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ABSTRACT: Carbon aerogels contain both mesopores and micropores. In this
study, benzene/CCl4 was adsorbed in the pores of carbon aerogels (both
mesopores and micropores) and their phase behaviours were examined using
differential scanning calorimetry. The bulk solid benzene melted at 278 K and
the melting temperatures of benzene confined inside the mesopores and
micropores of carbon aerogels were 258 and 293 K, respectively. Although the
melting temperature depression of condensates in mesopores is well known, the
observed elevation of the melting temperature for micropores is very limited in
the strongly interacted system. Similar melting behaviours were observed for the
confined CCl4; depression by 45 K in mesopores and elevation by 48 K in
micropores showed about two times the change as compared with that of
confined benzene.

INTRODUCTION
Porous materials have played an important role in nature and modern technology. Fluids are
adsorbed in pores and the condensates in pores induce phase transition such as melting or freezing,
which is associated with biological and geological activities. IUPAC have classified pores into
micropores (w < 2 nm), mesopores (2 nm < w < 50 nm) and macropores (w > 50 nm) (Sing et al.
1985). It is well known that vapour condensates in mesopores below the saturated vapour
pressure, and melting or freezing temperature of the condensates is depressed according to the
Gibbs–Thomson equation (Jackson and Mc Kenna 1990; Mu and Malhotra 1991; Unruh et al.
1993; Defay et al. 1996). Because it is quite difficult to determine the correct freezing temperature
due to serious supercooling, the fusion process has been studied to a greater extent than freezing.
The low temperature shift of the melting temperature has been used for evaluating the mesopore
size (Quinson et al. 1986). Therefore, the freezing of condensates in mesopores has been studied
with reference to capillary condensation for a long time. Branton et al. (1994, 1996) showed
unusual condensation behaviour in regular mesoporous silica whose pore width is less than
approximately 5 nm, stimulating the experimental and molecular simulation studies (Ravikovitch
et al. 1995; Inoue et al. 1998; Sarkisov and Monson 2001; Kruk and Jaroniec 2002; Ravikovitch
and Neimark 2002; Kowalczyk et al. 2006; Thommes et al. 2006, 2012; Morishige 2008).
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Adsorption mechanism in typical micropores, the so-called micropore filling, is markedly
different from capillary condensation due to overlapping of the molecule–pore wall interactions
(Everett and Powl 1976), as elucidated by Sing and Gregg [Gregg and Sing (1982); Sing (1989)].
The micropore filling has given rise to the active studies using molecular simulation (Balbuena
and Gubbins 1992; Lastoskie et al. 1993; Pikunic et al. 2005). Molecules adsorbed in the
micropores cannot be regarded as the liquid phase. It was shown evidently that water and ethanol
confined in hydrophobic micropores of graphitic micropore walls form a solid-like structure even
at 303 K (Iiyama et al. 1995; Ohkubo et al. 1999) and also other molecules or atoms in the
micropores have a unique structure different from the bulk liquid or solid (Kaneko et al. 1995;
Kaneko 1996; Urita et al. 2011; Kaneko et al. 2012; Khoerunnisa et al. 2012). Very recently,
molecular rotation of methane molecules adsorbed in the tube spaces of single-wall carbon
nanohorn is quenched even above the bulk boiling temperature, suggesting the elevation of the
boiling temperature of adsorbed methane (Hashimoto et al. 2011). Therefore, we have a quite
fundamental question: Whether molecular assemblies in micropores can be regarded as a phase
and whether they can behave in a similar way to condensates in mesopores or macroscopic liquid
or solid. Miyahara and Gubbins predicted that the freezing temperature of fluids confined in
micropores and small mesopores should be elevated in case of a strong interaction of the molecule
with the pore wall (Miyahara and Gubbins 1997). In a previous work, we experimentally showed
the elevation of benzene and CCl4 adsorbed onto activated carbon fibres (Kaneko et al. 1999;
Watanabe et al. 1999). In addition, Sliwinska-Bartkowiak et al. introduced impedance
measurement to exhibit the elevation of fluids confined in micropores (Sliwinska-Bartkowiak et
al. 1999, 2008; Sliwinska-Bartkowiak and Jazdzewska 2010; Lung et al. 2011).
In this study, we examined the phase behaviours of benzene and CCl4 confined in graphitic
micropores and mesopores of carbon aerogels, by assuming that condensates confined in both
pores should behave differently.

