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Abstract N; adsorption isotherms of molecular sieve car-
bon were measured at 77 K and 303 K. The Ar adsorption
isotherms of molecular sieve carbon samples were also mea-
sured at 303 K. The grand canonical Monte Carlo (GCMC)
simulation technique was applied to calculate the N, and
Ar adsorption isotherms at 303 K using the ultramicropore
volume determined by H,O adsorption. The comparative
method of experimental and simulated isotherms of super-
critical N, and Ar at 303 K gave the width of the micropore
mouth of the molecular sieve carbon, which can be applied
to the ultramicropore width determination for other noncrys-
talline porous solids.

Keywords Molecular sieve carbon - Characterization -
Supercritical gas adsorption - GCMC simulation

R. Kobori - T. Ohba (X)) - H. Kanoh - K. Kaneko

Graduate School of Science, Chiba University, 1-33 Yayoi, Inage,
Chiba 263-8522, Japan

e-mail: ohba@pchem?2.s.chiba-u.ac.jp

T. Suzuki
Department of Environmental Science and Technology, Shinshu
University, 4-17-1 Wakasato, Nagano 380-8553, Japan

T. liyama - S. Ozeki
Department of Chemistry, Shinshuu University, 3-11 Asahi,
Matsumoto, Nagano 390-8621, Japan

M. Inagaki
Department of Applied Chemistry, Aichi Institute of Technology,
1247, Yachigusa, Yakusa, Toyota 470-0392, Japan

A. Nakamura - M. Kawai
Nippon Sanso Co., 3054-3 Shimokurosawa, Takane-Cho,
Kitakomagun, Yamanashi 408-0015, Japan

1 Introduction

Green house effect promotes fundamental researches asso-
ciating with energy saving technologies. Especially, active
researches on porous materials have been done from the
above aspect all over the world. IUPAC proposed the follow-
ing classification with pore width w: w < 2 nm; micropores
(w < 0.7 nm; ultramicropores and 0.7 nm < w < 2 nm; su-
permicropores), 2 nm < w < 50 nm; mesopores, and 50 nm
< w; macropores. In particular, molecular sieve carbon,
which has been used for gas separation, should be one of key
materials indispensable to better energy-saving technology.
Molecular sieve carbon can be produced from natural prod-
ucts such as nutshells and olive stones with carbonization
and special modification treatment (Xu et al. 1996; Nguyen
and Do 1995; Braymer et al. 1994; Verma and Walker 1992;
Miura and Hayashi 1991). Then development of molecular
sieve carbon is in harmony with the preservation of global
environment. Thus, the modern technology needs higher
performance materials for gas separation. We must design
a better molecular sieve carbon with the aid of an accurate
evaluation method of the pore size, although the structure
is non-crystalline. As a remarkable molecular sieve effect is
observed in ultramicroporous carbons, the accurate determi-
nation method of the pore width of molecular sieve materials
must be given on the basis of molecular science.

Ordinary a variety of molecular sieve carbons are pro-
duced by (1) carbonization of special materials at optimum
conditions, (2) high temperature treatment of activated car-
bon, (3) carbon deposition at the pore mouth, (4) film coat-
ing of ultramicropore, (5) pore reopening after blocking mi-
cropores (Cabrera et al. 1993; Kawabuchi et al. 1996). The
optimum method is adopted for each starting material using
the selectivity test of gas separation.
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The selectivity of gas separation has been believed to
come from a match of the pore mouth width for the molec-
ular size. However, the molecular size depends on the mi-
croscopic environment in the ultramicropore. We can use
several molecular size values determined from the van der
Waals constant, bulk liquid density, solid density, in addi-
tion to the Lennard-Jones parameters (Avnir et al. 1983;
Livingston 1944). These values are variable, depending on
the nano-level structure surrounding the probe molecule.
Then we must take into account the fact that the mole-
cular size can vary according to the molecule-molecule
and molecule-pore wall interactions. This microscopic view
should be introduced in understanding of molecular sieve
effect.

