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In a calometric measurement of infiltration and defiltration of pressurized liquid in a hydrophobic
MCM41, it is observed that in nanopores the energy change between solid and liquid phases is
dependent on the direction of liquid motion: liquid infiltration is exothermic and liquid defiltration
is endothermic. The sorption curves and the temperature variation are insensitive to the loading rate.
The magnitude of temperature decrease in defiltration is smaller than the temperature increase in
infiltration, fitting well with the hysteresis of the sorption curve. These phenomena can be attributed
to the confinement effect of nanopore walls and the thermally/mechanically aided surface diffusion
of liquid molecules. © 2009 American Institute of Physics. �DOI: 10.1063/1.3068328�

I. INTRODUCTION

Understanding nanofluidic behaviors has been increas-
ingly important to the studies on materials processing, mo-
lecular transport, chemical sensing, etc.1–4 Over the years, a
large number of computer simulations have been carried out
to explore the details of liquid-solid interaction in
nanoenvironment.5–7 For instance, it was predicted that water
molecules can rapidly transport across a short carbon nano-
tube, forming a chainlike structure.8,9 If the nanochannel size
is relatively large, the structure of confined liquid molecules
may exhibit layered characteristics, depending on the liquid
and solid species as well as the boundary condition.10–12 In
these studies, it was assumed that the temperature is constant
and the temperature field is always in equilibrium, i.e., the
environment could be regarded as an infinitely large heat
reservoir.13 The liquid conduction was often reversible,
which was compatible with the experimental data that, as
water molecules moved across an array of carbon nanotubes,
the effective viscosity was much smaller than that of the bulk
phase.14,15

In a recent experiment on nanoporous silica, it was con-
firmed that as the nanopore surfaces were hydrophobic, a
sufficiently high external pressure must be applied to over-
come the capillary effect; otherwise liquid infiltration could
not occur.16,17 Unlike the prediction of computer simulations
for carbon nanotubes, the liquid motion in silica nanopores
was irreversible. When the external pressure was lowered,
liquid defiltration was much more difficult than liquid infil-
tration, causing a significant hysteresis of the sorption curve.
To understand the fundamental mechanisms, it becomes im-
perative to answer the following question: what is the
mechanism of energy exchange of confined liquid?

In a large channel, the flow of a viscous liquid is
exothermic.15 Usually, no-slip assumption can well describe
the solid-liquid boundary condition. Inside the boundary

layer, liquid molecules are adsorbed by solid surface; in the
interior, a parabolic velocity profile would be developed, as a
pressure difference exists along the flow direction.16 The
shear stress among liquid molecules leads to heat generation.
Thus, the system entropy increases. In a nanoenvironment,
the continuum theory breaks down. Across the cross section
of a nanopore the number of liquid molecules is limited, and
thus the velocity profile can be quite random.18 The motion
of liquid molecules along the nanotube/nanochannel surface
may be frictionless, since no energy dissipation would be
directly involved in the liquid-solid interaction.19,20 Under
this “ideal” condition, liquid infiltration and defiltration
should be an isothermal process.21 However, currently, ex-
perimental data of energy exchange of nanofluidics are
rare.22

II. EXPERIMENTAL

In the current research, we investigated a MCM41. The
network material was obtained from Aldrich, with the modal
value of nanopore size of 1.9 nm and the specific nanopore
surface area of 1060 m2 /g. The material characterization
was performed by using a TriStar-3000 gas absorption ana-
lyzer. The as-received material was in powder form, with the
particle size in the range of 10–50 �m. Following vacuum
drying at 100 °C for 4 h, the MCM41 was mixed with 40 ml
of dry toluene and 0.5 ml of chlorotrimethylsilane at 90 °C
for 4 h. The mixing rate was about 20 rpm. During this
process, negatively charged hydroxyl sites were replaced by
�CH3�3SiO groups, and thus the material became
hydrophobic.23 The surface treated material was thoroughly
rinsed by dry toluene and warm water, and vacuum dried at
80 °C for 12 h.

The pressure induced infiltration �PII� experiment was
carried out in a Type 5580 Instron machine. As shown in Fig.
1, in a bilayer cylinder, a mixture of 1 g of surface treated
MCM41 and 5 g of saturated sodium chloride solution was
sealed by a piston. Sodium chloride was used to promote
liquid “outflow,”24 so that both infiltration and defiltration
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could be investigated. The supporting �outer� layer was made
of stainless steel and the insulation �inner� layer was made of
Teflon. The piston was also insulated by a layer of Teflon. A
type E thermocouple was placed inside the cylinder to mea-
sure the temperature change in the liquid phase. Surrounding
the thermocouple, an additional polyisoprene �PI� insulation
cell was employed to further prevent heat loss. The solid/
liquid ratios inside and outside the PI cell were the same.

