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I. INTRODUCTION

Much las been written about diffusion of gases in and thr ough porous
solids. At least two good books are available on the subject {7,2).
Diffusion of gases in solids can be conveniently bracketed into three
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main types: bulk diffusion, Knudsen or molecular diffusion, and acti-
vated diffusion. In this chapter we shall be concerned mainly with
activated diffusion, but a few brief comments on bulk and Knudsen
diffusion are in order. The criterion as to whether bulk or Knudsen
diffusion exists depends upon the magnitude of the gas mean free path
relative to the pore diameter through which diffusion is oceurring. If
the mean free path is small relative to the pore diameter, the diffusing
species will collide with each other far more often than with the pore
walls, and bulk diffusion will exist. Kinetic theory gives the approximate
formuls of Bq. (1) for the bulk diffusion eceflicient for a mixture of
gas molecules of similar mass and molecular diameter (3):

Dy = Z0A (1

where 7 is the average molecular velocity and A is the mean free path.*
Since from kinetic theory (4) 7 = (8kpT/mm)'* and X = 0.707/re*Cr,
where kg is Boltzmann's constant, T is the temperature, m is the mass
of & molecule or atom, ¢ i3 the kinetic diameter, and Cr is the total

concentration,
1 /BEpTNYE /0.707
Dy =4 ( Tm ) (mf'-’C’gv) @)

Thus kinetic theory prediets that the bulk diffusion coefficient is in-
versely proportional to the gas pressure and directly proportional to
the # power of temperature. Evans and co-workers (5), who studied the
steady-state interdiffusion of helium and argon at atmospheric pressure
in a large-pore graphite, closely confirmed this temperature dependency.
If the menn free path is large relative to the pore diameter, the dif-
fusing species will collide with a pore wall far more often than with each
other, and Knudsen diffusion will be operative. The resistance to diffu-
sion is due to the facé that, after collision with a pore wall, the molecule
is just as apt to reverse its direction as it is to proceed in the direction
of the previous fight. Kennard (4) showed from his studies of diffusion
in fine capillaries at low pressures that this must be because each collision
with the wall is actually a very brief period of adsorption in which the
molecule loges its momentum to the solid surface. After this brief instant
of adsorption, the molecule evaporates from the surface at a completely
random angle. The Knudsen diffusion coefficient is given by Eq. (3),

* The guthors have attempted to define atl symbols when they first appear in the
iext.
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where r is the pore radiug. Thus the Knudsen diffusion eoefficient should
be directly proportional to the one-half power of temperature.

Wicke and Kallenbach (6) studied the steady-state interdiffusion of
carbon dioxide and nitrogen at atmospheric pressure in an activated
carbon from room temperature to 300°C. The diffusion coeflicient varied
with T, The activated carbon was composed of finely divided powder
held together by o pitch binder. The authors propose a model where
pores in which bulk diffusion occurs are connected by narrow openings
in which gas transport occurs by Knudsen diffusion. On the basis of
this model, & temperature dependency of diffusion between that given
for bulk and Knudsen diffusion is predicted. Golovina (7) studied the
steady-state interdiffusion of carbon dioxide and nitrogen at atmospheric
pressures through a carbon membrane from room temperature to 600°C.
The diffusion coefficient varied with 77 again suggesting a mixture of
bulk and Knudsen diffusion.

For most molecules, o is of the order of 2 0r 3 X 107% ¢m and Cyp is of
the order of 3 X 10 multiplied by the pressure in atmospheres. A
rough estimate of A in centimeters is thus 10~%/p (atm). In cracking
catalysts and activated aluminas, pores primarily have o size between
30 and 200 A (8). In such materials, Knudsen diffusion will predominate
up o gas pressurcs of at least 10 atm. The question of diffusion rate
within porous catalysts and aetivated ecarbon is of prime importance,
since if determines the extent of solid utilization for chemical reactions
3.

When the size of the diffusing species closely approaches the size of
the aperture through which it passes, the physieal interaction energy®
between the species and aperture becomes important. This interaction
energy may be considered essentially the sum of Lennard-Jones expres-
siona for dispersive and repulsive interactions (9). When the aperture
opening becomes sufficiently small relative to the size of the diffusing
species, the repulsive interaction between them in the plane of the aper-
ture becomes dominant; consequently, the diffusing species requires a
certain activation energy to pass through the aperture. Thus at some
point Knudsen diffusion changes over to activated diffusion. As we shall
see later, in the activated diffusion regime small differences in size of

* In this chapter we shall be coneerned with phyasieal interaction of species with
aurfaces and not with chemieal interaction or chemisorption.



260 P. L. WALKER, JR., L. G. AUSTIN, and §. P. NANDI

the diffusing species can result in large differences in activation enerm
for diffusion through a particular aperture. Thus solids which have
apertures of molecular size can exhibit large differences in their pro-
pensity for taking up molecules differing slightly in size. These solids
exhibit a sieving effect of molecules depending upon their size and thus
are called molecular-sieve materials.

In recent years, molecular-sieve materials bave become of major
commercial interest. By far the most important commercial molecular-
sieve materials are the erystalline zeolitic aluminosilicates (10). Syn-
thetic zeolites, which are produced commercially and commonly iden-
tified as 3A, 4A, 54, 10X, and 13X, are grown hydrothermally from an
alkaline mixture of silica and alumina (70,17). Single erystals of about
1 to 5 p in size can be grown. Upon removal of the water of hydration
at ca. 350°C, a network of empty cavities and aperbures remain, which
comprises about one-half the total volume of the erystals. A classic
example of their molecular-sieve behavior is the ability of the 5A sieve
to take up copious amounts of siraighi-chain paraffins and negligible
amounts of branched-chain paraffins. The use of molecular sieves to
separate straight- from branched-chain hydrocarbons has been of value
to the petroleum industry in its efforts to increase the octane rating of
gasolines and to the detergent industry in its efforts to produce biode-
gradable detergents. Recently, molecular-shape diseriminating catalytic
reactions have been demonstrated using zeolites (12,13). The normal
hydrocarbons, which are accessible to the 5A zeolites, preferentinlly
undergo cracking, dehydration, and hydrogenation reactions relative tc
the branched-chain hydrocarbons.

The fact that some naturally occurring and synthetic carbonaceous
materials show moleeular-sieve properties has been known for some time.
Most ranks of coal show such properties. For example, they too show a
much greater uptake of normal than branched hydrocarbons (14); how-
ever, their sorption® capacity is low compared to that of the zeolites.
Synthetic molecular-sieve carbons ean be produced upon the coking of
selected thermosetting polymer or eopolymer systems. As we shall see

* Workers have used the terms adsorption and sabsorption, more or less indis-
criminately, to connote total uptake of gases and liquids on molecular-sieve materials.
We have chosen to use the word sorption to indicate total uptake; adsorption, to
indicate only surfnee uptske; and occlusion, to indicate volume uptake. In the
experimental regults which we shall be discussing, we generally do not know fo what
extent surface and/or volume uptake contribute to the total uptake, so we usunily
spenk of sorption,
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later, molecular-sieve carbons of high capaeity and good selectivity ean
be preduced from both polyvinylidene ehloride and Saran. Molecular-
sieve earbons ean also be produced by the coating of setivated carbons
by thermosetting resins such as polyfurfuryl alecohol.

Carbonaceous moleeular-sieve materinls are not at present bheing
produced eommercially. However, interest is heing shown in their uze as
& rough separation medium in conjunction with zeolite sicves and in their
use where zeolite sieves are not suitable. IPor example, the cavities in the
zeolite sieves collapse if heated much above 700°C (J0). Some carbon
sieves are stable up to 1400°C. Thus the possihility exisis of operating
separation processes at higher temperatures with carbon sieves. The type
A zeolite sieves hecome Inereasingly unstabie as the pH of the medium
deecreases helow 5 (760). Carbon sieves are quite stable in strongly acidie
solufions. Zeolite sieves very sivongly and preferentially sorh water (70).
In the case of a wet-gas stream, this can mean that the efficiency of the
zeolite sieve for the separation of partiewlar compounds will be decreased
because of preferential uptake of water. Carbon sieves can be made more
or less hydrophilie, depending upon the starting polymer system and
heat-treztment conditions. In any case, earbon sieves exhibit much less
hydrophilie character than the zeolites.

Activated diffusion of gases through metals and fused quartz has
long been known Lo exist. Pioneering researches on hydrogen in palladium
were made in 1866 (75); even eariier observations were made on the
system hydrogen-ivon (16). Diffusion of hydropen in fused quartz has
drawn much recent attention (17,18). Activated diffusion of molecules
larger than nitrogen into metals and fused quariz is exeeedingly slow;
thus they are not useful in the important separation processes for hydro~
carbons. Also, in most ecases the sorption capacity is small. Therefore,
eetivated diffusion of gases through mietals and fused quartz will not be
considered further in this review.

In this ehapter, we first review some of the pertinent studies on zeolite
and carbon molecular sieves, with particular attention to their sorptive
properties. Next, we concern ourselves with the solution of the unsteady-
state diffusion equation, used to caleulate diffusion coefficients in porous
materials. Signifiecant experimental results on diffusion in zeelite and
carbon molecular sieves will then be reviewed. TFinally, theoretical
esglculations of the entropy and activation energy for activated diffusion
in molecular-sieve materials will be considered. Theovetical values are
compared with experimental values, where possible. This chapter pays
considerable attention to zeolite molecular sieves (even though it is part
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of a volume on the chemistry and physies of carbon) for two reasons:
(1) structures of the crystalline zeolites are well known and permit
meaningful comparisons of activated diffusion coefficients obtained
experimentally and theoretically, and (2) a close comparison of sorption
properties of zeolite and existing carbon molecular sieves places the
possible commercial future of carbon sieves in a clearer perspective.