N, adsorption at 77 K has been helpful to determine
the pore size distribution (Gregg and Sing 1982; Kaneko
1994). In particular, we can use established evaluation meth-
ods using N> adsorption isotherm for mesopores, since a
fundamental discussion has been done for small mesopores
(Dollimore and Heal 1978; Pierce 1953). As to supermi-
cropores, new approaches such as density functional theory
method (DFT) and grand canonical Monte Calro (GCMC)
simulation are going to succeed to give a reasonable pore
size distribution regardless of necessity for further stud-
ies (Jagiello and Thommes 2004; Do and Do 2003; Dom-
browski et al. 2000; El-Merraoui et al. 2000; Lastoskie et al.
1993a, 1993b; Ravikovitch et al. 2000; Seaton et al. 1989;
Cracknell et al. 1995).

However, characterization of ultramicropores is less ad-
vanced. Nitrogen molecules are strongly adsorbed on the
entrance of the ultramicropore at 77 K, blocking further
adsorption. Consequently, N> adsorption at 77 K cannot
be applied to the molecular sieve carbon. Kaneko et al.
have tried to develop He adsorption at 4.2 K, showing that
He adsorption at 4.2 K can give a detailed information on
the ultramicropore in comparison with N> adsorption, but
even He adsorption cannot be applied to ultramicropores
whose pore width is less than about 0.6 nm (Setoyama
and Kaneko 1995; Setoyama et al. 1996; Kuwabara et al.
1991). Multi-molecular probe techniques have been pro-
posed to evaluate the pore size of the molecular sieve carbon.
The multi-molecular probe (MMP) technique can be clas-
sified into kinetic and equilibrium methods (Carrott 1995;
Gonzalez et al. 1997). The equilibrium MMP method can
provide the possible zone of the pore width, while the kinetic
MMP method gives the possible zone of an apparent pore
width under the flow conditions. The adsorption measure-
ment of N, from the ultrahigh vacuum range was also in-
troduced; this superwide-pressure range adsorption still not
so perfect for ultramicropore characterization (Sunaga et al.
2004). Therefore, we must try to develop the high-resolution
determination method of the pore mouth of the molecular
sieve carbon to show the fine structure of ultramicropores.

An accurate determination of the pore size distribution of
ultramicropores should accelerate the development of a high
performance molecular sieve carbon. In a preceding letter,
GCMC simulation assisted supercritical Ny gas adsorption
(GCMC-GA) analysis for the average pore width determi-
nation of molecular sieve carbon was reported (Suzuki et
al. 2000). In this article, the detailed procedure and an im-
proved evaluation method using N> and Ar adsorption are
proposed.

2 GCMC simulation and experimental
2.1 GCMC-assisted supercritical gas adsorption method

The method proposed here is composed of experimental and
GCMC simulation studies. As N> and Ar molecules are suf-
ficiently adsorbed on molecular sieve carbon even at am-
bient temperature and subatmospheric pressure, N> and Ar
adsorption isotherms at 303 K are simulated with GCMC
simulation. However, the ultramicropore volume is neces-
sary for fitting of the experimental isotherm to the simu-
lated isotherms. Accordingly the micropore volume is es-
timated by water adsorption. Although water vapor is not
adsorbed on molecular sieve carbon at a low relative pres-
sure (P/Pp) region, water vapor is sufficiently adsorbed
above P /Py =0.6. Hence this method is available for eval-
uation of ultramicropores where water molecules are acces-
sible. liyama et al. showed that water molecules adsorbed
in carbon micropores formed an ordered structure using X-
ray diffraction (Iiyama et al. 1995). Hence the mean density
of bulk liquid and solid of water was used for evaluation
of the ultramicropore volume, although the density differ-
ence gives rise to an error. Also liyama et al and Ohba et
al. studied water structures confined in carbon micropores
with in situ small angle X-ray scattering; they showed that
small angle X-ray scattering intensity of water adsorbed ac-
tivated carbon fiber of predominant ultramicropores became
slight near the saturated vapor pressure, indicating almost
complete filling of ultramicropores with water (liyama et al.
1995, 1997, Ohba et al. 2004, 2005). Then, we assumed that
water vapors were adsorbed in ultramicropores and the pore
volume determined by water adsorption was used for com-
parison of experimental adsorption isotherms of Ny and Ar
with the simulated adsorption isotherms.

