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ABSTRACT

EXPERIMENTAL INVESTIGATION OF GAS-LIQUID INTERACTION IN HYDROPHOBIC
NANO-ENVIRONMENT

By
Lijiang Xu

Gas and liquid interaction in hydrophobic nano-environment (GLIHNE) is ubiquitous in
many natural and energy-related technologies, such as water and gas transportation in biological
cells, shale gas exploitation, water management in proton exchange membrane fuel cells, and
geological carbon dioxide sequestration. With the confinement effect of HNE, the gas-liquid
interaction (GLI) is distinct from that in the bulk phase. However, both gas and liquid motions are
difficult to be measured at the nanoscale, which has posed the primary challenge in revealing the
GLIHNE experimentally.

In this dissertation, a liquid nanofoam (LN) system has been used as a platform to
experimentally investigate the GLIHNE. The LN system composes of a hydrophobic nanoporous
media with a non-wetting liquid phase. Due to the hydrophobic surface of the nanopores, liquid
molecules cannot enter the nanopores spontaneously. With the aid of external pressure, the liquid
molecules can infiltrate into the nanopores by overcoming the surface energy barrier. The GLI
only has a secondary effect on the liquid infiltration behavior of the LN system. When the applied
external pressure is removed, the spontaneous liquid outflow behavior of the infiltrated liquid
molecules has been observed. The spontaneous liquid outflow is dominantly affected by the
GLIHNE. More importantly, the nanoscale liquid outflow has been successfully quantified by the
LN system performance at the macroscale. This dissertation presents the first systematic study on

GLIHNE by illustrating the effects of nanopore size, ions, gas amount, and holding conditions.



First of all, it is known that the nanopore size can influence both SLI and GLI in HNE.
However, the nanoporous material has a pore size distribution. By developing a consecutive-step
compression mode, the pore size distribution has been subdivided into several narrow segments.
It has been proven that the nanopore size is negatively correlated with the degree of liquid outflow
and GLI is enhanced in smaller nanopores. Secondly, to better understand the GLIHNE, it is
necessary to decouple GLI from SLI in the HNE. To this end, a set of LN systems have been
specifically designed to have the same liquid infiltration behavior, i.e. the same SLI in the HNE.
While the unloading process of these LN systems, the degree of liquid outflow varies, which is
dominated by the ion effect on the GLIHNE. Results show that both cations and anions have a
more profound effect on gas solubility in nano-confined liquid than that in the bulk liquid phase
due to the gas oversolubility effect. In addition, the effect of anions is more pronounced than
cations on GLIHNE, which breaks down the conventional theory in the bulk phase. Thirdly, a
different amount of additional gas phase has been introduced into one particular LN system
consisting of the same liquid-solid composition. A remarkable difference in the degree of liquid
outflow has been observed, indicating the GLIHNE is highly sensitive to the amount of gas phase.
As the gas amount increases, the degree of liquid outflow from hydrophobic nanochannels is
considerably promoted. This is due to the bulk liquid being saturated by the additional gas and the
earlier termination of the gas outflow process from the HNE. Lastly, the gas diffusion in the liquid
phase confined in HNE has been studied by holding an LN system at different pressure levels for
various time durations. It has been demonstrated that the gas diffusion progress exhibits an
exponentially decaying rate. In addition, distinct from the bulk case, pressure poses a pronounced

effect on the GLIHNE.
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Chapter 1. INTRODUCTION

1.1 Significance

With the growing demand for energy worldwide, the traditional fossil fuels (petroleum,
natural gas, and coal) are being depleted and have caused many environmental problems, such as
global warming, ozone layer depletion, biosphere and geosphere destruction, and ecological
devastation'™. It is significant to secure the future energy supply and reduce the global carbon
footprints. Some strategies that are either currently undertaken or can potentially contribute to
solving the energy issue in the future include (i) gradually replacing the traditional fossil fuels by
unconventional shale gas>¢ and sustainable alternative resources, such as proton exchange
membrane (PEM) fuel cells using hydrogen”?® and (ii) reducing greenhouse gases by carbon
dioxide sequestration®!?. Optimization of these technologies requires understanding of gas-liquid
interaction in hydrophobic nano-environment (GLIHNE). For example, the specifically designed
hydrophobic nanoporous gas diffusion layer (GDL) has been adopted to solve the water
management issue caused by excessive water blocking the reaction sites on the catalyst layer!!:!2
in the PEM fuel cell '*»!'* as shown in Figure 1.1. In order to enhance proton conductivity of
PEM, the gas and water transportation in the nanoporous GDL needs to be well controlled to
maintain free movement of oxygen molecules while driving away excessive water at certain

hydration level'>. Therefore, at the hydrophobic nanoporous GDL, the GLI is an essential

mechanism needed to be understood for better water management.
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Figure 1.1. Water management in PEM fuel cell'4.

Besides, the GLIHNE plays an important role in the growing industry, shale gas
formation and exploitation. The shale gas is stored mostly in nanometer-sized shale matrix in
different forms, including compressed gas, adsorbed surface gas, and gas dissolved in the pore
water during kerogen maturation'¢ , as shown in Figure 1.2. A mechanistic understanding of gas-
liquid interaction (GLI) in shale gas nanopores is essential in designing effective operational

processes and development of shale reservoirs.

‘ macro-scale L _,./""micro-scale
]

adsorption gas diss}/ed gas free gas

Figure 1.2. Shale gas reservoir'’.
Also, for the shale gas exploitation shown in Figure 1.3, the gas is released from the shale

matrix and migrates to nearby fractures in the pressurized fracturing liquid and ultimately



reaches to a production well bore!®. This movement of shale gas molecules in the liquid is

directly related with the efficiency of shale gas production, therefore, the GLIHNE needs to be

studied.
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Figure 1.3. Hydrofracturing®.

In addition, during the development of hydraulic fracturing, the strikingly high gas
solubility in hydrophobic nano-environment (HNE) has been found!¢. The excessive green-house
gases can be dissolved into the liquid filled nano-environment, such as naturally occurring clay
minerals?’, depleted shale and tight formations?!~24, shown as Figure 1.4. This phenomenon has
become a promising approach in carbon sequestration in tackling the growing greenhouse gases,

which is a main cause of the global warming.
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Figure 1.4. Geological carbon sequestration®.

By exploring the GLIHNE, our understanding on liquid and gas flow behavior in
hydrophobic nano-environment has been extended, which guides and inspires the development
of novel nanotechnologies to tackle the growing threat of pollution, global warming, and energy
crises nowadays.

1.2 Motivation

In bulk liquid, the influence of GLI on liquid properties are always treated as secondary
due to low gas solubility?®. As shown in Figure 1.5, the dissolved gas molecules are restrained by
the densely packed liquid molecules?”28, which change little with pressure®-*°. Therefore,
pressure effect is ignored in dissolved gas diffusion models®**!-3?, such as Wilke-Change

equation’.



L‘ —

Y PY TS
306’(&5’00
20a¢8¢ ¢
PV Va¢
¢COgslea @ Gas Molecules

— &) Water Molecules

Figure 1.5. Schematic of gas dissolving in densely packed water molecules in bulk phase.
Moreover, the overall properties of dissolved gas and liquid is determined mainly by
liquid molecules itself, such as liquid density*? and gas diffusivity®*. In addition, the gas

73336 and elevated temperature

solubility can be reduced by electrolytes due to “salting-out effect
due to promoted gas nucleation energy?’.

However, the influences of different electrolytes, pressure, temperature, gas species, and
nanopore size on GLIHNE can be different than what is observed in the macroscopic levels.
Based on previous studies, it has been demonstrated that in nano-environment, conventional
theories are no longer valid*®*2. For instance, in hydrophobic nano-confinement, the gas
solubility in nanoconfined-liquid is much higher than that in bulk liquid, which is defined as the
gas oversolubility****, This has been observed in various gas-liquid combinations, including
CO32, No, Ha, or CH4 dissolved in water, n-hexane, or ethanol confined in nanoporous
environment*~*. The oversolubility of N> and CO> in nano-confined water has been found to
exceed the bulk value by a factor of 30 and 15, respectively***¢. Since the nanoconfinement
prevents a regular 3D ordering of water molecules, the density of water has been reduced to 60 to

80% in nano-environmnet**~>!, such as CMK-3 carbon>?, Silicalite-1%3, LTAa, Faujasitea

nanopores>*. Li et al. have found that CO> density elevated significantly near the hydrophobic



nanopore walls by increasing pressure, leading to a pressure facilitated CO, diffusivity®. As the
gas and liquid motions are unique in the hydrophobic nano-environment, a systematic
investigation on GLIHNE is desired.
1.3 Scientific Gaps

Although the studies shown above shed light on the GLIHNE, there is no systematic
studies on GLIHNE by illustrating several necessary influences, such as nanopore size, ions, gas
amount, and holding time and pressure. For example, there are limited molecular dynamic
simulations focused on the influence of pressure on GLIHNE, due to its secondary effect on
liquid density and gas diffusion in bulk liquid?**>. However, most processes involving
GLIHNE are carried underground with typical geological pressure ( 5 ~ 40Mpa) %%, such as
shale gas exploitation and carbon dioxide sequestration in aquifers. At such a high pressure, due
to the nano-confinement, liquid and gas flow behavior and interaction cannot be simply
interpreted by the mechanisms occurring at low pressure, such as heterogeneous catalysis and

gas separation>®-%2

. Therefore, an experimental investigation of GLIHNE under different
pressures is critical for evaluating the hydraulic fracture parameters in shale gas reservoirs and
designing carbon sequestration processes. Besides, the other parameters that widely exists in
natural HNE ought to be considered, such as ions and gas amount in the system, since they can
pose a different effect on the surface tension and gas solubility of the liquid in HNE than that in
their bulk counterpart.

Currently, most of the studies shown above are conducted by molecular dynamic
simulations, while the experimental investigation on GLIHNE are still lacking. The difficulties in

revealing the GLIHNE has been summarized. Firstly, it is challenging to produce the material

with nanoscale features®?, while itself can be easily handled at a much larger scale. Secondly,



measuring the gas liquid motions at the nanoscale is difficult. Last but not least, the solid-liquid
interaction (SLI) is always coupled with the GLI in HNE, which poses the main challenge in
revealing the GLIHNE experimentally. To be specific, by modifying a single system parameter,
both the SLI and GLI are changed® . Therefore, most of the previous studies have not identified
and individually analyzed the GLIHNE. The experimental setup has to satisfy these requirements
to reveal the GLIHNE.
1.4 Methodology

By considering the difficulties in studying GLIHNE experimentally, a recently developed
liquid nanofoam (LN) system has attracted our attention. The LN system is composed of a
hydrophobic nanoporous media and a non-wetting liquid phase. At ambient pressure, the liquid
molecules cannot enter nanopores due to surface energy at the nanopore entrance. When an
external pressure is applied and overcomes the surface energy barrier between the hydrophobic
surface of the nanopores and the non-wetting liquid, the liquid molecules are compressed into
and fill the hydrophobic nano-channels. Through this pressure-induced liquid infiltration process,
a large amount of external energy is converted into solid-liquid interfacial tension and dissipated
as heat. This liquid infiltration process is a novel energy mitigation mechanism with extremely
high efficiency (~100 J/g), nearly 2 orders of magnitude higher than traditional materials®®-’.

At nanoscale, during the pressure induced liquid infiltration, the gas molecules initially
sealed in nanopores are gradually dissolved by the infiltrated liquid molecules. When the
external pressure is removed subsequently, both the liquid and gas molecules flow out from the
nanochannels. During this liquid infiltration and outflow cycles, the nanoporous framework is
damage free as the energy dissipation mechanism of the LN system is based on the pressure-

induced liquid infiltration into the nano-channels rather than permanent crushing or plastic



buckling of the nano-channels®. In such a system, the nanoscale GLI is interpreted by the
macroscale liquid outflow behavior which can be precisely measured. Therefore, the LN system
is a potential platform to experimentally investigate the GLIHNE.

In the LN systems, the size of nano-channels, the ion species in the liquid phase, gas
amount in the nano-channels and the bulk liquid phase, and other parameters can be manipulated
separately to reveal their effects on the unique GLIHNE.

1.5 Objectives

The focus of this research is to understand the GLIHNE by using the LN system and the
thesis is organized as follows. In chapter 3, the nanopore size effect on the degree of liquid
outflow of the LN system as well as the GLIHNE has been investigated. In chapter 4, the ion
effect on gas oversolubility in HNE has been revealed by decoupling the SLI from the GLI in
HNE. In chapter 5, the effect of gas amount on the liquid outflow has been studied by varying
the gas amount in both the nano- and bulk- environments. In chapter 6, the gas diffusion
behavior from the nano- to bulk- phase has been thoroughly studied by holding the LN systems
at different peak pressures for certain durations. In chapter 7, the preliminary results of gas

species and temperature effect on GLIHNE has been introduced as future study.



Chapter 2. BACKGROUND
2.1 Hydrophobic Surface Treatment of Nanoporous Particles
The nanoporous media used in the LN systems is nanoporous silica gels. In nature, these
silica-based nanoporous particles have hydrophilic nanopore surfaces. When these hydrophilic
particles are mixed with water, these nanopores are soaked up with the liquid molecules
immediately. Consequently, the LN system is nearly incompressible, as shown in

Figure 2.1.
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Figure 2.1. Typical compressive behavior of the mixture of hydrophilic nanoporous particles and
a wettable liquid phase.

