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Two-staged sorption isotherm of a nanoporous energy absorption system
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To selectively absorb impact energy, the profiles of sorption isotherms of protection systems must
be adjusted in a broad spectrum. In this article, a N-Lauroylsarcosine sodium salt �sarcosyl� of
intermediate molecular size is used to control the pressure induced infiltration of a nanoporous
silica. The experimental result shows that the infiltration plateau of this system is two-staged; that
is, not only the activation pressure but also the infiltration volume can be modified. It is noticed that
the sarcosyl molecule demands a “free volume” to enter a nanopore. The free volume size decreases
nearly linearly as the sarcosyl concentration increases. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2144280�
It has long been noticed that, by forcing a nonwetting
liquid into a porous medium, the free energy of the system
can be increased. However, not until recently with the devel-
opment of nanoporous technologies has the application of
this phenomenon in energy absorption systems become fea-
sible. A few preliminary studies have provided proof-of-
concept results that, in a system consisting of hydrophobic
nanoporous particles immersed in water or an aqueous solu-
tion, as the pressure increases, the liquid can infiltrate into
the nanopores.1–4 As a first order estimation, the associated
free energy increase can be assessed as E=�� ·A, where
��= ��sl−�s� and A is the specific surface area, with �sl and
�s being the effective solid-liquid interface energy and the
surface energy of the solid, respectively. For a number of
nanoporous materials, when the pressure is reduced, the liq-
uid cannot come out of the nanopores. Thus, during the pres-
sure induced infiltration, E is effectively dissipated. Since the
specific surface area, A, is usually in the range of
100–1000 m2/g, which is billions of times larger than in
bulk materials, the energy absorption efficiency of the nano-
porous system can be much higher than that of conventional
protection materials such as composite materials or smart
alloys.5,6

In order to develop the next-generation intelligent pro-
tection devices so as to minimize the system weight and size,
the functional energy absorption component must be of a
selective characteristic. That is, instead of absorbing all the
energy carried by the external loading, it is desirable to filter
out only the harmful part. For instance, it has been demon-
strated that low-pressure stress waves cause only negligible
organ damages,7 and therefore dissipating energy in this
pressure range should be regarded as a “waste” of the energy
absorption capacity for a body armor. The controllability of
the profile of sorption isotherm is also critical to damping
applications, such that, with a given actuation loading, the
output motion can be adjusted at specified pressure levels.

The solid line in Fig. 1 shows the sorption isotherm of an
ideal pure-water-based system where the nanoporous mate-
rial has a uniform pore size distribution. Initially, when the
pressure is relatively low, water cannot enter the hydropho-
bic pores. When the pressure reaches a critical value, pin, the

a�Author to whom correspondence should be addressed; electronic mail:

yqiao@uakron.edu

0003-6951/2005/87�25�/251906/3/$22.50 87, 25190
capillary effect is overcome and the pressure induced infil-
tration occurs, forming a plateau region. Eventually, when
the porous space is filled, the plateau region ends and the
system compressibility would decrease significantly. As the
pressure is reduced, according to the experimental data,1–4

the confined liquid does not “flow” out, resulting in the hys-
teresis behavior. The area enclosed by the loading-unloading
loop indicates the absorbed energy. Note that, in reality, the
system would inevitably exhibit a finite pore size distribution
and consequently the slope of the plateau region is always
positive.

In a recent experimental study,8 it was noticed that by
adding promoters such as ethanol in a nanoporous silica
based system, the infiltration pressure could be adjusted in a
broad range from 0 to about 20 MPa. The promoter mol-
ecules are much smaller than the pore size and can form an
interface layer at the pore wall. However, in this experiment,
the variation of pin took place quite uniformly across the
entire infiltration plateau region. To obtain a selective and/or
controllable sorption isotherm, the infiltration plateau must
be multiple-staged, as depicted by the dashed line in Fig. 1,
so that not only the activation pressure but also the amount
of energy to be dissipated in each pressure range can be
adjusted.

It is envisioned that, if the molecular size of the pro-
moter is in the intermediate range such that the molecules
can enter only the pores larger than a critical value, rcr, they
would have little influence on the infiltration process in small

FIG. 1. A schematic diagram of sorption isotherms of ideal nanoporous

systems.
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pores. To validate this hypothesis, a pressure induced infil-
tration experiment was carried out on a system based on an
aqueous solution of Sigma 61747 N-Lauroylsarcosine so-
dium salt �sarcosyl�. The nanoporous material used in the
current study is a Fluka 100 end-capped C8 reversed phase
silica, with the average pore size of 7.8 nm and the standard
deviation of 2.4 nm. The specific pore volume is V0
=0.5 cm3/g and the particle size is in the range of
10–35 �m. The pore surface is covered by a layer of 10%–
12% hydrophobic silane groups.

The chemical formula of sarcosyl is
CH3�CH2�10CON�CH3�CH2COONa.9 Its molecular weight
is 293.39 and its molecule size is about 1.8 nm, smaller than
but comparable with the nanopore size. Sarcosyl is a com-
monly used surfactant. On the one hand, it is energetically
favorable for the sarcosyl molecules to attach the pore sur-
face; on the other hand, sarcosyl can form strong bonding
with water molecules. There are two possible mechanisms of
the modified infiltration: �a� homogeneous infiltration, in
which the sarcosyl molecules enter the nanopores simulta-
neously with the water molecules, i.e., the sarcosyl mol-
ecules act as “carriers” bringing the water into the nanoen-
vironment; and �b� heterogeneous infiltration, where the
sarcosyl molecules enter the nanopores first and form a solid-
liquid interface layer, so that the pore walls become effec-
tively wettable for water.