The intermolecular interaction between gas molecules is
approximated by the one-center Lennard-Jones potential.
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Here ¢y and oy are the intermolecular potential well
depth and the contact diameter; ¢¢r/kp = 104.2 K and
ofrr=0.3632nmfor Ny and 7r/kp =141.6 Kand e rp =
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0.3350 nm for Ar, and r;; is the intermolecular distance.
The interaction potential 57 (z) of a molecule with a single
graphite slab is described by the Steele’s 10-4-3 potential
function

10 4 4
by =al2(2L) —(BL) -
s s\ z z 3Ac(z +0.61A¢0)3 |
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where A is 27TO'S2f85prc, z 1is the vertical distance of
the molecule from a graphite surface layer, p is the car-
bon atomic number, Ac is the interlayer distance, and &,
and o,y are fitted parameters of the molecule-carbon po-
tential well depth and the effective diameter, respectively
(Steele 1973). Values of 54.3 K for &5¢/k and 0.353 nm
for o5y were obtained for the N»-carbon system with the
use of the Lorentz-Berthelot rules (e57/k = 63.2 K and
ogf = 0.339 nm for the Ar-carbon system). The interaction
potential between the graphite pore and an adsorbate mole-
cule is given as

D =g (H — 2) + ¢sr(2) (3)

for the slit system of a physical width H. We used a periodic
boundary condition for the slit-shaped unit cell in the x and
y directions (Allen and Tildesley 1988). The cell size was
[ x I x w, where [ and w are the length and slit width, respec-
tively. Here the slit width w is not equal to the physical width
of H, which is determined as the distance between opposite
carbon atom layers, but w is the empirical pore width, which
is determined by the molecular adsorption experiment. The
empirical pore width w was approximated by (4) (Kaneko
et al. 1994).

W=H—2X0.856Gsf+0ff. “4)

The above GCMC calculation of the adsorption isotherm
at 303 K was carried out for the graphite-slit model for
w = 0.40 — 0.65 nm and / = 6 nm (Ohba et al. 2003). The
pressure P for a chemical potential was directly calculated
from the molecular density using GCMC simulation without
the wall potential.

2.2 Measurement of N», Ar, and H>O adsorption

N, adsorption isotherms were gravimetrically measured at
77 K and 303 K. The N, adsorption isotherm at 77 K was
used for evaluation of the average pore width. Ar adsorption
isotherms were also measured gravimetrically at 303 K for
necessary samples. Water adsorption isotherms were mea-
sured at 303 K. Samples were evacuated at 523 K and <10
mPa for 2 h prior to the adsorption measurement.

Five kinds of molecular sieve carbon samples and ac-
tivated carbon fiber (ACF, w = 0.7 nm) were used. Sam-
ples are named as MSC-A, -B, -C, -D, -E, and ACF. Here,
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MSC-A and -B are MSC-5A and MSC-3A (Takeda Co.), re-
spectively. MSC-C was supplied by Nihon Sanso Co., while
MSC-D and -E were supplied by M. Inagaki. ACF is pitch-
based activated carbon fiber, which was supplied by ADALL
Co.

The ultramicropore volumes of MSC-A, -B, and -C were
determined by the following water adsorption measurement
(Zsigmondy et al. 1912; Lide 1992—-1993) The sample was
dried at 523 K in a flow of helium gas (50 mI min~"!) for 2 h
and granular samples of A, B, and C were immersed in dis-
tilled water for 3 days at 303 K. In case of powdered samples
of D and E and ACEF, they were kept under the saturated va-
por pressure for 3 days at 303 K. After the replacement of air
in ultramicropores with water, the sample was kept at 303 K
under the relative humidity of 93% for more than 40 h us-
ing saturated KNO3 solution in order to remove liquid water
on the external surface of the sample. The mass difference
between under the 93% relative humidity and after drying
was regarded as the saturated amount of water adsorption.
The reliability of this replacement method was checked for
MSC-A, B, and C; the saturated adsorption amounts of these
three samples determined by the representative gravimetric
method using a vacuum line coincided with those from the
replacement method within 7%.

