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ABSTRACT: We have experimentally studied the effect of electrolytes on gas
oversolubility and liquid outflow from hydrophobic nanochannels. By immersing
nanoporous material with the same porous structure and surface properties into four
different aqueous electrolyte solutions with the same surface tension, the excessive
solid−liquid interfacial tension of the resulted liquid nanofoam (LN) systems has been
set as a constant. Upon unloading, partial liquid outflow has been observed and
quantified. As the four LN systems show different degrees of recoverability, it suggests
that the degree of liquid outflow is highly sensitive to the ion species. In addition,
different from bulk phase scenario, the anions have a more profound effect than cations
on gas oversolubility. Lower bulk gas solubility and larger gas oversolubility factor lead
to higher degree of liquid outflow and recoverability of the LN systems. This
fundamental understanding on the mechanism of liquid outflow enables the
development of nanofluidics-based system into reusable energy absorbers.

1. INTRODUCTION

Liquid motion in nanoenvironment has immense importance
in various applications including gas and petroleum extraction
and storage,1,2 membrane-based osmosis and filtering proc-
ess,3,4 heterogeneous catalytic reactions,5,6 and chromato-
graphic analysis.7 Recently, a unique force-aided liquid motion
in hydrophobic nanochannels has been employed as a novel
energy mitigation mechanism in a liquid nanofoam (LN)
system.8−10 In the LN system, particles containing open
hydrophobic nanochannels are immersed in a nonwettable
liquid. At ambient condition, the nanochannels are not
accessible to the liquid molecules due to the surface energy
barrier at the nanochannel entrance.11 When an external
pressure is applied and overcomes the surface energy barrier,
the liquid molecules can be forced into and fill the
hydrophobic nanochannels. Under quasi-static loading con-
dition, large amount of mechanical energy is converted into
solid−liquid interfacial energy and dissipated as heat during
the filling. As the external applied pressure is released, the
intruded liquid may partially or even fully flow out of the
hydrophobic nanochannels. As the energy dissipation mecha-
nism of the LN system is based on the force-aided nanoscale
liquid motion rather than permanent crushing or plastic
buckling of the nanochannels,10 the LN system holds great
promise for the development of reusable energy absorbers,
which is particularly important for repetitive head impacts in
sports and battlefield. The reusability of LN is determined by
the degree of liquid outflow from the hydrophobic nano-
channels when the external pressure is removed.
Previous studies have suggested that the degree of liquid

outflow is related to the structure and morphology of the
nanoporous network,12−14 the excessive solid−liquid interfacial

tension,15,16 and the gas oversolubility in nanoenviron-
ment.17−19 However, there is lack of experimental validation
for numerical models. For example, it was predicted by a
molecular dynamic model that liquid outflow is impossible in
nanochannels with pore size larger than 6 nm,13 which is not
true, as we have observed a partial liquid outflow in
nanochannels with pore sizes of 120 nm in our previous
studies8,9 and 8.0 nm in this study. The challenge in
understanding the liquid outflow mechanism by experimental
approaches lies in the coupling effect of the above system
determinants. Specifically, changes in the nanoporous network,
such as the size, effective length, and surface condition of the
nanochannels, vary the excessive solid−liquid interfacial
tension suggested by the Young−Laplace equation20 as well
as the gas oversolubility.14 Other experimental work based on a
single nanoporous media15,16 shed light on the effect of ion
effect on the liquid outflow. However, the ion concentration in
the electrolyte solutions has influence on both excessive solid−
liquid interfacial tension and the gas oversolubility.
In this study, we have successfully decoupled the effect of

gas oversolubility from the one of excessive solid−liquid
interfacial tension by precisely adjusting the concentration of
different electrolytes to keep the surface tension of all liquid
phases the same. By immersing nanoporous material with same
porous structure and surface properties into these aqueous
electrolyte solutions, the excessive solid−liquid interfacial
tension of the resulted LN systems has been set as a constant.
This approach is capable of individually investigating the effect
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of the gas oversolubility on the liquid outflow from
hydrophobic nanochannels.

