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a b s t r a c t

Through a pressure-induced infiltration experiment, it is validated that the degree of hydrophobicity of the
nanopore surfaces of a MCM-41 can be increased through gas–solid treatment. Compared with the effects
of liquid–solid treatment, the infiltration pressure does not vary much while the defiltration pressure
is higher, indicating that the reversibility of confined liquid motion is improved; that is, the sorption
curve is less hysteretic. The liquid composition and the post-treatment procedure also have considerable
influences on the infiltration and defiltration behaviors.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The field of chemical engineering has been considerably broad-
ened since the last century, partly motivated by the increasingly
high functional requirements of advanced materials. For instance,
nanoporous materials, which in the past had been widely used for
catalysis, absorption and adsorption, and purification and sepa-
ration, recently found new applications in mechanical structures
[1,2]. With controlled surface properties, e.g. if the nanopore sur-
faces are lyophobic, when a nanoporous material is suspended in
a liquid, the nanopores can serve as supporting framework of gas
nanophase that is stable under ambient condition. When temper-
ature increases, due to the change in wettability the liquid can
infiltrate into the nanopores. If the temperature decreases back,
the liquid can defiltrate as the nanopore surface is nonwettable
again [3]. Such a system is effectively a thermal machine that works
between two different temperatures, converting thermal energy to
mechanical work. Because of the large nanopore surface area, the
energy density is much larger than that of conventional smart solid
materials, such as shape-memory alloys and polymers [4]. It has
great potential for active control, microscopic or nanometer-scale
actuation, etc.

The system configuration can also be controlled mechanically.
At a constant temperature, if the quasi-static pressure, P, in the
liquid phase is increased, when the capillary effect is overcome
the gas nanophase would vanish, i.e. the liquid molecules are
intruded into the nanopores [5,6]. When P is reduced, the defiltra-
tion behaviors of the confined liquid are dominated by a number
of intrinsic and extrinsic factors [7–9]. Because of the “ink-bottle
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effect” associated with the irregular nanopore structure [10], the
dependence of effective contact angle on liquid motion [11], the
energy barrier of vapor phase nucleation and growth [12], and/or
the change in gas solubility in nanoenvironment [13], the liquid
can be “locked” inside even when the external pressure is entirely
removed. When the liquid infiltrates, a large amount of external
work must be done to increase the system free energy because
the contact area of solid and liquid greatly increases. If the liquid
does not defiltrate, the increase in solid–liquid interfacial tension
is effectively dissipated, and such a system absorbs energy. For
a nanoporous material with the specific nanopore surface area
of 103 m2/g and a liquid phase having the excess interfacial ten-
sion of 10 to 102 mJ/m2, the energy absorption efficiency is in the
range of 10 to 102 J/g [14–16], much higher than that of many pro-
tection/damping solids [17]. In a number of nanoporous energy
absorption systems (NEAS), with the appropriate adjustment of
system structures and working conditions, the confined liquid can
defiltrate at reduced pressures [18–20]. That is, while the confined
liquid does not come out of the nanopores immediately when the
pressure is lowered, before P is decreased to zero, the defiltration
will occur, resulting in a hysteretic infiltration–defiltration loop.
Such a system can work repeatedly as the external loading is applied
cyclically, and is attractive for applications such as damping stages,
cushioning layers, vibration-resistant containers, etc., where the
system performance must be stable in a relatively long period of
time.

In order to adjust the defiltration behaviors, the nanopore sur-
faces must be modified. The external surfaces have little influence
on this process, as long as the accessibility of the nanopores is
assured. Controlling properties of inner surfaces of a nanoporous
material is a nontrivial task. The molecular size of the treatment
reagent must be much smaller than the nanopore diameter, other-
wise it cannot enter the nanopores even when the solid surface is
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nominally wettable [21,22]. The treatment time, temperature, and
chemical concentrations should be tightly controlled so that the
surface reactions can be performed relatively uniformly [23]. In the
past, it was shown that through liquid–solid reactions various sorp-
tion curves of different infiltration and defiltration characteristics
could be obtained [24–27]. In this article, we report the results of
an experiment on gas–solid reaction.