To increase the surface hydrophobicity, surface treatment is applied to graft an alkyl layer
onto the nanopore surface®. The detailed surface treatment procedure is described as follows.
About 0.5 g of raw silica nanoporous particles is firstly vacuum dried at 100 °C for 2 h to
remove moisture. Then, the particles are immediately immersed in 40 mL dry toluene, which is
stirred at 90°C for 3 hours for well mixing. After cooling to room temperature, 10 mL of surface

reagent and 1 mL of pyridine as catalyst are added into the mixture, which is stirred and refluxed



at 95 °C in a heating mantle for 5 hours. During the surface treatment, alkyl groups are attached
to hydroxyl sites on the nanopore surfaces as shown in equation (2.1). The surface treated

nanoporous particles are washed with dry ethanol and dried in vacuum at 50 °C for two days.

CH3 CHjg
| |
SiO,—OH+R-Si—-Cl ——>8SiO,—0 —Si—CH;+ HCI (2.1)
| |
CH; CH3

After the surface treatment process, the surface properties of the nanopore wall are
dominated by the alkyl group and converted from hydrophilic to hydrophobic, as shown in
Figure 2.2. The anchored alkyl layers on the nanopore wall reduce the effective nanopore size.

Commonly used surface treatment reagents and their effective layer thicknesses are listed in

Table 2.1.
Nanopore Wall
Alkyl Groups Effective Pore Diameter
N
Figure 2.2. Schematic of the surface modifications.
Table 2.1. Surface groups and the bonded layer thickness.
Surface group Chemical formula Effective layer thickness (nm)’%7!

Chloro-trimethyl-silane (C1) CH3- Si(CHj3)2Cl 0.3
Chloro-triethyl-silane (Cs) CHj3-(CH2)3-Si(CHj3)2Cl 0.5
Chloro-dimethyl-octyl-silane (Cg) | CH3-(CH»)7-Si(CH3).Cl 0.8
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2.2 Liquid Infiltration
In order to apply the external pressure on the LN system, the nanoporous material and
liquid are sealed inside a stainless-steel cell by two cylindrical pistons equipped with O-rings, as

shown in Figure 2.3.

4
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Figure 2.3. Schematic of LN specimen sealed in a testing cell with two pistons.

As an external force, F, is applied on the cell with a constant speed, a hydrostatic
pressure, P, is built in the testing cell and applied on the sealed LN specimen. The externally
applied hydrostatic pressure is calculated as P = 4F/nd’, where d is the diameter of the pistons.
The specific volume change of the LN system is calculated as V= § ‘nd*/4m, where § and m are
the measured displacement of the piston and the mass of the nanoporous silica gel, respectively.
During the loading process, the initial response is linear elastic, as shown in Figure 2.4.. As the
externally applied hydrostatic pressure is high enough to overcome the surface energy barrier
between the hydrophobic nanopore surface and the non-wetting liquid, liquid molecules are
forced into and fill the nanopores. The pressure-induced liquid filling process and the resulting

pressure plateau are referred to as liquid infiltration and the liquid infiltration plateau,
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respectively. The pressure of the first turning point of the loading curve is defined as the liquid
infiltration pressure, Pin, which is determined by the effective excessive solid-liquid interfacial
tension, Ay. As described by the classic Laplace-Young equation Pi, = Ay /dn, where dh, is the

effective nanopore diameter’?.

Nanopore Wall

Nanopore Ry

Solid-liquid Interface /
Nonwetting Liquid

Pressure (MPa)

R Liquid Infiltration Plateau

Specific Volume Change (cm®g)
Figure 2.4. Pressure-induced liquid flow in LN system.

Upon the completion of nano-channel filling, the slope of the loading curves quickly increases to
a value that is slightly higher than the initial elastic one. As the nano-channels are filled with liquid,
the nanoporous silica gel is turned into its solid counterpart, which has larger Young’s and bulk
moduli.
2.3 Spontaneous Liquid Outflow

Upon unloading, as shown in Figure 2.4, the internal pressure of the LN specimens drops
linearly with small volume change in the beginning. The initial unloading slope is slightly higher
than the initial infiltration slope, due to a lower water solid ratio outside of nanopores. When the
pressure drops below Pi,, the unloading slope reduces gradually indicating the volume change is

enlarging. The initial slight increment suggests that the majority of liquid molecules are still
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sealed inside nanopores due to water incompressibility. And it can be attributed to the gas
nucleation from its dissolved state in nanopores. Then, the much-reduced slope of the unloading
curve as well as the associated large specific system volume change is observed. It indicates that
the confined liquid and gas molecules start to flow out from the hydrophobic nanopores. And the
system returns to a length close to its original length. This spontaneous liquid outflow is
dominantly affected by the GLIHNE. More importantly, the nanoscale liquid outflow has been
successfully quantified by the LN system performance at macroscale.
2.4 Degree of Liquid Outflow

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 nano-channels, the degree of
liquid outflow can be determined by the liquid infiltration plateau of the second cycle. Figure
2.5. shows a general three consecutive loading-unloading curves of a LN specimen. By
comparing the first two loading-unloading cycles, Pi» increases while the width of the infiltration
plateau is much reduced in the 2" cycle. This indicates that the volume of nanopores is partially
available for liquid infiltration in the 2" cycle, which is the volume of nanopores that liquid
flows out of during the unloading process of the 1% cycle. The width of the infiltration plateau of
each cycle is defined as the specific volume change between the loading and unloading curves at
the infiltration pressure, as illustrated in Figure 2.5. As both the loading and unloading curves of
27 and 3™ cycles of the LN specimen are nearly identical, only the width of the infiltration
plateau of 1%t and 2" cycles, W, and W, are labeled. The degree of liquid outflow equals to the

reusability of the LN specimens and is defined as Dou = W2/ W1.
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Figure 2.5. Three loading-unloading cycles of the LN system.

2.5 Solid-liquid Interaction (SLI) in Hydrophobic Nano-environment

The loading-unloading cycles for the LN system with the same nanoporous material is
shown in Figure 2.6. The degree of liquid outflow is enhanced by adding LiCl electrolyte into
deionized water. In the meantime, the infiltration pressure is also improved. According to classic
Laplace-Young equation’, with the same nanopore diameter, the infiltration pressure is
proportional to the excessive solid-liquid interfacial tension. Since the excessive solid-liquid
interfacial tension can represent the solid liquid interaction in a hydrophobic nano-environment
(SLIHNE), the infiltration pressure (Pin) can work as an indication of the intensity of SLI in LN
system with the same nanoporous material. Therefore, the degree of liquid outflow is promoted
by the enhanced SLIHNE, which was focused on by most previous studies on nanofluidic
motions>***. However, in these MD simulations, the gas phase effect on liquid outflow has been
ignored by placing liquid molecules in vacuum nanotubes or nanochannels. Other experimental
work based on a single nanoporous media®® shed light on the effect of ion effect on the liquid

outflow. However, the ion concentration in the electrolyte solutions has an influence on both the
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excessive solid-liquid interfacial tension and the gas solubility in HNE. Specifically, the degree
of outflow can be changed by many factors, such as the nanoporous network?*’>, the excessive
solid-liquid interfacial tension®®, as well as the gas oversolubility*°3!3* . Therefore, the
challenge in revealing the effect of GLI on the degree of liquid outflow lies in the difficulty to

decouple the effect of SLIHNE.
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Figure 2.6. The effect of SLI on degree of liquid outflow.

2.6 Gas Oversolubility in HNE

The solubility of gas in bulk liquid phase can be described by Henry’s Law, which
establishes a linear relationship between the concentration of dissolved gas and its partial
pressure above the liquid phase. However, in HNE, considerable accumulation of gas molecules
has been observed near the hydrophobic pore surfaces, where water depletion occurs*#6. This
significantly increased gas solubility in HNE has been regarded as the oversolubility
phenomenon and the enhanced factor is referred as the oversolubility factor by comparing with

its bulk gas solubility. This oversolubility phenomenon is dependent on the gas, solvent, and
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solid nanoporous framework (absorbent). Based on previous studies, there are three atomic
mechanisms that the oversolubility is stem from’’. 1) adsorption-driven phenomenon which
arises from the strong interactions between gas and solid framework; 2) for weak gas-solid
interactions, confinement-induced gas uptake is favored in the regions of low liquid density, near
the hydrophobic pore walls; 3) for partially saturated pores, adsorption at the gas-liquid interface
contributes to oversolubility. In LN systems, nanopores are saturated by the infiltrated liquid,
therefore, oversolubility can be attributed to the mechanisms 1 and 2. By comparing the gas
solubility in nanopores to that in bulk liquid, the oversolublity factor can be determined. Studies
has shown that the oversolubility factor is enhanced more with the least soluble gas N2, while
less with the most soluble gas COx> in zeolites (ZSM-5), porous silica (MCM-41), and MOF
(MIL-100)*. The oversolubility of N, and CO; in nano-confined water has been found to exceed
the bulk value by a factor of 30 and 15, respectively*’. This phenomenon has been observed in
various gas-liquid combinations, including H», or CH4 dissolved in water, n-hexane, or ethanol

confined in different HNE*8,
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Chapter 3. NANOPORE SIZE EFFECT ON GLIHNE

3.1 Introduction

Understanding liquid motion in nano-environment is of great significance for a wide
range of applications, including drug delivery, molecular transportation, catalysis, sensing,
energy absorption, and many others’® %2, Recently, a liquid nanofoam (LN) system, which
employs the liquid flow in nanopores as its energy absorption mechanism, has received
increasing attention®3-%8, In an LN system composed of liquid and a hydrophobic silica gel, the
liquid can be driven into the nanopores when an applied external load is sufficiently high,
leading to the absorption of tremendous amount of energy. Upon removal of the external load,
the liquid may or may not flow out from the nanopores. Although the mechanistic determinants
for the liquid outflow process remain poorly understood, it is clear that the liquid outflow
contributes to the energy absorption properties of the LN system. Sun et al. converted an elastic
spring like LN system into an energy absorber with high efficiency by suppressing the liquid
outflow®.

It has been demonstrated in previous studies that the liquid outflow behavior in the nano-

environment is sensitive to the quality of surface treatment®®’!, pore geometry®>?

, species and
concentration of electrolyte®, relaxation time®*%3, degree of liquid degassing”®, and
temperature®’. In addition to these factors, Borman et al. have found that the transition of a liquid
from nonwetting to wetting in porous structures is related to the degree of filling, i.e., the

98-102 For instance, as the infiltration

infiltration depth, using percolation and fluctuation theories
depth reaches a critical value of 0.9, the recoverability of the system at 279 K becomes zero, i.e.

no liquid outflow occurs®®. In current work, we have further hypothesized that the critical

infiltration depth is a function of nanopore size. To test this hypothesis, we have examined the
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liquid outflow behavior in nanopores using a nanoporous silica gel with a wide pore size
distribution. Our results show that the critical infiltration depth increases as the nanopore size
becomes smaller.
3.2 Material and Experimental Setup

The nanoporous material used in current study was a hydrophobic precipitated silica
(Perform-O-Sil 668, Nottingham Corp.). The as-received material was in powder form, with the
average particle size around 4 um. Due to the low strength of the porous frame (lower than the
required activation pressure for mercury porosimetry analysis method) and the relatively large
nanopores (>100 nm, the upper limit of gas adsorption analysis method), mercury porosimetry
and BET methods were not applicable for analyzing the porous structure of this nanoporous

silica. Instead, water porosimetry’%103.104

was used to characterize the porous structure. The
specific nanopore volume of the nanoporous silica was measured to be 1.8 cm?/g. The porosity
was then calculated as 80% based on the measured specific nanopore volume and the density of
solid silica.

In Figure 3.1., a cylindrical testing cell and two poly(methyl methacrylate) pistons were
designed to investigate the nanoscale liquid motion of the LN. The cross-sectional area of the
pistons, 4,, was 286 mm?2.The pistons were equipped with O-rings to seal the LN sample which
contained 0.3 g of the nanoporous silica gel and 2 g of liquid. The nanoporous silica gel was pre-
compressed into a close packed disk to minimize the air trapped in between the particles. The

liquid phase used in current study were DI water, 23 wt% lithium chloride (LiCl) aqueous

solution, and 46 wt% LiCl aqueous solution.
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Figure 3.1. Schematic of the experimental setup.