3 Results and discussion
3.1 Evaluation of ultramicropore volume
Figure 1 shows adsorption isotherms of water on MSC-A,

-B, and -C at 303 K. All isotherms have almost no adsorp-
tion hysteresis, although the adsorption isotherm of water
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Fig. 1 Water adsorption and desorption isotherms on MSCs at 303 K.
(O, @); MSC-A, (A, A); MSC-B, and (LI, B); MSC-C. Open and solid
symbols denote adsorption and desorption branches, respectively



Adsorption (2009) 15: 114-122

117

Table 1 The pore volume of MSCs from the amount of water adsorp-
tion at 303 K and ag-plot analysis of N adsorption isotherms at 77 K

Sample Water replacement method Ny adsorption at 77 K
/mlg~! /mlg~!

MSC-A 0.176 0.186

MSC-B 0.133

MSC-C 0.181

MSC-D 0.149 0.188

MSC-E 0.186

ACF 0.241 0.312

on ordinary activated carbon of supermicropores has a clear
hysteresis. However, activated carbon of low burn-off has
no hysteresis in the water adsorption isotherm as well as
these molecular sieve carbon samples (Carrott et al. 1991;
Kaneko et al. 1999). The low burn-off activated carbon has
the average micropore width less than 0.7-0.8 nm accord-
ing to the high resolution ag-analysis (Kaneko et al. 1999).
Hence, the absence of the adsorption hysteresis in the wa-
ter adsorption isotherm suggests the micropore width less
than 0.8 nm. MSC-A has meaningful amounts of water ad-
sorption even below P /Py = 0.3, whereas almost no water
molecules are adsorbed on MSC-B below P/ Py =0.3.

The abrupt rising in the water adsorption isotherm at
P/Py=0.3 ~ 0.4 should be associated with the formation
of the unit cluster of water molecules (Kaneko et al. 1998).
liyama et al. and Ohba et al. have studied the structure of
cluster and formation process of the cluster in micropores
of activated carbon fiber (ACF) by use of in situ X-ray dif-
fraction, in situ small angle X-ray scattering, and GCMC
simulation, indicating that the cluster structure and forma-
tion process depend on the pore width (Iliyama et al. 1995,
1997; Ohba et al. 2004, 2005). However, the mechanism
of water adsorption on activated carbon is not fully eluci-
dated. In particular, water adsorption mechanism on molec-
ular sieve carbon is a future research subject. Here, the satu-
rated amount of water adsorption was compared with that
determined from the water replacement method. The sat-
urated amount of water adsorption at P/Py = 1 which is
determined by the extrapolation, is 180 mg g~! for MSC-
A, 120 mg g~! for MSC-B, and 180 mg g~! for MSC-C.
The saturated amounts of water adsorption from the wa-
ter replacement method are 168+3 mg g~! for MSC-A,
12745 mg g~ ! for MSC-B, and 17345 mg g~! for MSC-C.
Hence these volumes determined by different methods coin-
cide with each other within 8% of the maximum error.

The ultramicropore volume determined by the water re-
placement method at 303 K is listed on Table 1. Here the
ultramicropore volume was obtained using the mean value
of the bulk liquid density at 303 K (0.995 ¢ mI~!) and bulk
solid density at 273 K (0.918 g ml~!), although the dif-
ference of the ultramicropore volumes calculated from both
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Fig. 2 Nj adsorption and desorption isotherms on MSCs and ACF at
77 K. (O); MSC-A, (A); MSC-B, (O); MSC-C, ({); MSC-D, (V);
MSC-E, and (+); ACF

density values is less than 10%. The in situ X-ray diffraction
study mentioned above showed that the structure of water
adsorbed in micropores of ACF (w = 0.7 nm) is highly or-
dered compared with that of bulk liquid and water adsorbed
in the micropores has no DSC peak for melted water (liyama
et al. 1995, 1997; Kaneko et al. 1992). Then the mean den-
sity of solid and liquid was used.