The liquid phase was driven into the nanopores by a
quasihydrostatic pressure. The pressure was applied by com-
pressing the piston into the cylinder. The loading rate, which
was in the range of 0.1 to 10 mm/min, was constant in the
PII test. The piston was moved back when the pressure
reached 50 MPa. Once the pressure was reduced to zero, the
loading-unloading process was repeated for a few times. Fig-
ure 2 shows typical sorption curves, and Fig. 3 shows typical
temperature measurement results. Since in all the loading
cycles following the first one, the sorption curves and the
temperature profiles were quite similar, the following discus-
sion will be focused on the first two loadings.

III. RESULTS AND DISCUSSION

From Fig. 2, it can be seen that if the pressure is lower
than 18 MPa, the liquid phase cannot enter the nanopores in
MCM41, and thus the system compressibility is quite small.
As the pressure exceeds 18 MPa, an infiltration plateau
�“AB”� is formed, indicating that PII takes place. As the
nanopores are filled, the infiltration plateau ends and the sys-
tem becomes nearly incompressible again �“BC”�. Upon un-
loading, the confined liquid does not defiltrate until the pres-
sure is much lower than the infiltration pressure, and thus the

slope of Section “CD” is close to that of Section “BC.”
When the pressure is lower than 5 MPa, defiltration begins,
accompanied by the formation of a defiltration plateau
�“DE”�. At the second loading, the sorption curve is similar
to that of the first loading, except that the width of infiltration
plateau is smaller, suggesting that the defiltration in the first
cycle is incomplete. That is, only a part of confined liquid
comes out; the rest of nanoporous space remains being filled,
and thus are not involved in the infiltration process in fol-
lowing loading cycles. As the loading cycle is repeated, no
further variation in sorption curve can be detected. The par-
tial “nonoutflow” may be related to the nonuniform distribu-
tion of surface groups, especially in the interior of nano-
pores.

As the loading rate changes from 0.1 to 10 mm/min by
100 times, the measured sorption curves are nearly the same,
which clearly shows that liquid motion in nanopores cannot
be described by continuum theory. According to the classic
Poiseuille solution,25 in a viscous flow the pressure gradient
should be proportional to the flow rate. In a nanopore, since
there are only a small number of liquid molecules in the
cross section, as demonstrated in computer simulations,8,9,13

liquid molecules may slide against solid surface. Since the
velocity difference among the liquid molecules is not as
regular as that in a continuum flow, also because that the
characteristic velocity of continuum flow is much smaller
than that of thermal vibration of molecules, the rate depen-

FIG. 1. �Color online� Schematic of the calometric measurement system.

FIG. 2. Typical sorption curves. The curves have been shifted along the
horizontal axis.

FIG. 3. �Color online� Temperature variation during the infiltration-
defiltration process: �a� the first loading-unloading cycle and �2� the second
loading-unloading cycle. The solid lines and the diamond symbols indicate
the testing data of pressure and temperature variation, respectively; and the
dashed lines are schematic curves of temperature variation.
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dence of pressure gradient is negligible. Without the viscos-
ity effect, other factors that dominate the interactions of liq-
uid and solid molecules, such as the Van der Waals force and
the Coulomb force, are intrinsically nondissipative; i.e., the
motion of the liquid molecule may be “frictionless,” which is
in agreement with the fact that a liquid phase does not carry
shear loadings. Under this condition, no temperature change
should be expected during liquid infiltration or defiltration.

The experimental data of temperature variation �Fig. 3�,
however, show that the above analysis is invalid. On the one
hand, associated with infiltration, a considerable temperature
increase, “AB,” is measured, which is somewhat similar with
the prediction of continuum theory of viscous flow. On the
other hand, during defiltration, the temperature decreases
�“DE”�, which is contradictory to the continuum theory. Note
that while it has been while known that water adsorption
process can be exothermic and water desorption can be en-
dothermic, it does not explain the fact the amount of tem-
perature increase associated with infiltration is larger than the
amount of temperature decrease associated with defiltration.
Before the onset of infiltration �“OA”� and between infiltra-
tion and defiltration �“BD”�, the temperature change is neg-
ligible, indicating that compression of liquid phase is an elas-
tic process, as it should be.

The temperature variation may be attributed to the con-
finement of nanopore walls. In a nanopore, the motion of a
liquid molecule along the radius direction can be signifi-
cantly suppressed, especially when the nanopore surface is
nonwettable. That is, as a liquid molecule move along the
axial direction of a nanopore, it has to overcome the energy
barrier between tetrahedral sites, as shown in Fig. 4. From a
low-potential location �“a”� to a high-potential location
�“b”�, the molecular velocity tends to decrease, and from “b”
to “c” it tends to increase. Note that in the experiment the
infiltration rate is determined by the piston speed, which is
constant. Thus, from “a” to “b,” additional work must be
done by the external loading, so that the system free energy
increases and the molecule velocity remains constant. From
“b” to “c,” because the nanopore wall is of a finite heat
conductivity, the excess kinetic energy of the liquid molecule
would be absorbed by atoms in the solid phase; thus, the
infiltration process is exothermic. The dissipated energy
causes an effective “internal friction.” During defiltration, a
confined liquid molecule must absorb thermal energy from
the environment to overcome the energy barrier between “c”
and “a,” and therefore the process becomes endothermic.
That is, the temperature variation associated with the liquid

