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Higher gas solubility in nano-

liquids?
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The influence of a system scale on its physicochemical properties
is still a matter of discussion. Particularly, in nanometre-confining
porous media, the structure!?, dynamics!"*”' and physical
behaviour’®'® of condensed matter differ from what is observed at
the macroscopic level. Nevertheless, little work is available for 3-
phase systems at a nano-scale®'”'®. Many natural and
technological processes hinge on a solid-gas-liquid contact in a
confined environment, for instance in porous nanometric cavities.
Relevant examples may be as diverse as some geological
phenomena, such as oil natural formation, gas and petroleum
extraction and storage, chromatographic analysis, some
membrane-based processes or heterogeneous catalytic
reactions!'®2". Herein we provide experimental evidence of a
dramatic increase of hydrogen and light hydrocarbon solubility in
solvents confined in mesoporous solids.

The solubility of a gas in a bulk solvent is conventionally
described by Henry’s Law, which establishes a linear relationship
between the concentration of a dissolved gas and its partial
pressure above the solvent. Despite the general acceptance of
this equation, some previous kinetic studies carried out in gas-
liquid catalytic membrane reactors for nitrobenzene
hydrogenation®® have suggested that it might be limited when the
solvent is confined in a mesoporous matrix. Contrary to what
would be expected, a zero-order kinetics is observed for the gas
reactant when molecular hydrogen and liquid nitrobenzene are
put into contact using a catalytic membrane contactor. This
experimental observation might be interpreted in terms of an
oversolubility of molecular hydrogen in the liquid nano-volume
confined inside the pores, where the catalysis might benefit from
a higher hydrogen concentration. Recently, this type of effect has
been predicted by Molecular Dynamics for molecular nitrogen and
oxygen in nano-confined water!'".

Despite the small range of signal position variations for the
molecules studied here (e.g. compared to ?*Xe'®!) when exposed
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to a mesoporous solid partially filled with an aprotic solvent, we
were able to characterize and unambiguously assign seven 'H-
NMR signals for all the tested gases as a function of the local
environment (see Exp. Section).

Table 1. Values of H,, CH, & C;Hs solubility (¢, [%]), in CCls and CS; in different
environments using y-AlLO; (*) and silica (**) as confining agents. The gas
pressure was kept at 100-120 kPa in all experiments.

System at CCly CS,
equilibrium with gas
phase: H, CH, CaHs H, CH,
851 67 =7 578 + 6 5+1 56+ 6
1. Bulk solvent
(8.6) (73) (554) (6.6) (52)
2. Bulk solvent with 85+1 453+ 50" 541 56 + 16
porous solid o 71+7" - - 50+10"
i g 169 x4 . . .
3 Iﬁon';’::; g‘r’;‘:”ed 34+ 6™ g 1057 =114 242410 2501
p 144 1251

[a] Values in parentheses refer to literature®”. Row 3, values obtained for mean
confined system sizes d [nm]: ¥13.0-3.7, 7.8, 6.8, 18.3-9.2.

Although y-alumina and silica show a weak H, and light
hydrocarbon adsorption behaviour at ambient conditions (molar
loadings of 0.002, 0.09 and 1.0 mmol-g'1 for Hy, CH4 and CzHg in
y-alumina, respectively, have been experimentally determined by
micro-volumetry), in all cases no signal related to gas interaction
with neither adsorbed thin-film-liquid nor co-adsorption on the
pore walls was detected. Moreover, in the case of ethane, its
extremely low surface tension values prevent it from undergoing
capillary condensation in open mesopores under the pressures
used in this work (<500 kPa)®??.

The concentration of a target molecule in each phase was
measured against an external standard that can be well-resolved
in the NMR spectra. The solubility values obtained for all the
tested gases in different liquid-solid configurations are
summarized in Table 1. As it can be seen, our method
reproduces fairly well experimental gas solubility data in bulk CCl,4
and CS, (case 1). Case 2 describes an experiment where the gas
molecules are dissolved in the bulk solvent containing the porous
solid. In this case, two peaks can be observed, corresponding to
rows 5 and 6 in Table 2 (respectively H; in the bulk and in the
pores). Both peak integrations match the bulk solubility values.
On the opposite, case 3 shows a single peak providing gas
solubilities enhanced by a factor 2 to 5 over the corresponding
bulk values for all gases when the solvent is confined in the solid
mesopores, namely for solvent loadings lower than the total pore
volume of the solids. This observation suggests a role of meso-
confined gas-liquid interfaces in enhancing gas solubility.