2. MATERIALS AND EXPERIMENT SETUP
The nanoporous material used in the current study was a surface-
modified nanoporous silica gel (Fluka 100 C8, Sigma Aldrich). The as-
received material was in powder form, and the particle size was in the
range of 40−63 μm. The naturally hydrophilic siliceous surface had
been covered with alkyl chains and converted into a hydrophobic
surface. The nanoporous structure of the material was characterized
by a Brunauer−Emmett−Teller (BET) analyzer (ASAP 2020,
Micromeritics). The measured specific surface area, average pore
size, and pore volume of the nanoporous material were 227 m2/g, 8.0
nm, and 0.43 cm3/g, respectively.
Four types of aqueous electrolyte solutions with the same surface

tension were prepared at 23 °C based on the linear relationship
between molar concentrations of electrolytes and surface tension of
the resulted aqueous solutions.21−23 The corresponding molar
concentrations of the electrolytes used in this study were 3.04 M
NaCl, 3.37 M LiCl, 3.43 M NaBr, and 3.84 M LiBr. The detailed
electrolyte molar concentration selection is described in the
Supporting Information.
To prepare the LN specimens, 0.2 g of the hydrophobic silica gel

was first placed at the bottom of a 316 stainless steel cell as depicted
in Figure 1. Then, 2.3 mL of aqueous electrolyte solution was slowly

dropped into the cell by glass Pasteur pipette. Once the cell was filled
by the LN samples, it was sealed by an O-ring fixed on a 316 stainless
steel piston. The diameter of the piston, d, was 12.7 mm. For each
aqueous electrolyte solution, three LN specimens with the same
particle and liquid contents were prepared and characterized by
pressure-driven liquid infiltration tests.

The sealed testing cell was placed on the platen of a universal tester
(model 5982, Instron) and compressed at the speed of 2 mm/min. As
an external force, F, was applied on the cell, a hydrostatic pressure, P,
was built in the testing cell and applied on the sealed LN specimen.
When the applied load reached 8 kN (equivalent to 63 MPa), the load
cell of the Instron machine was moved back at the same speed. The
externally applied hydrostatic pressure was calculated as P = 4F/πd2.
The specific volume change of the LN was calculated as V = Δ·πd2/
4m, where Δ and m were the measured displacement of the piston
and the mass of the nanoporous silica gel, respectively. The loading−
unloading cycles were repeated for 3 times for each LN specimen.

3. RESULTS AND DISCUSSION

Figure 2a shows the typical first loading−unloading cycles of
LN specimens containing different aqueous electrolyte
solutions. During the loading process, the initial response of
all LN specimens is linearly elastic, as the externally applied
hydrostatic pressure is not high enough to overcome the
surface energy barrier between the hydrophobic nanopore
surface and the nonwetting aqueous electrolyte solutions. As
the pressure increases to the liquid infiltration pressure (Pin ∼
17 MPa), the pressure of the first turning point of the loading
curve, the liquid molecules are forced into and fill the
nanochannels. The force-aided liquid filling process and the
resulted pressure plateau are referred to as liquid infiltration
and the liquid infiltration plateau, respectively. The relation-
ship between the excessive solid−liquid interfacial tension, Δγ,
and Pin can be described by the classic Laplace−Young
equation as Pin = 4Δγ/dn, where dn is the nanopore diameter.
Upon the completion of nanochannel filling, the slope of the
loading curves quickly increases to a value that is slightly
higher than the initial elastic one. As the nanochannels are
filled with liquid, the nanoporous silica gel is turned into its
solid counterpart, which has larger Young’s and bulk moduli.
All the LN specimens have the same excessive solid−liquid

surface tension, as they possess same Pin and the liquid
infiltration plateau. The same excessive solid−liquid surface
tension is also confirmed by the same surface tension of all four
aqueous electrolyte solutions, ∼77 mN/m, measured by a
tensiometer (model 250, Rame-́Hart). Combining with the
same porous structure and surface condition of the nano-
channels, all the LN specimens have the same excessive solid−
liquid surface tension. This is essential to study the gas phase
effect on the liquid outflow as the same excessive solid−liquid
surface tension ensures that the liquid outflow is initiated at the
same condition.
During unloading, the internal pressure of the LN specimens

drops linearly with a small volume change at the beginning.

Figure 1. Schematic of LN specimen sealed in a testing cell with two
pistons.