Il. SELECTED REVIEW OF THE LITERATURE ON MOLECULAR-SIEVE
MATERIALS

A vast literature exists on the structure of molecular-sieve materials
and their sorption properties. It is not the purpose of this chapter to
completely review this literature. Selected references will be discussed
to demonstrate broadly the sorption characteristics of zeolite and carbon
molecular sieves and to sel the stage for results on activated diffusion
to be considered later.

A. Zeolite Molecular Sieves

1. Structure. Natural zeolites (named from the Greek zeo, meaning to
boil, and lithos, meaning stone, because when the erystals are gently
heated they give off water vapor) got their name some two centuries
ago (19). Mineralogists later distinguished 40 kinds of zeolites, each with
its own crystal structure. The fundamental building block of any zeolite
crystal is a tetrahedron of oxygen ions surrounding a smaller silicon or
aluminum ion. Each of the oxygen ions has two negative charges; each
silicon ion has four pesitive charges; each aluminium ion, three. Each
silicon satisfies one-half the eight charges of the four oxygens which
surround it. Fach oxygen retaing one negative charge, which enables
it to combine with another silicon or aluminium ion and extend the erys-
tal lattice in all directions. The aluminium ion, with one less positive
charge than the silicon, can only satisfy three negative charges on the
four oxygens which surround it. To produce a stable crystal structure,
another positively charged cation must be added, These cations, called
exchangeable ions, since they can be readily exchanged without destroy-
ing the zeolite structure (20), attach themselves loosely to the oxygens
ab the corners of the tetrahedrs. This loose attachment plays an impor-
tant part in determining the change of activation energy with size of
diffusion species in a particular zeolite, as we shall see later.

In zeolites, the framework of silicon-oxygen and aluminium-oxygen
tetrahedra forms a structure which is honeycombed with relatively large
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cavities. The shape and size of the eavities and the size and number of
apertures leading into the eavities depends upon the variety of zeolite.
If the eavities are emptied of water by heating, the zeolites do not dis-
integrate in the process, as do most other water-bearing crystals.
Chemists investigating this phenomenon in the 1920s noted that zeolites
sorbed substances selectively and began to talk of zeolites as molecular
steves (19). In 1938, Barrer undertook his lengthy and continuing study
of zeolite molecular sieves, showing their utility for separation of gases
(21-85). In 1948, researchers at the Linde company set out to explore
the eommercial possibilities of zeolite sieves. Because of the relative
rarity of natural zeolite crystals, they were compelled to seek ways to
grow them artificially. By using o mixture of sodium and aluminium
oxides and freshly prepared silica gel, they were able to grow hydro-
thermally many types of synthetic zeolite single erystals of over 1 p in
size, including & type A zeolite (11) which to date has no natural analog.
This zeolite has cavities of 2 high capacity and apertures that can be
adjusted to perform many useful separations. Later, a type X zeolite
was grown (36), which also has a high eapacity, but apertures somewhat
larger in size than the fype A zeolite.

Detailed, quantitative Xray diffraction studies have been made on
type A sieves to completely delineate their structure (37,38). The
aluminosilicate framework of the type A zeolite is based on units which
contain four A0, and four Si0, tetrahedra in 8 rigid compact group {37).
These units link together to form a ring of eight oxygen atoms in the
center of each face of the unit cell on an rregular ring of six oxygen
atoms at each corner of the threefold axis. In the center of the unit cell
is a cavity 11.4 A in diameter, which is connected to six like eavities by
the eight-membered rings which form restricted openings 4.2 A in diam-
eter. In addition, the large cavity is connected to eight small cavities
6.6 A in diameter by the six-membered rings which produce openings
2.0 A in diameter. These latter eavities are not useful in molecular-sieve
separation because of the very small aperture size leading into them.

Type 3A, 44, and 5A zeolites are important commercially. The dif-
ference in their sereening behavior is caused by differences in the ex-
changeable cation present. In the 4A sieve, the exchangeable cation is
sodium. There are eight sodium ions (which take pogitions in or near the
4.2-A aperture openings and partially block them) for every six apertures
between 11.4-A cavities. The free diameter of the 4.2-A apertures is thus
reduced to ca. 3.5 A, as we shall see from molecular-probe studies. If the
sodium in the 4A sieve is exchanged for ealeium, 2 single ealcium ion
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replaces a pair of sodium ions. Now, with only four lons available fo
six apertures, two apertures per cavity are unobstructed and thus have
a free diameter of 4.2 A. This is called the 5A sieve, If the sodium ion in
the 4A sieve is exchanged for the larger potassium ion, a single potassium
replaces a single sodium; there remain eight ions for six apertures. The
free ciameter of the 4.2 A apertures is reduced to ea. 3.2 A; but as we
shall see later, this figure is apparently dependent on the particular
diffusing speecies passing through the aperture. The potassium-bearing
type A zeolite is ealled 3A.

Broussard and Shoemaker {38) and Barrer (39) recognized that the
erystal séruclures of the Type A and X zeolites are both based on a
cubo-oetahedral structural unit, similar to that found in the mineral
sodalite (4G}, as being the fundamental building block of both types of
sieves. In the type A sieves, the sodalite uniis, each of which contains
24 (silicon, aluminium) jons interconnected with 36 oxygen ions, are
arranged in o single cubie array, with each sodalite unit connected fo its
neighbor by four bridge oxygen ions. In the type X sieves, sodalite units
are in tetrahedral coordination with each unit conneeted to its neighbor
by six bridge oxygen ions. The type X structure is essentially similar
to that of the naturally occurring faujasite (35). The apertures of
importance in the type X sieves are composed of 12-membered oxygen
rings. In the type 13X sieve, where sodium is the exchangeable cation,
the aperture has a free dizmeter of 7.5 A in diameter (38), as given by
X-ray diffraction studies.

2. Sorption Characteristics, Probably the most important use o'
zeolite molecular sieves, at the moment, is the removal of water from gas
streams. Water is readily accessible to all type A and X zeolites and is
held strongly and preferentially to most other sorbates. To measure
the full capacity of the zeolites for other sorbates, it is absolutely
essentinl that the zeolites be outgassed under high vacuum at 350 to
400°C: (41).

Tarly sorption studies of Barrer (21) and Tiselius (42) were coneerned
primarily with water uptake on natural zeolites. The properties of
zeolitic water have continued to be of interest, but quantitative and
thermodynamic studies have been made difficult because of the chemical
reactivity of water and irreversible side reactions. Consequently, the
sorption properties of ammonia, another small polar molecule but a less
reactive species than water, has been studied extensively in recent years.
For example, Barrer and Gibbons (85) have studied the sorption of
ammonia on type X sleves.

Emmett and Dewitt (43) were among the first to show the molecular-
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weve behavior of zeolites. Working with the natural zeolite chabazite
[whieh bas an aperture ea. 3.8 A in diameter, formed by a ring of eight
oxvegen atoms (44} they found litile sorption of nitrogeén at - 196°C,
but significant sorption at —78°C. They attributed these results to
activated diffusion. That is, in physical sorption it is thermodynamieally
necegsary that the amount sorbed decreases with incressing adsorption
temperature at equilibrium. However, if the sorption is very slow and
has not reaehed equilibrium under particular sorption conditions, because
of activated diffusion, increased sorbate uptake with increasing tempera-
ture can oecur.

We now foeus our atfention primarily on sorption results on type A
and X sieves, beeause of their commercial imporianee. These sieves
all have large surface areas, on the order of 700 to 800 m*/g, potentially
available (20), The amount of this area actually accessible to particular
sovbates depends upon their size relative to the size of the aperfure
openings in the zeolite. The 3A sieve, because of its small aperture
opening, effectively excludes all organiec compounds. At preseni, it is
useful primarily for the drying of gases. Encapsulation and storage of
permanent gases in the 3A sieve appears to have future commercial
possibilities {43). The sieve is loaded by exposure to the gas at high
pressures and elevated temperatures to overcome a substontial activation
energy for diffusion and then eooled to room temperature hefore releasing
the external gas pressure. Activated diffusion of permanent gases in this
sieve will be eonsidered later in the chapier.

Breek and co-workers have performed the most comprehensive sorp-
Jdon studies on the 4 and 5A sieves (46). As found by Emmett and
Dewitt on chabazite, they also find that the sorption of nitrogen on the
4A sieve inereases with temperature from — 196 to ea. —78°C. Similar
results are found for the sorption of carbon monoxide and argon (70},
as is secn in Fig, 1. At temperatures above —78°C, equilibrium is appar-
ently reached in the sorption time allowed, and the volume sorbed de-
creases with increasing temperature. In contrast, the volume of oxygen
sorbed falls continuously over the entire temperature region studied.
This is & vivid example of a molecularsieve effect. The diffusion of
oxygen is still sufficiently rapid at temperatures below —78°C so that
equilibrium is attained. Kinetic diameters of oxygen, nitrogen, carbon
monoxide, and argon, as caleulated from viscosity daia using the
Lennard-Jones 6-12 potentidl energy expression, are 3.43, 3.68, 3.59,
and 3.42 A, respectively {47). These diameters do not explain why the
diffusion coefficient of oxygen into the 4A sieves is greater than that of
argon. Of course, oxygen is not & spherical molecule; if a spherocylindrieal



266 P. L. WALKER, JR., L. G. AUSTIN, and 5. P. NANDI

=

8.0

6.0

4.0

Amount sorbed, ¢./g. X 102

2.0

] 1 | I

-200 ~I60 -120 -B0O -40 0 40
Temperature, °C

Fig. 1. Sorption isobars of gases on type 4A zeolite at 700 torr; {a) oxygen, (b)

earbon monoxide, (e) nitrogen, and {d) argon. [From Thomas and Mays (10).]

shape is assumed (48), the width of the oxygen molecule would be
less than the diameter of argon. This suggests that oxygen should have
8 smaller activation energy for diffusion through the 4A sieve than argon.
In the bA zeolite, no molecular-sieve effects of these molecules are ob-
served. That is, the volume of gas adsorbed falls off monotonically with
inereasing temperature between — 186 and 0°C in each case. Both the
4 and 5A sieves have large sorption capacities for carbon dioxide at
—78°C. Surface areas caleulated from sorption isotherm data,* using the
BET equation, are 610 and 700 m*/g (49).