The LN samples were compressed by an Instron 5982 universal tester equipped with
environmental chamber (Instron, Inc.) at 20 °C, 50 °C and 80 °C. High vacuum grease was
applied on the O-rings to reduce the friction between O-rings and pistons. No liquid leakage was
observed during all compression tests. The applied pressure was calculated as P=4F/ nd’, where
F is the force exerted on the piston and d is the diameter of the pistons. For the single-step test,
the applied force increased gradually to 2 kN, which was equivalent to an applied pressure of 7
MPa, at a constant loading rate of 2 mm/min, after which the crosshead of the Instron machine
was moved back at the same speed. The loading-unloading process was repeated for five cycles.
For the consecutive-step test, an LN sample with identical solid and liquid content was
compressed at six consecutive steps at the same loading rate. The peak pressure of each step was
increased monotonically from 1.25 MPa to 7 MPa. To study the liquid outflow behavior of each
step, the LN sample was compressed for three cycles in each step. The specific volume change of
the LN sample was defined as AV= §-nd*/4m, where § and m are the piston displacement and the

mass of the nanoporous silica gel, respectively.
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3.3 Results

In the single-step test, the applied force increased gradually at a constant loading speed of
2 mm/min. When the pressure reached 7 MPa, the crosshead of the Instron machine was moved
back at the same rate. The results of the single-step test are shown in Figure 3.2. As all the
subsequent cycles are nearly identical to the second one, only the first two loading-unloading
curves are shown here for clarity. For water based-LN, a non-linear pressure-volume change is
observed in the first loading cycle (Figure 3.2a). Microscopically, pressure-induced liquid
molecules flow into the nanopores starts at 1.0 MPa associated with the specific volume change
in the LN of 0.9 cm?/g and ends up at the point of 3.0 MPa and 2.7 cm?®/g. This process is
referred to as liquid infiltration and identified as the stress plateau of the loading curve®*3¢, For
self-comparison purpose, the starting point of the infiltration plateau is defined as the point at
which the slope of the loading curve is reduced by 50% of that of the initial elastic region and the
ending point is defined as the point at which the slope increases by 50% of that of the infiltration
plateau. The infiltration pressure (Pin) of the LN is the critical pressure forcing the liquid
molecules into the nanopores, which is a function of the nanopore size based on the classic
Laplace-Young equation!®. The infiltration volume (Vi) of the LN, which is determined by the
width of the infiltration plateau, is around 1.8 cm?/g. In the single-step test, this value is the same
as the total pore volume of the nanoporous silica gel characterized by the water porosimetry
method. In the second loading cycle, the curve is no longer hysteretic indicating nearly zero
liquid outflow takes place in the unloading process of the first cycle. The energy absorption
behavior of the LN is similar to the plastic behavior of regular foams which is permanent. As the
liquid phase changes to 23 wt% LiCl aqueous solution, the initial P, increases to 1.5 MPa due to

the increased effective surface tension of the liquid phase!®. More importantly, the reusability of
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LN increases to approximately 25%, i.e. 25% liquid molecules flow out from the nanopore
during the unloading process of the first cycle. The reusability is further promoted to 80% when

the concentration of LiCl solution increases to 46 wt%.
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Figure 3.2. Typical sorption isotherm curves of single-step test at 20 °C. Liquid phase (a) water
(b), 23 wt% LiCl aqueous solution, and (c) 46 wt% LiCl aqueous solution.
3.4 Discussion

The considerably different liquid outflow behavior in Figure 3.2 is likely to result from
the gas-liquid interaction in the nanopores!'®’. For water based-LN, as the external loading
reaches Pin and increases, the liquid gradually enters the nanopores, leading to an increasing
infiltration depth (inset in Figure 3.1). The normalized infiltration depth D is defined as D=1"/V},
where V1 and ¥, are the volume of intruded liquid molecules and total available pore volume of
the nanoporous material, respectively. As D increases, the gas phase in the nanopores is
compressed and stores more potential energy. Consequently, the effective gas solubility in the
confined liquid molecules is significantly enhanced!%. Note that due to the entrapment, the gas
solubility in nano-environment is distinct from that in bulk phase*®. Once a critical value D* is
reached, the effective gas solubility in the confined liquid molecules is sufficiently high and the
gas can diffuse into the bulk liquid phase. After removal of the external loading, the gas phase,
which can act as the driving force for liquid outflow, is absent'%. Thus, no liquid outflow can be

observed as the liquid-solid interfacial tension is not sufficient. As the LiCl concentration
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increases, the gas solubility is remarkably reduced!!*!!!, Therefore, for LiCl solution based-LN
samples, the gas phase is highly compressed and stores higher potential energy in the nanopores
in the infiltration process. During unloading, the stored potential energy in the gas phase is
released. Combining with the solid-liquid interfacial tension, the driving force is high enough to
promote the liquid outflow. The gas outflow is validated by the air bubbles generated in the bulk
liquid phase after the single-step compressive tests (Figure 3.4). Before the test, the nanoporous
silica particles are a close-packed layer with no visible air bubbles (Figure 3.4a). For water
based-LN, the volume of the silica gel layer expands dramatically during the unloading process,
with large amount of visible air bubbles in the testing cell (Figure 3.4b). The air, initially trapped
in the nanopores, diffuses out of nanopores and the nanopore volume is occupied by infiltrated
liquid molecules. In this single-step compression test, as all the nanopores are completely filled
by the liquid molecules, the D* is reached. For LN with 23 wt% LiCl aqueous solution, the
volume expansion of the silica gel layer after the first loading cycle is smaller than that of water
based-LN, indicating that less gas phase diffuses out of the nanopores. The non-diffused gas
phase performs as the driving force for liquid outflow. Thus, the LN sample shows 25%
reusability. For LN with 46 wt% LiCl aqueous solution, the volume of silica gel layer almost
remains the same after the completion of the first loading cycle, which indicates most of the gas
phase stays in the nanopores. As a result, nearly 80% of liquid molecules outflow from the
nanopores.

Single-step compression test on degassed LN samples further validates that the gas phase
in the nanopores acts as the dominating driving force during the liquid outflow process. The
degassed LN sample was prepared by placing the mixture in vacuum (4 kPa) for 24 h. Thus, the

gas phase was partially removed by the degassing pretreatment. More specifically, both the gas
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dissolved in liquid and small bubbles in the mixture were almost entirely eliminated, while the
gas in nanopores was only partially removed®®. Upon compression, the remaining gas phase in
the nanopores was more prone to dissolve in the liquid and the driving force for liquid outflow
was much reduced compared with undegassed LN. As a result, the infiltration width of the
second loading cycle of 46 wt% LiCl aqueous solution based-LN showed that the extent of liquid
outflow was remarkably reduced from 80% (Figure 3.2¢) to 15% (Figure. 3.3c). For water and
26 wt% LiCl aqueous solution based-LN, the extent of liquid outflow became nearly zero

(Figure. 3.3a and 3.3b).
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Figure 3.3. Typical sorption isotherm curves of the single-step test on degassed LN at 20 °C.
Liquid phase: (a) water, (b) 23 wt% LiCl aqueous solution, and (c) 46 wt% LiCl aqueous
solution.

These results confirm that the gas phase is the primary driving force for the liquid
outflow. Please also note the pressure level of the plateau in the unloading curve (~0.1 MPa) in
Fig. 3.3c is much lower than that (~0.8 MPa) in Fig. 3.2c, indicating that part of the driving force
for liquid outflow, i.e. the gas phase, is lost. These results are contradictory to the literature
results®, in which the liquid outflow is promoted by degassing. This is attributed to the
remarkably different pore size in these two LN systems. In the ZSM-5 zeolite based-LN®, the
pore size is ~2 nm and the liquid outflow path can be easily blocked by the excessive gas phase.

Therefore, by removing the excessive gas, the liquid outflow path would become continuous,
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which benefits liquid outflow. Besides, due to the ultra-small pore size, the interfacial force (~18
MPa), which is governed by classic Laplace-Young equation, is high enough to drive the liquid
out and the gaseous driving force can be neglected. While in current system, the pore size is 1 or
2 orders of magnitude larger and the gas blocking effect can be ignored. In addition, the
interfacial force (~2 MPa) is not sufficient for liquid outflow and the gaseous driving force
becomes dominant. Consequently, degassing leads to a lower liquid outflow extent in current LN

system.

Figure 3.4. (a-d) Snapshots of the LN sample (a) before single-step test (b-d) after single-step
test. Liquid phase: (b) water, (c) 23 wt% LiCl aqueous solution, and (d) 46 wt% LiCl aqueous
solution.

To study the effect of nanopore size on D*, we have characterized the nanoporous
structure of the silica gel by the water porosimetry method. Following the classic Laplace-
Young equation, r = 2y/P;, (where y is the excessive solid-liquid interfacial tension with value of
72.8 mN/m’° and r is the effective nanopore radius), the pressure-volume change curve is
converted into nanopore size distribution by the water porosimetry analysis. The nanopores of
the silica gel used in current study exhibit a wide diameter distribution from 40nm to 400nm

(Figure 3.5a). The pore size distribution characterized by water porosimetry is further verified
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from the SEM photos of the silica gel as shown in Figure 3.5b. Combining the pore size

distribution and the consecutive loading mode, we reveal the effect of nanopore size on D*.
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Figure 3.5. (a) Pore size distribution of silica gel and intruded volume vs. pore size curve. (b)
Typical SEM image of the nanoporous silica.

In the consecutive-step test, the LN was compressed at six consecutive steps at a constant
loading rate of 2 mm/min. The peak pressure of each step was increased monotonically from
1.25 MPa to 7 MPa. Thus, the widely distributed nanopores are divided into six segments with
different average nanopore sizes by controlling the applied peak pressure. The combination of all
the test curves matches well with the loading-unloading curve of the single-step test (Figure 3.6),
indicating all the nanopores in the silica gel are involved in the stepwise tests. More importantly,
for water based-LN, all the sorption isotherm curves of the six steps show partial repeatability of
the liquid infiltration process as indicated by the overlapped areas between steps (Figure 3.6a),
which is not shown in the single-step test (Figure 3.2a). The repeatable hysteretic behavior
demonstrates that the energy absorption mechanism of LN is associated with the liquid motion in
nanopores rather than the plastic deformation such as the buckling of the nanopore walls which

is irreversible. The repeatable liquid infiltration process also indicates that part of the liquid
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molecules outflow from the nanopores when the external pressure is removed. In other words, by
controlling the peak pressure, the D* is not reached in each step. Similarly, the reusability of LN
is promoted in the consecutive-step test for LN with LiCl aqueous solution (Figure 3.6b and

3.6¢), indicating that more liquid molecules flow out from the nanopores in the consecutive-step

test than in single-step test.
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Figure 3.6. (a-c) Typical sorption isotherm curves of the consecutive-step test at 20 °C. Liquid
phase: (a) water, (b) 23 wt% LiCl aqueous solution, and (c) 46 wt% LiCl aqueous solution.

To better understand the effect of nanopore size on D*, the loading cycle is repeated for
three times for each step (Figure 3.7). The loading cycles are referred to as L;;, where i is the step

number and ; is the cycle number in each step.
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Figure 3.7. The results of the consecutive-step cyclic test (15 to 5* steps) at 20 °C. Liquid phase:
(a) water, (b) 23 wt% LiCl aqueous solution, and (c) 46 wt% LiCl aqueous solution.

The normalized critical infiltration depth (D*) can be determined from the recoverability
(R) after the first loading cycle in each step and summarized in Table 3.1. During the outflow
process in each step, only the portion with infiltration depth smaller than D* can flow out of the
nanopores. Both D and R are defined by the volume ratio. Thus, for each loading step, the
normalized critical infiltration depth equals to recoverability of the first loading cycle, D*=R; ;. R
can be determined from the consecutive-step cyclic test. As shown in Figure 3.8, Py, is the
peak pressure of the i step. In each step, only nanopores with P;, in between Py -1 and Pray,i
are considered. The average infiltration pressure for the i” step, Pini = (Pmaxi-1 + Pmax,i)/2. The

value of Ppax o is the initial infiltration pressure of the LN measured in the single-step test (Figure
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3.2). The average nanopore size (7;) is calculated by using the average infiltration pressure (Pin,;)
and the classic Laplace-Young equation. The recoverability (R) is calculated by R;;=Vi;+1/Vi1,
where V;;, the infiltration volume in loading cycle L;j, is defined as the volume change of the LN
with infiltration pressure ranging from Py i-1 t0 Ppaxi. Vi« 1s determined by volume change of

the cycle Li+,; in the pressure range of Ppax,i-1 and Ppaxi (Figure 3.8).
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Figure 3.8. Typical sorption isotherm curves of the 2" and 3" steps in the consecutive-step test.

Table 3.1. The experimental results of consecutive-step tests of LN containing various aqueous

solutions at 20 °C.

G Ri,j (%)
1 (nm) Water 23 wt% LiCl solution 46 wt% LiCl solution
Ist 2nd 3rd Ist 2nd 3rd Ist 2nd 3rd

150 | 75+1 | 63+£2 | 5342 | 7642 | 65+2 | 56+2 | 85+2 | 8242 | 80+2
120 | 80+1 | 74+1 | 68+2 | 82+2 | 77+£2 | 73+2 | 90+2 | 88+l 87+2
100 | 81+2 | 75+£3 | 6843 | 86+2 | 8442 | 83+2 | 94+2 | 9342 | 93+2
85 8242 | 763 | 69+4 | 90+2 | 87+2 | 862 | 100+1 | 100+1 | 100+1
70 83+2 | 7545 | 65+£5 | 93+2 | 9242 | 91+3 | 100+1 | 100+1 | 100+1

N[N

Figure 3.9a shows the relationship between D* and »; of LN containing various aqueous

solutions at 20 °C. Note for smaller pores, D* is still underestimated here. As the loading
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increases, the larger pores are first filled while the smaller ones are empty. As the liquid
molecules are forced to enter smaller pores, the larger ones have been already fully filled. Thus,
liquid molecules in smaller pores will interact with neighboring larger pores, which is known as
“multi-particle interaction™!!. This multi-particle interaction leads to a reduced D" for smaller
pores in this study. As shown in Figure 3.9a, for water based-LN, D" increases from 0.75 to 0.83
as the pore size decreases from 150 nm to 70 nm. The trend is consistent with literature results®®,
in which Borman et al. observed D*=0.9 for an LN system composed of water and a
hydrophobic silica gel with average pore size of 13 nm. As the concentration of LiCl increases,
D™ also increases. As previously validated in the single-step tests, this is due to the reduced gas
solubility in liquid phase with higher electrolyte concentration!!%!!!, The gas phase tends to be
sealed in the nanopore and drives liquid outflow, leading to a larger D".