EXPERIMENTAL SECTION
Synthetic carbon aerogels were used as the graphitic pore systems having both micropores and
mesopores (Pekala et al. 1992; Hanzawa et al. 1998, 2002). The microporosity and mesoporosity
were determined by high-resolution N2 adsorption isotherm at 77 K using the subtracting pore
effect method (Kaneko et al. 1992) for high resolution αs plot (Table 1). The αs plot analysis was
introduced by Sing et al. and is used to understand the mechanism of micropore filling in porous
carbons (Atkinson et al. 1984; Sing et al. 1985; Sing 1989; Kenny et al. 1993). The subtracting
pore effect method of the αs plot can accurately evaluate the surface area of carbon-slit pores
whose width is larger than 0.7 nm (Setoyama et al. 1998).
Benzene or CCl4 was adsorbed at 303 K under the saturated vapour pressure after drying
carbon aerogels at 373 K for 2 hours. The carbon samples with adsorbed fluids were sealed in the
aluminium pan. The differential scanning calorimetric (DSC) chart was recorded at a scanning
rate temperature of 5 K·min–1 using the DSC system (DSC-3100; MAC Science). The melting
temperature was determined by the crossing point of the linear dropping part of the peak and the
average background. The enthalpy of melting was obtained from the peak area. The freezing
temperature was also determined using the rising linear part of the peak. Tables 2 and 3 show the
melting temperature and enthalpy of fusion, respectively, for confined benzene and CCl4 in carbon
aerogel.
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TABLE 1. Porosity of Carbon Aerogel by Nitrogen Adsorption

Micropores
Mesopores

Specific surface area (m2 g–1)

Pore volume (cm3 g–1)

Average pore width (nm)

370
350

0.11
1.19

0.63
13.6

TABLE 2. Melting Temperature for Confined Benzene and CCl4 in Carbon Aerogel
Melting temperature (K)

Transition

Benzene
In mesopore
In micropore

Bulk
258
292

278

Solid to liquid

CCl4

Bulk

223
243
203
220
296

Monoclinic to rhombohedral solid
Rhombohedral solid to liquid
Monoclinic to rhombohedral solid
Rhombohedral solid to liquid
Solid to liquid

In mesopore
In micropore

Table 3. Enthalpy of Fusion for Confined Benzene and CCl4
in Carbon Aerogel
Enthalpy of fusion (kJ mol–1)

Bulk
In mesopores
In micropores

Benzene

CCl4

10.42
4.94
0.457

1.57
0.589
1.01 × 10–2

RESULTS AND DISCUSSION
Figure 1 shows DSC curves of benzene confined in the pores of carbon aerogels and the bulk one.
The observed melting temperature of bulk solid benzene is 278 K, which is in agreement with the
value reported in the literature (Watanabe et al. 1999). The freezing temperature of bulk benzene
was observed to be approximately 255 K, which is lower than the melting temperature due to the
marked supercooling. One can observe a distinct endothermic peak at 265 K on the heating curve
of confined benzene. The corresponding exothermic peak can be observed at 238 K on the cooling
curve. These peaks, which are distant from those of the bulk benzene, are ascribed to melting and
freezing of benzene adsorbed in mesopores. The melting temperature of benzene adsorbed in
mesopores was 258 K, which is slightly different from the peak temperature. Thus, a remarkable
depression (20 K) of melting temperature is observed for benzene confined in mesopores. The
shift of the melting temperature calculated using the Gibbs–Thomson equation is 32 K, which is
approximately close to the observed one. A careful examination provides a small melting peak at
294 K and the corresponding freezing peak is observed at 292 K, as shown in Figure 2. These
should be attributed to melting and freezing of benzene adsorbed in micropores, based on a
previous work about freezing temperature shift of benzene adsorbed in micropores; in the
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Figure 1. DSC heating and cooling curves of benzene adsorbed on carbon aerogel. The DSC heating curve of bulk benzene
is shown for comparison: (a) cooling and (b) heating of adsorbed benzene; (c) heating of bulk benzene.

