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Permeation behavior of gas molecules in ultramicropore was investigated by using molecular sieving carbon
membranes. Hydrogen and hydrogen isotope (deuterium), which have the same molecular size but different
mass, were used in order to discuss the diffusion mechanism. Although the temperature dependence of
permeation coefficient apparently obeyed the Knudsen diffusion in the membranes which have wider
ultramicropores, the deviation of the separation factor of hydrogen and deuterium from the theoretical value
suggested coexistence of the other diffusion mechanism. With decreasing ultramicropore size, the permeation
behavior of hydrogen deviated from Knudsen diffusion, indicating surface diffusion dominantly
occurred. The stronger interaction of deuterium in ultramicropores was shown by the difference
of activation energy of surface diffusion between hydrogen and deuterium. Apparent solubility
factor, assuming surface diffusion, clearly showed that the deuterium is considerably adsorbed in
ultramicropores more than hydrogen even at ambient temperatures.
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1. INTRODUCTION
Inorganic membranes made of zeolite [1,2],
" silica [3-5] or carbon [6-12], which have been
actively studied in last decade, are considered for
the scparation process at high temperatures since
they have high thermal- and corrosion-resistance
and their properties of gas scparation are quite
different from those of polymer membranes. The
characteristic  properties of the inorganic
membranes are attributable to the very narrow
pore channels in sub-nanometer scale, in which
interaction between the solid surface and gas
molecules determines the separation ability, We
have reported the control of size distribution of
ultramicropores (micropores less than 0.5nm in
diameter) and the gas permeability in molecular
sieving carbon membranes (MSCMSs) that are
easily prepared from polyimide by simple
heat-treatment in inert atmosphere [6,13]. The
membranes which have unltramicropores with the
size of about 4-5 nm show a high selectivity on
CO; permeation.

Recently, development of polymer electrolyte
fuel cells is very active as an alternative power
source especially for vehicles. Hydrogen does not
exist in the nature as energy resource and so far is
produced from fossil fuel basically. In casc of polymer
electrolyte fuel cell, a serious poison of the catalyst
takes place by coexistence of carbon monoxide in
the hydrogen fuel gas; even a few tens parts per
million CO causes a substantial degradation on
the cell performance [14, 15]. We have reported
the hydrogen purification ability of MSCMs with
the ultramicropore size of about 3nm [16]. The
MSCMs had quite high H,/CO ratio of
permeability over 5000, suggesting that the
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membranes can reduce the CO content in a
reformed gas from 1% to a few ppm.

Despite the unique gas-separation ability of inorganic
membranes, the permeation mechanism of gases in very
narrow micropore has not been fully demonstrated.
Although carbon membranes have a disadvantage
in the oxidation-resistance if compared with
zeolite ones which is actively investigated from
the viewpoint of application to the gas reforming
system, the MSCMs are advantageous in
preparation of pinhole-less membranes because of
their  intrinsically amorphous microtexture
without clear grain boundary [16]. Namely, the
fundamental study on the diffusion mechanism
inside of micropores is easy and appropriate in
carbon membranes having homogeneity in the
pore structure. In the present study, the
adsorption and diffusion behavior of hydrogen,
which has very weak interaction with carbon
surface, was investigated by using MSCMs with
ultramicropore, the size of which is very close to
the diameter of hydrogen molecules.

2. EXPERIMENTAL
2.1 Sample preparation

A commercially available polyimide film (Kaptonw,
Toray-DuPont Ltd.) with the thickness of 0.125mm was
used as a precursor of MSCMs. The film was
heat-treated in flowing high purity nitrogen
(99.99995%), giving MSCMs with the thickness of
0.lmm after carbonization. The pore size can be
controlled by heat-treatment temperatures (HTTs)
because the pore size tends to shrink at higher
HTTs. [13, 16]. The MSCM specimens are represented
by the final heal-treatment temperatures, e.g.
HTT1173K. The morphology and pore size
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distribution of MSCMs used in this study have
already been reported in [16]. The pore size
distribution of the MSCMs was estimated by
adsorption at 298K using gas molecules with
different minimum dimension such as CO,
(0.33nm), ethane (0.40mm) and so on. The
MSCM1173K has ultramicropores with the size
between 0.33 and 0.40 nm, while MSCM1373K
can not admit CO», indicating the nltramicropore
size less than 0.33nm.

