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Abstract. The density of He adsorbed in the cylindrical micropores of zeolites NaY and KL has been determined 
by He adsorption at 4.2K. He adsorption isotherms were then compared with N2 adsorption isotherms at 77K. 
Crystallographic considerations of the micropore volumes gave the density of the He adsorbed layer, which is 
necessary for assessment of ultramicroporosity of less-crystalline microporous solids, such as activated carbons. 
The determined density of" He adsorbed in the cylindrical micropores of the zeolite was in the range 0.22 to 
0.26 gm1-1 , greater than that of He adsorbed on a flat surface (0.202 gm1-1). A value for the density of He between 
0.20 to 0.22 gml -I is recommended for evaluation of ultramicroporosity of a slit-shaped microporous system such 
as activated carbon. 
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Introduction 

There are two types of microporous solids, i.e., intrin- 
sic crystalline microporous solids and ill-crystalline 
microporous solids. The micropore structure of the 
crystalline solids can be principally assessed by X- 
ray crystallographic data. Alternatively, the microp- 
ore structures of ill-crystalline solids such as activated 
carbons can be assessed by molecular probe methods, 
in particular, N2 adsorption at 77K (Carrot, Roberts 
and Sing, 1987, Rodriguez et. al., 1989, Jaroniec, 
Gilpin, Kaneko and Choma, 1991). The molecular 
probe method provides information on the specific sur- 
face area, micropore volume, and micropore width 
(Gregg and Sing, 1982). Then, these three parame- 
ters have been used for specification of iltcrystalline 
microporous solids. However, IUPAC have concluded 
that a BET analysis inapplicable to microporous sys- 
tems and have recommended the use of the micropore 
volume rather than the surface area (IUPAC, 1985). 

It is believed that molecular states in micropores 
are liquid-like on the basis of the density of an ad- 
sorbed layer (Dubinin, 1966, Kaneko, Ishii, Ruike and 
Kuwabara, 1992). The Gurvitsch rule generally guar- 
antees the assumption of liquid-like state of adsorbed 
molecules in micropores (Gregg and Sing, pp. 113, 
1982). Consequently, the density (0.808 gm1-1) of 
the bulk N2 liquid at 77K has been used for evalua- 
tion of the microporosity using No adsorption. How- 

ever, the heats of adsorption of vapors in the sub- 
monolayer regions on the flat surface and in micro- 
pore filling are higher than the heat of vaporization 
(Wang and Kaneko, in press, Dubinin, 1960, Grillet, 
Rouquerol and Rouquerol, 1979, Rouquerol et. al., 
1988). With micropores, the interaction potentials of 
an admolecule with the surface are overlapped (Everett 
and Powl, 1976), which leads to an intermolecular 
structure different from that of bulk liquid, This is be- 
cause the strong molecule-surface interaction results in 
more densely packed admolecules. A recent D-NMR 
study clearly showed that the molecular motion of ben- 
zene is completely different from that of bulk liquid in 
a slit-shaped micropore regardless of the good agree- 
ment of the densities of adsorbed layer and bulk liquid 
(Fukasawa, Poon and Samulski, 1991). Hence, we 
must be cautious even on evaluation of micropore vol- 
ume. 

During recent years we have tried to assess the 
microporosity, in particular, ultramicroporosity of ill- 
crystalline microporous solids by He adsorption at 
4.2K (Kuwabara, Suzuki and Kaneko, 1991, Setoyama, 
Ruike, Kasu, Suzuki and Kaneko, 1993), as a he- 
lium molecule is the smallest inert molecule. The ki- 
netic molecular diameters of He and N2 and 0.22 and 
0.35 nm, respectively. Activated carbon fibers (ACFs) 
are believed to consist of highly uniform micropores 
with large pore volumes, and show better adsorption 
characteristics than granulated activated carbons. The 
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micropore volumes of ACFs determined by He adsorp- 
tion at 4.2K do not obey the Gurvitsh rule if the bulk 
liquid density of He (0.125 gml-1 ) is used for the eval- 
uation of the micropore volumes. The micropore vol- 
umes are often two times greater than those obtained 
from N2 adsorption. The heat of He adsorption on the 
flat surface at low temperature is about 1 kJmo1-1 in 
the submonolayer region (Steele, 1970, Steele, 1956, 
Antoniou, 1986), which is 12 times greater than the heat 
of vaporization. Consequently, even for He adsorption 
on a flat surface, the interaction of He with the surface 
should be taken into account in the density evaluation 
of the adsorbed He. Furthermore, He molecules in the 
second layer on the flat surface interact strongly with 
the surface according to theoretical consideration by 
Steele (1956). Thus, the density of adsorbed He should 
be completely different from that of the bulk liquid. 

