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The intracrystalline diffusivities of benzene within porous
materials in isopropanol solution were measured by the conven-
tional constant volume method. The diffusivities within mesopo-
rous silicas in isopropanol solution were smaller than those in
cyclohexane solution. This means the effective pore diameter
for the benzene diffusion in the presence of isopropanol is small,
because isopropanol are preferentially adsorbed on the pore sur-
face with silanol group due to the hydrophilic affinity.

In the past 20 years, mesoporous materials have gained con-
siderable interest as heterogeneous catalysts and adsorbents.
Mesoporous materials have a huge surface area (ca. 1000
m2 g�1) and a large pore diameter (2–50 nm) compared with zeo-
lites, the pore diameters of which are almost the same as the mo-
lecular diameters of hydrocarbons. Thus, there have been many
reports regarding the synthesis of new mesoporous materials1,2

and reactions using mesoporous materials as catalysts.3 In the
catalytic reaction using these porous materials, reactant mole-
cules diffuse into the pore of the catalyst to the active site where
the chemical reactions proceed. The products then diffuse back
to the bulk phase from the porous catalyst. Because the diffusiv-
ities of reactant and product molecules strongly affect the activ-
ities and selectivity of the catalytic reactions, the diffusivities are
important for catalytic design. There have been many reports
concerning the diffusivities of hydrocarbons within zeolite in
the gas phase.4 We have also reported the intracrystalline diffu-
sivities of hydrocarbons within zeolite in the gas phase based on
a constant volumetric method.5 There have been few reports,
however, regarding the diffusivities within pores in the liquid
phase under high-temperature and high-pressure conditions, de-
spite the fact that some reactions carried out under these condi-
tions are utilized for commercial production. We have previous-
ly succeeded in measuring the intracrystalline diffusivity of
benzene within silicalite-1 crystal in cyclohexane solution using
Raman spectroscopy.6 In this study, the intracrystalline diffusiv-
ities of benzene within porous silicas in isopropanol and cyclo-
hexane solution were measured, and the effects of the affinity be-
tween the silica pore wall and the solvents on the benzene intra-
crystalline diffusivities were investigated.

These porous silicas used in this study are listed in Table 1.
Silicalite-1 was used as a microporous material. MMSS (mono-
dispersed mesoporous silica spheres)-10, 16, 18,2 and silica gel
(GL Sciences Inc. Intersil SIL-100A) were employed as meso-
porous materials. Moreover, �-Al2O3 and SiO2–Al2O3 were
used as macroporous materials. Benzene was used as a diffusion
molecule. Isopropanol and cyclohexane were used as solvents.
The diffusion measurements were conducted at benzene concen-
tration in the range from 0 to 500molm�3. The intracrystalline

diffusivities of benzene within porous silicas in these solvents
were measured by the conventional constant volume method us-
ing Raman spectroscopy. The transient change in benzene con-
centrations in solution due to its adsorption and diffusion onto
porous materials are expressed by the following theoretical
equations7 for porous materials with a hexagonal slab shape
(MFI-type zeolite; silicalite-1) and a spherical shape (MMSS-
10, MMSS-16, MMSS-18, silica gel, �-Al2O3, and SiO2–
Al2O3).
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where � ¼ V=ðamWHR0Þ and qn are nonzero positive roots of
tan qn ¼ 3qn=ð3þ �qn2Þ. Mt is the amount adsorbed at a time
t, Me is the Mt value at equilibrium, and Dad is the intracrystal-
line diffusivity of benzene in the adsorption process. Ct is the
benzene concentration in the solution at a time t, and C0 and
Ce are the Ct values in the initial state and at equilibrium, respec-
tively. L and R0 are the half-thickness of the hexagonal slab
shape and the radius of the spherical shape, respectively, and
these correspond to the diffusion distance, and am is the outer
surface area of the crystal.W and V are the weight of the porous
silicas and the volume of the liquid phase, respectively. H is the
partition factor. By comparing the change in the benzene con-
centration in the solution with time to the numerical results,
the intracrystalline diffusivity can be obtained. We have previ-
ously described the apparatus and measurement procedure in de-
tail.6

