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y applying a quasihydrostatic pressure, water or electrolyte so-
ution can be compressed into a surface treated MSU-H mesopo-
ous silica. Based on the pressure-volume curves, thermodynamic
nd kinetic characteristics of the pressurized flow are analyzed.
or pure water based system, continuum theory explains the test-

ng data quite well but fails to capture the rate effect. For elec-
rolyte solution based system, the classic interface theory breaks
own, probably due to the unique ion behaviors in the
anoenvironment. �DOI: 10.1115/1.3089542�

Introduction
Liquid behavior in nanoenvironment has been an important re-

earch topic for more than a decade �1,2�, which shed much light
n fundamental mechanisms governing solid-liquid interactions at
mall length and time scales. The studies in this area have been
mmensely useful to developing better techniques for drug deliv-
ry, micro-/nanotransportation, micro-/nanofabrication, biosens-
ng, etc.

Over the years, energy dissipation associated with nanofluidic
ehaviors has drawn considerable attention �3,4�. The initial idea
as based on the assumption that, as a liquid flows in nanopores

nd the internal friction takes place across the large pore surface,
he energy dissipation capacity can be ultrahigh. Such a system

ay have great applicability in advanced dampers, bumpers, and
rmors. For instance, in an experiment performed by Li �5�, bend-
ng moments were applied on a hydrophilic nanoporous silica
lock soaked by water. As water flowed from compressive parts to
ensile parts, there was a detectable damping effect. However, the
nergy dissipation efficiency was lower than the expected level.

Recently, an improved concept has been investigated by a few
esearch teams �6–11�, including the authors of this paper, who
eplaced the hydrophilic nanoporous solids by hydrophobic ones.
ue to the capillary effect, as a hydrophobic nanoporous material

s immersed in water, the nanopores remain empty. Once a high
ressure is applied on the liquid phase, pressure induced infiltra-
ion �PII� would occur, accompanied by conversion of a signifi-
ant amount of external work to excess solid-liquid interfacial
nergy. In a number of nanoporous systems, the excess solid-
iquid interfacial energy cannot be converted back to the hydro-
tatic pressure as the external loading is removed; that is, the
orption isotherm curves are hysteretic, which results in ultrahigh
nergy dissipation efficiency larger than a few J/g, much better
han many conventional protective materials �12�. A similar de-
ign concept can be extended to nonpolar liquids using lyophobic

1Corresponding author.
Contributed by the Fluids Engineering Division of ASME for publication in the

OURNAL OF FLUIDS ENGINEERING. Manuscript received February 23, 2007; final manu-
cript received March 11, 2008; published online March 6, 2009. Assoc. Editor: Ali

eskok.

ournal of Fluids Engineering Copyright © 20
nanoporous materials, which has led to an even higher energy
density �13,14�. In these investigations, it has been noticed that
increasing degree of hydrophobicity, decreasing pore size, and
adding electrolytes can be of beneficial effects to improving sys-
tem performance.

2 Experimental Procedure
In the current study, we investigated a MSU-H type nanoporous

silica that was commonly used as adsorbent and catalyst support.
It was of a hexagonal framework, small pore size, and relative
large specific pore volume, ideal for energy absorption applica-
tions. The network material was obtained from Sigma-Aldrich �St.
Louis, MO� �CAT No. 643637�. The as-received material was in
powder form. The particle size was 20–80 �m. According to a
gas absorption analysis using a Tristar-3000 analyzer, the average
pore size was 7.1 nm, the specific pore volume was 0.9 cm3 /g,
and the specific pore surface area was 510 m2 /g. Figure 1 shows
the Barrett–Joyner–Halenda �BJH� analysis result of nanopore
volume distribution. Its pore surface was hydrophilic, and there-
fore could not be directly used for PII testing. In order to modify
the pore surface structure, the silica particles were first dried at
100°C in a vacuum oven for 24 h and then refluxed in a silane
agent solution in a hot mantle. The solution was prepared by in-
jecting 1 part of chlorotrimethylsilane into 40 parts of dry toluene.
Prior to the refluxing, the mixture had been gently stirred at room
temperature for 10 min. The refluxing time ranged from 3 h to 24
h. During this process, the chlorotrimethylsilane molecules dif-
fused into the nanopores and formed hydrophobic O–Si�CH3�3
groups at nanopore walls, changing the surface wettability �15�.
The treated sample was vacuum filtered, washed with dry toluene,
and dried at 100°C for 24 h in vacuum.