* To caleulate surface arens of the molecular-sicve materiais from sorption dats,
the molecular area of the sorbing species hns been assumed to be that which it would
oceupy on a free surface. Obviously, to some extent, this assumption will not be true.
The devietion will depend upon the size and shape of the voids.
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TABLE |
Sorprrive CaPaciTiEs or Tyrr 4A anp 5A Zpeorites (48) ar 25°C

Sorption eapacity, /g

Critical Pressure,

Serbate dimension, A torr 44 54
CO: 3.30 700 0.188 0.244
50 3,67 700 0.365 0.366
H.S 3.6 400 0.239 0.209
Methancl — 90 0,180 0.232
1-Propanol —_ 19 0.037 0.180
Ethane s 700 0.074 0.087
Ethylene 3,9 700 0.084 0.0%1
Propane 4.3 600 0.017 0.130
Butene-1 —r 400 0.029 0.154
n-Butane 4.3% 700 (4.002 0.131
Cyclopropane 4. 20 700 0.00 0.125
Isobutane 5.0 400 0.006 0.005
Benzene 3.7, 7.0¢ 80 6.003 ¢.002

¢ Kinetic diameter calculated from the minimum equilibrium cross-sectional
diameter,

Sorptive capacities of types 4A and 5A zeolites for a series of ad-
sorbates are summarized in Table I. The uptake of molecules with mini-
mum kinetic dimensions less than ea. 4 A at 20°C is essentially the same
on 4 and HA sieves and is large. For siraight-chain hydroearbons having
nore than two carbon atoms, the uptake on the 4A sieve is small; uptake
sn the 5A sieve is large. Substantial sorption of normal paraffins up to
at least Cys has been reported on the 5A sieve. On a volume basis,
between 0.3 and 0.4 cc of liquid hydrocarbon is sorbed per cubic centi-
meter of zeolife. Negligible sorption of branched-chain hydrocarbons,
which have minimum kinetic dimensions of at least 5 A, or aromatics,
which have minimum kinetic dimensions of at least ca. 7 A, occurs on
the 4 and 5A sieves. These results clearly show the feasibility of using
the 5A sieve to separate straight-chain hydrocarbons from branched-
chain hydrocarbons and sromaties.

The 10X sieve has a substantial capacity for molecules with minimum
kinetic dimensions of at least ea. 7.7 A (50) [that is, (CoIF)aNC,F;] but
not greater than ca. 8.1 A (50) [that is, (C4H,):N]. Thus it ean sorb
many of the isoparaffins, aromatics, and hydroaromaties. The 13X sieve
sorbs (CuH,)aN but not {C,Fq):N, which has a minimum kinetic diameter
of ca. 10.2 A (60). The 13X sieve has a high capacity for sorption of
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tig. 2. Relative sorptivity of ethane-ethylene mixtures on (a) type 4A zeolite
at 730 torr and 25°C, and (b} granular sctivated carbon at 760 torr and 25°C,
[From Thomas and Mays (10}.]

some aromaties with side chains, which are sorbed very slightly on the
10X sieve, such as 1,3,5-triethylbenzene (10).

A very important property of the zeolites, which is not based on the
molecular-sieve effect, is their preferential sorption of polar, unsaturated,
and aromatic compounds (10). The more polar or the more unsaturated
the molecule, the more tightly it is held within thé crystal. The sorptive
forces in the zeolites are due primarily to the exchangeable cations
exposed in the crystal sorption surface. These cations act as sites of
strong, localized positive chaige which electrostatically attract the
negative end of polar or polarizable molecules. Figure 2 shows the very
high selectivity which the 4A sieve has for ethylene in preference to
ethane, when exposed to ethylene-ethane gas mixtures. It is recalled
from Table I that the sorptive capacities of ethane and ethylene, when
the 4A sieve is exposed to 700 tory of the pure hydrocarbons, are roughly
equal. For comparison, Fig. 2 also shows the relative sorptivity of
ethane-ethylene mixtures on a granular activated carbon. In this case,



DIFFUSION OF GASES IN MOLECULAR-SIEYE MATERIALS 269

thane is sorbed slightly more preferentially than is ethylene. This
would normally be expected, sinee ethane has a lower vaper pressure
at 25°C than does ethylene. Polarity differences are also used to separate
aromatic from saturated paraffins and hydroaromatic compounds. The
iype 13X sieve effectively separates henzene and toluene from paraffinic
hydrocarbons and from ¢yclohexane and methyleyelohexane.

B. Carbon Molecular Sieves

There are two major types of carbon-molecular-sieve matevials known
at present—eoals which occur naturally and polymer carbons which
are produced artificially by the heating of polymers to produce a solid
char or eoke. The term carbon is used in the generic sense, sinee these
moleeular sicves contain other elements. In the case of coal, varying
amounts of mineral matter are present. The mineral matter, which is
primarily kaolinite, illite, and quartz, has a low surface aren and does
not exhibit molecular-sieve behavior; it will not be considered further,
We shall he considering coals varying in rank from the so-ealled high-
volatile-matter lignites (low-rank eoal), through the bituminous coals,
io the low-volatile-matter anthraciies (high-rank eoals). On a dry
mineral-maiter-free basis, these coals range in carbon content from ca.
60 to 94 per cent; other elements present are primarily oxygen, hydrogen,
nitrogen, and sulfur {52). The synthetic polymer carbons are very low
in metallic and metal oxide impurities but usually contain some oxygen
and hydrogen and sometimes contain nitrogen, sulfur, and/or chlorine.

1. Structure, In direct contrast to the single-crystal zeolitic sieves,
~hich we hove been discussing, carbon molecular sieves are composed
of varying amounts of multicrystalline and amorphous material. If
carbon molecular sieves are heated to elevated temperatures (2700°C
and bigher), where substantial erystalline growth can ocecur, their fine-
pore system disappears and their surface areas deerease to a very low
value (33,59).

a. Coals. Hirsch, Cartz, and Diamond have studied in detail the strue-
ture of coals and coal macerals using X-ray diffraction (55-59). Macerals
are the more or less homogeneous microscopic constifuents of coal
Vitrain is the principal coal maceral, constituting in many cases from
70 to 80 per eent of the eoal. Therefore, struetural information on vitrains
is very pertinent to the structure of the whole eoal. Figure 3 presents
X-ray diffraction patterns obtained by Cartz and Hirsch (59) for three
typical vitrains of widely varying rank. The patterns can conveniently
be divided into three parts. The scattering at high angles consists of
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diffuse bands (10,11,20), which are interpreted in terms of the seattering
from small condensed aromatic layers. The scattering at intermediate
angles consists of a band {(002) corresponding to & spacing of ca. 3.5 A.
This band is considered to be due to the packing of aromatic layers
parallel to one another. At low angles, intense diffuse seattering oeeurs
which is caused by discontinuities in the structure (60). In coals, Comp- |
ton (incoherent) scattering, owing to amorphous material, is also rela-
tively strong at high angles, resulting in & background intensity higher
than the intensity of the diffraction bands above the background (61).
The diffraction patterns of all carbon-molecular-sieve materials are
similar to those shown in Fig. 3. However, they differ from each other
with respect to the breadth and position of each band and also the in-
tensity of background scattering.

Anslysis of the diffraction curves was made using the approach of
Diamond (48), in which a linear combination of theoretical intensity
curves from small aromatic layers of different sizes and from “amor-
phous’ atoms is fitted to the experimental curves by the method of
least squares. By means of a matrix transform, the distribution of layer
diameters and proportion of amorphous material are derived.

