stainless steel system at 313 K,
data used are from [52] for ysr and from [34] for yr

Appendix E

Influence of the chemical heterogeneity of the solid/liquid interface for various arbitrary wetted fraction
o is presented in Figure 9.
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Figure 9 (a) picture of trapped bubbles, (b) correction of the observed contact angle through the Cassie-Baxter equation for
various arbitrary wetted fraction
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