Figure 2. Typical loading−unloading cycles of LN specimens containing different aqueous electrolyte solutions: (a) typical first loading−unloading
cycles of different LN specimens. The inset shows the difference in the transition zone of LN specimens containing different electrolytes and (b)
the first three consecutive loading−unloading cycles of LN specimen with 3.04 M NaCl solution.
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With further reduction in the internal pressure, a transition
zone with a reduced slope is observed. The much reduced
slope of the unloading curve as well as the associated large
specific system volume change suggest that the confined liquid
and gas molecules in the hydrophobic nanochannels start to
flow out. The variation of the pressure associated with the
transition zone (inset in Figure 2a) indicates the influence of
the electrolyte types on the liquid outflow behavior.
Although the liquid outflow cannot be directly observed in

the unloading portion of the first cycle due to the outflow of
mixed liquid and gas from the nanochannel, the degree of
liquid outflow can be determined by the liquid infiltration
plateau of the second cycle. Figure 2b shows the first three
consecutive loading−unloading curves of the LN specimen
containing 3.04 M NaCl aqueous solution. By comparing the
first two loading−unloading cycles, Pin is increased, while the
width of the infiltration plateau is much reduced in the 2nd
cycle. This indicates that only partial nanochannel volume is
available for the liquid infiltration in the 2nd cycle, which is the
volume of the liquid flowing out of the nanochannel during the
unloading process of the 1st cycle. The width of infiltration
plateau of each cycle is defined as the specific volume change
between the loading and unloading curves at the pressure of 17
MPa, as illustrated in Figure 2b. As both the loading and
unloading curves of 2nd and 3rd cycles of the LN specimen are
nearly identical, only the width of the infiltration plateau of the
1st and 2nd cycles, W1 and W2, are measured and summarized
in Table 1.

The measured W1 is close but smaller than the total pore
volume of the nanoporous silica gel, which is due to the van
der Waals distance between the liquid molecules and the
hydrophobic wall of nanochannels.24,25 The degree of liquid
outflow equals the reusability of the LN specimens and is
defined as Dout = W2/W1. For LN specimens containing other
aqueous electrolyte solutions, the consecutive loading−
unloading cycles have the same trend as the NaCl-based
system presented in Figure 2b. All the typical loading−
unloading cycles of LN specimens can be found in the
Supporting Information (Figure S1). The calculated average
degree of liquid outflow of LN specimens is plotted in Figure
3. Although all the LN systems have the same excessive solid−
liquid interfacial tension, they have different degree of liquid
outflow.
As all the LN specimens have the same liquid infiltration

behavior, the ion effect on the liquid−solid interaction in the
nanochannels is identical.26−28 The variation in the degree of
liquid outflow should be attributed to the ion effect on the
liquid−gas interaction in the nanochannels. It has been found
that the presence of electrolytes reduces the gas solubility in
bulk phase due to the “salting-out” effect.29−31 Following the
model developed by Schumpe,32 the bulk solubility of gas in
the selected aqueous electrolyte solutions at ambient condition
(1 atm, 23 °C), C0, is calculated and shown in Table 2. The

calculation method as well as the bulk gas solubility in pure
water are detailed in the Supporting Information S3.
By following the slope of the unloading curve (dP/dV), the

unloading process of LN specimens can be divided into three
zones (Figure 4a). The first zone (Z1, from point A to point B)
is the linear expansion of the LN system that resulted from the
reduced external pressure. The second zone (Z2, from point B
to point E) is defined as the transition zone of the liquid
outflow. In the transition zone, the significantly dropped slope
of the unloading curve indicates that with the same dP there is
increased specific system volume recovery of the LN system.
The pressure at point B of all LN systems (>18 MPa)
significantly promotes bulk gas solubility. According to Henry’s
law, the bulk gas solubility is linearly proportional to the total
pressure applied to the solution. The estimated bulk gas
solubility and the internal pressure of the LN at point B are
summarized in Table 2. Please note that even all the gas
initially stored in the nanochannels (∼3.29 × 10−6 mol) flows
into the bulk liquid phase at this pressure, the gas can be fully
dissolved by the bulk electrolyte solutions and would not have
much effect on the system volume recovery. Therefore, the
increased system volume recovery is due to the liquid outflow
from the hydrophobic nanochannels. It is noticed that a higher
PB promotes the degree of liquid outflow of LN systems. The
third zone (Z3, from point E to point F) has the system volume
recovery at a nearly constant internal pressure of the LN. The
point F is the ending point of the unloading curve, where the
crosshead of the Instron machine is detached from the testing
cell and the internal pressure drops to 0 MPa. The total system
volume recovery from point B to point F for all the LN
specimens is close to the value of W1. As only the partial space
in the nanochannels is available for liquid infiltration in the 2nd
loading, the total system volume recovery during the 1st
unloading process is the combination of liquid and gas outflow
from the nanochannels. Different from the loading process, the
unloading portion of all 3 cycles follows the exact same path
(Figure 2b). In each cycle, the nanochannels are fully filled by
liquid and gas molecules at the peak loading pressure (point
A). As the loading−unloading process is continuous, the gas
diffusion, a slow time-dependent behavior, can be ignored.
Therefore, the unloading process is reset to the same starting
point at point A in every cycle.
As the crosshead of the Instron machine moves back at a