Figures 4 to 6 summarize the results of Cartz and Hirsch (69) on the

J structure of vitrains of varying rank. The correlations in Figs. 4 and 5
I are based on results for 18 different samples; in Fig. 6, on eight different
samples. Figure 4 presents the change in average layer diameter with
per cent earbon. Layer-size histograms are also available which show
hat there is a distribution in layer size from 5.0 to ca. 30 A. Figure 5
Jresents the change in amount of amorphous material present with per
cent carbon. The amorphous material is considered to be due to sub-
stituted groups on the aromatic condensed-ring (layer) systems and
may be identified with the sliphatic side chains, phenolic oxvgen, and
other substituted atoms known to be present in coal from infrared
spectroscopy studies (62). Figure 6 presents the change in the average
number of layers in a stack with per cent carbon. Histograms are also
available which show that there is a distribution in extent of stacling.
Below ca. 89 per cent carbon, ea. 40 per cent of the earbon occurs as
single layers, the remainder (apart from the amorphous carbon) heing
in layers stacked parallel to each other in groups of 2, 3, ete. Above
this range of carbon content, the fraction of single layers decreases to
ca. 10 per cent at 94 per cent C. Thus, the packing of the layers improves
with rank.
The main conelusions of Cartz and Hirseh on the structure of coal
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fig, 4, Variation of the average layer diameter, ﬁ, and the average number of
atoms per loyer, N, with carbon content of vitrains. [From Cartz and Hirsch
(58)

can be summarized, as follows. Small condensed aromatic layers are
the main building bloek of coal. These layers contain imperfections, but
their nature is unknown. The presence of these imperfections makes it
impossible to deduce an unambiguous structure for coal. Nevertheles:

considering all the evidence, it is concluded that the structural unit in.
bituminous coal consists of small condensed aromatic ring systems of
probably one to three rings for low-rank vitrains and two to five rings
for vitrains with 90 per cent C. These aromatic layers are linked to each
other by direct earbon-carbon bonds and aliphatic groups (or possibly
also by ether linkages) to form imperfect sheets, which are either buckled
(through the presence of hydroaromatic groups) or in which adjacent
aromatic ring systems are rotated relative to each other about an axis
normal to the plane of the sheets (for example, as a result of the presence
of five-membered rings). The diameter of the aromatic layers is about
7 to 8 A; the imperfect sheets are probably considerably larger. Thus for
the vitrains with ca. 90 per cent, these sheets probably extend over ca.
20 A. These sheets are also considered to have side groups in the form
of short aliphatic chains, hydroxyl, and quinone groups. Coals of lower
rank (lignite) and higher rank (anthracite) are also thought to have this
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Fig. 5. Variztion of the amorphous eontent with carbon content of vitrains.
[From Cartz and Hirsch (69).]

aneral strusture. Variations in the average height and width of the
«yer groups and the amount of amorphous material with rank have
been summarized in Figs. 5 and 6.

b. Polymer carbons. Molecular-sieve carbons have been produced by
the charring of selected thermosetting polymers. To date, the approach
to the production of these carbons has been primarily empirical. Little
i5 understood about the relation between the original size and shape of
the polymer units and the pore size and shape present in the carbon
produced. Originally it was the hope of workers in this field (63) that
carbons with uniform pore size would be inherited from the regular
structure of polymer predecessors and that they would be able to predict
final carbon structure on the basis of known pyrolysis reactions which
polymer systems undergo. How this might be aceomplished is uncertain,
because few valence angles and distanees survive thermal decomposition
unchanged (64). Indeed, studies have indicated that original polymer
configurations have only secondary importance. Instead, the course of
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carbonization (charring) is determined by the over-all energy require-
ments for formation of rigid carbon materials (65).

To date, far more studies have been conducted on the conversion of
polyvinylidene chloride, (C.H:Cl),, and Saran* to molecular-sieve
earbons than any other polymer systems, Consequently, much is known
about their pyrolysis. When polyvinylidene chloride undergoes pyrolysis,
it loses HCI stoichiométrically, leaving essentinlly pure carbon; that is,

(CgHgCI:_!)" - 2ﬂHCi + 2?‘&0

* Commerciaily available copolymer consisting of 80 to 90 per cent polyvinylidene
chioride and various amounts of polyvinyl chloride, {C.H;Cl)s, and plasticizer.
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tig. 7. Proposed mechanism for the pyrolysis of polyvinylidene chloride, [From
Winslow et al. (63).]

‘Workers have studied the kineties of HCI release during carbonization
(65,66). They find that half of the HCI is readily lost below 200°C by a
first-order reaction with an activation energy of ca. 30 keal/mole. Further
liberation of HCI requires progressively higher temperatures, until the
process finally approaches completion at 600°C, producing a yield of
carban equal to 25 per cent of the starting polymer weight. A mechanism
has been proposed for this conversion, ag shown in Fig. 7. The first step
i the loss of one HCI molecule per pair of earbon atoms, leading to the
formation of & polymer chain.

It is concluded that further loss of HCI from a single chain is both
chemically and sterically unlikely and that cross-linking of the chains
by & Diels-Alder type of reaction, as shown in reaction (2) (Fig. 7),
must occur before further HCl elimination takes place. Fach eyclic
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adduet produced in reaction (2) has additional hydrogens and chlorines
in highly reactive tertiary positions. It is concluded that these immedi-
ately split out, by reaction (3), leaving thermally stable aromatic rings
combined by polyene chains. Further cross-linking can oceur either with
other parts of the same chains, or with another adjacent chain, Txam-
ination of space models shows that the cross-linking reaction has a
complicated sterochemistry, but it is tentatively concluded that it is
probably third order in the concentration of C,IICI units {66).

Upon pyrolysis, polyvinyl chloride loses essentially all its HCI at
225°C, leaving & residue still relatively vich in hydrogen (63). As a result,
further heating yields large quantities of tar, with the residue remaining
viscous up to about 450°C (65). Loss of hydrogen and hydrocarbons
continues up to at least 800°C, yielding a earbon equal to ca, 15 per cent
of the starting-polymer weight (63). Possible decomposition of part of
the pas-phase hydrocarbons as they escape from the solid during the
Intter stages of carbonization could affect the ultimate pore structure
of the carbon obtained. That is, carbon deposition could probably block
the pore structure, leading to constrictions of various sizes.

Tranklin (65,67,68) has studied the structure of earbons produced
from: polyvinylidene chloride and polyvinyl chloride upon carbonization
to 1000°C and higher temperatures. As a result of quantitative measure-
ments of the total X-ray scattering, it was shown that in the polyvinyli-
dene chloride earbon prepared at 1000°C, 65 per cent of the carbon is
in the form of graphite-like layers (condensed aromatic rings) 16 A in
dismeter and the remaining 35 per eent is in a form so disordered as to
give only a gas-like distribution to the total X-ray scattering {(amorphous
material). Of the small graphite-like layers, ca. 45 per cent show no
parallelism (single layers) and 55 per cent are grouped in parailel pairs
with an interlayer spacing of 3.7 A. It was concluded, on the basis of
the poor graphitizability of the carbon, that neighboring layers or layer
packets are poorly aligned and strongly eross-linked by mmorphous
material. The low apparent density of the material, 1.59 g/ce, is also
consistent with its poor layer alipnment.

It was concluded that in the polyvinyl ehloride carbon heated to
1000°C, 85 per cent of the earbon is in the form of graphite-like layers
18 A in diameter and the remaining 15 per cent is in an amorphous form.
The graphite-like layers which show parallelism are grouped, on the
average, in packets of between four and five. On the basis of the good
graphitizability of this carbon and its relatively high density of 1.99 g/cc,
it was concluded that its neighboring packets are well-aligned. Because
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of the relatively small amount of amorphous material, the crystallites in
this material are mueh less crossdinked than in the polyvinylidene
earbon.

2. Sorption Characteristics. a. Coals. The surince area of coals was
originally measured by means of heat of wetting with methanol at room
temperature. Using o value of 8.1 eal/m? of internal surface for the heat
of wetting obtained from methanol, surface areas ranging from 20 to
200 m*/g were caleulated for coals of different rank (69,70). The molecu-
lar-sieve hehavior of coal became apparent later when surface areas of
from only 1 to 10 m*/g were caleulated from sorption isotherms of nitro-
gen and argon at —106°C (77-73), using the BET equation (74). It
was thought that the diffusion of nitrogen and argon into coals is suffi-
ciently activated that at —196°C the fraction of internal surface area
reached by the sorbate, for any reasonable equilibration time, is small.
Reeently, Nandi and Walker (75) have measured diffusion coefficients
of nitrogen in coals of varying rank and have shown quantitatively that
this reasoning is valid.

Other molecular-sieve characteristies of coals veminiscent of the
zeolites have been found. Figure 8 shows the variation in upiake of
nitrogen on a well-evacuated Welsh coking coal at a series of tempera-
tures between — 196 and 0°C {or an equilibration time of 1 hr. As with
the 4A-zeolite sieve, maximum sorption of nitrogen occurred ai ea.
—B80°C (76). Anderson and co-workers (74), also studying the uptake
of nitrogen on coals over a range of temperatures, confirmed the tem-
serature dependeney of sorption found by Mages., They alse found
chat the sorption eapacity of the coals for nitrogen at —80°C was much
lower than found previousty with the zeolites. Reminiscent of the
behavior of the SA-zeolite sieve, Anderson and co-workers found sorp-
tion of normal butane to be eonsiderably greater than that for isobutane
on most coals at 0°C. These results are of little practical interest, how-
ever, gince sorption was very slow, requiring up to 24 hr to approach
equilibrium.