Figure 3.9a also shows that D" increases as the pore size gets smaller, i.e., it is easier for
liquid molecules to flow out from smaller pores than from larger ones at the same infiltration
depth. The pore size effect on D" is associated with the gas-liquid interaction in nanopores. (1)
As the pore size decreases, the solvation of the gas phase in confined liquid phase becomes more
difficult'%. In larger pores, the gas molecules can be quickly dissolved in the liquid. However,
the water molecules cannot surround and dissolve the gas molecules due to insufficient space in
smaller pores, leading to the formation of gas clusters. Therefore, it promotes the retention of the
“driving force” for outflow in smaller pores. (2) It is easier for smaller pores to regain the
“driving force” if the gas molecules were dissolved in the liquid phase during the loading
process. Upon unloading, in smaller pores, the dissolved gas molecules can diffuse back,
nucleate and grow in the “sealed end” of the nanopores rather than directly diffuse into the bulk

liquid phase, which promotes the liquid outflow as well'?’. With these two synergetic
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mechanisms, the value of D” in smaller nanopores is much larger than that in larger nanopores.
Please note that the gas phase effect on liquid outflow can be quantified by measuring the gas
pressure in the nanopore during liquid infiltration. However, due to the dynamic gas diffusion
process during liquid infiltration, the infiltration pressure or the infiltration depth cannot be

directly converted to the gas pressure by ideal gas law.

x 11 —a— LN with 46 wt% LiCl solution
S —u— LN with 23 wt% LiCl solution
§ LN with Water

Q 1.0- 1—1\

| -

(]

[

3 E\i A
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Pore Radius (nm)
Figure 3.9. Relationship between critical infiltration depth D* and pore radius r; of LN containing
various aqueous solutions at 20 °C.
The temperature effect on critical infiltration depth (D *) has also been investigated.

Figure 3.10 shows the results of the consecutive-step cyclic tests of water based-LN at different

temperatures. The recoverability (R) is summarized in Table 3.2.
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Figure 3.10. The results of the consecutive-step cyclic test (15 to 5™ steps) at different
temperatures (a) 20 °C (b) 50 °C (c) 80 °C.

Table 3.2. The experimental results of consecutive-step tests of water based LN tests at different

temperatures.
, Rij (%)
il 20 °C 50 °C 80 °C
(nm) 1 st 2nd 3rd 1 st 2nd 3rd 1 st 2nd 3rd
11 150 75+1 63+2 5342 78+1 7442 712 86+2 83+2 8242
21 120 80+1 7441 68+2 8142 T7+2 7442 9242 90+1 8941
31 100 8142 7543 68+3 83+2 8142 80+2 9441 9342 9342
4 85 8242 7613 69+4 85+2 8242 81+£2 | 100+1 | 1001 | 100+1
5 70 83+2 7545 6545 86+1 8442 83+2 | 100+1 | 1001 | 100+1

Figure 3.11 shows that D* is sensitive to temperature change. D* increases at elevated

temperature, which suggests that the increased temperature promotes the liquid outflow. This
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finding is in agreement with previous works!'!>!13, The thermal effect on liquid outflow is

attributed to the temperature sensitive outflow pressure!!4.
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Figure 3.11. Relationship between critical infiltration depth D* and pore radius r; of water based

LN at different temperatures.

3.5 Conclusion

In summary, the liquid outflow behavior of the LN is experimentally investigated. The
system reusability under two different loading modes is distinct from each other. The degree of
liquid outflow is a function of the nanopore size. When the nanopore size decreases, both D* and
the degree of liquid outflow increase. This is related to the reduction of gas solubility and
diffusion rate in the nano-environment. The smaller the nanopore is, the larger tolerance the

system has. With the enhanced D*, the LN can be implemented for cyclic loading applications as

a reusable energy absorber.
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Chapter 4. THE EFFECT OF IONS ON GLINE
4.1 Introduction
Liquid motion in nano-environment has immense importance in various applications

17,115

including gas and petroleum extraction and storage , membrane-based osmosis and filtering

18119 "and chromatographic analysis!?’. Recently,

process!!®!17 heterogeneous catalytic reactions
a unique pressure-induced liquid motion in hydrophobic nano-channels has been employed as a
novel energy mitigation mechanism in Liquid Nanofoam (LN) system®-3%87 Tn an LN system,
particles containing open hydrophobic nano-channels are immersed in non-wettable liquid. At
ambient condition, the nano-channels are not accessible to the liquid molecules due to the

121 When an external pressure is applied and

surface energy barrier at the nano-channel entrance
overcomes the surface energy barrier, the liquid molecules can be compressed into and fill the
hydrophobic nano-channels. Under quasi-static loading conditions, large amount of energy is
dissipated as heat during the filling. As the energy dissipation mechanism of the LN system is
based on the pressure-induced nanoscale liquid motion rather than permanent crushing or plastic
buckling of the nano-channels!?, 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

64 65 and

morphology of the nanoporous network?®7>, the excessive solid-liquid interfacial tension
the gas oversolubility in naon-environment*#**4_ 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 nano-channels with pore size larger than 6 nm”, which is not
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true as we have observed partial liquid outflow in nano-channels with pore size of 120 nm in our
previous studies®®3” 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 nanopore size, vary
the excessive solid-liquid interfacial tension suggested by the Young-Laplace equation’? as well
as the gas oversolubility’s. Other experimental work based on a single nanoporous media%*,%
shed light on the effect of ion effect on the liquid outflow. However, the ion concentration in the
electrolyte solutions has influence on both the 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 investigate the effect of the gas
oversolubility on liquid outflow from hydrophobic nano-channels.

4.2 Materials and Experiment Setup

The nanoporous material used in current study was a reversed phase silica gel (Fluka 100
Cs, Sigma Aldrich). The as-received material was in powder form, and the particle size was in
the range of 40-63um. The nanoporous structure of the material was characterized by a
Brunauer—-Emmett—Teller (BET) analyzer (ASAP 2020, Micromeritics Instrument Inc.). The
measured specific surface area, average pore size, and pore volume of the nanoporous material

were 227.4 m?/g, 8.0 nm, and 0.43 cm?/g, respectively. Four types of aqueous electrolyte
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solutions, 3.04 M NaCl, 3.37 M LiCl, 3.43 M NaBr, and 3.84 M LiBr, were selected and
prepared at 23 °C. The surface tension of all aqueous electrolyte solutions was measured by a
tensiometer (Model 250, Ramé-Hart).

To prepare the LN specimens, 0.2 g of the reversed phase silica gel was firstly placed at
the bottom of a 316-stainless-steel cell as depicted in Figure 4.1. 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 were prepared with the same amounts of particle and liquid.

¥

Stainless steel Piston
Sleeve

O-ring —

Piston

[ i

© Nanoporous particles B Liquid phase
Figure 4.1. Schematic of LN specimen sealed in a testing cell with two pistons.

The sealed testing cell was placed on the platen of a universal tester (Mode 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/nd’. The specific volume change of the LN was calculated as V= §-nd?*/4m, where § and
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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.
4.3 Results

Figure 4.2a shows the typical first loading-unloading cycles of LN specimens containing
different aqueous electrolyte solutions. During loading process, the initial response of all LN
specimens is linear elastic, as the externally applied hydrostatic pressure is not high enough to
overcome the surface energy barrier between the hydrophobic nanopore surface and the non-
wetting 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 compressed into and fill the nano-channels. The pressure induced liquid filling process and
the resulted pressure plateau are referred to as liquid infiltration and the liquid infiltration
plateau, respectively. The relationship between the excessive solid-liquid interfacial tension, Ay,
and Pi, can be described by the classic Laplace-Young equation as Pin = Ay /dy, where d, is the
nanopore diameter. Upon the completion of nano-channel filling, the slope of the loading curves
quickly increases to a value that is slightly higher than the initial elastic one. As the nano-
channels 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 same excessive solid-
liquid surface tension, as they possess same Pi, and the liquid infiltration plateau.

The surface tension of aqueous solutions is linearly proportional to the molar
concentration of electrolytes solutions as illustrated by equation (4.1) 1227124

Vs=pw + kcs 4.1)

Where s is the surface tension of the aqueous electrolyte solution at 23 °C, yy = 72.18

mN/m is the measured surface tension of water at 23 °C, k is the linear coefficient of electrolyte
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at 23 °C, and cs is the molar concentration of the electrolyte. As listed in Table 4.1, all four

selected aqueous electrolyte solutions have the same surface tension.

122-125

The measured & values agree with previous literature within the experimental error.

Table 4.1. Surface tension and air solubility of selected aqueous electrolyte solutions at 23 °C.

k Cs Vs
Electrolyte (mN-L/m‘mol) | (mol/L) (mN/m)
3.04 M NacCl 1.44 3.04 |76.56+0.59
3.37 M LiCl 1.42 3.37 |76.95+0.66
3.43 M NaBr 1.28 343 |76.57+£0.27
3.84 M LiBr 1.18 3.84 [76.72+£0.93

Combining with the same porous structure and surface condition of the nano-channels, all
the LN specimens have same excessive solid-liquid surface tension. This is essential to study the
gas phase effect on liquid outflow as the same excessive solid-liquid surface tension ensures that
the liquid outflow initiates at same condition.

During unloading, the internal pressure of the LN specimens drops linearly with small
volume change at the beginning. With further reduction in the internal pressure, a transition zone
with 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 nano-channels start to flow out. The variation of the pressure
associated with the transition zone (inset in Figure 4.2a) indicating the influence of the

electrolyte types on liquid outflow behavior.
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Figure 4.2. 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 transition zone of LN specimens containing different electrolytes,
(b) the first three consecutive loading-unloading cycles of LN specimen with 3.04 M NaCl
solution.

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 nano-channel, the degree of liquid
outflow can be determined by the liquid infiltration plateau of the second cycle. Figure 4.2b
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 2™ cycle. This indicates that
only partial nano-channel volume is available for liquid infiltration in the 2™ cycle, which is the
volume of liquid flowing out of the nano-channel during the unloading process of the 1% 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 4.2b. As both
the loading and unloading curves of 2" and 3™ cycles of the LN specimen are nearly identical,
only the width of infiltration plateau of 1% and 2" cycles, Wi and W», are measured and

summarized in Table 4.2.

38



Table 4.2. The measured infiltration plateau width and degree of liquid outflow of LN

specimens.
Electrolyte Solution | W) (cm?/g) W, (cm’/g) Dout (%)
3.04 M NaCl 0.395+0.001 | 0.162 +0.004 | 41.15+0.94
3.37 M LiCl 0.401 +0.010 | 0.151 £ 0.006 | 37.57 + 0.68
3.43 M NaBr 0.395+0.001 | 0.108 £0.010 | 27.42 £ 2.50
3.84 M LiBr 0.400 +0.003 | 0.072 £0.014 | 18.08 +3.32

The measured W 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 nano-channels®*!?®, The degree of liquid outflow equals to the reusability of
the LN specimens and is defined as Dou = Wo/W1.

For LN specimens containing other aqueous electrolyte solutions, the consecutive

loading-unloading cycles have the same trend as the NaCl-based system as shown in Figure 4.3.
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Figure 4.3. Typical loading-unloading curves of LN systems containing different aqueous

electrolyte solutions. The 2" and 3 cycles are almost identical for all LN systems.
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The calculated average degree of liquid outflow of LN specimens is plotted in Figure 4.4.
Although all the LN systems have the same excessive solid-liquid interfacial tension, they have

different degree of liquid outflow.

IS
o

N
o

o

Degree of Liquid Outflow (%)

Q

Br S~ Na 0
Li*
Figure 4.4. Ion effect on the degree of liquid outflow from hydrophobic nano-channels.
4.4 Discussion
As all the LN specimens have same liquid infiltration behavior, the ion effect on the
liquid-solid interaction in the nano-channels is identical®%!27-!28, The variation in the degree of
liquid outflow should be attributed to the ion effect on GLIHNE. It has been found that the
presence of electrolytes reduces the gas solubility in bulk phase due to the “salting-out”

effect®>12%13% Based on Henry’s law and van "t Hoff equation, the gas solubility in pure water

can be quantified as shown in equation (4.2).

Coo = exp [C- G =] (42)

"~ kho
where C  is the gas solubility in water, F; is the partial pressure of gas, ky g is the
Henry’s coefficient at the standard state temperature 7o = 298 K, C is a constant for specific gas

species, and T is the real environmental temperature.
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The ion effect on gas solubility can be precisely estimated by the model developed by

Schumpe!3!, as shown in equation (4.3).