In the case of MSC-A and -D and ACEF, the adsorption
isotherms of N, at 77 K were measured, as shown in Fig. 2.
The abscissa of the adsorption isotherm is expressed by the
logarithm of P/Py. The adsorption isotherms of MSC-A,
-D, and -E rise even below P/ Py = 1073, being character-
istics of micropore filling. The amount of Ny adsorption on
MSC-E at 77 K is greater than 20 mg g~!, while those of
other two samples of MSC-B and -C are less than 5 mg
g~ 1. In the case of the latter two samples (MSC-B and -C),
a serious pore blocking should occur, suggesting that pore
width of both samples is smaller than that of other samples.
The adsorption isotherms of N> on MSC-A and -D and ACF
at 77 K were analyzed by as-plot, as shown in Fig. 3. Se-
toyama et al. showed that «g-plot has a predominant upward
swing from the linear increase below as = 0.5 for molecu-
lar sieve carbon of w < 0.8 nm using the GCMC simulation
(Setoyama et al. 1998). The observed ag-plot agrees with
that predicted by the above simulation. The surface area,
micropore volume, and average pore width can be evaluated
from the linear plot passing both of the origin and the point
at ag = 0.5 within 15% of the error regardless of the up-
ward swing. Here, the density of liquid N, (0.808 g ml~!)
was used for the evaluation of the micropore volume.

The micropore volume obtained from N; adsorption at
77 K is also listed in Table 1. The micropore volumes of
MSC-A and -D and ACF from N; adsorption are greater
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Fig. 3 «ag-plot of Ny adsorption and desorption isotherms at 77 K.
(0); MSC-A, ({); MSC-D, and (+); ACF

Table 2 Pore structural parameters of MSC-A, MSC-D, and ACF

Sample a Gext 14 w
/m?g~! /m?g~! /mlg~! /nm
MSC-A 539 5 0.186 0.69
MSC-D 540 13 0.188 0.71
ACF 973 13 0.312 0.65

than those from the water replacement method. As the Nj
adsorbed layer in ultramicropores has a denser structure than
the bulk liquid N3, the micropore volume from N, adsorp-
tion should be overestimated. Table 2 shows the total surface
area ag, external surface area aex¢, the micropore volume V,
and w. Three samples have almost similar micropore width,
being the border width between ultramicropores and super-
micropores. The microporous structure parameters from the
ags-plot for other three samples are not shown because of
the insufficient Ny adsorption at 77 K by the serious pore
blocking.

3.2 Observed adsorption isotherms of supercritical N

The above adsorption isotherms of N, at 77 K indicated
that the w values of MSC-B, -C, and -E should be less
than 0.7 nm. However, the adsorption property for super-
critical gas is completely different from that for vapor. That
is, the sample of smaller pores can adsorb greater amount of
molecules above the critical temperature of N gas. Figure 4
shows adsorption isotherms of supercritical N, at 303 K.
Basically the amount of N> adsorption almost linearly in-
creases with the pressure. Strictly speaking, the relationship
is not linear, but slightly convex. Only MSC-B has an un-
usual uptake at an extremely low pressure, which cannot be
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Fig. 5 Adsorption and desorption isotherms of Ar on MSC-A and
MSC-B at 303 K. (O, @); MSC-A, and (A, A); MSC-B. Open and solid
symbols indicate adsorption and desorption branches, respectively

desorbed by evacuation at 303 K. Hence, this irreversible
adsorption of Ny suggests the very strong adsorption sites
on MSC-B. Figure 5 shows adsorption isotherms of Ar on
MSC-A and -B at 303 K. Accidentally both isotherms are
almost overlapped each other and no hysteresis. The Ar ad-
sorption isotherm of MSC-B has no initial uptake, as ob-
served in the N, adsorption isotherm. Although the struc-
tural reason for the strong sites on MSC-B is not understood,
we remove the contribution due to the strong sites by a sim-
ple subtraction for further discussion. This is because only
adsorption in ultramicropores due to the dispersion interac-
tion is considered in the following GCMC-simulation.
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Fig. 6 Potential profile of an N, molecule in graphite slit pore as a
function of pore width w. (a) 0.40 nm; (b) 0.42 nm; (¢) 0.46 nm; (d)
0.50 nm; (e) 0.56 nm; (f) 0.64 nm; (g) 0.70 nm; and (h) 0.80 nm