With the knowledge that coal is & molecular-sieve material, consider-
able work has been done to find the sorbate and sorption conditions under
which the total surface area of coals can be most closely approximated.
The two main requirements have been to work at sorption temperatures
high enough to result in relatively rapid sorbate diffusion into the
internal surface area (short equilibration time) and at sorption relative
pressures high enough to permit ealeulation of surface areas from the
BET equation. Conditions used, which have more or less closely satisfied
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Fig. 8. Varintion in uptake of nitrogen on a Welsh coking cosl with temperature
for an equilibration time of one hour. {From Maggs (76).]

the above requirements, are carbon dioxide at —78°C (77-79), krypton
at —78°C (80), xenon at 0°C (81), and carbon dioxide at 25°C (82). The
best system found to date appears to be carbon dioxide at 25°C. Table
IT summarizes typical surface-area results on s 200 X 325 mesh medium-
volatile-matter bituminocus coal, having a carbon content of 83.6 per
cent on a dry mineral-matter-free basis. An equilibration time of 3 hr

TABLE I
Sunrace Amreas or A MeproMm-VM Biruminous Coin as MEASURED
BY VaRrious SomrprionN Systems {82)

Sorption temp,
Adsgorbate °C Surface area, m*/g
N —196 r~1
Kr —78 20
Xe 0 62
CO. —78 8¢

CO, 25 i34
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was allowed for each sorption point on the isotherms, from which surface
areas were caleulated. Only for carbon dioxide at 25°C was equilibrium
reached in this period of time. This system should safisfy closely the
two main requirements listed above, since (1) carbon dioxide has a small
kinetic dimension {ca. 3.3 A) and (2) earbon dioxide has a relatively
high eritical temperature (31.1°C). The latter property permits sorption
measurements to be made at a relatively high temperature. To satisfy
the requirement that isotherm data be measured up to sufficiently high
relative pressures {(ca. 0.2), sorption studies were conducted in an appara-
tus capable of operating up to at least 35 atm.

At least one attempt was made to improve the molecular-sieve
properties of coal by activation (83). That is, coals have a significant
fraction of their pore volume closed to helium. Reaetion of coal with an
oxidizing gas under appropriate conditions would be expected teo open
up closed-pore volume and also to enlarge the size of the already open
pores, The result should be a carbon of larger capacity into which sorbate
diffusion is more rapid. Oxidizing conditions are critical. Too high an
oxidizing temperature results in collapse of part of the pore structure
and an uneven activation of the remaining pores. Oxidation to a high
burn-off, as is eommon in the production of activated carbon {(ca. 50
to 70 per cent loss of carbon) is to be avoided, since the pores are en-
larged too much and little molecular-sieve behavior is exhibited.

Oxidation of & high-volatile-matter anthraeite in carbon dioxide has
been studied (83). A small particle size (average particle diameter of 6 u)
was used in an effort to obtain good radial uniformity of particie activa-
tion. Optimum activation was produced by a burn-off of ca. 35 per cent
at 840°C. Total sorption eapacities of the raw anthracite, the anthracite
devolatilized at 840°C in nitrogen to a weight loss of 9.0 per cent, and
the oxidized anthracite to normal butane, isobutane, and neopentane
were studied at 30°C. In addition, the total open-pore volumes of the
samples were determined from mereury- and helium-density measure-
ments. On the basis of the following minimum kinetic diameters—
normal butane, 4.3 A (50), isobutane, 5.0 A (50), neopentane, 6.2 A (60,
and helium, 2.5 A—pore-volume distributions of the anthracite samples
are summarized in Fig. 9. In Table III the capacities of the activated
anthracite for the hydroearbons are compared with that of the 5A-zeolite
steve. Clearly, the bA-zeolite is a superior sieve to the anthracite for
separating normal butane from isobutane and normal butane from
neopentane. Obviously, the BA zeolite is not suited for separating iso-
butane from neopentone, whereas the activated anthracite does show a
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Fig. 9. Pore-volume distributions in (a) raw, (b) devolatilized, and (¢) activated
anthracites. [From Metealfe et al. (83).]

reasonable capacity for isobutane and some sieve behavior for the iso-
butane-necpentane system.

It is not expected that molecular-sieve carbons can be produced from
coals which show the critical sieving properties possessed by the zeolites,
Nevertheless, because of the relatively low cost of molecular sieves
produced from coal, they may have future applications for rough
separations in conjunction with zeolites or polymer-based molecular
sieves.

b. Polymer Carbons. As indieated earlier, polyvinylidene chloride and
Saran have been the polymeric materials most frequently used to pro-
duce synthetic carbon molecular sieves. By process of elimination, their
popularity appears reasonable. First, all thermoplastic polymers can be
eliminated, since upon carbonization they yield cokes of medium to very
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TABLE iH
Caracrry ofF 3A-ZEoLIE Siuve (46) AND ACTIVATED ANTHRACITE
(83) ror Serecrsn HyYpROCARBONS

Equilibrium eapaeity, ce/g at 25-30°C

n-Butane Isobutane Neopentune
SA zealite G.218 0.008 Nil
Activated anthracite 0.56 0.24 0.06

good crystallite alignment possessing small internal surface areas.
Second, many thermosetting polymers, upon being coked, yield chars
characteristic of the 4A zeolite, whereas polyvinylidene chloride and
Saran yield chars which have larger-sized micropores and show molecu-
lar-sieve properties useful for the separation of hydrocarbons. Third,
the coking of polyvinylidene chloride and Saran results in a reasonably
good yield of carbon—ca. 25 per cent.

The sorptive properties of Saran carbons appear to have heen first
investigated in some detail by Pierce and co-workers (84). The char
produced upon carbonization to 600°C had a surface area, as calculated
from ethyl chloride sorption at 0°C, of 720 m?*/g. Of prime interest was
the observation that the hydrophobicity of the char could be altered
markedly. The material as first prepared exhibited high water sorption
at low relative pressures, which the authors attribute to the presence of
a chloride complex in the surface. Following treatment with hydrogen
at 600°C, low-pressure waler sorption became guite small. Significant
water sorption only commenced at a relative pressure of ca. 0.45. It was
concluded that this is eonsisient with the removal of the chlorine com-
plex as hydrogen chloride upon hydrogen treatment. Recently, Puri and
Bansal (85) exposed charcoal to chlorine, resulting in the removal of
hydrogen as hydrogen chloride and its partial replacement by chlorine.
In direct conflict with Pierce and co-workers, they found that ehlorine
treatment drastically increased the hydrophobicity of the surface.
Pierce and co-workers (86) showed in their later work that water uptake
on earbon can be increased, following the formation of an oxygen com-
plex on the surface, by expasure of the earbon to air at ca. 600°C. The
fact that the hydrophobicity of carbon surfaces can be readily modified
is of considerable importance, as it permits an alteration in the extent
of preferential sorption of water versus other molecules on moleeular-
sieve carbons. This subject definitely warrants additional attention.
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Fig. 10. Surface nreas of Saran earbons heated to different carbonization tem-
peratures. {From Lamond et al. (59).]

Further sorption studies on Saran molecular-sieve carbons have been
numerous (51,87-90). Dacey and Thomas found that the 700°C char
rapidly sorbed straight-chain hydroearbons, like normal pentane, and
flat molecules, like benzene, at room temperature (87). Sorption of
neopentane was slower but could be made signifieant by using a finely
ground powder. On the basis of benzene being sorbed more rapidly than
neopentane, the authors concluded that the pores were slit-shaped,
perhaps arising from the presence of condensed aromatic-like layers in
the char. Kipling and Wilson (51,68) found that polyvinylidene chloride
prepared at 700°C bhas close to the same capacity for neopentane and
water at 20°C. They further found that the sorption of a-pinene (molecu-
lar diameter of ca. 8 A) is negligible.

Recently, Walker and co-workers have examined the possibility of
modifying the molecular-sieve properties of Saran-type carbons by
heating to temperatures up to 1500°C (89). Previously Dubinin showed
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chat at temperatures above 1000°C, sintering of the micropores in
polyvinylidene chloride carbon occurs and the average pore size de-
creases (90). Carbons were produced from polyvinylidene chioride and
Saran by carbonizing at a heating rate of 7.5°C/min up to 1000°C,
followed by a heating rate of 15 to 30°C/min up to 1500°C. A soak time
of 4 hr at maximum temperature was used. The extent of uptake of
carbon dioxide (-78°C), butane, isobutane, and neopentane (all at
0°C) at a relative pressure of 0.5 was measured, using an equilibrium
time of 1 hr. Surface areas were reported as “monolayer-area equivalent,”
following the suggestion of Barrer (91). Burface-area results are sum-
marized in Figs. 10 and 11. The very high surface areas of the Saran
carbons prepared above 500°C and the significant separation between
isobutane and neopentane are noteworthy. The areas for the polyvinyli-
dene chloride carbons go through a maximum of ca. 1300 m?*/g for a
earbonization temperature of 1000°C. As evident from the large neo-
pentane areas of the polyvinylidene chloride carbons prepared up to
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Fig. 11, Burfnce areas of polyvinylidene chloride carbons heated to different
earbonization temperatures. {From Lamond et al. (89).1
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1200°C, their pore size is somewhat larger than that of the Saran earbons.
At heat-treatment temperatures above 1200°C, significant pore shrink-
age oceurs. Following heat treatment at 1500°C, neopentane sorpiion
is negligible. Walker and co-workers conclude, from these latter results,
that the internal surfaee area of polyvinylidene ehloride carbons heated
to 1200°C consist of cavities greater than 12 A in size connected by con-
strietions only slightly larger than 6.2 A. It is obvious that molecular-
sieve carbons possessing varied properties can be prepared by the heating
of polyvinylidene chioride to different maximum temperatures. The
carbon prepared at 1400°C has molecular-sieve properties intermediate
between the 5A and 10X zeolite sieves. The carbon prepared at 1500°C
has properties approaching the 5A sieve; apparently a slightly higher
heat-treatment temperature would produce a carbon showing a still
greater separation potential for normal and iscbutane. Heat trentment
to still higher temperatures should produce a 4A-type carbon sieve.

The variation of pore volume, aceessible to the various molecular
probes, with heat-treatment temperature is depicted in Fig. 12(a) for the
polyvinylidene chloride carbons and the 700°C SBaran carbon. Sorption
capaeities are seen to be substantial.