2. Experimental

In order to focus on the surface treatment effect, we investigated
a commercially available MCM-41 (Sigma–Aldrich No. 643645),
with the nanopore diameter of 2.7 nm and the specific surface
area of 1040 m2/g. The material characterization was performed by
using a Micromeritics TriStar-3000 Gas Adsorption Analyzer. About
2 g of MCM-41 was placed in a stainless steel cylinder. By using a
type 5580 Instron machine, a steel piston was compressed into the
cylinder, applying a pressure of 0.3 MPa. Under such a pressure, the
MCM-41 powders were close-packed and consolidated into disks.
The disks were sealed in a vertical condenser that was connected
to a round-bottom flask. Prior to the surface treatment, the system
had been dried and was free of moisture. The MCM-41 disks were
placed on a bundle of glass wools in between the condenser and the
flask. At the top of the condenser, a drying pipe was used to prevent
moisture. After adding 10 mL of chlorotrimethylsilane, the flask was
heated at 80 ◦C by a thermal mental for 24 h, so that the MCM-41
sample was exposed to the (CH3)3SiCl vapor. Then, the MCM-41
disks were taken out of the condenser and dried in air at room
temperature for 6 h or dried in vacuum at 50 ◦C for 6 h. After the
modification, according to a Tristar-3000 gas adsorption analysis,
the specific surface area and the pore volume of the dried sample
decreased to 692 m2/g and 0.68 cm3/g, respectively. For compari-
son purpose, control samples were also prepared by a liquid–solid
reaction method using the same MCM-41. The details of the surface
treatment procedure have been discussed elsewhere [28].

The sorption curves were measured by using a pressure-induced
infiltration experimental setup. In a stainless steel cylinder, the
MCM-41 particles were mixed with a liquid. The liquid phase was
either pure water or 26% sodium chloride solution. A steel piston
equipped with a reinforced gasket was intruded into the cylinder,
driven by a type 5582 Instron machine. The loading rate was kept
constant at 1 mm/min. When the pressure, P, reached about 85 MPa,
the crosshead of the machine was moved back at the same rate,
and P was measured continuously. Typical measurement results

Fig. 1. Typical sorption curves of MCM-41 treated by gas–solid reaction. The liquid
phase is saturated sodium chloride solution.

Fig. 2. Typical sorption curves of MCM-41 treated by gas–solid reaction. The liquid
phase is distilled water.

Fig. 3. Typical sorption curves of MCM-41 treated by liquid–solid reaction. The
liquid phase is saturated sodium chloride solution.

are shown in Figs. 1–4, where the pressure is defined as F/A and
the system volume change is defined as Ad, with F being the piston
force and A and d the cross-sectional area and the displacement of
the piston, respectively.

Fig. 4. Typical sorption curves of MCM-41 treated by gas–solid reaction and air
dried. The liquid phase is saturated sodium chloride solution.
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3. Results and discussion

When the MCM-41 is exposed to the chlorotrimethylsilane
vapor at elevated temperature (CH3)3SiCl molecules can diffuse
into the nanopores and react with the hydroxyl groups at nanopore
surfaces. With the byproduct of HCl, which is removed in the
drying procedure, the material is silylated with hydrophobic
chlorotrimethylsilane [29]. As a result, the nanopore surface
becomes nonwettable to the liquid phase. When the treated MCM-
41 is immersed in the liquid, no infiltration would take place. As
shown by section “OA” in Fig. 1, the gas phase entrapped in the
nanopores is stable when the pressure, P, is lower than 38 MPa. In
this pressure range, when the piston is intruded in the cylinder,
the liquid outside the MCM-41 particles is compressed linearly.
Once P > 38 MPa, in section “AB”, the slope of the sorption curve
decreases, which should be attributed to the pressure-induced
liquid infiltration [30,31]. That is, with the aid of the external
pressure, the liquid molecules can overcome the repelling effect
of nanopore surfaces, causing an accelerated system shrinkage.
From “B” to “C”, the slope of sorption curve increases back to the
initial value, indicating that the liquid infiltration is completed. As
the pressure is reduced, initially the slope is the same as that of
section “BC”, as it should be, since the pressure is still high and the
liquid is confined in the nanopores. When the pressure decreases
to about 30 MPa (“D”), the slope is much lowered, suggesting
that defiltration starts. As the vapor phase is restored in the
nanopores and the liquid molecules move out, the system expands
considerably, causing the formation of a defiltration plateau (“DE”).
The slopes of the infiltration plateau and the defiltration plateau
are close to each other, which indicates that the liquid motion in
nanopores is somewhat reversible, even though the infiltration
pressure is higher than the defiltration pressure. Eventually,
when all the confined liquid defiltrates, the system configuration
changes back to its initial condition, and section “EO” in unloading
path overlaps with section “OA” in loading path. When similar
loading–unloading procedure is repeated, the same sorption curve
can be obtained again, as shown by the dashed line in Fig. 1.