In previous work we have used the calculated density 
(0.202 gm1-1) of He adsorbed on the flat surface on the 
basis of Steele's theoretical study (Kuwabara, Suzuki 
and Kaneko, 1991). Steele has shown that the surface 
molecule interaction of He at the flat surface is greater 
than the He-He interaction even in the second adsorbed 
layer, which is the reason why He molecules are ad- 
sorbed in a bilayer-like fashion below P/Po = 0.1. 
He adsorption on a flat surface has an apparent resem- 
blance to micropore filling of N2 due to the fact that 
bilayer adsorption of N2 is accelerated by the strong mi- 
cropore field. Although the micropore filling of He has 
never been studied theoretically, we can predict that the 
interaction of He with the surface must be enhanced in 
micropores. The density of He adsorbed in micropores 
should vary as the difference of the molecular potential 
with the micropore geometry. In this study, we chose 
zeolites with a well-known micropore structure in order 
to determine the density of adsorbed He in the microp- 
ores, although the molecular potential field is different 
from that of the slit-shaped pore in activated carbon. 

Experimental 

Samples 

Two types of zeolite were used for He adsorption 
at 4.2K, namely NaY(Tosoh Co. HSZ-320NAA) and 
KL(Tosoh Co. HSZ-500KOA) types. The crystal struc- 
tures are schematically shown in Fig. 1. The crystal 
structure of NaY is the same as that of Faujasite with 
three dimensional cavities linked tetrahedrally. The 
minimum diameter of aperture in NaY is 0.74 nm and 

the maximum diameter of void is 1.3 nm. The mi- 
cropore structure of the KL-type can be presumed to 
be a one dimensional cylinder, which is parallel to 
the c-axis of the unit cell. The minimum diameter 
of aperture is 0.70 nm. Chemical compositions of 
NaY and KL are Nasl.2(A102)51.2(SiO2)140.8 .xH20 and 
Ks.79Nao.21 (A102)8.96(SIO2)27.04 • xH20, respectively. 

Adsorption Experiment 

The He adsorption isotherms at 4.2K were measured 
gravimetrically using a quartz spring. Pressures were 
measured by capacitance pressure transducers (MKS 
Baratron) over the range 1 x 10 -1 to 1 x 105 Pa 
(Kuwabara, Suzuki and Kaneko, 1991). The double 
Dewar type cryostat was used to maintain the adsorp- 
tion conditions at 4.2K for 4 hrs. Equilibrium was 
obtained within 10 minutes. The samples were evacu- 
ated at 623K and 1 mPa for 2 hrs after the preheating 
(573K, 1 mPa for 5 hrs). 

Nitrogen adsorption isotherms of the zeolites were 
measured at 77K in order to compare the results from 
He adsorption. The measurements were carried out us- 
ing a computer-aided automatic gravimetric adsorption 
apparatus. The samples were evacuated using the same 
conditions as for He adsorption. 

Results and Discussion 

Adsorption Isotherms of He and N2 

The adsorption isotherms of He at 4.2K and N2 at 
77K on NaY are shown in Fig. 2. Adsorption is repre- 
sented as the number of adsorbed molecules per unit 
cell. The amount of He adsorbed is about two times 
greater than that of N2 adsorbed because of mutual 
molecular size differences. Although NaY has the mi- 
cropores inherent to the crystal structure, defects pro- 
duce not only mesopores but macropores. Mesopores 
or macropores should cause adsorption in the mid- 
dle or high pressure regions. The observed adsorption 
isotherm shows no such evidence, and hence this NaY 
sample is less-defective and has a good crystallinity. 

Figure 3 shows adsorption isotherms of He at 4.2K 
and N2 at 77K on KL. The amount of He adsorbed 
on KL is also two times greater than that of N2. The 
limiting adsorption ratio of He and N2, W H e / W N  2 , is 
greater than that of NaY, due to micropore structural 
differences. NaY has a large void in comparison with 
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(a) 

Fig. 1. Schematic crystal structures of zeolites (a; NaY, b; KL). 

(b) 
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Fig. 2. 
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KL. The structural difference of micropores affects the 
packing form of adsorbed molecules, especially for N2 
due to its nonspherical shape. A gradual increase in 
adsorption above P~ P0 = 0.5 is observed in the N2 ad- 
sorption isotherm. The crystal structure of KL should 
be slightly imperfect, producing mesopores. However, 
adsorption by the mesopores is quite small and can be 
corrected on evaluation of adsorption by micropores. 