Sorplion of benzene and cyclohexane on the Saran carbons was found
to be about 10 times as great as sorption of neopentane, again supporting
the conclusion of slit-like pores in these carbons.

Walker and co-workers have also examined briefly the possibility of
producing composite earbon molecular sieves (92). Activated carbons
having no molecular-sieve properties for molecules at feast less than 6.2 A
in size, but having large surface areas, were coated with a thermosetting
polymer, which upon earbonization yielded a molecular-sieve carbon.
The object was to use the more expensive polymer carbon coating as a
“gate.” Molecules passing through the gate would be taken up on the
high-capacity and relatively cheap activated carbon. The carbon coating
was produced from phosphoric acid polymerized furfuryl alcohol. Static
adsorption results showed that sieves could be produced having a large
capacity for normal butane, & small capacity for isobutane, and a neg-
ligible capaeity for neopentane. The sieves showed a greater capacity
for henzene and cyclohexane than for neopentane, again showing the
existence of slit-like pores.

Very recently, Metcalfe (93) has examined another approach at pro-
ducing composite carbon molecular sieves and has characterized the
sieves by dynamic adsorption studies. Results have been most encourag-
ing. Saran was carbonized at a heating rate of 6 to 7°C/min up to 900°C,
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held at 900°C for 4 hr, and then cooled. This char was used as the filler
material in the fabrication of composite sieves. Binders used were a
medium-melting-point coal-tar pitch, a lignite pitch, and methyl
cellulose. The filler and binders, both ground to — 100 mesh, were mixed
gt room temperature and then pressed into 3/16-in.-diameter pellets, also
at room temperature. The pellets were heated at 5°C/min to 900°C in
nitrogen and held at 500°C for' 2 hr to carbonize the binder phase.

Static-adsorption results showed that coating of the carbonized Saran
filler particles with the above binders, in most cases, decreased the ad-
sorption eapacity of the particles for hydrocarbons and altered their
molecular-sieve behavior, as given previously in Iig. 10 and Ref. 89,
Consequently, where necessary, the pellets were subsequently shightly
activated in carbon dioxide at 800 to 850°C to open up closed pores in
the binder carbon and permit ready access to the filler partieles. The
extent of activation was found to be eritical, with the optimum amount
varying with the partieular binder used. Too liitle activaiion resulted
in 2 pellet still having a low capaeity and undesirable sieving properties;
too high an activation resulied in a large capacity but in the loss of
sieving behavior, undoubtedly because of the filler particles reacting
with carbon dioxide and the enlarging of their pore size,

The pellets were evaluated as to their ability to separate hydrocarbons
in o fixed-bed dynamic-adsorption apparatus. The hydrocarbons to be
separated were entrained in the desived eonceniration in a helium-earrier
stream. Following passage of the stream through the fixed bed of pellets,
she eoncentrations of hydrocarbons remaining in the exit helium were
measured using o gas chromatograph. Figures 12(b) and () summarize
some of the interesting dynamic-adsorption results. The outlet concen-
trations of the hydrocarbons are plotted against the cumulative time
which the gas stream has been passed through the fixed bed. The final
outlet concentrations for the hydrocarbons closely approached their
inlet values.

Figure 12{b) compares the utility of two composite earbon molecular
sieves with a Linde 3A zeolite and a Pittsburgh Activated Carbon Com-
pany granular activated carbon BPL for the separation of n-heptane
and 2,2 4-trimethylpentane (isooctane) at 34°C, Sieves 3-20LP-2.2 and
8-20LP-2.4 were both formed from 80 parts of Saran char and 20 parts
of lignite piteh; the carbonized pellets being subsequently activated to
2.2 and 2.4 per cent burn-off, respectively, in carbon dioxide at 800°C.
As expected, the BP'L carbon shows no molecular sieving for these hydro-
carbons; they both are completely held up in the bed for ca. 75 to 80 min
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and then break through into the outlet gas stream, By contrast, the 5A
sieve and the two eomposite carbon molecular sieves show excellent
sieving ability. The isocetane breaks through the bed in ca. 3 to 7 min;
the n-heptane does not break through until at least 40 min. Note that
the two carbon sieves show as good a selectivity as the 3A sieve but in
addition show a greater capacity for n-heptane.

Figure 12{c¢) compares the ability of two composite carbon molecular
sieves with a Linde 10X sieve and activated earbon BPL for the separa-
tion of henzene and cyelohexane at 34°C. Sieve 3-30MC-0 was formed
from 70 parie of Saran char and 30 parts of methy! cellulose; no activa-
tion of the carbonized pellet was performed. The 10X sieve shows an
interesting behavior to this system. For about 20 min both hydrocarbons
are held up by the bed, with no sieving apparent. Cyelohexane then
breaks through the bed and guiekly reaches an outlet conceniration
above the inlet concentration {(which is also the final outlet concentra~
tion). During this period, cyclohexane is being displaced from the bed
by benzene, which results in the outlet concentration of cyelohexane
being the sum of its inlet concentration plus displaced material. As
considered earlier when discussing Fig. 2, this is a typieal zeolite-sieve
behavior; that is, there is preferential sorption of polar, unsaturated,
and aromatic compounds. It is inferesting that the BPL carbon shows
a similar, but not as marked, behavior. It suggests that this carbon
does have a slight a2dsorption preference for henzene. The hehavior of
the carbon sleves iz in marked contrast to that of the 10X or BPL
material, For both sieves, cyclohexane breaks through the column
after short operation times, and the outlet concentration quickly reaches
the inlet value; benzene only breaks through after about 70 min of
operation. These carbon sieves exhibit an outstanding ability te sepa-
rate cyclohexane from benzene,

The authors feel that molecular-sieve carbons produced from poly-
merie systems, in whole or in part, have commercial possibilities; but
it is clear that mueh more research and development efiort must be
expended to bring about this reality.

Hl. THEORY OF UNSTEADY-STATE DIFFUSION IN MOLECULAR-
SIEVE MATERIALS
A. Introduction

There are several different methods of measuring diffusion coeficients
through porous solids (£). However, the low rates of diffusion in the
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materials with which we are concerned necessitate the use of unsteady-
state methods. Barrer (1,26,32) bas considered several different, systems
for making unsteady-state measurements, each of whieh has iis par-
ticular adventages and disadvantages. The method of Nelson and
Walker (94) was used in this study; the experimental method is deseribed
later. In addition to certain experimental advantages, it has the ad-
vantapge that it is nob necessary for sorption of the gas in the solid to be of
Henry's-law form to integrate the mass-transport equation. In essence,
the method consists of equilibrating a known weight of solid with a fixed
pressure of the gas under investigation. After equilibration, the gas
pressure is suddenly reduced to a constant lower value (atmospheric
pressure); the volume of gas relessed from the solid is measured as a
funetion of time. Gas eoniained hetween particles of the solid or absarbed
on the internal surfaces of the particles is rapidly equilibrated to the
new pressure. Measurements of the gas released are made only on the
slowly released sorbed gas. Because of the stepwise nature of the bound-
ary conditions (constant pressure Py at { < 0, Py at { > 0) af the
exterior of the particles, it is not necessary to assume Henry's law to
hold, as is usually required for constant-volume systems {26).

B. Physical Models of the Mode of Mass Transport

Two distinet and extreme physical madels might be applieable to the
diffusional process. In the first physical model the gas held by the solid
can be considered to be in an oecluded state in which it does not behave
as free gas following ideal-gas laws. The force fields associated with the
Lennard-Jones potential energies are significant across the whole of the
pore, owing to the small dimensions of the pores, g0 that an oecluded
gas molecule is not comparable to a free gas moleeule. On the other
hand, the molecule is not so firmly fixed in one position that it cannot
diffuse through the system. Tt can move along & pore until it reaches a
potential-energy barrier represented by o narrow ring of atoms through
whieh it has to pass. This restrielion and potential-energy barrier cause
the diffusional process to be one of activated diffusion. It is reasonable
to assume that the driving foree for diffusion of occluded gas is oC/ax,
where € is the eoncentration of occluded gas in units, for example, of
gram-moles per cubic ceniimeter.

In the second physical model, the gas taken up by the solid might be
considered present in two forms: (1) as relatively free molecules occupy-
ing the open porosity of the solid and {2) as relatively nonmobile mole-
cules adsorbed in a layer on the internal walls of the solid. Diffusion will
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then occur via the “free” gas molecules, which again will meet the
potential-energy barriers of restrictions. However, the adsorbed* gas
will desorb o maintain equilibrium, giving, in effect, o surface reservoir
of gas. The relation between the concentration of diffusing molecules,
(1 say, and the total gas concentration ( is

C = Cre + f(CY) (4)

where ¢ is the open porosity within the particies of the solid, which is
filled with gas of coneentration €y, and f(C) is the adsorption isotherm.
If €, is the saturation amount in gram-moles per cubic centimeter and
if the Langmuir isotherm for nondissociative adsorption applies, we have

C = Cie + [KC\/(1 + KCpIC, (5)

where K is the equilibrium constant of adsorption; that is, €, -+ (1 —~ &)
== 0. At relatively low pressures and high temperatures, KC; will be
small; the Langmuir isotherm reduces to a Henry's-law form (amount
adsorbed proportional to pressure) and

Ci = C/{e+ KC) (6)

1t is reasonable {0 suppose that for this physical model the driving force
for diffusion is 8Cy/9z, which is proportional to, buf not equal to, 0C/dz.