To gain more insight into this hypothesis, a number of
experiments were performed where the gas solubility was
measured for decreasing meso-confined liquid sizes. This could
be accomplished in practice by reducing the solvent loading in the
porous volume of the target solid. The nano-liquid mean size, d,




corresponding to a particular solvent loading, f, could be
measured and tuned from the cumulative pore volume distribution
(Broekhoff-de-Boer, BDB, from N, desorption at 77 K) of the
target solid by Eq. 1 (see Sl-b for more details)
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where it has been implicitly assumed that the mesopores are slit-
shaped. In our calculations, the statistical thickness of the
adsorbed CCl; and CS; layer, 2t, was computed using the
expressions provided by Hakunan and Naono®® from their studies
on MCM-type mesoporous silica solids (pore size ranging from
2.0 to 10 nm) in the P/Po range 0.08-0.60.

According to the BET classification, the adsorption of CCl, on
mesoporous adsorbents with mean pore sizes lying in the range
2-110 nm and for temperatures in the range 283.15-308.15 K
follows a Type V isotherm®, which involves Kelvin-type capillary
condensation of the vapour before formation of an adsorbed
monolayer on the porous surface, together with no remarkable
hysteresis between adsorption and desorption curves for mean
pore sizes <10 nm. Note that this isotherm differs from that
obtained for N, adsorption at 77 K (type V), where vapor
condensation appears after the formation of an adsorbed
multilayer on the porous surface. Therefore, in a typical
experiment carried out in this study, CCl, desorption at room
temperature proceeds from larger to smaller pores, keeping an
adsorbed monolayer of 0.38-0.65 nm in thickness on the
evacuated pores at P/P°>0.40 for both solids that prevents the
target gas from adsorbing on the evacuated pore walls. This
picture is consistent with the experimental fact that no RMN
signal corresponding to adsorbed species is observed for all the
tested conditions. In this study, only experiments involving
adsorbed solvent accounting for a volume <15% of the liquid
loading have been considered (P/P° > 0.50 and >0.70 for y-
alumina and silica, respectively, see Sl-e,f).

Figure 1 shows the effect of tuning the meso-confined mean
size on gas solubility. As can be seen, gas solubility appears to
be strongly enhanced for nano-liquid sizes lower than 10 nm, as
long as gas-liquid interfaces are confined in the mesoporous
system, while the bulk values tend to be recovered when the solid
is completely soaked by the liquid. To evaluate in more detail the
role of meso-confined gas-liquid interfaces in enhancing gas
solubility, an additional experiment was performed where
methane was dissolved in a thin and extended CCl, layer on a
7-m%g™ macroporous y-alumina sample (ca. 15 nm thickness or
~30 molecular layers, based on weight uptake and the specific
surface area of the solid probe). Our results reveal a methane
solubility enhancement up to 230%, thus confirming the
contribution of gas-liquid interfaces in the observed phenomenon.

Gas-liquid interfaces are usually described from computer
modeling, as dense gas-like regions of several molecular
diameters in thickness®?"®!. The concentration of H,, CH, and
C.Hs adsorbed at a gas-liquid interface, or simply surface excess,
", follows a type | behavior according to the Gibbs
classification, which is much higher than that in each section of a
bulk liquid far from the surface. Moreover, higher values might be
also expected from surface tension reduction due to curvature in
mesopores®. As this interface accounts for a significant part of
the volume in liquid-filled mesopores, the apparent oversolubility
might be at least partially attributed to meso-confined interfacial
liquid layers.
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Figure 1. Evolution of Hy, CH; and C,Hg solubility in CCl, confined in
mesoporous y-alumina and silica with the nano-liquid mean size. The solid and
dashed lines refer, respectively, to the trends predicted by Eq. 2 and to the bulk
solubility values.



This idea can be reinforced using a mass balance-based
model relying on the general picture of a filled mesopore
illustrated in Figure 2. Regarding a gas-liquid interface confined in
a mesopore, assuming that its thickness, z, is constant and
approaching the molecular size of the target gas (2.9, 3.5 and 3.8
A for H,, CH,4 and CyHg, respectively), see Sl-g for further details,
the overall gas solubility, £;, can be accounted for by Eq. 2
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where £,”"* is the bulk solubility. As shown in Figure 1, the trends

predicted by Eq. 2 are close to those observed for H,, CH4 and
CzHs in CCly and CS; confined in y-alumina and silica as a
function of the nano-liquid mean size. The model predicts
recovery of bulk solubility for nano-liquid sizes beyond 15-20 nm.