motion in nanopore is caused by the mechanically/thermally
aided surface diffusion, independent of the liquid viscosity,
which explains why the sorption curves are rate insensitive.
This analysis agrees well with a previous experimental ob-
servation that, as temperature increases, the infiltration pres-
sure tends to decrease while the defiltration volume can be
largely increased, since at a higher temperature the mobility
of liquid molecules is larger and consequently both liquid
infiltration and defiltration become easier.

Through a differential scanning calorimetry test, the heat
capacity of the silica-liquid mixture was determined as �
=3.5 J /g K. During infiltration, the temperature increase is
�T1=2.2 °C, and the associated energy exchange is Ue

=m��T=46 J, or 4�10−14 �J /nm2 over the entire nano-
pore surface, where m=6 g is the total mass of the mixture
of nanoporous silica and liquid. According to potential func-
tions commonly used in molecular dynamics simulations,26

the energy barrier �U should be about 10 kJ/mol or around
10−14 �J per atom. If in each nm2 of nanopore surface there
is one surface group, the total energy that liquid molecules
must overcome to move across solid surface is around
10−14 �J /nm2, at the same level as the heat generation mea-
sured in the experiment.

During defiltration, the temperature decreases by about
1.6 °C, which corresponds to an energy exchange of 3
�10−14 �J /nm2. That is, to diffuse out of the nanopore, the
thermal energy absorbed by a liquid molecule is nearly 3/4 of
the dissipated energy during infiltration, even though the in-
filtration rate and the defiltration rate are nominally the same.
The difference between them may be related to the ineffi-
cient thermal conduction in silica phase, the reduction in
liquid molecule pileup in defiltration, and the “ink bottle”
effect of irregular nanopore walls that lowers the defiltration
energy barrier, the details of which are still under investiga-
tion. Note that the above calculations provide only an order-
of-magnitude assessment of energy exchanges involved in
the liquid infiltration and defiltration process. A more accu-
rate estimate should be given by computer simulation.

Since the temperature increase in infiltration is larger
than the temperature decrease in defiltration, after the first
loading-unloading cycle the system temperature increases by
0.6 °C. According to the sorption curve shown in Fig. 2, the
dissipated energy can be estimated as the area enclosed by
the hysteretic loading-unloading path, about 18 J. It should
cause a temperature increase of 0.8 °C, which is comparable
with but larger than the result of energy exchange analysis,
probably because that a part of the mechanical work is con-
verted to the excess solid-liquid infiltration tension of con-
fined liquid that does not defiltrate after the external pressure
is fully removed.

At the second loading, through Fig. 3�b�, it can be seen
that the characteristics of temperature variation are similar
with that at the first loading: liquid infiltration is exothermic
and liquid defiltration is endothermic, suggesting that the
partial nonoutflow is not a key factor affecting the tempera-
ture variation. The temperature increase is smaller, since the
nanopores occupied by the non-outflow liquid are not in-
volved in the energy exchange. The net temperature increase
after the defiltration completes is only 0.4 °C, much smaller

FIG. 4. �Color online� Schematic of a confined liquid molecule in a
nanopore.
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than that in Fig. 3�a�. According to Fig. 2, the net dissipated
energy in the second loading cycle is nearly 11 J, which
should cause a temperature change of 0.5 °C, close to the
measurement result.

Note that in both the first and the second loading cycles,
the temperature increase in infiltration and the temperature
decrease in defiltration are nonlinear. The temperature varia-
tion is more pronounced at the beginning stage of
infiltration/defiltration, which may be associated with the
nanopore size distribution. With the aid of an external pres-
sure, guest species tend to be active in smaller nanopores,27

where the specific surface area is larger. Thus, at the onset of
infiltration/defiltration, the energy density is higher, leading
to the rapid temperature variation. As the infiltration/
defiltration continues, more nanopores are involved and the
average rate of thermal energy generation or absorption is
reduced.28

IV. CONCLUDING REMARKS

In summary, the current study is focused on calometric
experiment of liquid motion in nanopores of a MCM41. The
liquid infiltration is exothermic, i.e., there exists an effective
internal friction. The liquid defiltration is endothermic. The
sorption curves and temperature profiles are independent of
the loading rate. The temperature increases more profoundly
in infiltration than it decreases in defiltration, leading to a net
temperature change after a complete loading-unloading
cycle, which fits with the overall energy dissipation measure-
ment. These unique phenomena can be related to the confine-
ment effect of nanopore walls and the surface diffusion of
confined liquid molecules that is thermally and/or mechani-
cally aided.
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