The first model, the occluded gas model, is more generally found to
apply in investigations of materials with molecular-sieve properties.
It must be recognized, however, that in the investigation of o material
such as coal the second model must be considered as a possibility until
it s proved not to apply. In porous carbon bodies with relatively large
pores and high adsorption areas, the “free diffusion-adsorbed gas”
model is likely to apply for transient diffusion messurements, with the
possibility that some of the mass transfer occurs vin mobility of the
adsorbed gas, that is, by surface diffusion (6). Under circumstances
where surface diffusion overweighs the mass transfer by diffusion of free
gas molecules, we are again back to a system which behaves as, and falls
within the definition of, the occluded pgas system:. Indeed, when a
molecule diffuses across & surface, it will follow & path along a potential-
energy trough; and it will have to overcome a series of symmetrical
energy barriers, just as an occluded gas will. Thus there is little physical

* Note that the term adsorbed is used in this case. It is teken to mean the existeace
of a dynamie equilibrium between a sorbed surface layer and a relatively free gos
within the pores of the solid.
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difference between surface diffusion and our first model; when a surface
is present in the form of pores of near molecular diameter, the two
systems become physically identical. The activation energies are depend-
ent on the three-dimensional potential-energy patterns produced by the
interaction of the molecule with the arrangement of atoms of the solid.
For pure surface diffusion, the activation energies depend on the atomie
arrangement in the surface under the diffusing molecule, whereas for
oecluded gas diffusion the pattern depends on the arrangement of atoms
completely around the diffusing-gas molecule,

C. Differential Equation of Mass Transport

Previous experience hag shown that the unsteady-state diffusion
process is inmensitive to particle shape (Z). Solutions for different
idealized geometries give similar answers, except for small differences in
the numerical value of the constants involved. Therefore, for any
particle of roughly spherical shape, the spherieal solution can be used,
bearing in mind that the result obtained is not numerically correct in
the absolute sense. Usually there are other factors which introduce more
uncerteinty in the absolute values than the particle shape. For example,
unless the particle approximates to & single crystal of uniform proper-
ties, it is possible that o range of pore sizes exists. In many solids, the
porosity ean be divided into a microporosity and a maeroporosity. True
gaseous diffusion occurs relatively rapidly in the maecroperes; under
steady-state conditions, the macroporosity will control the diffusivity
through the solid. In unsteady-state measurements, the macropores
can come rapidly to equilibrium with the external conditions. Therefore,
the macropores split the total particle into a number of subunits; and
it is these subunits from which the slower transient diffusion oeccurs.
In a material such as coal, the effective radius of the diffusing subunit
is & mean of the subunits present, where the value of this mean is not
known. In the treatments given below, the sphere considered represents
the subunit, which is not necessarily o complete particle.

Considering a spherical unit, & mean balance on a differential element
of a shell of radius » gives, assuming Fick's law to apply,

19 (.58CY _aC
ﬁ%("D ar)' at )

Equation (7) applies to the cecluded gas model, with € being the con-
centration of oceluded gas per unit volume of space. In this system it
is not necessary, at this time, to express concentration on the basis of
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empty volume in the solid, since the occluded gas does not obey ideal-gas
laws in this empty volume. On the other hand, for the second physieal
mode! the driving foree for diffusion is 9C:/adx, where (; is the concen-
tration in the open-pore volume. If we substitute for C; from (6), the
mass balanece now gives

1af, acl _ac
T—Ea[r (D/(e ~ KC.) ,,,é.;] ~ = ®)
or
19 {,-3C\ _aC
;%5;(’"93;)—5 ©)

where D = D/(e + KC,). Clearly the solution of (7) and (9) will be
the same, although the meaning of the apparent diffusion coefficient
D will be different from that of the true diffusion coefficient D.

The solutions for the boundary conditions imposed by the experi-
mental technique considered here are well known (95) and are

o

V: - -Vo _ 6 1 — Dt
Ve Vo ! #’Znﬂe}cp( rh ) (10)
1

Di ”2[ . 5: : nry } 301
= s —1/2 9 —_— ] —
6 (rg) 42 ) derfe DO m (11)

Vi — Vyis the volume of gas desorbed at time ¢, V, — V, is the volume
desorbed at infinite time, and ro is the equivalent spheriecal radius of the
diffusing unit. The series of (10) converges well for large values ot
DER2 v whereas the series in (11) converges rapidly for small values
of DV,

D. Computational Methods

For small values of DY /ry, (11) reduees to
Vg — Ifu ~ 4]

Ve Voo wlf®

(D”g/?‘o)t”z (12)

If measurements are made of the unsteady-state diffusion of gas into a
previously evacuated solid, ¥y = 0. The raw experimental data consists
of V, values as a funciion of time. V, is estimated from an adsorption
isotherm or long-time diffusion measurements. D¥?/ry 1s then obtained,
most simply as the slope of the plot of V,/V, versus . However, the
reduction to (12) is not very precise over a wide range of time. Further,
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reliable values of V. cannot be obtained without extending the diffusion
experiment over very long periods of time. In addition, the initial time
measurements are diffienlt to obtain aceurately, since the system must
settle down after changing the pressure. It is advantageous to use a
wider time range of the experimental resulis, which can be done as
follaws.

Differentiating {11) with respect to #7 gives

dv, 6D me‘-’)

dtl,".‘ Ta o

(Vs VD)H( (13)

where

e i Duzpe 9 ) nry 2
H (W?'n ) = i - e z ;;_1—1297‘13 [— (Dmm-—-—”ﬂi”,_) ] (14}
=1

1t 1s shown (95) that the terms of the summation in (14) are negligible
up to DVER/r, = 0.4, which eorresponds to 87 per cent completion
of the diffusion proeess. Thervefore, D'2/ry and ¥, — ¥, can be obtained
by a plot of dV,/dt* versus /%, by noting the slope S and the intercept
I, which are related by DV/ry = —8/Ix'% and (V, — Vo) = Izli2/
(6D'/r5). This technique has the advantage that results are obtained
using experimental data from the most valid region (placing no reliance
on very short or very long times), while at the same time the validity
of the assumptions macde in deriving the equations are tested by a fit
of the results to the predicted straight line. The use of this method has
seen demonstrated by Nelson and Walker (94) for the diffusion of nitro-
gen in the 3A zeolite.

The method principally used in the results reported here has also
been deseribed by Nelson and Walker (94). Considering (10), we see
that three unknowns are involved: Vi, V., and DV?/r,. These unknowns
cann be obtained by the solution of the three equations representing
three points on the curve, V3, Vs, V3, as follows:

Vi— Vo= (V.= Vofi
Vo= Vo= (V. — Voifa
Va— Vﬂ = (Ve b Vo)f:;

where f; is used to denote the function

o

fim 1 "Ei; Iexp ( _ Dn-;n-t;)

T~ 7 T8
]
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Fig. 13. Solution to differential equation (7), which gives Fick’s second Iaw.
[From Crank {95).1

Eliminating ¥y and V., hetween the equations gives

AWV FVs + iV _
AVe+ faVs + faVa

This ean be solved for DY2/r, by a method of successive approximations
The proeedure adopted was to assume values of D'?/ry suecessively and
to converge on the required value of D¥#/ry systematically. The appro-
priste values of V, and ¥V, were then obtained by back-substitution.”
A satisfactory value of D'*/ry can be arrived at by hand caleulation
after three or four trials; successive values of f; were obtained from
g, 13, which gives (10) in graphical form.

E. Temperature Dependence of Adlivated-Diffusion Coefficients

The significance of the measured value of the activated-diffusion
coefficients (either D or D) can readily be formulated by using the

* As will be seen more clearly in Seetion IV, the volume values obtained by the
Nelson and Walker method are relative values which correspond to an arbitrary
point of reference on the volume-messuring scale. Since, in any one experimental run,
the volume values all correspond to the same reference point, differences in volume,
such s V, — ¥y, are nbgolute values.
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methods of absolute rate theory (96,97). Let us consider first the possible
meanings of the true diffusion coefficient D. Consider a molecule which
passes from a potential-energy valley to the top of a potenfial-energy
barrier existing because of a ring of atoms of small radius. If the inerease
in energy is sufficient to give an activated-diffusional process, the mole-
cules in the valleys can be considered in equilibrium with the “activated”
molecules on the saddles. Two limiting phystcal cases might apply. In
the first case, a number of moleeules exist in each potential-energy
valley (or cavity), because the cavity is large compared to the size of the
diffusing molecule and the relative pressure of the gas is substantial. In
the second case, only one (or no) molecule exists in each cavity, either
because the cavity size approximates the size of the molecule or because
the relative pressure of the diffusing gas is very low.