Furthermore, the surface excesses predicted for H,, CH4 and
C2Hs in CCl4 confined in y-alumina and silica are, respectively,
0.04, 0.07 and 0.35 molecules-nm, while that predicted for CH,4
in CS, confined in y-alumina is 0.10 molecules:nm? These
values compare well with those obtained for adsorption of each
gas at the surface of bulk liquids (e.g., water), as measured from
the variation of surface tension with hydrostatic pressure using
the Gibbs equation (0.01, 0.04 and 0.12 molecules-nm?,
respectively, for Hp, CH4 and C2Hg)*%. Note that in all cases, the
surface excesses found in the present study are much lower than
5 molecules'nm® corresponding to a complete adsorbed
monolayer on the liquid surface.®®

Figure 2. Pictorial representation of gas solubility enhancement due to solvent
nano-size. The gas molecules (CH, in this case) are drawn in red, the solvent
molecules (CCl,) in green and the confining solid in grey. This expanded view
shows, at a realistic scale, the approximate amount of gas molecules in different
states for a mean pore size of about 6 nm.

Finally, on the basis of the observed solubility enhancement
in nano-liquids, the selection of a solvent with higher affinity to H,
could be foreseen as a strategy for its storage. For instance,
using hexane confined in low-density mesoporous materials (e.g.,
silica aerosol), a stored quantity up to 6 g Hz / kg wet solid can be
computed at 298 K and 5000 kPa. In this estimate, an
oversolubility factor of 4 has been taken into account according to
Table 2, and the gas solubility has been assumed to evolve
linearly with pressure. Moreover, optimizing the proportion of
liquid in the interfacial state by tailoring the pore geometry, higher
stored values can be imagined. For comparison, under similar
storing conditions, the best reference storage materials (i.e.
metallic hydrides) would store up to 20 g Hz/kg®" Furthermore,
gas solubilization in nano-solvents might offer the added
advantage of fast reversibility due to the high gas-liquid contact

surface area. Hence, H, could be either stored or released by
simply quenching or heating.

In conclusion, we provided experimental evidence that
reducing solvent volume down to nanometre scales, by means of
confinement in mesoporous materials, induces a dramatic
increase of gas solubility. If the sample is regarded as a whole,
the bulk Henry’s solubility constant no longer applies at these
conditions. The expression of the solubility has been therefore
modified to take into account the quantitative contribution of the
gas-liquid interface at this scale. Surface excess values were
found to be in good keeping with previous macroscopic
measurements. On the basis of the observations reported here,
the oversolubility effect seems to be a general one, which
deserves further attention for possible applications in gas storage
and separation, as well as potential implications in reactor
engineering.

Experimental Section

There are very few studies in the literature dealing with the
measurement of gas solubilities in liquids in restricted geometries."®
Therefore, we devised a specific protocol to measure hydrogen and
light hydrocarbon (methane and ethane) solubilities by proton Nuclear
Magnetic Resonance ('H-NMR). Briefly, the measurements were
performed using a NMR tube equipped with a Young valve for gas
tightness. The confining solids were mesoporous y-alumina GFS400
(235m’g") and silica 432 (309 m*g") and macroporous alumina
SPH512 (7 m*g"), all supplied by Rhdne-Poulenc. The resulting
Carbon tetrachloride (CCls) and carbon disulfide (CS,), 99.99% purity,
both from Fluka, were selected as aprotic solvents to avoid any
interference in the "H-NMR analyses. All sample handling was carried
out under dry nitrogen atmosphere.

H2 gas

™
nanodissolved H2

Figure 3. 'H-NMR spectrum of a sample featuring H, nano-dissolved in CCl,
confined in porous y-Al,O3. The solvent is present only inside Al,O; pores. The
peak at 0 ppm is from a sealed reference capillary containing a solution of TMS
in CCls. The symbol (*) corresponds to residual traces of H,O. From top to
bottom: experimental spectrum, calculated spectrum, relevant components as
calculated (H, gas at about 6.7 ppm and H, dissolved in confined CCl, at 5.0
ppm, rows 3 and 7 in Table 1).