Cg,0
lOg( 9,
Cg,l'

) = S + h)C:

(4.3)

where Cg; is the gas solubility in aqueous electrolyte solution, h; and hy are ion-specific

and gas-specific parameters respectively, and C; is the ion molar concentration in the electrolyte

solution.

By considering the air composition as 78.09% of nitrogen, 20.95% of oxygen, 0.93% of

argon, and 0.004% of carbon dioxide, the air solubility in water and the aqueous electrolyte

solutions is the summation of the gas solubilities. All the calculation results are listed in Tables

4.3.-45.
Table 4.3. Gas solubility in pure water at 23 °C.
C(K) | kyo (atm/M) | kg7 (atm/M) | B (atm) | Cgo (M) | hy (L/mol)
N2 | 1300 1639.34 1591.77 0.7809 | 4.91x10* -0.008
0O, | 1700 769.23 740.17 0.2095 | 2.83x10* 0
Ar | 1300 714.28 693.55 0.0093 | 1.34x10°° -0.009
COz | 2400 29.41 27.85 0.00004 | 1.43x10¢| -0.0183

Table 4.4. Ion-specific parameters and molar concentration at 23 °C.

Ton

Li*

Na*

Cr

Br

hi (L/mol)

0.0691

0.1171

0.0334

0.0137

Table 4.5. Estimated bulk phase gas solubility in selected aqueous electrolyte solutions at 23 °C.

Electrolyte
Solution

Co
M)

Pg
(MPa)

Cs
M)

Pe
(MPa)

Ce
M)

f

CNano
M)

3.04 M NaCl

2.85x10*

27.67+1.35

7.85%x102

0.45+0.10

1.55x10°3

27.00

7.70x1073

3.37 M LiCl

3.71x10*

26.68+0.53

9.83x1072

0.51£0.02

2.23x1073

18.46

6.85x1073

3.43 M NaBr

2.92x10*

25.78+1.79

7.49x102

0.65+0.13

2.18x103

19.29

5.63x1073

3.84 M LiBr

3.97x10*

18.87+2.40

7.46x102

0.68+0.10

3.08x1073

13.50

5.36x1073
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Figure 4.5. The unloading process of LN system based on NaCl solution. a) The linear

expansion, transition, and stabilized zones of the unloading curve; and b) The subdivided regions
of the transition zone, Z,.

In Figure 4.5a, the unloading process of LN specimens is divided into three zones by
following the slope of the unloading curve (dP/dV), . The first zone (Z1, from point A to point B)
is the linear expansion of the LN system resulted from the reduced external pressure. The second
zone (Z», 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 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 4.5. Please note that even all the gas initially stored in the nano-channels (~3.29 x 10
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 system volume recovery. Therefore, the
increased system volume recovery is due to the liquid outflow from the hydrophobic nano-
channels. It is noticed that higher Pg 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 nearly constant
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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 partial space in the nano-channels is available for liquid
infiltration in the 2"¢ loading, the total system volume recovery during the 1% unloading process
is the combination of liquid and gas outflow from the nano-channels. Different from the loading
process, the unloading portion of all 3 cycles follows the exact same path (Figure 4.3). In each
cycle, the nano-channels 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, dz. Therefore, the slope of the unloading curve is an
analog of pressure drop speed in the nano-channels (dP/d¢). Similarly, d?P/dV? is an analog of
pressure deceleration (d>P/d#?). By following the “pressure deceleration”, the transition zone can
be subdivided into 3 regions (Figure 4.5b). In the 1% region (R1, from point B to point C), the
“pressure deceleration” increases. As the pressure in the nano-channels is proportional to the
spacing between liquid molecules, i.e. the potential energy of liquid molecules, the increase in
pressure deceleration indicating accelerated mass transport from nano-channels to the bulk
phase. As the weight of gas is negligible compared to liquid, R; is dominated by liquid outflow.
In addition, due to the oversolubility**!32, the liquid phase confined in nano-channels can uptake
much more gas than the bulk liquid phase. The gas-liquid interaction is much stronger in the

nano-channels than in the bulk phase. Therefore, most of the gas molecules are retained in the
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nano-channels. Accompanied with the liquid outflow, the gas concentration in the nano-channels
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 reduced liquid
outflow. In the 2" region (R, 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 nano-channels. In the 3™ region (R3, from
point D to point E), the pressure deceleration starts to converge to a constant. This is due to the
gas escaped from the nano-channels are 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
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’s.

At point E, the pressure deceleration and the pressure in the nano-channels are nearly
constants. At this low pressure level, the gas molecules may not be fully dissolved and the
pressure change in the nano-channels is more sensitive to the gas volume change rather than the
potential energy of the liquid molecules. To maintain the pressure inside the nano-channels, 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 nano-channels is also saturated with
gas. The corresponding gas solubility is about 4.12 x 102 M (one unit volume of gas fully
dissolved in one unit volume of liquid), which is much higher than the calculated Ck listed in
Table 4.5. The ratio between the nano- and bulk- gas solubility is the oversolubility factor, /. The
values of f'are summarized in Table 4.5. These experimental results are at the same order of
values predicted by previous numerical results'®. The smaller values are due to the presence of

electrolytes.
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The ion species have influence on Co, fand Doy In the bulk phase, cation has more
prominent effect on gas solubility, as Na* based systems have much reduced gas solubility. This
is due to the solvated cation structure in the solution. In the nano-channels, both cation and anion
have significant effect on the oversolubility factor. This is because the unique ion structure in the
nano-channels, where the solvated cation structure cannot fully developed?®. Instead, the anions
have stronger interaction with the water molecules that can otherwise dissolve gas molecules?!.
Na* has less effect on fthan Li", as the gas oversolubility in Na* based solutions is closer to that
in pure water. Similarly, CI has less effect on f'than Br. Consequently, the pair of Na* and CI
has least effect on £, 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 nano-channels of each electrolyte solution at ambient condition,
Cnano, can be calculated as Co:f'and listed in Table 4.5. It seems that higher gas oversolubility
leads to higher degree of liquid outflow. However, when the Cnano has higher value, its effect on
liquid outflow is weaker (Figure 4.6). In addition, the Dou is more sensitive to the species of
anion than that of cation as shown in Figure 4.4. This is different from the effect of electrolytes
on f. The electrolyte solutions with higher Cnano have stronger interaction with gas molecules and
can accommodate more gas molecules in the nano-channels, and thus retain more gas in Ri. In
R», gas molecules start to escape from the nano-channels. The loss of gas content in the nano-
channels equals to the reduced reusability of the system and can be seized only when the bulk
liquid phase is saturated with gas. Lower Cp is desired to quickly shut down the gas
transportation from the nano-channels to the bulk phase. Therefore, to enhance Doy or the system

reusability, lower Co and larger f are necessary.
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Figure 4.6. The effect of gas oversolubility on the degree of liquid outflow from the nano-
channels.

4.5 Conclusion

In summary, the effect of gas oversolubility on liquid outflow from hydrophobic nano-
channels 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 nano-channels. The degree of liquid outflow from
hydrophobic nano-channels is determined by both the bulk solubility and the oversolubility
factor. Controversially 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 confined environment.

46



Chapter 5. EFFECT OF EXTRA GAS AMOUNT ON GLIHNE
5.1 Introduction
Liquid flow in nanopores is of great importance for a variety of applications, including

137,138

water filtration!33134 drug delivery!3>13¢, heterogeneous catalysis , chemical and bio-

sensing!3%140

, and many others. Specially, forced liquid flow in hydrophobic nanopores is
employed as a novel mechanism for energy storage and mitigation in a liquid nanofoam (LN)
system®-88141 Tn an LN system composed of a hydrophobic nanoporous media and a non-
wetting liquid, the liquid molecules are forced into the nanopores when the applied external load
is sufficient to overcome the capillary force. As the external load is removed, the intruded liquid
can be fully or partially expelled from the hydrophobic nanopores®”-'#2, Due to its highly
hysteretic mechanical response, tremendous amount of energy is mitigated by the LN system.
With the liquid outflow, the LN system recovers its energy mitigation capacity and is capable of
mitigating repetitive impacts. The system recoverability of LN is determined by the degree of
liquid outflow from the hydrophobic nanopores during the load releasing process. Therefore,
understanding the underlying mechanism of this confined liquid outflow behavior is essential to
develop advanced energy absorption system for repetitive impacts in sports, battlefield, and
transportation. Moreover, the elucidation and manipulation of the nanoscale liquid outflow will
provide important insights and immediate guidance for designing other systems consisting of

liquid and nanoporous media such as thermal actuators!43144

and ionic-liquid based
supercapacitors'.

The liquid outflow from hydrophobic nanopores have been studied by many researchers
and it has been found that the liquid outflow behavior in nano-environment is related to the

65,127,146

excessive liquid-solid interfacial tension , nanoporous structure®?, and liquid-gas
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interaction?%. For example, the addition of potassium chloride increases the excessive liquid-solid
interfacial tension of the LN system and promotes the degree of liquid outflow®’. In addition to
the liquid-solid interaction in the nano-environment, it has also been demonstrated by molecular
dynamics simulations that liquid outflow can be significantly promoted by a single gas
molecule?S. In our previous works!*>!47 reduced gas solubility in the liquid phase endows the
LN system with higher degree of liquid outflow. Sun et al.!® also reported liquid outflow has
been improved by hindering the time-dependent mass transportation in the nanopores. However,
experimental studies on the gas phase effect is still scarce. There is lack of a comprehensive
understanding of the mechanism underpinning liquid outflow and the fundamentals of liquid-gas
interaction in the nano-environment. An experimental approach to individually investigate the
gas phase effect on liquid outflow is in high demand.

In this study, we have thoroughly studied the gas phase effect on the liquid outflow by
introducing different amount of gas into LN systems with constant excessive liquid-solid
interfacial tension. The degree of liquid outflow in these LN systems are characterized by cyclic
quasi-static compression tests. The results show that the degree of liquid outflow is promoted as
the amount of gas increases. Further theoretical analysis reveals that the fast gas saturation of the
bulk liquid and the enhanced bubble nucleation in the hydrophobic nanopores suppress gas
outflow but promote liquid outflow.

5.2 Material and Experimental Setup

The nanoporous material used in current study was a hydrophilic nanoporous silica (SP-
120-20, DAISO Fine Chem USA, INC.). The as-received material was in powder form, with an
average pore size of 12 nm and particle size around 20 um. The specific pore volume of the

nanoporous silica was 700 mm?>/g. The pore size distribution and specific pore volume were
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confirm by the BET analysis (ASAP 2020, Micromeritics Instrument Inc.), as shown in Figure

5.1.
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Figure 5.1. Pore size distribution of nanoporous silica SP-120-20 characterized by an ASAP

2020 porosimetry system.

To make its surface hydrophobic, a thin layer of chloro(dimethyl)octylsilane was
anchored onto the nanopore surface, as previously reported®®®. Briefly, 1 g of silica gel was
mixed with 40 mL of anhydrous toluene. 10 mL of chloro(dimethyl)octylsilane and 1 mL of
pyridine were then injected into the mixture. The mixture was gently stirred at 95 °C for 18 h,
after which the surface-treated silica gel was filtered, washed with ethanol, and dried for at least

24 h before use. The liquid phase of the LN was de-ionized (DI) water.
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Figure 5.2. Schematic of the experimental setup and LN samples containing various amount of
air (a) the quasi-static compression test of LN sample sealed in a testing cell (b) the degassed LN
sample, LN-V (c) the LN sample without degassing, LN-N (d) the LN sample with extra gas,
LN-EL and LN-EM.

The LN sample was prepared by sealing 0.2 g of surface-treated silica gel and 1.5 mL of
DI water in a stainless-steel testing cell with two O-ring equipped pistons, as shown in Figure
5.2a. The cross-sectional area of the pistons, 4, was 286 mm?. Four types of LN samples were
prepared with same amount of silica gel and DI water but different amount of the gas phase, i.e.
air. LN sample, denoted as LN-V (Figure 5.2b), was prepared by placing the mixture in vacuum
(< 3 KPa) for several hours to minimize the amount of air in the nanopores and the bulk liquid
phase. The LN sample prepared at ambient condition without degassing was denoted as LN-N,
which contained small amount of air trapped in between hydrophobic silica gel particles (Figure
5.2¢). Extra gas was introduced into the LN sample by sealing an additional air column in the

testing cell, forming LN sample LN-EL and LN-EM (Figure 5.2d). The detailed LN sample
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information is summarized in Table 5.1. The gas volume in the nanopores was calculated as V; =
m - Vg, where m and Vs, were the mass and specific pore volume of the silica gel, respectively.
The volume of extra gas in the LN was determined by V, = A+l — (Vp; + m/p +V;), where [
was the total length of the sealed LN sample, V'pr was the volume of DI water, and p was the
density of silicon dioxide. The gas to liquid volume ratio of the prepared LN samples at ambient
condition was calculated as ¢ = (V; + V,)/Vp;.

Table 5.1. LN sample information.