3.3 Simulated adsorption isotherms of supercritical Ny

The potential profile of an N> molecule with the graphite-
slit pore provides a whole insight to N> adsorption. Figure 6
shows the potential profile of an N, molecule as a function
of the pore width. Here the center of the abscissa corre-
sponds to the central plane in the slit pore. The potential has
a minimum value at the center of the pore (z =0) for w <
0.56 nm; the potential well is the deepest for w = 0.46 nm
whereas the minimum position shifts to the pore walls for
w > 0.63 nm. The micropore of 0.70 nm has the double min-
ima at the contact position with the pore walls. Although Nj
molecules can be adsorbed on both pore walls w = 0.70 nm,
the adsorption amount at 303 K should be quite small due to
the shallow potential depth. Figure 7 shows the simulated
N, adsorption isotherms for different pore widths. The sim-
ulated adsorption isotherms of supercritical Nj in the slit
graphite pore at 303 K reflect the above interaction poten-
tial. The graphite micropore of w = 0.48 nm has the great-
est adsorption; w = 0.48 nm is the critical pore width. In the
pore width range of 0.48 to 0.70 nm, the smaller the pore
width, the greater the amount of N, adsorption. In the case
of w < 0.48 nm the amount of N; adsorption steeply de-
creases with decrease of w due to the strong repulsive inter-
action. These simulated N, adsorption isotherms are almost
linear, but slightly deviate upward, agreeing with the exper-
imental isotherms.

3.4 Comparison of simulated N, and Ar isotherms with
experimental results

Figure 8 shows both of experimental and simulated N, ad-
sorption isotherms at 303 K. The shape of the experimental
isotherms is very close to that of the simulated isotherm of
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Fig. 7 GCMC simulated N, adsorption isotherms at 303 K as a func-
tion of pore width w
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Fig. 8 Comparison of experimental N, adsorption isotherms with
simulated ones at 303 K. (O); MSC-A, (A); MSC-B, (OJ); MSC-C,
({); MSC-D, (V); MSC-E, and (+); ACF

the specific pore width. Hence, the pore width distribution of
the molecular sieve carbon should be quite sharp. Probably
N> molecules are adsorbed only in the pore mouth which has
the deepest potential well. Hence the comparison provides
the pore width in which supercritical N, can be adsorbed.
Figure 9 shows the simulated Ar adsorption isotherms of
different pore widths. The simulated Ar isotherms are very
similar to the simulated N, isotherms in Fig. 7. However,
the amounts of adsorption are different from each other. The
comparison of the simulated and experimental Ar adsorp-
tion isotherms is also shown in Fig. 9. The experimental ad-
sorption isotherm almost coincides with one of simulated
isotherms. Consequently, we can determine the pore width
of the sample from this comparison.
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Fig. 9 Comparison of experimental Ar adsorption isotherms with sim-
ulated ones at 303 K. (O); MSC-A, (A); MSC-B, (O); MSC-C, (V);
MSC-E

Table 3 Ultramicropore widths of MSC samples and ACF: Here wnz
and wa, are the pore widths from N, and Ar adsorptions at 303 K,
respectively; we, is the pore width from N, adsorption at 77 K using
ag-plot

Sample WN, /nm war/nm Wy,/nm
MSC-A 0.61 0.59 0.69
MSC-B 0.43 0.39 -
MSC-C 0.44 0.39 -
MSC-D 0.59 - 0.71
MSC-E 0.41 0.37 -

ACF 0.65 - 0.65

3.5 Fine structure of pore mouth

Table 3 shows the ultramicropore width determined by this
GCMC-assisted supercritical gas adsorption (GCMC-GA).
As the N» adsorption isotherms of MSC-A and -D and ACF
were measurable even at 77 K, the average pore width from
as-plot is also shown in Table 3.