The porous solid, outgassed and dried overnight at 823 K under
vacuum, was transferred to the NMR tube. It was then soaked with a
large volume of solvent that was in sifu degassed and evaporated
down to the desired loading, as monitored by weight change. The
target gas (Hz, CH4 and C;Hs, all 99.9999% purity, Air Liquide) was



fed into the tube at 100-120 kPa and room temperature (288-293 K).
The whole system was then transferred to an NMR Bruker DSX
spectrometer (300 MHz). The spectra were recorded with a spin echo
pulse sequence and a spectral width of 18 kHz (32 and 256 scans
acquired, respectively, in the absence and presence of the porous
solid). The recycling and echo delays were kept at 10 s and 15 ps,
respectively. Chemical shifts are given in parts per million (& / ppm)
relative to TMS.

A typical "H-NMR spectrum of H, when the solvent is only present
inside the mesopores is plotted in Figure 3. A complete collection of
spectra for H, in different environments are provided in SI-d. The
different signals were identified by deconvolution of overlapping
peaks in the spectra using Lorentzian curves and a linear baseline
correction with WIN-NMR software, combined with variation of the
packing/solvent loading conditions.. As an example, Table 2
summarizes the 'H-NMR chemical shifts and signal widths obtained
for molecular hydrogen: in the gas phase, either alone (row 1) or in
contact with the dry (row 2) and wet (row 3) porous solid; dissolved in
the bulk solvent alone (row 4) or containing the porous solid (row 5);
dissolved in the meso-confined solvent either with (row 6) or without
(row 7) solvent outside the pores. The assignment of signal 7 to nano-
dissolved gas (row 7, Table 2) was confirmed by monitoring the
temporal evolution of its intensity in a desorption experiment. The 'H-
NMR chemical shifts obtained for methane and ethane are listed in
Table SI-1 (Sl-c).

Table 2. 'H-NMR signal position and peak width of H, in gas phase or
dissolved in CCl; and CS, solvents in different environments. Chemical
shifts (3) are related to TMS as an external standard, without correction of
diamagnetic susceptibility.

. Spectrum
Signals for H2 d [ppm] Width type
[ppm]
(SI-d)
1. Gas alone 72+0.2 2101 A
2. Gas in the presence of dry 6.0+ 0.1 0904 B
porous solid R D
3. Gas in the presence of wet 6.7 + 0.2* 23.04 E1/E2
porous solid o R
4. Dissolved in bulk solvent 465 0.01 c
alone ’ ’
5. Dissolved in bulk solvent in 4.59 + 0.07* 0.8+05 D1/D2
presence of porous solid DA R
6. Dissolved in the solvent
present in solid mesopores 4.20 + 0.01* 0.46 = 0.05 D1/D2
when the solid is soaked in e o
bulk solvent
7. Dissolved in the solvent
confined in solid mesopores 5.0<0.1* 19+03 E1/E2

when the gas/liquid interface
is in the pore

from deconvolution

Gas solubilities are given as the ratio of the gas dissolved in the
solvent to that in the gas phase (f; = C./ Cg). In these calculations,
the area of the NMR peaks, /;, was assumed to be proportional to the
number of protons, ny;, contributing to the signal i in the analyzed
volume. Absolute concentrations were obtained with respect to a well-
resolved external reference solution of TMS for H, and CHCI; for CH,4
and C;Hs in a sealed capillary (8% in volume in CCl,; to produce
peaks comparable to those of dissolved gas) inside the NMR tube.
Dissolution equilibrium was reached after several minutes. The
external solution was calibrated accurately at each measurement by

comparison against a bulk solution of TMS (“100%” Euriso-Top, 0.75
mL) in CDCI; (0.03 v/v%). In all measurements, the NMR response
was assumed to be the same for protons in the bulk and in the
capillary. In these conditions, C,; can be estimated by Eq. SI-1.

c G| T |[Tee 3)
o nH,ng I;.cup I;

where nyr and ny; are the number of protons, respectively, in the
external reference solution and in the target gas i, Cg’ is the
concentration of the external reference in the calibration solution, /°
and FPrep are, respectively, the peak areas of the target gas i and of
the capillary reference obtained in an experiment, and /°zc., and Fg
are the reference peak areas, respectively, in the capillary and in the
calibration solutions. Finally, parameter ¢ is the fraction of the NMR
tube volume filled up with solvent, which depends on the actual
measurement. This parameter equals 1 in case of a bulk solvent, the
solid intraporosity in case of a confined solvent (0.38 and 0.46 for y-
alumina and silica, respectively), or the sum of intraporosity and void
fraction in the analyzed volume in case of a bulk solvent soaking the
solid (0.84 and 0.82 for y-alumina and silica, respectively).
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Sl-a: Determination of mesoconfined liquid sizes for a given
solvent loading (physical meaning of Eq. 1)