Sample m Vb Vi Vo Pq )
LN-V 02 g 15 mL 0 0 0 0
LN-N 02¢g 1.5mL 0.14 mL 0.08 mL 0.3 MPa 15%
LN-EL 02¢g 1.5 mL 0.14 mL 0.75 mL 2.9 MPa 60%

LN-EM 02¢g 1.5mL 0.14 mL 1.95 mL 7.7 MPa 140%

LN sample sealed in the testing cell was compressed by a universal tester (Floor Model 5982,
Instron, Inc.) at the speed of 2 mm/min. For each type of LN, three samples were tested. The
applied force, F, increased gradually to 10 kN, leading to an equivalent pressure of 35 MPa in
the testing cell. As the peak force was reached, the Instron crosshead was moved back at the
same speed. To study the liquid outflow behavior of the LN, the compression test was repeated at
least three times for each LN sample. The hydrostatic pressure in the testing cell was calculated
as P = F /A. The specific volume change of the LN sample was calculated as AV = A - §/m,
where 0 was the measured piston displacement.
5.3 Results

Figure 5.3a shows typical consecutive loading-unloading cycles of an LN sample. Only
the 1t and 2" loading-unloading cycles are shown here, since all subsequent cycles are nearly
identical to the 2" one. At ambient condition, the water molecules stay outside of the nanopores

due to the surface hydrophobicity. As the external force is applied, initially, the mechanical
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response of LN samples is nearly elastic and the system bulk moduli is contributed by both liquid
and solid compositions. When the pressure reaches approximately 13 MPa, the slope of the
loading curve shows considerable reduction and an infiltration plateau with the smallest slope of
the loading curve is formed. This corresponds to the water molecules being forced into the
nanopores, referred to as the liquid infiltration process. The pressure at which liquid infiltration
occurs is defined as the liquid infiltration pressure, Pin, which is governed by the classic Laplace-
Young equation, P;, = 2Ay/d, where Ay is the excessive solid-liquid interfacial tension and d is
the nanopore diameter. As all the nanopores are filled with water molecules, the liquid
infiltration plateau ends as indicated by the next turning point at 22 MPa. The effective nanopore
volume of the LN, which is determined by the width of the infiltration plateau W1, is around 690
mm?/g. Thereafter, the LN system becomes elastic again. Upon unloading, the pressure drops
quickly in a linear manner at the beginning. As the pressure further reduces, the slope of the
unloading curve starts to decrease. The reduced slope of the unloading curve as well as the
associated specific volume change indicate the combined liquid and gas outflow from the

hydrophobic nanopores.

52



50 50 ‘
—_ ——— Loading Cycle 1 —_ ‘
é 401 - - - Loading Cycle 2 S 40
= =
o 30 5 30
? 20 2 20-
172}
et [}
a 10 a 10
0 P 0 ; : :
0 300 600 900 1200 1500 0 300 600 900 1200 1500
Specific Volume Change (mm?¥g) Specific Volume Change (mm?¥g)
c d
010 - INv - - NN Al I |
008 """ LN'EL e LN‘EM ;-(“\40 —_— LN:N :
o™ = S | NEL |
% 0.06 — 2307 — LN-EM |
o 7z~ 56, = |
<=0.04 o 1 @ 20- :
/ =% —mBl| 8 |
0.02{ #: 340 | a 10 :
A0 10) A LA e — [y — LT A
0 5 10 15 20 25 30 0O 03 06 09 12 15
Pressure (MPa) Specific Volume Change (mm?¥g)

Figure 5.3. Quasi-static compression testing results of different LN samples (a) typical
consecutive loading-unloading cycles of an LN sample (b) typical first loading-unloading cycles
of different LN samples (c¢) reduced slope of the unloading curves in the first cycles of different
LN samples (d) typical second loading-unloading cycles of different LN samples.

When the external pressure is removed, both confined gas and liquid molecules start to
flow out from the nanopores. It is difficult to quantify the volume of liquid outflow by analyzing
the unloading curve. Instead, the width of the liquid infiltration plateau in the second loading-
unloading cycle is a direct measure. In the second cycle, the LN system shows similar hysteric
loading-unloading response. However, compared with the first cycle, Pi, is increased, while the
width of the infiltration plateau, >, is much smaller. The reduced infiltration plateau width
suggests that the volume of nanopores is only partially available in the second cycle, which is

due to the partial liquid outflow from the nanopores in the first cycle. The volume of the liquid
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outflow is equivalent to the volume of gas retained in the hydrophobic nanopores. Therefore, the

degree of liquid outflow from nanopores or the degree of gas retention in the nanopores, Dout, 1S

defined as

= Wz/W1

out —

(5.1)

Figure 5.3b shows the typical first loading-unloading cycles of four LN samples. The

curves are shifted along the x-axis for better comparison. During the loading process, the

mechanical response of four LN samples is nearly the same, i.e. neither the effective pore

volume W1 nor the liquid infiltration pressure Pi, of the LN is affected by the considerably

increased amount of gas phase. Since all the LN samples possess same Pi,, according to the

classic Laplace-Young equation, the excessive surface tension at the solid-liquid-gas interface is

a constant. The additional gas content has negligible effect on the interfacial tension. As the

excessive solid-liquid-gas interfacial tension significantly affects the liquid outflow

behavior

127,146

, maintaining it as a constant is crucial for the investigation of the gas phase effect.

During unloading, the fast linear reduction in system pressure ends at a higher pressure when the

LN sample contains larger gas volume. The above described identical loading process and

difference in unloading process indicate that the additional gas volume in LN systems has

prominent effect on the combined gas and liquid outflow from the hydrophobic nanopores.

Table 5.2. Measured effective pore volume and calculated degree of liquid outflow of different

LN samples.
Sample W, (mm?/g) W, (mm?/g) Dout (%) Pout (MPa)
LN-V 690+ 9 119+ 8 17+1 38+0.2
LN-N 692+ 6 232+ 11 34+1 44+04
LN-EL 695+ 9 330+ 13 47+2 48+0.2
LN-EM 688 £ 7 407 £ 17 50+2 50+0.2
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When the linear unloading ends, the system volume expands more with unit pressure
reduction. This indicates confined gas and liquid molecules flow out from the nanopores and the
corresponding critical pressure is defined as the outflow pressure, Pou. To further quantify Pouy,
the slope of the unloading curves (dP/dV) is plotted versus the system pressure in Figure 5.3c.
The increased V, reduces the effective bulk modulus of the resulted LN samples, which is
validated by the reduced slope from 30 MPa to 15 MPa. Py is quantified when the slope
(dP/dV) is reduced to 0.35 and increases from 3.8 MPa (LN-V) to 5.1 MPa (LN-EM) with
increasing ¢ (inset in Figure 5.3¢ and Table 5.2). Concurrently, #> monotonically increases with
increasing ¢ (Figure 5.3d and Table 5.2). Since all the LN samples have similar W1, Dout
increases from 17% to 59% with the promoted Pou: (Figure 5.4a and Table 5.2), as ¢ increases
from 0 to 140% (Figure 5.4b). The degree of liquid outflow is significantly enhanced by the only

system variable, i.e. the extra gas in the LN systems.
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Figure 5.4. Degree of liquid outflow as a function of (a) P, the outflow pressure and (b) ¢, the

gas-liquid ratio.
5.4 Discussion
At the molecular level, as all the LN samples have identical excessive solid-liquid

interfacial tension, the variation in Doy is attributed to the enhanced liquid-gas interaction in the
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nanopores in the unloading process. During the loading process, the system pressure gradually
increases and gas molecules are dissolved into the bulk and confined liquid phases in a stepwise
manner (Figure 5.5 a-c). First, the gas outside nanopores are dissolved into the bulk liquid
(Figure 5.5b). According to Henry’s law, the bulk gas solubility is proportional to the system
pressure!'#?
Co = Py/kyr (5.2)

where C; is the gas solubility in bulk liquid, P is the partial pressure of gas, and ku,t is
the Henry’s coefficient at temperature 7. At 1 atm, the air solubility is 7.6 x 10* M. The pressure
at which all the extra air molecules outside nanopores are dissolved into the bulk liquid phase,
denoted as Pq, is calculated and summarized in Table 5.1. P4 is much smaller than the infiltration
pressure Pin. Therefore, all the air molecules outside nanopores are fully dissolved into the bulk
liquid phase before liquid infiltration occurs. During liquid infiltration process, the bulk liquid
phase (both water and dissolved air molecules) starts to enter the nanopores and dissolves the
confined air molecules. Due to the gas oversolubility in the nanopores (more than ten times
higher than bulk solubility**#446:132.142) "4]] air molecules inside the nanopores are dissolved by
the intruded liquid phase (Figure 5.5¢). The calculated gas concentration in the bulk liquid cv0 as
well as in the nanopores cn are summarized in Table 5.3 and plotted in Figure 5.5d. The values
of ¢b,0 and cnp increase with ¢, while the concentration difference Acy = (¢, 9 — Cpp) iSa

constant.
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Figure 5.5. (a-c) Stepwise gas molecules dissolution into the bulk and confined liquid phases (d)
gas concentration in the bulk and confined liquid at peak pressure.
Table 5.3. Gas concentration in the bulk liquid, ¢, and gas concentration in the nanopores, ¢, at

peak pressure.

Sample cvo (M) cno (M) Aco (M)
LN-V 0 0 0
LN-N 2.4 %1073 4.7 x 1072 4.4 %1072
LN-EL 2.2 x 1072 6.7 x 1072 4.4 x 1072
LN-EM 5.8 x 1072 1.0 x 10! 4.4 x 1072

As the unloading process begins, the initial linear response (Figure 5.3b-c) is due to the
linear volume expansion of the bulk liquid phase resulted from the reduced system pressure. As
the total volume change of the LN systems is small and the sudden pressure drop (~ 20 MPa
reduction in 5 s), the liquid outflow from the nanopores to the bulk liquid phase is limited and

negligible.
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When the linear unloading ends (dP/dV = 0.06 in Figure 5.3c), instead of the linear
volume expansion, the combined liquid and gas outflow from the nanopores to the bulk liquid
phase dominates the system volume recovery. Particularly, the gas outflow includes gas diffusion
and advection from the nanopores to the bulk liquid phase. As stated in Fick’s law!#’, the gas
diffusion flux is directly proportional to the concentration gradient. Since Acy is a constant for all
LN samples except LN-V, the initial gas molecules diffusion rates are exactly the same. In
addition, the gas diffusion is a slow process, given the unloading process is completely in less
than a minute, the amount of gas diffusing from the nanopores to the bulk liquid phase can be
ignored.

The gas advection is defined as the dissolved gas molecules flow out from the nanopores
to the bulk liquid phase with the liquid, driven by the increased intermolecular spacing in the
nanopores. The gas advection flux is proportional to the mass transfer velocity and the gas
concentration at the interface between nanopores and the bulk liquid phase. Since the system
volume recovery is controlled at a constant rate (2 mm/min), the initial mass transfer velocities

of all LN samples are the same. The advection-induced gas concentration reduction is

t

Acy,(t) = f k,(t) - cy(r)dr (5.3)

0

where k. is a time-dependent parameter and c, is the gas concentration in liquid confined
in the nanopores at time 7. The gas outflow process leads to gas concentration decrease in the
confined liquid and increase in the bulk liquid (Figure 5.6a-b).

Given the large and quick pressure drop in the linear unloading process, the bulk gas
solubility is reduced accordingly based on the Henry’s law. Therefore, the gas molecules escaped
from the nanopores quickly saturate the bulk liquid phase. As the bulk liquid phase is not capable

of accommodating more gas molecules, the gas outflow from nanopores is blocked (Figure 5.6b).
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The critical pressure, at which the gas saturation occurs, is defined as the blocking threshold
pressure of gas outflow, Pi. Given cno > cb,0, the liquid flowing out from the nanopores has
higher gas concentration than that of the liquid intrudes into the nanopores during loading
process. Therefore, with the additional gas outflow, the bulk liquid phase is saturated at higher
pressure (P, > Py) for a given LN system. The total time needed to saturate the bulk liquid phase

is defined as the threshold time of gas outflow, f.
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Figure 5.6. (a-c) Liquid outflow and bubble nucleation in nanopores (d) schematic of gas
concentration increase contour in the bulk liquid phase (e) schematic of gas concentration
decrease contour in the nanopores.

When the bulk liquid is saturated during the unloading process, the bulk gas

concentration is

Vi
Cp (to) = Cpo + —I_'Acn,a = Pt/kH,T (54’)
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Accordingly, the bulk gas concentration increase contour in LN specimens is
qualitatively sketched versus the system pressure in Figure 5.6d. For LN samples with extra gas,
both cppand Acn,a increases with ¢. For LN-V sample, the gas content in the LN-V has been
minimized and the bulk phase will never be saturated with gas, i.e. PXN~V = 0. From equation
(5.4) and Figure 5.6d, PLN-EM > pLN=EL  pLN-N ~ pLN=V = Ag the LN samples are
completely sealed, the total gas amount is conservative. The gas amount increase in the bulk
phase is equivalent to the gas amount decrease in the nanopores. Thus, when the bulk liquid is
saturated during the unloading process, the gas concentration in the nanopores is

Cn (to) = cno — Acy, (5.5)

As depicted in Figure 5.6e, as the gas outflow is ceased at a higher threshold pressure,
more gas molecules are retained in the confined liquid, i.e. cf} M > 7Bl > LN > LNV,
At the threshold pressure, although the bulk liquid has been saturated, the gas remained in the
nanopores are still dissolved by the confined liquid due to the oversolubility in the nano-
environment. In short, both Piand ¢y (%) increase with ¢.