Adsorption Capacity in a Zeolite Cavity 

A Dubinin-Radushkevich (DR) analysis was used 
to determine the adsorption capacity in the zeo- 
lite micropores. The DR equation is expressed as 
follows (Dubinin, 1966); 

in W = in Wo - ( a / f i E o )  2 

Here, Wo is the micropore volume, E0 is a structural 
constant for a micropore structure and A is Polanyi's 
adsorption potential defined as A = RT ln(Po/P). 
fi is an affinity coefficient related to the adsorbate- 
adsorbent interaction. The fl value of N2 is 0.33 

(Dubinin, 1966). Previous workby us showed that ~ of 
He is 0.04 (Kaneko, Setoyama, Suzuki and Kuwabara, 
1993). These fi values were used for the DR analysis. 
The DR plots of NaY and KL are shown in Figs. 4 and 
5, respectively. The abscissa region of the DR plot for 
He is narrow due to the small A values caused by the ad- 
sorption at low temperature compared with that of N2. 
All DR plots show good linearity except for those near 
the ordinate; the deviation in the high pressure region 
arises from adsorption by non-microporous surfaces 
originating from partial destruction of the crystal struc- 
ture. The extent of the deviation can be easily evaluated 
by separation from the linear region of the DR plot. The 
micropore volume was precisely determined from the 
intercept of the extrapolated DR plot. In Table 1, the mi- 
cropore volume expressed by the adsorption molecules 
per unit cell is shown. 

Density of He Adsorbed in Zeolitic Micropores 

It is possible to determine the He adsorption ca- 
pacity by micropores of NaY and KL zeolites, as 



Density of He Adsorbed in Micropores at 4.2K 169 

d 

d 

o 

30 

20 

10 

0 0 

IIIIOOO0000 

0 0 0 0 

0 0 0 0 0 0 0  0 

...... I .... I I , I 
0 

0 0.2 0.4 0.6 0.8 1 
P I P  

0 

Fig. 3. Adsorption isotherms of He and N2 on KL (open symbols: He, solid symbols: N2), 

Table L Micropore volumes of zeolites. 

wol molec, per unit cell 
He N~ 

NaY 223 I26 
KL 21.8 10 

mentioned above. If  we can evaluate the micropore 
volume available for He adsorption using the crystallo- 
graphic data, the density of adsorbed He in micropores 
is obtained. Hence we can calculate the micropore 
volume from the crystal structure. 

There is a spherical void, the so called o~-cage or 
supercage, in the crystal structure of NaYI It is rec- 
ognized that the oe-cage plays the role of adsorption 
sites for most molecules. NaY has another spherical 
void, the ~q-cage which is smaller than the ce-cage. The 
/3-cage is the intercps, stalline void of sodalite units of 
truncated octahedra; the aperture of the fl-cage (about 
0.22 nm) is too small to be accessible to an adsor- 
bate molecule. As the molecular diameter of He from 

viscosity measurements is 0.22 nm, it is difficult to 
examine the accessibility of He to the fl-cage. In the 
case of He adsorption at 4.2K, we assume that He can- 
not diffuse into the/%cage through the aperture. As the 
activation energy of diffusion for He into the/3-cage is 
not known, we must estimate it from Hz diffusion in 
the KA zeolite. The activation energy of H2 diffusion 
(molecular size: 0.24 nm x 0.32 rim) in the KA zeoIite 
having an effective aperture of 0.3 nm is 4i kJmot -~ at 
293K, thus H2 diffusion at 4.2K is impossible (Walker, 
Austin and Nandi, 1966). Accordingly, it is presumed 
that even He cannot diffuse at 4.2K in the fi-cage hav- 
ing an entrance of similar size to the He atom. Only 
c~-cages are regarded as the adsorption spaces for He 
in the NaY sample. 

There are 8 oe-cages in the unit cell of NaY, which are 
tetrahedrally linked to each other (Breck, 1964). The 
ee-cage is presumed to be spherical in evaluation of the 
total volume of the ce-cages. As the c~-cage diameter 
is 1.3 nm from X-ray diffraction, the diameter of the 
effective space of the o~-cage was obtained as 1.15 nm 
by subtraction of the contributions of  oxygen atoms (the 
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DR plots of the He and N2 adsorption isotherms on NaY (open symbols: He, solid symbols: N2). 

bonding radius: 0.07 nm). Then the effective volume 
of an or-cage for adsorption is ca. 8.0 x 10 -1 nm3; the 
total effective pore volume of the unit cell is 6.4 nm 3. 
The DR analysis provided 223 He molecules per unit 
cell, which leads to a density of 0.231 gm1-1. This 
density value is larger than the density of He adsorbed 
on the flat surface (0.202 gml-1). 