constant speed, the specific volume change, dV, is proportional
to time, dt. Therefore, the slope of the unloading curve is an
analogue of the pressure drop speed in the nanochannels (dP/
dt). Similarly, d2P/dV2 is an analogue of the pressure
deceleration (d2P/dt2). By following the “pressure deceler-

Table 1. Measured Infiltration Plateau Width and Degree of
Liquid Outflow of LN Specimens

electrolyte solution W1 (mm3/g) W2 (mm3/g) Dout (%)

3.04 M NaCl 395 ± 1 162 ± 4 41.2 ± 1.0
3.37 M LiCl 401 ± 10 151 ± 6 37.6 ± 0.7
3.43 M NaBr 395 ± 1 108 ± 10 27.4 ± 2.5
3.84 M LiBr 400 ± 3 72 ± 14 18.1 ± 3.3

Figure 3. Ion effect on the degree of liquid outflow from hydrophobic
nanochannels.
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ation”, the transition zone can be subdivided into 3 regions
(Figure 4b). In the 1st region (R1, from point B to point C),
the “pressure deceleration” increases. As the pressure in the
nanochannels is proportional to the spacing between liquid
molecules, i.e., the potential energy of liquid molecules, the
increase in pressure deceleration indicates an accelerated mass
transport from nanochannels to the bulk phase. As the weight
of gas is negligible compared to that of liquid, R1 is dominated
by the liquid outflow. In addition, due to the over-
solubility,19,33 the liquid phase confined in nanochannels can
uptake much more gas than the bulk liquid phase. The gas−
liquid interaction is much stronger in the nanochannels than in
the bulk phase. Therefore, most of the gas molecules are
retained in the nanochannels. Accompanied with the liquid
outflow, the gas concentration in the nanochannels increases,
while the potential energy of the liquid molecules decreases
quickly. At point C, the pressure deceleration reaches its
maximum value and starts to decrease, indicating a reduced
liquid outflow. In the 2nd region (R2, from point C to point
D), as the pressure drop speed still decreases, the increasing
system volume recovery is mainly contributed by gas outflow.
This is attributed to the increased gas concentration in the
nanochannels. In the 3rd region (R3, from point D to point E),
the pressure deceleration starts to converge to a constant. This
is because the gas escaping from the nanochannels is dissolved
by the bulk liquid phase. With the reduced pressure and the
increased gas content, the bulk liquid phase is saturated with
gas and suppresses the gas outflow. The saturated bulk liquid
phase is proven by the gas precipitation at further reduced
pressure. Gas bubbles have been observed in our previous
study.14

At point E, the pressure deceleration and the pressure in the
nanochannels are nearly constants. At this low pressure level,
the gas molecules may not be fully dissolved and the pressure
change in the nanochannels is more sensitive to the gas volume
change rather than the potential energy of the liquid molecules.
To maintain the pressure inside the nanochannels, with one
unit volume of liquid outflow, one unit volume of gas is
precipitated out from the confined liquid molecules. Thus, at
point E, the confined liquid in the nanochannels is also
saturated with gas. The corresponding gas solubility is about
4.12 × 10−2 M (one unit volume of gas fully dissolved in one