Once the gas outflow is ceased, the free energy of the confined liquid in the nanopores
starts to increase with system pressure reduction. To maintain the minimum system free energy,
liquid-gas phase separation takes place in the nano-environment, i.e. bubble nucleation occurs
(Figure 5.6¢). According to classic bubble nucleation theory in the absence of gas phase!®7:150:151,
the formation of a vapor nucleus increases the system free energy by (i) ysvAsv, where ysy is the
solid-vapor interfacial tension and Asy is the solid-vapor interface area; (ii) yivAw, where y is the

liquid-vapor interfacial tension and Ay is the liquid-vapor interface area; and (iii) PouV, where

Pou 1s the liquid outflow pressure and V is the volume recovery of the LN system. On the other
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hand, the system free energy is reduced due to the surface hydrophobicity by AyAis, where Ais is
the liquid-solid interface area. Thus, a thermodynamic equilibrium is expressed as
YsvAsv + VivAw + PoutV = AyAjs (5.6)
The above equilibrium well describes the phase separation process in the confined nano-
environment. However, the gas phase, which has strong interaction with the confined liquid and
influences the liquid outflow behavior, exists. In this case, the confined gas solution becomes
supersaturated'>!3 given that no gas molecules exist in the vapor bubble. Based on Henry’s
law, the excessive gas molecules tend to separate from the confined liquid into the vapor phase,
releasing the system free energy by PV = Cy tky Vg, where Vg is gas volume separated from the
confined liquid phase. Then, the above thermodynamic equilibrium equation is modified as
YsvAsy + VivAw + PoulV = AyAjs + G ikt (5.7)
from which the liquid outflow pressure is calculated as

_ kH,TVg A}/Alv - ystsv - ]/IVAIV
- Cn,t V

(5.8)

out

Pou 1s promoted by the retained gas concentration in the confined liquid. This trend
agrees well with our experimental results (inset in Figure 5.3¢) as well as literature results'>*, in
which the supersaturation limit pressure increases with the increase of dissolved gas
concentration in bulk liquid.

Based on the above analysis, when the unloading starts, the gas and liquid molecules flow
out from the nanopores to the bulk liquid. The gas outflow is blocked once the bulk phase is
saturated, while the liquid outflow continues. For the LN sample containing higher gas content,
the gas outflow suppression (Figure 5.6b) as well as bubble nucleation (Figure 5.6¢) occur at a
higher threshold pressure due to the faster bulk liquid saturation and the enhanced liquid-gas

interaction in the gas-supersaturated liquid in the nanopores. Consequently, the higher system
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free energy reduction resulted from the releasing of gas molecules from confined liquid to vapor
phase drives more liquid out, leading to a higher Dout.
5.5 Conclusion

In summary, we have independently investigated the gas effect on the liquid outflow
from hydrophobic nanopores by maintaining the excessive solid-liquid interfacial tension as a
constant. The degree of liquid outflow from hydrophobic nanopores is found to be a function of
the amount of gas in the LN samples. Higher amount of gas blocks the gas outflow at a higher
threshold pressure, and thus retains more gas molecules in the nanopores. The additionally
retained gas molecules promotes the bubble nucleation process and results higher degree of

liquid outflow.
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Chapter 6. TIME AND PRESSURE EFFECT ON GLIHNE
6.1 Introduction
Understanding the gas-liquid interaction in nano-environment is of great importance to a

23,24

number of natural and technical processes, such as shale gas exploitation=**, gas-diffusion

155,156

electrodes , geological carbon dioxide (CO2) sequestration'®!’, and gas-liquid membrane

contactors!7-158

. The dissolved gas diffusion in pressurized liquid confined in nano-environment
plays a key role in these processes. In nanopores with characteristic pore sizes comparable to those
of gas and liquid molecules, the classic diffusion theories break down. For instance, the gas
solubility in nanoconfined-liquid is much higher than that in bulk liquid and has been observed in
various gas-liquid combinations, including CO,, H>, or CHy dissolved in water, n-hexane, or
ethanol confined in nanoporous silica, MCM-41, and SBA-1544748.159 Thig gas oversolubility
significantly affects the gas diffusion behavior in confined nano-environment. Besides, pressure
effect on gas diffusion in bulk liquid is negligible due to the incompressible mean free path of bulk

2955 while pressure change results in condensation of liquid molecules*-* and

liquid molecules
gas clusters?® under hydrophobic nanoconfinement. These density changes pose a noteworthy
impact on the nanoscale gas diffusion process. Li et al*. have found that the characteristics of CO,
diffusivity in water under nanoconfinement is different from its bulk counterpart through
molecular dynamic (MD) simulation. However, despite the importance of gas diffusion in
nanoconfined-liquid, an elucidation of the time- and pressure- dependent diffusion process is
currently lacking and experimental studies, suffered from the technical challenges at nanoscale,
are still scarce.

A recently developed nanofluidics-enabled energy absorption system, referred to as liquid

nanofoam (LN)%6:68:147.160 "ig a potential platform to experimentally investigate the gas diffusion
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behavior in nanoconfined liquid. LN is composed of a hydrophobic nanoporous media and a non-
wetting liquid phase. The nanopores are initially filled with gas molecules as their hydrophobic
surface inhibits the entering of liquid molecules. When the LN system is pressurized to a critical
value, the liquid molecules infiltrate into the nanopores and dissolve all the gas molecules. This
liquid infiltration process is a novel energy mitigation mechanism with unprecedented energy
absorption efficiency (~100 J/g), nearly 2 orders of magnitude higher than traditional
materials®®!126, As the pressure is removed, the spontaneous liquid outflow from the hydrophobic

nanopores is driven by the gas-liquid interaction!%%147

. It has been demonstrated that the degree of
liquid outflow reduces with the increase amount of gas escaped from the nanoconfined-liquid to
the bulk liquid phase!'#>!1%1, Previous studies on this gas transfer from the nano to bulk phases are
focused on advection, while the gas diffusion is ignored due to the relatively short time duration
of the liquid outflow process. In current study, the gas diffusion from the nano to bulk phases is
thoroughly studied by holding the infiltrated liquid molecules in the hydrophobic nanopores at
different peak pressures with variable time durations.
6.2 Materials and Methods

The nanoporous material used in the LN system was a hydrophobic silica gel (Fluka 100
C8, Sigma-Aldrich). The material was in powder form, with the particle size of 40-63 um. The
average pore size, nanopore volume, and Brunauer-Emmett-Teller (BET) surface area were 8.0
nm, 0.43 cm’/g, and 227.4 m?/g respectively, measured by a surface area and porosity analyzer
(ASAP 2020, Micromeritics Instrument Inc.). The liquid phase in the LN system was a 3.0 M
sodium chloride (NaCl) aqueous solution.

The LN samples were prepared by sealing 0.2 g of the hydrophobic silica gel and 0.9 mL

of 3.0 M NacCl aqueous solution in a stainless-steel cell with two O-ring equipped pistons, as
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depicted in Figure 6.1. The diameter of the piston, d, was 19 mm. The length of all the LN samples

was the same, indicating that the amount of air in the LN samples was a constant®.

@ :::: |IQU|d
testing 2% nanoporous material

cell

\ Piston o ar
\ air filled nanopores
s
O-ring
:n.ﬂ

T77777777777777777777777777 at ambient condition
Figure 6.1. Schematic of an LN sample sealed in a testing cell with two pistons.

All experiments were conducted at 35 °C, in a temperature chamber (Mode 3119-606,
Instron). The LN sample sealed in the testing cell was placed on a platen of a universal tester
(Mode 5982, Instron). The loading speed of the compression test was 2 mm/min. As the
compression progressed, the force F increased and the hydrostatic pressure P = 4F /md? was
built up in the testing cell and exerted on the LN sample. As F reached the preset peak value
Fax, the Instron load-cell was moved back at the same speed. When the load-cell returned to its
original position, the 1% loading-unloading cycle was completed. This loading-unloading process
was consecutively repeated for at least 5 times for each LN sample. The specific volume change
of the LN sample was calculated as V = & - md?/4m, where § and m were the measured
displacement of the piston and the mass of the nanoporous silica gel, respectively.

To study the time- and pressure- dependence of gas diffusion behavior in the nanoconfined
liquid, a peak-pressure-holding test was designed. After the completion of the 1% loading-
unloading cycle, the LN sample was compressed to Fiu.ax at the same loading speed. Then, the LN
sample was held at F,..x for a certain time duration, t,, before the load-cell was moved back at the

same speed in the 2" cycle. Immediately after the 2™ cycle, a 3™ loading-unloading cycle without
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holding was applied to characterize the change in degree of liquid outflow. LN samples with the
same composition were held at F,,,, = 17 kN, corresponding to a system peak pressure of 60
MPa, for 1.5 h, 3 h, 6 h, 9 h, 12 h, and 15 h, respectively. To investigate the pressure effect on the
gas diffusion behavior, another series of peak-pressure-holding tests were performed at F,,, =
43 kN, equivalent to a system peak pressure of 150 MPa.

6.3 Results

6.3.1 Pressure-induced liquid infiltration tests (t, = 0)

Figure 6.2 shows typical consecutive loading-unloading cycles of LN sample without peak-
pressure-holding process. From the 3™ loading-unloading cycle, the curves are identical to that in
the 2" cycle. For clarity, only the first three consecutive loading-unloading cycles are shown here.
At ambient condition, the surface energy barrier of the hydrophobic nanopore surface prevents the
liquid flowing into the nanopores and the nanopores are initially filled with air, as illustrated in
Figure 6.1. When the system pressure increases, the initial mechanical response of LN system is
elastic with a relatively high bulk modulus. As the system pressure reaches a critical value, the
system bulk modulus is reduced considerably and a pressure plateau with a large volume change
is formed. This dramatic volume change is due to the liquid infiltration into the nanopores. The
initial pressure of the plateau, namely the liquid infiltration pressure, is governed by the classic
Laplace-Young equation as P;,, = Ay/d = 19 MPa, where Ay is the excessive solid-liquid
interfacial tension and d is the nanopore diameter. With the increased system pressure, the gas
molecules outside the nanopores are fully dissolved by the bulk liquid phase based on the Henry’s
law, while the gas molecules inside the nanopores are fully dissolved by the confined liquid phase
based on the Henry’s law and gas oversolubility**!4%:16! 'When all the nanopores are filled with

liquid, the slope of the loading curve increases to a value slightly higher than its initial bulk
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modulus due to the reduced liquid amount outside of the nanopores. The accessible nanopore
volume is determined by the width of the pressure plateau W, (Figure 6.2). The measured W,
(0.396+0.004 cm?/g) is slightly smaller than the nanopore volume measured by gas adsorption
analysis, which is due to the van der Waals distance between the liquid molecules and the

hydrophobic surface of nanopores.
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Figure 6.2. Typical consecutive loading-unloading curves of LN sample in pressure-induced
liquid infiltration test without peak-pressure-holding process.

Upon unloading, the pressure drops quickly with a slope similar to the initial elastic loading
one. As the system pressure decreases to 10 MPa, the slope reduces and forms another pressure
plateau, suggesting that the confined liquid as well as the dissolved gas molecules flow out from
the hydrophobic nanopores. Simultaneously, with the reduced system pressure and the amount of
liquid molecules confined in the nanopores, the gas molecules preserved in the nanopores
precipitate out from the nanoconfined liquid and occupy the nanopore volume. The precipitated
gas molecules are fully dissolved again when the liquid molecules infiltrate into the nanopores in

the next loading process.
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In the 2" cycle, the accessible nanopore volume W,, is much reduced (Figure 6.2),
indicating only part of the intruded liquid flow out of the nanopores during the unloading process
in the 1% cycle. The degree of liquid outflow in the N cycle is determined as Wy, /Wy. As shown
in Figure 6.2, the degree of liquid outflow in the 1% cycle is 62.5%. From the 2" cycle, a 100%
liquid outflow suggests that the LN system works as a stable energy absorber under consecutive
loading-unloading conditions.

6.3.2 Peak-pressure-holding tests (t;, > 0)

To study the unique gas diffusion behavior in the confined nano-environment, LN samples
are held at the peak pressure at the end of the 2" loading process. Figure 6.3a shows the loading-
unloading curves of an LN sample with 3h holding time. The 1* cycle and the loading curve of the
27 ¢ycle are exactly the same as those in liquid infiltration tests without holding time. In the 3™
cycle, the reduction in the plateau width (W5;) indicates a much-reduced degree of liquid outflow
during the unloading process of the 2" cycle. It suggests that around 27% (W5 /W,) of gas diffused

out during the 3 hours holding time. As the holding time increasing, as shown in Figure 6.3b,

%th>o gradually decreases.
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Figure 6.3. Typical loading-unloading curves of (a) an LN sample with 3-hour peak-pressure-

holding process and (b) the 3 loading-unloading cycle of LN samples with various holding
time.
6.3.3 Pressure effect on gas diffusion in nanopores

To further study the effect of holding pressure on the behavior of gas diffusion from
nanoconfined liquid phase to bulk one, the peak pressure of the infiltration tests is increased from
60 MPa to 150 MPa. Figure 6.4 shows typical loading-unloading curves of 3-hour peak-pressure-
holding tests at different peak pressures. As W, is insensitive to the pressure increase, the
excessive solid-liquid interfacial tension as well as the preserved gas molecules are identical for

the LN system and independent to the peak pressure under continuous liquid infiltration testing
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cycles. After the peak-pressure-holding process in the 2™ cycle, Wi50MPa < (50 MPa

demonstrates the promoted gas diffusion rate at higher holding pressure.