The infiltration experiment was performed using a type-
5569 Instron machine. Each sample consisted of 0.5 g of
nanoporous silica particles immersed in 7 g of aqueous so-
lution of sarcosyl, with the initial sarcosyl concentration, c,
ranging from 0 to 9.0 wt. %. The system was sealed in a
stainless steel container. At a constant rate of 1 mm/min, a
piston was compressed into the container. As the pressure
exceeded a critical value, the pressure induced infiltration
occurred and the effective bulk modulus of the system de-
creased considerably, resulting in the formation of the infil-
tration plateau, as shown in Fig. 2. The infiltration started in
relatively large pores and the smaller pores were involved as
the pressure became higher. Eventually all the porous space
would be filled. When the pressure reached about 50 MPa,
the piston was moved out at the same rate of 1 mm/min.
During unloading, due to the difficulty in gas phase
nucleation,10 the “outflow” of the confined liquid was diffi-
cult. The load applied on the piston, P, was measured by an
Instron 50KN loadcell and the pressure was calculated as p

2

FIG. 2. The sorption isotherms of nanoporous energy absorption systems of
various sarcosyl concentrations. For the curve of 9.0% sarcosyl concentra-
tion, pin1, pin2, and Vs are shown.
= P /A0, where A0=286 mm is the cross-sectional area of the
piston. After the infiltration experiment, the filled silica par-
ticles were removed by an AMTS 40-60 filter. The liquid
phase was then analyzed by the ultraviolet �UV� light ab-
sorption method to determine the sarcosyl concentration, c*.
The results are shown in Fig. 3. Details of the UV analysis
procedure are introduced elsewhere.11

Through Fig. 2, it can be seen clearly that the addition of
sarcosyl has considerable influences on the sorption iso-
therm. The infiltration plateau is two staged, as previously
predicted. The pressure in stage I is lower, indicating that it
is difficult for the sarcosyl molecules to enter the small
pores. As the sarcosyl concentration increases, both the
stage-I infiltration pressure, pin1, and the stage-II infiltration
pressure, pin2, are lowered, as shown in Fig. 4, where the
infiltration pressure is defined as the pressure at the middle
point of each stage. The pin1 of the system based on pure
water is somewhat arbitrarily chosen as the pressure at the
onset of infiltration. The stage border is taken as the point
where the slope of sorption isotherm equals the average
value of that of the two stages across it. The c dependence of
pin1 suggests that, at the beginning of the infiltration, the
homogeneous mode is dominant, since once the heteroge-
neous sarcosyl-rich interface zone is formed, further varia-
tion in sarcosyl concentration should not affect the infiltra-
tion pressure. Figure 3 indicates that the sarcosyl
concentration in the liquid phase decreased after the infiltra-
tion tests, i.e., the sarcosyl content inside the nanopores must
be higher than outside. This phenomenon is quite similar
with the behavior of the ethanol modified nanoporous
system,4 which can be attributed to the formation of the in-
terface layer at spore walls of promoter molecules, i.e., after

FIG. 3. The sarcosyl concentrations before and after the infiltration tests.

FIG. 4. The stage-I and the stage-II infiltration pressures as functions of the

sarcosyl concentration.
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the onset of the infiltration of sarcosyl and water molecules,
their distributions are nonuniform.

Note that the decrease in sarcosyl content outside the
nanopores is dependent on the initial sarcosyl concentration,
which is probably caused by the increase in stage-I infiltra-
tion volume, Vs. Figure 5 shows the influence of c on Vs,
which is the specific volume of the large pores that can be
infiltrated by sarcosyl molecules. If we assume that the pore
size follows a normal distribution function, the Vs /V0 ratio
can be related to the critical pore size between stages I and
II, rcr, as shown in Fig. 5. The value of rcr is much larger than
the molecular size of sarcosyl, which is compatible with the
molecular dynamics simulation result that, even when a na-
noenvironment is nominally energetically favorable, the re-
pelling effect is significant unless the pore size is several
times larger than the molecules.12 That is, a sarcosyl mol-
ecule needs a “free volume” to enter the nanopore. It is re-
markable that rcr is not a material constant. Rather, it is
highly dependent on the sarcosyl concentration. As c in-
creases from 1.5 to 9.0 wt. %, r decreases from

FIG. 5. The stage-I infiltration volume and the critical pore size as functions
of the sarcosyl concentration.
cr
9.9 nm to 7.7 nm. Accordingly, the free volume is reduced
by a factor of 2. The relationship between rcr and c is quite
linearly, the reason of which is still unclear.

To summarize, with the addition of sarcosyl, the sorption
isotherm of the silica based nanoporous energy absorption
system becomes two-staged. Both of the activation pressure
and the staged specific infiltration volume vary as the sarco-
syl concentration changes, which is caused by the difficulty
in infiltration of sarcosyl molecules in relatively small pores.
The critical pore size of infiltration is much larger than the
sarcosyl molecule, suggesting that there exists a free volume
as the molecule enters a nanopore. The size of the free vol-
ume is dependent on the sarcosyl concentration, and the
rcr-c relation is nearly linear.
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