The difference between the infiltration and defiltration pres-
sures, �P, reflects the difficulty of defiltration. During infiltration,
since the external loading is quasi-static, the work done by the pres-
sure, P, is converted to the excess solid–liquid interfacial tension,
which can be regarded as the driving force of defiltration. Upon
unloading, the pressure must be over-reduced by about 8 MPa to
trigger the defiltration. In the framework of mean-field analysis, the
resistance to defiltration can be assessed as R(2�r), where R is the
work that must be done to overcome the barrier effect of a unit area
of nanopore surface and r = 1.35 nm is the average nanopore radius.
The driving force of liquid motion can be stated as �P(�r2). Thus,
R = �Pr/2, which is about 5 mJ/m2. According to classic potential
functions of solid and liquid molecules [32], the depth of energy
well at a silica surface is at the order of 10−21 J per molecule. If
the number of liquid molecules per nm2 of nanopore surface is
around 10, the resistance to defiltration should be 10 mJ/m2, com-
parable with but larger than the measured value. The difference
between them may be attributed to the relatively large nanopore
size. That is, since the nanopore is much larger than a single liquid
molecule, the diffusion along the axial direction can take place after
the diffusion along the radius direction, so that the solid–liquid
molecular distance is increased and the energy barrier is
lowered.

If the liquid phase is pure water, as shown in Fig. 2, the
defiltration becomes much more difficult. At the first loading, the
defiltration does not start until the pressure is reduced to about
20 MPa. Even after the pressure is entirely removed, there is still
a portion of confined liquid that stays inside the nanopores. As

a result, at the second loading, the infiltration volume, i.e. the
width of the infiltration plateau, is smaller than that in the first
cycle. After the second cycle, the sorption curve converges to an
equilibrium state and no further variation can be observed as the
loading–unloading process is further repeated. Clearly, with the
absence of the electrolyte, the resistance to defiltration increases,
which may be associated with the structure of solvated ions. The
water molecule cluster surrounding a cation tends to move as a
whole, and therefore the effective polarity of the liquid phase is low-
ered, reducing the energy barrier offered by the nanopore surface.
For the same reason, the infiltration pressure of the pure water-
based system is lower than that of sodium chloride solution-based
system. These observations are consistent with the previous exper-
imental results of nanoporous silica gel [33,34].

Compared with the performance of the control sample that is
treated by liquid–solid method (Fig. 3), the infiltration pressure
of the MCM-41 modified by gas–solid method is similar while the
defiltration pressure is higher. The infiltration pressure of the con-
trol sample is around 36 MPa, slightly smaller than that shown in
Fig. 1 by 5%. The defiltration pressure of the control sample is about
25 MPa, smaller than that in Fig. 1 by 20%. The difference between
the infiltration and the defiltration pressures of the control sample
is 11 MPa, larger than that in Fig. 1 by nearly 30%. It is clear that the
gas–solid treated sample offers better defiltration performance. In
the liquid–solid treatment, the MCM-41 particles are immersed in
a liquid media. The solvent and the solute molecules diffuse into
the nanopores simultaneously. Since the effective viscosity of the
solvent is finite, the mobility of chlorotrimethylsilane molecules
is smaller than that in vapor phase. However, in the gas–solid
treatment, the molecular diffusion rate of chlorotrimethylsilane
at the gas–solid interface is much faster compared with that in a
liquid–solid modification procedure. Hence, the treatment reagent
can diffuse more smoothly in the nanoporous environment, lead-
ing to the formation of relatively uniform surface group layers. As
the chlorotrimethylsilane groups distribute regularly, the infiltra-
tion pressure increases slightly because of the lower defect density.
Since defect sites tend to be less hydrophobic, the low defect den-
sity also results in the smooth defiltration behavior, which provides
additional drag force to water molecules that diffuse along the axial
direction. In this case, the defiltration is improved by gas–solid
modification, which confirms that the surface functionalization is
enhanced.

Note that, in addition to the surface modification technique, the
post-modification treatment is also important to the defiltration
behavior. If after the gas–solid treatment the MCM-41 particles are
not vacuum dried but simply dried in air for 6 h, liquid defiltra-
tion can be largely suppressed. As shown in Fig. 4, while in the first
loading cycle the infiltration plateau is quite evident, at the sec-
ond loading little infiltration can be observed, which suggests that
during unloading in the first cycle most of the confined liquid does
not defiltrate. The occupied nanopores are deactivated and cannot
participate in the infiltration in the second cycle. This should be
attributed to the impurities of HCl that cannot be fully removed by
air drying. They can create concentration sites of water molecules,
making the energy barrier to defiltration much larger. During vac-
uum drying, since HCl is quite evaporable, it can be nearly fully
removed, and thus the measured sorption curve reflects the intrin-
sic properties of chlorotrimethylsilane-modified MCM-41.

4. Concluding remarks

In summary, gas–solid reaction method can be employed to
surface treat MCM-41. Due to the high molecular mobility in
vapor phase, the surface group distribution is quite uniform. Com-
pared with liquid–solid-treated material, the infiltration pressure
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of gas–solid-treated MCM-41 is slightly higher, while the hysteresis
of sorption curve is much less pronounced. Therefore, it can work
more smoothly for continuous energy absorption. The liquid com-
position and the post-modification treatment procedure are also of
important effects on infiltration and defiltration behaviors.
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