'yl
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Figure 6.4. Typical loading-unloading curves of LN samples in 3-hour peak-pressure-holding
liquid infiltration tests with different peak pressures.

The measured degree of liquid outflow under 60 Mpa and 150 Mpa with different holding
durations are illustrated in Table 6.1. It is clear that the degree of outflow decreases as the
holding time and holding pressure growing.

Table 6.1. The measured degree of liquid outflow in the 2™ loading-unloading cycle

(M/;hzo/Wz).
Holding Time
Pressure
0 1.5h 3h 6h 9h 12h 15h
60MPa | 100£0 | 77.9+24|73.0£3.2 |54.1+£57|361+87|325+5.1|229+7.3
150 MPa | 100+0 | 65.1+4.2 | 444+25(329+2.1|168+22|151+3.1| 88+7.6

6.4 Discussion
As demonstrated in our previous studies!*!47:16! " the liquid outflow from hydrophobic

nanopores is dominated by both the excessive solid-liquid interfacial tension and the gas-liquid
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interaction in the nanopores during the unloading process. In all the liquid infiltration tests with or
without peak-pressure-holding process, the same liquid phase as well as the nanopore surface
properties ensure a constant excessive solid-liquid interfacial tension. Thus, the much-reduced
degree of liquid outflow is attributed to a time-dependent gas-liquid interaction during the peak-
pressure-holding process, which promotes gas to escape from the hydrophobic nanopores.

In the infiltration tests without peak-pressure-holding process (t, = 0), the gas escape
includes gas advection and gas diffusion from the nanopores to the bulk liquid during the unloading
process. Given the unloading process completes in seconds, the amount of gas diffusion from the
nanopores to the bulk liquid (a relatively slow process) can be ignored. The negligible gas diffusion
is also validated by the same loading-unloading curves in the 2" and 3™ cycles in Figure 6.2.
Otherwise, a reduced W3 should be observed. The gas advection describes the dissolved gas
flowing out with the liquid and is proportional to the transfer velocity and total gas amount in the
nanoconfined liquid. Since the system volume recovery speed (2 mm/min) and the unloading
curves of the 2™ and the 3™ cycles are the same, the initial transfer velocity of all LN samples is
nearly the same. Therefore, the amount of gas molecules escaped from the nanopores through
advection is estimated as

na = a1, (6.1)
where no is the total amount of gas molecules dissolved in the nanoconfined liquid before
the onset of unloading process and « is ratio of the advected gas amount to the total gas amount.

The amount of gas molecules preserved in the nanopores is
n =’ = (1 -a) ng (6.2)
While in the infiltration tests with peak-pressure-holding process (t;, = 3h), the gas

outflow includes the gas diffusion during the holding process and the gas advection during the
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unloading process. The amount of gas diffusion is denoted as n;. The residue amount of gas
molecules before the onset of unloading process is n,, = n, — ng. Consequently, the amount of

gas molecules preserved in the nanopores is estimated as

' =1-a)n (6.3)
By comparing equations 6.2 and 6.3, the amount of preserved gas molecules in the

nanopores is reduced due to the gas diffusion during the peak-pressure-holding process. As the

degree of liquid outflow is positively related to the amount of preserved gas molecules in the

nanopores 42161,
tp>0 th>0
E=iﬂz% (6.4)
Mo n, W,

Please note that no is a constant, as the nanopore volume, peak pressure and initial gas

content sealed in the testing cell are all constants for all the LN samples. As shown in Figure 6.3b,
l/l/;h>o gradually decreases with increased holding time, which demonstrates the time-dependent
gas diffusion process from the nanoconfined liquid phase to the bulk liquid one.

This pressure effect on gas diffusion in nanoconfined liquid is not seen in bulk liquid. In
continuous theory, as described by the Fick’s second law, the diffusion rate is proportional to the
diffusivity and the curvature of concentration profile. According to the Wilke-Chang equation,
diffusivity is related to the density, molecular weight, and viscosity of the solvent, all of which are
insensitive to pressure change. Therefore, the pressure effect on gas diffusion in bulk liquid is
negligible, which has also been demonstrated by both experimental and numerical studies*-'%2,
Given the diffusion path in the nanoporous particles and the initial gas concentration are

the same for all LN samples before the onset of peak-pressure-holding, the pressure effect on gas

diffusion is due to the enhanced diffusivity in the nano-environment. The enhanced diffusivity is
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attributed to the allocation of liquid and dissolved gas molecules in the hydrophobic nanopores.
Under the hydrophobic nanoconfinement, gas molecules tend to be co-adsorbed with liquid
molecules on the hydrophobic nanopore wall”’. As a result, the gas molecules are enriched in the

adsorption layer, leading to the oversolubility of gas molecules*>#¢

, which is much higher than the
gas solubility around the center of the nanopores or in the bulk liquid phase (the green profile in
Figure 6.5). This oversolubility endows the adsorption layer to uptake more gas molecules than
the nanopore center. In addition, as the system pressure increases, the spacing between the gas
molecules is reduced and the system free energy is enhanced. The accumulation of gas molecules
in the adsorption layer is energetically favorable and further promoted. Consequently, the gas
concentration near the nanopore wall increases with the applied pressure, while the gas
concentration at the nanopore center and in the bulk liquid phase is insensitive to the pressure
increase (the red profile in Figure 6.5). This pressure-dependent gas concentration gradient

between the adsorption layer in the hydrophobic nanopores and the bulk liquid phase leads to a

higher gas diffusion rate.

hydrophobic
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E liquid
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|
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— gas molecule distribution at high pressure
- gas molecule distribution at low pressure

Figure 6.5. Schematic of the pressure effect on dissolved gas diffusion from hydrophobic

nanopore to bulk liquid.
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Since no is a constant, the gas diffusion during peak-pressure-holding process can be
simplified as the drive-in deposition. The concentration of gas molecules in this type of diffusion
is decaying exponentially'®®. Therefore, to model the residue gas amount in the nanopores,
exponential decay is applied as

N, —Ne t ;
- = exp ( T) (6.5)

TlO - 0
where n, is the residue gas amount in the hydrophobic nanopores after infinite holding

process and T is a constant.
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Figure 6.6. The preserved gas in the hydrophobic nanopores.

As the experimental results cannot quantify the distribution of gas molecules along the
nanopore depth, this simplified model is only capable of estimating the total amount of gas retained
in and flew out from the nanopores. Table 6.1 summarizes the experimental measurement of the
degree of liquid outflow. Figure 6.6 shows the residue gas in the nanopores as a function of time

under different peak pressures.

Table 6.2. The parameters in the exponential decay model.

Pressure N /Mo (%) T (h) R?
60 MPa 13.0 7.4 98.7 %
150 MPa 11.5 33 98.8 %
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By fitting the experimental data, the parameters used in equation 6.5 are listed in Table 6.2.
The residue gas amount shows a clear exponential decay trend. The time constant T under 150
MPa is 3.3 h and much smaller than that under 60 MPa, indicating an enhanced gas diffusion rate
under high pressure. The amount of residue gas in the nanopores after infinite diffusion time
converges to a smaller value when the holding pressure is higher. This is attributed to the higher
gas solubility of the bulk liquid phase under higher pressure, which facilitates the gas diffusion
from the nanoconfined liquid phase to the bulk one. Both t and n,, reveal that the rate of dissolved
gas diffusion out from hydrophobic nanopores is promoted by pressure.
6.5 Conclusion

In this work, we have investigated the dissolved gas diffusion from hydrophobic nanopores
to bulk liquid in a LN system by experimentally quantify the change in degree of liquid outflow.
It has been found that as the holding time increases, the gas diffusion progress exhibits an
exponentially decaying rate. In contrast to continuous theories, pressure has a prominent effect on
the nanoscale gas diffusion. As pressure increases, the gas diffusion process from the nanoconfined
liquid to the bulk liquid is significantly promoted. The pressure effect is related to the gas
oversolubility and uneven distribution of gas and liquid molecules caused by the hydrophobic
nanoconfinement. These findings extend the knowledge of the dissolved gas diffusion in a nano-

environment and will guide the future design of CO; sequestration and shale gas extraction systems.
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Chapter 7. FUTURE STUDY

7.1 Effect of Gas Species on GLIHNE

The gas phase in LN systems used in this thesis is air as no special treatment is needed.
However, mixture compounds in air are not ideal to evaluate the gas phase effect. In addition, the
gas solubility in bulk liquid phase as well as the oversolubility in HNE are highly dependent on
gas species. Based on Henry’s law, the gas solubility of different gas species in bulk water can
be calculated, as shown in Table 7.1. The gas solubility of carbon dioxide in bulk water is almost
45 times higher than that of air, while the gas solubility of helium is only half of the air. The
degree of liquid outflow of LN systems will be affected by the selection of gas species, which
will further quantify the effect of bulk gas solubility and oversolubility on GLIHNE.

Table 7.1. Bulk phase gas solubility for different gas species in deionized water at 25°C.

Gas Species Gas solubility in deionized water
(10 mol/L)
He 0.370
Air 0.763
CO2 34.002

—|_ Vacuum Oven
Vacuum .| |-
Pump ] [ ]

—
Helium

Syringe
ynng Nanoporous

Testing Particles

Cell

Figure 7.1. Experimental setup of replacing air in nano-channels with helium.
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In order to replace the air trapped in the nanopores and the bulk liquid phase by other gas
species, gas exchange processes will be implemented before liquid infiltration tests. As shown in
Figure 7.1, a thin layer of nanoporous particles will be placed in a vacuum chamber. After
degassing for 24h, selected gas will be fed into the vacuum chamber to fill the nanopores.

Next, a certain amount of DI water will be filled into the testing cell by a syringe
connected to the vacuum chamber. The filled DI water will be degassed in the vacuum chamber
for another 24h at an elevated temperature. After the completion of degassing, the same selected
gas will be fed into the vacuum chamber again to saturate the bulk liquid phase. The LN sample
will be cooled down to room temperature in the selected gas environment before testing.

7.2 Temperature Effect on Gas Diffusion from HNE to Bulk Liquid Phase

In Chapter 3, we have shown that temperature can promote liquid outflow in each
infiltration step in the LN system. This trend is also found without separating the infiltration
plateau, as shown in Figure 7.2. By increasing temperature, both the liquid outflow pressure and
the width of the second infiltration plateau increased. It suggests that the gas molecules are more
likely to stay in nano-channels at elevated temperatures, which leads to a higher degree of liquid

outflow.

(@) 70

60

®) ™ . : :

60

50+ 50

404 404

304 30

Pressure (MPa)
Pressure (MPa)

204 20 4

0.0 02 0.4 06 08 0o o2 04 06 08
Specific Volume Change (cm3/g) Specific Volume Change (cm3/g)

Figure 7.2. Temperature effect on liquid outflow in (a) the 1** and (b) the 2" loading-unloading

cycles.
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Based on Henry’s law and van "t Hoff equation (equation 4.2), the gas solubility in bulk
liquid phase is reduced by elevated temperature as shown in Figure 7.3. The temperature-
elevated internal energy of the LN system facilitates the GLIHNE. Therefore, during unloading,
the dissolved gas molecules are much easier to return to gas phase in system with a higher
temperature. Moreover, due to oversolubility, the enlarged volume by gas phase in nano-
channels is much more than that in bulk phase, leading to liquid outflow at a higher pressure
(Figure 7.2). This elevated outflow pressure is able to induce more liquid outflow. However,

when the temperature keeps increasing, its effect on liquid outflow is weaker (Figure 7.3).
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Figure 7.3. Temperature effect on bulk gas solubility and degree of liquid outflow.

Moreover, the temperature effect on gas diffusion from HNE to bulk liquid phase was
also studied. Two LN systems with the same components were compressed under the same
pressure at different temperatures for the same period of time. The results show that the residual
gas amount in the LN system decreased more by holding the system with higher temperature
(Figure 7.4). Since temperature can facilitate the internal energy of the LN system, which

increases the kinetic energy of gas molecules, thus accelerates the gas diffusion process from

HNE to bulk liquid phase.
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Figure 7.4. Temperature effect on the residual gas in the hydrophobic nanopores.
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APPENDIX

Figure A-1. Acoustic Impedance Tube — Assembly Drawing.
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Figure A-2. Acoustic Impedance Tube — Base.
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Figure A-3. Acoustic Impedance Tube — High Frequency Speaker Plate Support.
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Figure A-4. Acoustic Impedance Tube — Low Frequency Speaker Plate Support.
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Figure A-5. Acoustic Impedance Tube — Tube.
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Figure A-6. Acoustic Impedance Tube — Acrylic Cell.
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