Figure 2 depicts the PII experimental setup, which consisted of
0.2 g of surface treated silica particles immersed in 7 g of liquid,
a steel cylinder, and a piston. A compressive load was applied on
the liquid phase through the piston by an Instron machine, forcing
the piston into the cylinder at a constant rate. The liquid phase was
either de-ionized water or saturated aqueous solution of sodium
chloride. The compression rate, V, was 1–20 mm/min. The quasi-
hydrostatic pressure in the liquid, p, was calculated as P /A0, with
P being the axial load and A0=286 mm2 being the cross-sectional
area of the cylinder. The piston displacement, �p, was also mea-
sured, based on which the liquid volume change was calculated as
�V0=�p ·A0. As the pressure exceeded 30–40 MPa, the piston was
moved out of the cylinder at the same rate. Figures 3 and 4 show
the typical sorption isotherm curves. The resolutions of load and
displacement measurements were 250 N and 20 �m, respectively.

3 Results and Discussion
Without the surface treatment, the silica is hydrophilic and thus

the nanoporous particles can be infiltrated by water. Under this
condition, as shown by the dashed curve in Fig. 3, no infiltration
can be observed in the PII experiment. With the surface treatment,
as shown by the solid curves, infiltration plateaus are formed. The
infiltration plateau is defined as the middle portion of the loading
part of sorption isotherm where the slope is much smaller than
that of the linear compression sections. The surface treated nano-
porous silica particles are initially filled by entrapped air. As the
pressure is sufficiently high �4.5 MPa and 8.1 MPa for silicas
surface treated for 3 h and 24 h, respectively�, liquid starts to enter
the largest nanopores. As a result, the system volume decreases
rapidly. As the pressure rises, smaller nanopores are involved in
the PII process, during which the entrapped gas molecules are
dissolved by the confined liquid. Note that the interactions among
gas and liquid molecules in a nanopore can be fundamentally
different from that in a bulk phase, as demonstrated by the mo-
lecular dynamics simulation in Ref. �16�. As the nanopore wall
confines the molecular motion, there must be a sufficiently large

“gap” between the gas molecule and the solid surface; otherwise,
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he liquid molecules would be blocked. When the pressure is low-
red, since gas phase nucleation may be energetically unfavorable,
he confined liquid does not come out of the nanopores �17�; that
s, a decrease in solid-liquid interfacial energy associated with the
xpansion of a nanobubble can be lower than the energy required
or “evaporating” molecules from liquid phase to vapor phase,
hich causes a significant hysteresis in sorption isotherm. The

nclosed area of the loading-unloading cycle indicates the dissi-
ated energy �Table 1�.

According to Fig. 3, the infiltration volume of the silica surface
reated for 3 h, which can be measured by the width of infiltration

ig. 1 The BJH analysis result of the nanopore volume
istribution

Fig. 2 A schematic of the testing system

ig. 3 Typical sorption isotherm curves of pure water based
ystem. The specific system volume change is defined as the
ystem volume change normalized by the mass of the nano-

orous silica.

44501-2 / Vol. 131, APRIL 2009
plateau, is about 0.7 cm3 /g, smaller than the BJH measurement
result of nanopore volume of untreated silica. Note that the mo-
lecular size of O–Cl�CH3�3 is around 0.26 nm. As the nanopore
surface is covered by a surface group layer, the effective pore size
should be reduced from 7.1 nm to 6.6 nm, and the effective pore
volume would decrease by about 15%, from 0.9 cm3 /g to
0.76 cm3 /g, quite close to the infiltration volume. The effective
solid-liquid interfacial tension, according to the classic Young’s
equation, can be calculated as ��= pin ·r /2=13 mJ /m2, with pin
being taken as 7.9 MPa and r=3.3 nm.