The evaluated w values by this GCMC-GA analysis with
Ny are in the range of 0.41 to 0.65 nm, corresponding to the
adsorbed Ny layer range of 1.17 to 1.86. The determined w
is reasonable for the molecular sieve effect. The differences
of the w from the as-plot for MSC-A and -D are 0.08 and
0.12 nm, respectively, which should provide important in-
formation on the pore structure. The N; adsorption at 77 K
can lead to the average pore width of accessible pores for an
N> molecule. The amount of Ny adsorption at 77 K is much
greater than that at 303 K. Hence, MSC-A and -D should
have narrower pore mouth structures whose width is smaller
than the average pore width. On the other hand, both deter-
mined w values for ACF are identical. Thus, this indicates

@ Springer

|

Fig. 10 Pore structure model of MSC
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Fig. 11 The relationships between the initial slope of the simulated
isotherm and the pore width. (O); N> and (@); Ar

that the pore entrance size of ACF is the same as that of the
deeper pore sites. The average pore width of the inner pores
should be greater than the pore width at the pore mouth by
the observed difference, as shown in Fig. 10. Here the model
of the pore walls compose of five disordered graphitic sheets
and the width of the pore mouth is slightly narrower than
that of the average value of the inner pore. The w evaluated
with GCMC-GA method depends on the probe molecule,
as shown in Table 3. The w evaluated with the GCMC-GA
method with Ar is slightly smaller than that with N». The
LJ parameter o for Ar is smaller than that for N,. Hence,
more Ar molecules can be adsorbed in smaller pores com-
pared with N, molecules from the simulated isotherms. Fig-
ure 11 shows the changes of the slope of the simulated ad-
sorption isotherm at the origin with the pore width w for N»
and Ar. Both relations for Ny and Ar are very close to each
other, although for Ar shifts toward a smaller pore width.
However, the experimental results in Table 4 request a more
careful consideration. The observed fractional filling at 93.1
kPa for N, is greater than that for Ar. Here the fractional



Adsorption (2009) 15: 114-122

121

Table 4 The experimental fractional filling for N, and Ar adsorption
at 303 K and 93.1 kPa

Sample N» Ar

MSC-A 0.051 0.046
MSC-B 0.082 0.060
MSC-C 0.084 0.052
MSC-E 0.032 0.015

filling was calculated using the bulk liquid density of N> or
Ar (N2: 0.808 g ml~! and Ar: 1.37 g ml~!). The molecu-
lar simulation study suggested that the adsorbed density of
N, in micropores is greater than the bulk liquid density by
more than 10%. On the other hand, Ar has no specific in-
teraction other than dispersion interaction and the adsorbed
density of Ar is closer to the bulk liquid compared with the
observed Nj. Hence, the calculated fractional filling for Nj
may be smaller than the value in Table 4. The fractional fill-
ing difference between N» and Ar should not be important.
The possibility for the fractional filling difference is associ-
ated with the spherical approximation for an N, molecule.
The real N, molecule has an oval shape whose short axis
is 0.33 nm, being smaller than o for Ar by 0.01 nm. Ac-
cordingly, N> molecules can be adsorbed in smaller pores,
which is inaccessible for an Ar molecule. In this case, the
pore width from N, must be overestimated. Therefore we
can use the average value between the estimated pore widths
from N and Ar adsorption as the pore width of the pore
mouth.

In the preceding studies on molecular sieve effect, the
matching of the pore geometry with the molecular struc-
ture has been stressed. Of course there are not erroneous
approaches. However, the concept of the pore width orig-
inates from the repulsive interaction in the interaction of
a molecule with the pore walls. The attractive interac-
tion inherent to each molecule should be taken into ac-
count in order to understand the molecular sieve effect.
This study showed the importance of the molecular sci-
entific approach. Also we need to apply quantum molec-
ular sieving effect to evaluate the pore mouth structure of
molecular sieving carbon in future (Beenakker et al. 1995;
Kumar et al. 2007; Noguchi et al. 2008; Tanaka et al. 2005;
Wang et al. 1999).
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