2.2 Permeability measurement

Gas permeability through a MSCM was measured
after the treatment in 107 Pa at 383 K. The feed gas
pressure, P i, of about 200 kPa was loaded from one side
of the membrane and the increase of pressure in another
side was measured until the pressure reached 0.5 kPa.
Permeability constant, P is defined by eq. (1):

P;
=pL 1
0 3 O]

where Q (mol-m+s™) is a molar rate of transport of
pure gas per unit area and L is the membrane thickness.

Diffusion coefficient, D (m*s™) was given from the
time lag, O [17] by eq. (2):
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2.3 Adsorption isotherm measurement
Adsorption isotherms of hydrogen and deuterium
were measured by commercial adsorption apparatus,
Belsorp 28SA (BEL Japan Inc.) at 77K.

3. RESULTS AND DISCUSSION

Permeation measurements were performed for
hydrogen and desterium which has the same molecular
size but different mass. When permeation takes place
without any interaction force between gas
molecules and carbon surface in pores, the
diffusion coefficient, D, is proportional to the
Tm, square root of the measurement temperature
{(Knudsen diffusion)., The permeability P is
proportional to the T2 in Knudsen diffusion as
well. On the other hand, if surface diffusion
occurs in ultramicropores, a flux is represented
by the Fick’s diffusion law, and the diffusion
coefficient is expressed by the frequency factor
and activation energy, E.

In Fig. 1 and 2, P and D are plotted against
T2 and T'?, respectively. As coefficient of
determination, R shows, good correlation was
given on permeation of both hydrogen and
deunterium for the samples of HTT1173K (not
shown in the figure) and 1273K (Fig. la). The
correlation between D and T'? was good as well.
These results indicate that the Knudsen diffusion
occurs predominantly in the membranes. However,
the ratio of Py; and Pp; , Py/Ppa, and Dys and Dy, ,
Dy2/Dpy, was less than 1.41, the theoretical value
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Fig.1. Temperature dependence of permeability
coefficient of H, and D, in MSCMs; P-T™ in (a)
HTT1273K and (b) HTT1373K.
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Fig. 2. Temperature dependence of diffusion coefficient
of H, and D, in MSCMs; D-T'? in (a) HTT1273K and
(b) HTT1373K.

assuming Knudsen diffusion mechanism (Fig. 3).
It is thought that the diffusion in ultramicropores even in
HTT1173K and HTTI1273K occurs by not only
Knudsen diffusion but also the other mechanism
which is not based on the simple molecular motion.

On the other hand, the P-T'¥? and D-T'? plots
showed a bad correlation (Fig. 1b and 2b) for
HTT1373K which has narrower ultramicropores
than HTT1173K and HTT1273K. The temperature
dependence of Dyy/Dyp, is more characteristic, as
shown in Fig. 3a and b, though the separation factor,
Pyo/Pp2, is almost constant. The behavior is
explainable if surface diffusion is assumed to
govern the mass transfer in ultramicropores in
HTT1373K in which higher physisosrption
potentials are expected by the narrow pores with
the size comparable to hydrogen. When the mass
transfer takes place by surface diffusion
mechanism, the relation of P=DS can be applied,



H. Okabe et al. Transactions of the Materials Research Society of Japan 32{2] 413-416 (2007)

(@)

i A HITI7K
1 ® HIT1273K
sy * HITI37K
1AL e
as 13 Iy 0 o [
1.2+ * * * 1
Lt * p
1‘0 ] L 1 1 13 2 1 1 " ] " L e [l 1
00 310 320 30 40 3I/0 360 3IM 380
(b) Temperature[K]}
M S T T T A wrmumk |
L' ® HITI273K |1
-2r * 1
oy . kL | * wrmank |
=13k A -
8 ap @ ¢ (] ©
11| * ]
l.n L 1 1 1 1 1 1 1
300 310 30 330 340 350 360 370 380
emperatum[l(]3
()
11— T y y r y T T
o} @ a ; L
= 09}F <
2 sk * A HTTUTK| ]
- ® HTT1273K
07} * HTTI373K E
06 1 * 1 L L 1 1 L L]
T30 310 320 330 340 350 360 30 380
Temperature[K]