As the surface treatment time, tr, is increased to 24 h, the infil-
tration pressure largely rises to 12.4 MPa, while the infiltration
volume decreases considerably from 0.7 cm3 /g to 0.4 cm3 /g,
even though the nanoporous structure does not change. This phe-
nomenon may be attributed to the formation of dense layers of
silane groups at nanopore surfaces. When the surface coverage is
saturated, in a prolonged surface treatment process, chlorotrimeth-
ylsilane molecules would continue to diffuse into the nanopores.
Consequently, the pore volume decreases. The reduction in acces-
sible pore volume from 0.7 cm3 /g to 0.4 cm3 /g is equivalent to
a change in effective nanopore radius from 3.3 nm to 2.5 nm. With
the same solid-liquid interfacial tension of 13 mJ /m2, the infiltra-
tion pressure would increase from 7.9 MPa to 10.5 MPa, which is
quite close to the values shown in Fig. 3. That is, the large varia-
tion in infiltration pressure and volume associated with the in-
crease in treatment time are caused by the decrease in empty
nanopore space.

If the liquid motion in nanopores could be described by a cir-
cular Poiseuille flow, as the infiltrating liquid molecules move
along the pore wall, an additional pressure must be applied to
overcome the viscosity effect. For a zero-order approximation, the
pressure increase can be assessed as dp=32� ·v ·dz /D2 �18�,
where �=10−3 Pa s is the liquid viscosity, v is the inflow rate, dz
is the pore depth, and D=6.6 nm is the effective pore diameter
for the silica sample that is treated for 3 h. In the current study, the
cross-sectional area of the testing cylinder, A0, is 286 mm2, and
therefore it takes about 30 s to fill the nanopores. The average
silica particle size is about 50 �m. Thus, the inflow rate, v, is

Specific System Volume Change (cm3/g)
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Sodium Chloride
Solution Based System

Pure Water
Based System

Fig. 4 The effect of addition of sodium chloride. The silica is
surface treated for 3 h.

Table 1 Energy absorption capacity of surface treated MSU-H
silica „J/g…

Experimental condition

Surface treatment time �h�

3 12 24

v=1 mm /min
In pure water 5.1 5.6 3.1
In saturated NaCl solution 6.8 7.0 3.6

v=20 mm /min �in pure water� 5.2 5.6 3.2
Transactions of the ASME
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round 1 �m /s, and the characteristic value of dz is about
0 �m. Consequently, when the piston speed changes from 1
m/min to 20 mm/min, the sorption isotherm curve should shift

long the pressure axis by a few MPa, which was not observed in
he PII experiment. When the loading rate varied in this range, the
nfiltration plateaus were nearly identical. Clearly, in the confining
anoenvironment, the no-slip boundary condition is no longer
alid, and the definition of liquid viscosity breaks down, which
xplains why the internal-friction-based energy dissipation
echanism did not have the expected energy density �5�.
As sodium chloride is added in the liquid phase, as shown in

ig. 4, while the infiltration volume does not vary, the infiltration
ressure becomes much higher. The pin increase is about 2.2 MPa,
hich corresponds to a large variation in effective solid-liquid

nterfacial tension of about 8.6 mJ /m2, 66% of that of pure water.
ote that the surface tension of saturated sodium chloride solution

s larger than that of pure water by less than 10% �19�. The large
ncrease in the effective interface tension should be related to the
onfinement effect of pore walls on ion distribution. In a nano-
ore, normal to the pore surface, there is no enough space for the
ormation of a double layer. The bulk phase may not exist. There-
ore, the effective ion concentration is higher than that at a large
olid surface; that is, the ion structure is affected by the opposite
anopore surface, causing a “squeezing” effect, which can lead to
higher liquid composition sensitivity. The details of the funda-
ental mechanisms are still under investigation.

Conclusion
To summarize, through a pressure induced infiltration experi-
ent on a surface treated MSU-H nanoporous silica, the liquid
otion in nanopores are examined. For the system under investi-

ation, the classic capillary theory can be employed to relate the
nfiltration pressure to the nanopore size. However, the continuum
heory does not explain the low sensitivity of sorption isotherm to
oading rate. It also fails to capture the large variation in infiltra-
ion pressure caused by addition of sodium chloride.
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