Given a normal pore size distribution (as obtained for y-alumina
and silica for N, adsorption /
desorption at 77 K), the mean
liquid size related to a particular
solvent loading, f, is computed as
the mean pore size of the filled
area, as shown in Figure A1. In
the calculations using Eq. 1, the
contribution of the statistical

thickness of an adsorbed d
monolayer on the evacuated

pores has also been taken into d

account. Figure A1

SI-b 'H-NMR spectra of methane and ethane (Table SI-1)

Table SI-1. 'H-NMR signal position and peak width for CH, and C,Hg in
different environments for CCl, and CS, solvents using y-Al,O; as confining
agent. Chemical shifts related to TMS as external standard, without correction
of diamagnetic susceptibility. Values obtained for the confined liquid size in
1-AlLO3 [nm]: “2.5-6.1, °2.1-3.4, °2.1-5.8.

CH, CoHe
Signals Width Width

9 9

Slppm] [ppm] Slppm] [ppm]

3.22 *
1. Gas alone 2.57 +0.03 | 0.01 0.02 0.01
2. Gas in the presence . 2.29 +({08 =
of dry porous solid 16=0.1 0.96 0.03' 0.2
3. Gas in the presence . 1.3 = - 1.0 =
of wet porous solid 1502 0.4 2302 0.3
5. Dissolved in bulk | o7, 001 |0.89 0.01
solvent alone
5. Dissolved in bulk
. . 0.93 /1035 /
solvent in presence of | -0.056 0.46 053 0.56
porous solid
6. Dissolved in the
solvent present in solid
2|14 =015 *

mesopores when the [ -0.4 = 0.1 0.9 0.07"° 0.63
solid is soaked in bulk ’ ’
solvent
7. Dissolved in the
solvent confinedin s0ld 1069 = (13 x|150  x[14 =
mesopores when e g g7te 0.4 0.08™° 0.3
gas/liquid interface is in
the pore

from deconvolution



Sl-c NMR Spectra. This section shows 'H-NMR of hydrogen in
the different situation described in Table 2 in the paper.

A. H: gas alone (P =110 kPa, T = 298 K)

ppm
Number 8 [ppm] Width [Hz] | 1] (relative) Correspondence
in Table 2
1 7.26 885 1.00 row 1
2 -0.00 218 1.05 T™S
3 0.04 17 0.03 ™S

B. H; in contact with the dry porous solid (y-alumina GFS400)
(P =110 kPa, T = 298 K)

C. H; dissolved in the bulk solvent alone (CCl,) (P = 110 kPa,
T =298 K)

ppm

Number 3 [ppm] I [] (relative) ﬁ°T’;‘°E)SIZ°1”de"CB

1 4.65 1.00 row 4

2 1.24 0.54 water

3 1.05 0.15 Water

4 0.86 0.25 Water

5 0.05 017 ™S

6 0.00 0.86 ™S

D1. H; dissolved in the bulk solvent (CCl,) in the presence of
the porous solid (y-alumina) + H, dissolved in the solvent
(CCly) confined in the solid pores when the solid is soaked in
bulk solvent (P = 110 kPa, T = 298 K, bulk solvent)

i S S S S S S S W S R R
i1 109 8 7 6 5 4 3 2 1 0 -1
ppm
Numb 5 Width TH. | lati Correspondence
umber [ppm] idth [Hz] [-] (relative) in Table 2
1 6.02 350 1.00 row 2
2 3.56 660 0.06 water
3 1.52 282 0.02 TMS
4 0.03 105 0.07 TMS

5 4 3 > y o
ppm
Number 5 [ppm] Width [Hz] | 1] (relative) Florrespondence
in Table 1
1 4.67 91 1.00 row 5
2 4.49 72 0.24 row 5
3 4.20 100 0.84 row 6
4 3.37 99 0.21 Water
5 1.41 181 0.59 Water
6 1.25 56 0.13 Water
7 -0.01 99 1.21 T™MS
8 0.00 46 219 T™MS




D2. H; dissolved in the bulk solvent (CS;) in the presence of
the porous solid (y-alumina) + H, dissolved in the solvent
(CS,) confined in the solid pores when the solid is soaked in
bulk solvent (P = 110 kPa, T = 298 K, bulk solvent)

298 K, solvent loading = 69%)

E2. H; in contact with the wet porous solid (y-alumina + CS;)
+ H; dissolved in the solvent confined in the solid pores
when the gas/liquid interface is in the pore (P = 1.1 bar, T =