Figure 2. Magnified DSC curves of benzene adsorbed on carbon aerogel: (a) cooling and (b) heating.
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preceding works (Kaneko et al. 1999; Watanabe et al. 1999), we showed that the meaningful peak
could be deduced by averaging several DSC charts. The melting temperature of the benzene
confined in micropores is 293 K, and is elevated by 15 K. The elevation of the freezing
temperature is also observed.
Figure 3 shows the heating curves of confined and bulk CCl4. The heating curve of bulk solid
CCl4 has two peaks at 223 and 248 K, which originate from the monoclinic to rhombohedral solidphase transition and the rhombohedral solid to liquid-phase transition at 223 and 248 K,
respectively (Koga and Morrison 1975; Morrison and Richard 1976). The observed phase
transition temperatures are closed to those in reported in the literature. These phase transition
temperatures of CCl4 confined in mesopores are 203 and 220 K, which are lower than those of the
bulk one by more than 28 K. Not only the melting temperature, but also the solid-phase transition
temperature is depressed by confinement in mesopores. The Gibbs–Thomson equation provided a
depression of 52 K using the bulk surface tension value. There is a small endothermic peak at 297
K, which stems from the melting of CCl4 adsorbed in micropores, giving the melting temperature
of 296 K. Thus, the elevation of the melting temperature is 48 K. The melting temperature of
benzene and CCl4 confined in micropores is remarkably elevated, while the melting temperature
is depressed for those condensates in mesopores. This study using carbon aerogels of uniform
micropores and mesopores explicitly shows the completely different phase behaviours of fluids
confined in micropores and mesopores.

Figure 3. DSC curves of CCl4 adsorbed on carbon aerogel and bulk CCl4: (a) cooling of bulk CCl4; (b) heating of adsorbed
CCl4; (c) cooling; (d) heating.
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The observed small enthalpy of fusion for fluids confined in micropores should come from the
highly organized structure of liquid and solid phases of fluids confined in graphitic micropores.
The inter-molecular structure of fluids in the micropores is different from that of bulk one, as
already mentioned earlier. The liquid state of confined benzene is partially ordered, while the solid
state is disordered due to a serious geometrical restriction for the formation of a well-crystalline
solid structure. Consequently, the enthalpy difference between partially ordered liquid and
imperfect solid states of confined fluids is quite small, as observed here.
A molecular simulation study by Miyahara and Gubbins (1997) suggested that when the
interaction potential energy of a molecule with the pore wall is greater than that with the solid
surface made of the adsorbate molecules, the freezing (or melting) temperature shifts to a higher
side with a decrease in pore width, which reduces the melting process of micropores by molecular
simulation. The calculated interaction potential of benzene and CCl4 molecule with the graphitic
slit pore of w = 0.63 nm is 50 and 60 kJ mol–1, respectively. These calculated interaction potentials
are much greater than the enthalpy of sublimation. Hence, these systems satisfy the conditions
predicted by Miyahara and Gubbins. The system giving a greater interaction potential leads to a
more pronounced elevation of the melting temperature, and thereby the high temperature shift of
the melting temperature of CCl4 is greater than that of benzene.
Our study results explicitly indicate that the phase behaviour of confined fluids depends
sensitively on the pore size, and the phase transition temperature of fluids in mesopores and
micropores dramatically shifts to a completely opposite direction.
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