Fig. 3. Temperature dependence of the ratio of (a)
PHZ/PD21 (b) DH2/D|)2 and (C) SH2/SD2 which is
calculated from the ratio of Py3/Pp; and Dy,/Dpa.
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Fig.4. Adsorption isotherms of hydrogen and
deuterium at 77K.

where S is the apparent solubility coefficient of
gas in the bulk membrane [16]. The ratio of the
solubility factor, Sys/Sps, calculated from Py,/Ppy
divided by Dy/Dps, showed tcmperature
dependence; the lower the measurement
temperature was, the higher the solubility
coefficient of deuterium.

It is known that the interaction of hydrogen
and deuterium with the solid surface is different
and the molecules show some different behavior
of physisorption. It is quite difficult to measure
accurate physisorption isotherms of hydrogen at

ambient temperatures because of the small
adsorption.Therefore, the physisorption isotherms
were measured at 77K and demonstrated in Fig. 4.
As is clearly shown in the isotherms, the amount
of dcuterium physisorbed is larger than that of
hydrogen in the MSCMs. Considering from the
difference of the physisorption ability, deuterium
has stronger interaction with carbon surface in
ultramicropores. The effect is considered to be
more remarkable at low temperatures, and hence
the ratio of apparent solubility factor for bulk
membrane, Sys/Sp,, became lower at lower
permeation temperatures (Fig. 3c) because of
larger amount of deuterium adsorbed than
hydrogen. On the other hand, the diffusivity of
deuterium became slow relatively, as shown by
the ratio of diffusion coefficient in Fig. 3b, by the
stronger effect of physisorption in the narrow
ultramicropores.

Arrhenius plots of diffusion coefficient are
shown in Fig., 5. Assuming the surface diffusion
mechanism, activation energy was determined and
shown in the figure. The activation energy was
remarkably higher in HTT1373K if compared to the
samples treated at lower HTTs which have wider
ultramicropores. In addition, activation ecnergy of
deuterium is considerably higher than that of hydrogen
in HTT1373K. These results support the discussions
above; deuterium has stronger interaction with carbon
surface in ultramicropores and the Dp, is smaller but
Sp> is larger than those of hydrogen, respectively.
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Fig. 5. Arrhenius plots of hydrogen diffusivity (logD-T™
plots). The activation energy, E,, is determined from the
slope by assuming the surface diffusion mechanism.

4. CONCLUSIONS

The diffusion behavior of gases in ultramicropore of
MSCMs was studied in the present work. Based on the
results of permeation experiment, mass transfer in
MSCMs is considered to be complex flow of Knudsen
diffusion and surface diffusion. Although the
temperature dependence of permeation coefficient was
apparently obey the Kunudsen diffusion in MSCMs
which has wider ultramicropores, the deviation of
separation factor, Py,/Pp;, from the theoretical value
was observed by using hydrogen and deuterium. In case
of HTT1373K which has narrower ultramicropores, the
size of which is comparable to hydrogen, the P-T"'/?
plots showed bad correlation, indicating surface
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diffusion dominantly occurs. The change of mass
transfer mechanism is attributable to the
shrinkage of pore width and the increase of
physisorption potentials inside of pores. The
linearity of the logD-T! plots was basically good
and the activation energy was determined
assuming the surface diffusion. The energy was
high in narrow ultramicropores in HTT1373K and
deuterium showed a higher value than hydrogen.
The temperature dependence of the ratio of the
diffusion coefficient, Dy2/Dp2, can be explained
by physisorption; diffusivity of deuterium which
has stronger physisorption potentials was lower
than that of hydrogen. The apparent solubility in
the bulk membrane was higher for deuterium and
the tendency remarkably appeared at low permeation
temperatures where physisorption influences more
effectively.
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