) L L L I | | ) L L 11 10 9 8 7 6 5 3 2 1 -1
8 7 6 5 4 3 1 0 -2 ppm
ppm
Number & [ppm] Width [Hz] |1 (relative) ~ COrrespondence
Numb: 5 Width TH | lati Correspondence in Table 1
umber [ppm] idth [Hz] [-] (relative) in Table 1
1 6.50 689 1.00 row 3
1 4.62 112 1.00 row 5
2 4.92 455 0.55 row 7
2 4.21 136 1.58 row 6
3 0.10 137 0.27 TMS
3 -0.04 77 3.41 TMS
4 -0.36 92 0.07 TMS
4 0.01 31 2.19 TMS

E1. Hin contact with the wet porous solid (y-alumina + CCly)
+ H; dissolved in the solvent confined in the solid pores
when the gasl/liquid interface is in the pore (P = 110 kPa, T =

298 K, solvent loading = 34%)

11 10 9 8 7 6 5 3 2 1 1
ppm
Number 5 [ppm] Width [Hz] | 1] (relative) .Correspondence
in Table 1
1 6.66 575 1.00 row 3
2 5.13 479 0.48 row 7
3 1.43 239 0.02 water
4 0.33 67 0.05 T™S
5 -0.29 144 0.12 T™S
6 0.04 98 0.16 T™S




SI-d Calculation of the contribution of adsorbed CCl, layers
on evacuated pores to porous volume and specific surface
as a function of solvent loading

Calculation procedure: The contribution of adsorbed CCl, layers
on both the specific surface and porous volume for a particular
solvent loading, f, was computed from the BDB pore size
distribution of y-alumina and silica obtained from N, desorption at
77 K. In the calculations, capillary condensation of CCl, was
assumed to occur from larger to smaller pores according to the
Kelvin equation. CCl, adsorption was assumed to only take place
in open pores by formation of a monolayer following the
expression of Hakunan and Naono®®'.

Notation: open and closed cycles refer to the porous volume of
the probe solid occupied, respectively, by condensed and
adsorbed CCl4, while open and closed squares refer to the
specific surface of the solid surrounded by condensed and
adsorbed CCl,, respectively. Contribution of adsorbed layer on
porous volume and surface area <15% on right-hand side of
dashed black line.

d [nm]
6

250 1 1 1 | 1
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10 20 30 40 50 60 70 80 90 100
f[%]
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102030405060 708090100
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Sl-e: Calculation of the contribution of solubility in nano-
confined CCl; vs. gas adsorption on a-alumina evacuated
pores. Evolution of nano-dissolved gas with the interfacial
gas-liquid surface

Calculation _procedure: In order to eliminate any possible
influence of gas adsorption on the solids, conservative calculation
of the mount of gas that could be adsorbed on y-alumina for the
case of H,, CH; and C,He was carried out. It was assumed that
the target gas only adsorbs on the open surface of the solid free
from CCl; and that the adsorption strength is free from synergy
effects with CCls. Moreover, the available interfacial gas-liquid
surface for a particular solvent loading, f, was computed from the
BDB pore size distribution of y-alumina assuming that the pore is
slit-shaped and that the depth of the pore approaches the mean
diameter.

Notation: open and closed cycles refer to total experimental gas
loading and possible adsorbed loading on y-alumina, respectively,
while open squares correspond to the interfacial gas-liquid
surface available for dissolution.
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Note that in all cases, the amount of nano-dissolved gas is
significantly larger than any possible gas adsorption on the y-
alumina surface for CCl, loadings above 40%. This loading
corresponds to an adsorbed CCl, amount lower than 6% of its
total loading. Moreover, the gas loading does not change much
with CCl, loading in the range 60-100%, in agreement with the
trend observed for the interfacial gas-liquid surface. Very similar
results were obtained on silica support.

SI-f: Modeling. In the hypothesis of a gas-liquid interface
confined in a slit-like mesopore, the overall gas solubility £, can be
accounted by Eq. SI-1

i (1)
YL v I, _ phulk (SI-1)
£ vz, f

where {gbulk is the bulk solubility, I'q 1) is the excess surface gas
concentration, and vi and v are, respectively, the interfacial and
nano-liquid volumes. Assuming that the gas-liquid interface
thickness, z, approaches the kinetic diameter of the adsorbed gas
molecules, and that the mean pore size is close to its depth, Eq.
SI-3 (Eq. 2 in the text) can be obtained for the overall gas
solubility as a function of the nano-liquid mean size d.

(1)

Tr
gg — Zt;u“( + i - th;ulk (S|'2)
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