We have another way to evaluate the void space un- 
occupied by constituent atoms using crystallographic 
data following work by Breck. His estimated values for 
NaX and KL were 0.30 and 0.15 mlg =1, respectively 
(Breck, and Grose, 1973). Although NaX has the same 
crystal structure as NaY, the chemical composition is 
slightly different. We have calculated the volume of 
the void space for NaY. As Breck has not described 
the composition of NaX, we assume that the chemical 
composition of NaX is Na86(A1Oz)s6(SiO2)106. xH20; 
the void volume per unit cell of NaX being 6.576 x 10 -3 
nm 3. This void volume gives the adsorbed He density 

as 0.225 gm1-1 which is slightly smaller than that deter- 
mined from the above-mentioned geometrical consid- 
eration of pores. The chemical composition of NaY is 
not the same as NaX; the difference originates mainly 
from the content of the sodium ions. If  we presume 
that the difference of the cation content varies the void 
volume due to the different cation occupancy, the void 
volume of NaY will deviate from that of NaX. The 
void volume of NaY evaluated using the volume of a 
sodium ion as 3.82 x 10 -3 nm 3 is 6.71 x 10 -3 nm 3 and 
the density is calculated as 0.221 gm1-3. The true den- 
sity of He adsorbed in cylindrical micropores should be 
in the range 0.221 to 0.231 gm1-1. The reason for the 
greater density than that of a flat surface is attributed 
to enhanced interactions in the micropores. 

The density of He adsorbed in the micropores of 
KL zeolite was also determined in a similar way. The 
KL zeolite consists of one dimensional cylindrical 
pores. The maximum diameter of void is about t.3 nm, 
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200 

while the aperture is 0.71 nm (Kato, Ishioh, Wada, Ito 
and Watanabe, 1987). The effective pore space was 
approximately determined by assuming KL has one 
dimensional smooth cylindrical pores. We estimated 
the dimensions of the cylinder whose diameter and 
height were 1.15 nm and 0.75 nm, respectively. The 
contributions of the oxygen atoms to the aperture must 
be corrected for in the calculation of the void volume. 
The schematic model of the miropore geometry of KL 
is shown in Fig° 6. The obtained pore volume was 
6.28 x 10 -1 nm 3. As the He adsorption capacity was 
21.8 molecules per unit cell, the density was calcu- 
lated as 0.23t gm1-1. The density of He adsorbed in 
KL is 0.236 gml -~ from Breck's estimation of the void 
volume (0.15 mlg-l). Moreover, the KL sample used 
by Breck is the proton-exchanged form, while our KL 
sample is the potassium type. It is quite difficult to 
evaluate the void volume of our KL sample from the 
amount of potassium. This is because the position of K 
ions is not definite. We determined the smallest limit 

of the void volume using plausible cation contents, and 
obtained a maximum density of 0.263 gm1-1 for He 
adsorbed in micropores. This density value should be 
overestimated. 

H e  D e n s i t y  in S l i t - S h a p e d  M i c r o p o r e s  for  U l t r a m i -  
c r o p o r e  A s s e s s m e n t  

Table 2 summarizes a variety of He densities. Even 
the density of He adsorbed on the flat surface is greater 
than that of liquid He. The adsorbed He density in the 
cylindrical micropore is in the range 0.23 to 0.24 mlg -1 . 
This range is the middle value of the bulk liquid and 
solid densities. The adsorbed He density in micropores 
should change with the micropore field strength and its 
geometrical restrictions of the adsorbed molecules. As 
the micropore field of the slit-shaped pore is much less 
than that of the cylindrical pore, the adsorbed He den- 
sity in a slit-shaped micropore should range from 0.20 
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Fig. 6. Micropore geometry of KL zeolite. 

Table 2. Densities for He in several states. 

Density Ref. 

gm1-1 

Solid at 19K (1693 atm) 0.348 a t 
Liquid at 4.2K 0.125 b 
Adsorbed on flat surface at 4.2K 0.202 18 
Adsorbed in a slit pore at 4.2K 0.20-0,21 ? - 
Adsorbed in a cylindrical pore at 4.2K 0.22-0,26 this work 

~; estirnated from X-ray crystallographic data. 
a) Chemical Society of Japan (ed.), Kagaku Binran (in Japanese; the chem- 

istry tables), p. 1416, Maruzen, Tokyo, 1775. 
b) R. Radebangh, NBS Tech. Rep., No. 362 (1967). 

to 0.23. Although a molecular simulation is necessary 
for the estimation of the He density in the slit-pore, 
0.20 to 0.21 mlg -1 is the most probable density of  He 
in the slit-pore. We compared the micropore volume 
from Na with that from He for activated carbons which 
are presumed to have only uniform supermicropores. 
The adsorbed He density of  0.202 gm1-1 provided a 
good agreement with both micropore volumes for such 
activated carbons. So far the density of He adsorbed on 

the fiat surface (0.202 mlg -1) is recommended to as- 
sess the microporosity of  slit-shaped micropores with 
He adsorption at 4.2K. 
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