unit volume of liquid), which is much higher than the
calculated CE listed in Table 2. The ratio between the nano and
bulk gas solubilities is the oversolubility factor, f. The values of
f are summarized in Table 2. These experimental results are at
the same order of values predicted by previous numerical
results.16 The smaller values are due to the presence of
electrolytes.
The ion species have influence on C0, f, and Dout. In the bulk

phase, cation has more prominent effect on gas solubility, as
Na+-based systems have a much reduced gas solubility. This is
due to the solvated cation structure in the solution. In the
nanochannels, both cation and anion have significant effect on
the oversolubility factor. This is because of the unique ion
structure in the nanochannels, where the solvated cation
structure cannot fully developed.28 Instead, the anions have a
stronger interaction with the water molecules that can
otherwise dissolve gas molecules.31 Na+ has less effect on f
than Li+, as the f values in Na+-based solutions are closer to
that in pure water. Similarly, Cl− has less effect on f than Br−.
Consequently, the pair of Na+ and Cl− has the least effect on f,
while the pair of Li+ and Br− dramatically reduces f. For LiCl
and NaBr solutions, their oversolubility factors are similar and
in between the values of NaCl and LiBr.
The gas oversolubility in nanochannels of each electrolyte

solution at ambient condition, CNano, can be calculated as C0·f
and is listed in Table 2. It seems that a higher gas oversolubility
leads to a higher degree of liquid outflow. However, when the
CNano has a higher value, its effect on liquid outflow is weaker
(Figure 5). In addition, Dout is more sensitive to the species of
anion than that of cation as shown in Figure 3. This is different
from the effect of electrolytes on f. The electrolyte solutions
with a higher CNano have a stronger interaction with gas
molecules and can accommodate more gas molecules in the
nanochannels, and thus retain more gas in R1.
In R2, gas molecules start to escape from the nanochannels.

The loss of gas content in the nanochannels equals to the
reduced reusability of the system and can be seized only when
the bulk liquid phase is saturated with gas. In our previous
study,14 Dout dramatically reduces when the liquid phase has
been degassed before the infiltration test. The initial bulk gas
concentration is lower than C0 due to degassing. More gas
outflow is required to saturate the bulk liquid phase and shut

Table 2. Estimated Bulk Phase Gas Solubility in Selected Aqueous Electrolyte Solutions at 23 °C

electrolyte solution C0 (M) PB (MPa) CB (M) PE (MPa) CE (M) f CNano (M)

3.04 M NaCl 2.85 × 10−4 27.7 ± 1.4 7.85 × 10−2 0.45 ± 0.10 1.55 × 10−3 27.0 7.70 × 10−3

3.37 M LiCl 3.71 × 10−4 26.7 ± 0.5 9.83 × 10−2 0.51 ± 0.02 2.23 × 10−3 18.5 6.85 × 10−3

3.43 M NaBr 2.92 × 10−4 25.8 ± 1.8 7.49 × 10−2 0.65 ± 0.13 2.18 × 10−3 19.3 5.63 × 10−3

3.84 M LiBr 3.97 × 10−4 18.9 ± 2.4 7.46 × 10−2 0.68 ± 0.10 3.08 × 10−3 13.5 5.36 × 10−3

Figure 4. Unloading process of the LN system based on the NaCl solution. (a) Linear expansion, transition, and stabilized zones of the unloading
curve. (b) Subdivided regions of the transition zone, Z2.
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down the gas outflow in R2. Therefore, gas-saturated bulk
liquid phase with lower C0 is desired to quickly shut down the
gas transportation from the nanochannels to the bulk phase
and enhance Dout.

4. CONCLUSIONS
In summary, the effect of gas oversolubility on liquid outflow
from hydrophobic nanochannels has been investigated
independently by maintaining the same excessive solid−liquid
interfacial tension. The pairs of cations and anions not only
alter the gas solubility in bulk phase but also affect the gas
oversolubility factor in nanochannels. The degree of liquid
outflow from hydrophobic nanochannels is determined by
both the bulk solubility and the oversolubility factor. Lower
bulk gas solubility and larger gas oversolubility factor in
nanochannels lead to a higher degree of liquid outflow and the
reusability of LN system. In contrast to the bulk phase, anion
has more effect on the degree of liquid outflow and the system
reusability than cation. These findings not only provide design
guidelines for reusable nanofluidics-based energy absorbers but
also extend the knowledge of gas−liquid interaction in a
confined environment.
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