Figure 1 shows the intracrystalline diffusivities of benzene
within porous silica-based materials in the liquid phase (ben-
zene/isopropanol and benzene/cyclohexane) as a function of

Table 1. Adsorbents used in this study and their pore diameters

Adsorbent Pore diameter/nm

Silicalite-1 0.55
MMSS-10 2
MMSS-16 2.7
MMSS-18 3.1
Silica gel 10
�-Al2O3 190

SiO2–Al2O3 680
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the pore diameter. The results show that the pore diameters of
these porous materials strongly affect the intracrystalline diffu-
sivity of benzene in the liquid phase. The intracrystalline diffu-
sivities of benzene within porous materials decreased with in-
creasing pore diameter, and the diffusivities exhibited a mini-
mum value around a pore diameter of approximately 3 nm, at
which point the diffusivities began to increase again. The small
diffusivities in the mesopore region (pore diameter of materials
was 2–4 nm) were attributed to the adsorption of solvent mole-
cules onto the pore surface, which was clearly observed in ben-
zene/isopropanol solution. In the micropore region (here, sili-
calite-1), the intracrystalline diffusivities of benzene showed
almost the same values, regardless of the different solvents,
isopropanol, and cyclohexane. From this result, it can be consid-
ered that the benzene molecules independently diffuse within the
pore of silicalite-1 in accordance with the configurational diffu-
sion, because the pore diameter of silicalite-1 is almost the same
as the molecular diameter of benzene. In contrast, the intracrys-
talline diffusivities of benzene within mesoporous silica in those
solutions were the same and/or smaller than that within the sil-
icalite-1. Moreover, the intracrystalline diffusivities of benzene
within mesoporous silicas in the isopropanol solution were
smaller than those in the cyclohexane solution. Because these
mesoporous silicas have silanol groups on their pore surface, it
is considered that the isopropanol molecules are preferentially
adsorbed onto their pore surface due to hydrophilic affinity.
Therefore, the adsorbed isopropanol molecules decrease the ef-
fective pore diameter for benzene diffusion, leading to the small
intracrystalline diffusivity of benzene, as compared with ben-
zene/cyclohexane solution. Figure 2 shows typical adsorption
isotherms of benzene onto the MMSS-16. The linear relationship
between the amounts of benzene adsorbed onto MMSS-16 and
the equilibrium benzene concentration indicates that the adsorp-
tion isotherm can be expressed by a Henry-type equation,
regardless of the solvent, under the concentration conditions
used in this study. It was observed that the amount of adsorbed
benzene within the mesoporous silicas in isopropanol solution
was smaller than that in the cyclohexane solution. This result al-
so confirmed the isopropanol adsorption on the pore surface,
which restrained the benzene diffusion and adsorption within
the mesoporous materials in the liquid phase. From this result,
a schematic image of the benzene diffusion within mesoporous

silicas in isopropanol solution can be described, as shown in
Figure 3.

In summary, when hydrophilic molecules are used as sol-
vents in the liquid phase, the hydrophilic molecules are preferen-
tially adsorbed onto the mesoporous silica wall due to the hydro-
philic affinity between silanol groups and hydrophilic groups
such as C–OH, which reduce the effective pore diameter for
the benzene diffusion. Moreover, the preferential adsorption of
isopropanol on the pore wall causes a decrease in the amount
of adsorbed benzene, as shown in Figure 2.
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Figure 1. The intracrystalline diffusivities of benzene within
pores in the isopropanol solution and in the cyclohexane solution
in relation to the pore diameter.
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Figure 2. Adsorption isotherms of benzene onto the MMSS-16
in isopropanol solution (open symbols) and in cyclohexane
(closed symbols).
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Figure 3. Image of the benzene diffusion mechanism within
mesoporous silica in isopropanol solution.
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