Examining the first case, the probability of a molecule being in the
ring, in the activated state, depends on the concentration of nonadsorbed
molecules. Considering a unit cross-sectional area of the solid, the number
of constrictive rings (hereafter called holes) per square centimeter is
fixed. Assuming that a hole is of molecular dimensions, so that a maxi-
mum of one activated complex per hole is permitted, we can express the
number of holes as a concentration of holes in gram-moles per square
centimeter, & say. Let 8! be the fraction of these holes oceupied by
activated molecules. Then, for an appreciable activation energy, the
equilibrium is

(1~ OYN + C = §'N (15)

where C is the concenfration of diffusing molecules in units of, say,

gram-moles per cubic centimeter. The rate of pessage of molecules

through the holes is given by rate == kOIN. Since 8! is small, the vale

of AN ean be replaced from the equilibrium relation #IN/N(C/Co) =

exp (—AF}/RT) with C, being the standard state of concentration.
Then

rate = k(C/Co)N exp (—AFY/RT) (16)

where the units of k are sec™ and C/Cs is, of course, dimensionless. The
units of rate are thus gram-moles per square centimeter per seeond. If the
concentrations on each side of the barrier are C; and €., the net rate of
regetion is

v = k(C1/Co}N exp (—AFY/RT) — k(Ca/Co)N exp (—AFY/RT)
= A(C/CoYkN exp (—AFI/RT)
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If the distance between the saddle points is 3, A(C/Co)/8 = A(C/Cy)/dx.
Then, since § is small,

- N ac -
v=>5 T, exP (—ARY/RT) o a7

If we compare (17) with Fick’s law, it is apparent that
D = (1 8N/Cy) exp (—AF}/RT) {(18)

In the usual way, the free energy of the weak decay vibration (or the
translation across the top of the energy barrier) can be factorized and
combined with the frequency k& to give

D = (kpT 8N/ACy) exp (ASY/R) exp (—AH{/RT) (19)
where & is Planck’s constant, or
D = Dyexp (—AH}/RT) {20)

AS? is the truncated entropy of activation (with the entropy of vibra-
tion or translation along the axis of the potential energy barrier re-
moved).* Providing §, N, and C, are in consistent units, the units of
D are independent of the standard state chosen. However, the numerical
magnitude of AS} depends on the standard state chosen for €, since if
Cy is taken as 1 molecule/ce, N must be in units of molecules per square
centimeter; if Co is taken 2s 1 g-mole/ce, N will be in gram-moles per
square centimeter. (For & regular crystalline array, N in holes/cm® is
1/6%.

Examining the second limiting physical case, we see that the prob-
ability of an activated molecule being in a hole is fixed when an adjacent
cavity is occupied and zero when it is not. Higher concentrations of
diffusing material give bigger diffusion rates, because more cavities are
occupied and not because the probability of passage through a given
occupied hole goes up with concentration. This is obviously a different
physical picture than that for which a given cavity has an increasing

* It will be noted that AF} is the standard-state free energy of activation at tem-
perature T'; therefore, a8} and AH ﬁ are the corresponding values of entropy and
enthalpy at 7' If AH& is the ground-state enthalpy of activation, it is convenient
to define & parameterdby & = 8, — (H, — HY)/T or Adt = AS} — (AH} — AHH/T.
Then AF} = AHY 4 T Adt. AHZ is independent of temperature and corresponds
approximately to the energy of activation obtained from an Arrhenius plot. It can
be shown that exp (adt/R) iz the ratio of the reduced partition functions of the
products {activated complex in this ease) over those of the reactants, In theoretical
caleulations in Seetion V, we shall use the parameter @ instead of entropy.
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concentration within it as the concentration of gas goes up. The one
cavity-one molecule model applies for the diffusion of interstitial atoms
in a solid—hydrogen in palladium, for example. It also applies where
the partial pressure of the diffusing species is very low, as we shall see
later,

The equilibrium between ecavities and holes across a unit cross-
sectional area is

M=N! {21)

M is the number of occupied cavities per square centimeter and can be
put in the units of gram-moles per square centimeter; Nt is the number
of occupied holes in the same units. The rate is given by rate = kN1 and
the equilibrium relation by yN¥/M = exp (—AF{/RT). v is the number
of holes per cavity divided by the number in the diffusion plane. The
molecule in the cavity is in equilibrium with aetivated complexes in
any of the holes around the cavity; if the concentration of occupied
holes is N', yN! = N'3= M. For example, in Fig. 14, the number of

Plane of

/diffusion

Diffusing
molacule

Diffusion

5

Fig. 14. A six.sided cavity having two holes {or apertures) per side through
which diffusing molecules can pass,
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holes per cavity is 12 and the number in the diffusion plane is 2; there-
fore, v is 6. The treatment, as before, then yields

p = (k)(8/7) exp (—AFY/RT)(dM /dx) (22)

Assuming that the number of molecules in the holes is small compared to
those in the eavity, we can convert M to eonventional units of coneen-
tration from the relation M = 6C, giving

v = (kT /hv)6 exp (—AFY/ RTVAC/ dx) (23)
and

D

(L T/hy) (&) exp (AS}/R) exp (—AHY/RT) (24)

D can then be expressed in the same form as (20). It should be noted that
the entropy of activation again has the entropy of vibration {(or transla-
tion) aleng the decay axis removed, but its numerical magnitude is now
independent of any gas-concentration standard state. The same form as
{24} ean be obtained from (19) if the standard state of gas conceniration
is chosen to be equivalent to 1 molecule per cavity, for then, N in
holes/em® = 1/8% C, is 1/5 molecules/ee, and N/Cp = § (ossuming
one hole in the diffusing plane per cavity).

Since the mathematical form of the two limiting physical cases, {19)
and (24), is identieal, in each case an activation energy and D; can be
determined from an Arrhenius plot of log D versus 1/7T. If the structure
of the solid is of known geometry, so that 8 or 8 and N is known, the
entropy of activation can be determined from the value of Dy,

On the other hand, if the free diffusion-adsorbed gas model is applica-
ble, it is reealled that D = D/(e -+ KC,), where K has consistent units
of cubic centimeter per gram-mole. The temperature dependence of K
is given by

KC, = (C./C) exp (— A/ RT)
= {C./Cq) exp (ASo/R) exp (—4aH/RT) (25)
Again, the value of the entropy of adsorption is dependent on the stand-
ard state chosen, —AF, can be veplaced with g, the heat of adsorption,
to give
- Doexp (—AHY/RT)
e+ (C,/Co) exp (ASy/ ) exp (¢/RT)

(26)

It is clear that a plot of log D versus 1/7 will not be linear over a wide
temperature range, which gives one method of distinguishing between
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nodels 1 and 2. At low temperatures, where the quantity adsorbed is
high, the porosity term will be negligible, giving

. Do exp (—ASo/R) exp [—(AH} + )/RT)
- (Ce/Co)

D (27)

At higher temperatures,
D o= (Dy/fe) exp (—AHY/RT) (28)

Therefore, as the temperature is increased, the slope of the Arrhenius
plot should beecome smaller in magnitude.

F. Rate Equations with Net Attraction at the Center
of the Aperture Plane

We have first considered the situation in which the free diameter of
the ring of atoms in the aperture plane was sufficiently small to produce
8 net repulsive interaction énergy for the passage of a molecule. As we
shall see later in the case of the passage of rare gas atoms through the
aperture plane of the 5A zeolite, the free diameter is sufficiently large
to result in a net attractive interaction. This situation can be considered
briefly.

Consider a situntion as shown in Fig. 15, where the atom is diffusing
along the path abed. Using the normal concepts of absolute rate theory,

[ Potential energy ot i
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Fig. 15. Idealized potentigt-energy dingram for species diffusing through a zeolite,
Species has a net attractive interaction at center of aperture plane,
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we may assume that atoms at b are in equilibrium with those at « and
¢, with the slow step in the diffusion being the passage across the energy
plateau ed. Let 8 be the fraction of holes in the diffusing plane which are
occupied (or, put another way, # is the probability of a hole being occu-
pied}. Taking a standard state of 1 atom per cavity, the concentration
of atoms can be taken as € atoms per cavity. Then assuming a unit
activity coeflicient

9 = 2C(1 — 8) exp (AF}/RT) 2n

The total coneentration in the two bhalf cavities between 4 and B is
C; = 2C + 8 atoms per cavity. The rate of diffusion across ed is given by

rate = Ca/2n (30}

where # is the mean velocity of travel of the atom along ed. In the usual
way @ = (kyT/2mm)¥ If 0 is small eompared to C, then C; = 2C, and
the net rate of diffusion is

v = (C1 — Coy{kpT/2mm)!/2r, (31)

where C: is the concentration in the two half-cavities BC, in atoms per
cavity. For a regular array of & spacing, the number of cavities per
cubic eentimeter is 1/8° and the number of holes per square centimeter is
1/6% Then

v = AC(kpT /2wm)V35 /4 37

where » is in gram-moles per square centimeter-second and AC in gran-
moles per cubjc centimeter. As before, AC/8 can be replaced by dC/c
and

v = (kgT/2em)H2(8*/4n) dC/dx (33)

Clearly this is & nonactivated diffusion, and it will give results com-
parable to the Knudsen diffusion equation. Physically, the assumptions
involved in its derivation imply that an atom at  is accelerated to b
and decelerated from b to ¢, so that the mean velocity over a to ¢ is large
compared with that over the passage from ¢ to d.

On the other hand, if 8 is large compared to C, Cy =~ 0 and (31), (32),
and (33) must be put as

rate = (6/2) exp (—AFYRT)(kpT [2nm)**/2r, (34)
The net rate of transfer is
y = A exp (—AFYRT)(kpT/2rm) 42/ 4ry (35)
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if the entropy of the translational degree of freedom along cd, [(2emb,T/
h3)1 /2], is factorized from AF! to leave AF,, we obtain

v = Afexp (—AF/RTY(kpT/h) (36)

Expressing » in gram-moles per square centimeter-second and Af = AC
in gram-moles per cubic centimeter, and replacing AC/8 with dC/dx,
we have

v (kpT/0)8 exp (—AF/RT) dC/dx (37)
In this case aetivated diffusion results.

It is important, therefore, to be able to compare the values of 2¢ and
6. An overestimate of ¢ is obtained if 1 — 0 in (29) is taken as 1, that is,

0 == 2C exp (AF}/RT) (38)
or
0/2C < exp (AFY/RT)
< (Qe/Qc) exp (AHI/RT) (39)
where )y and Q¢ are partition funetions of 6 and C. Q¢ can be taken as
(e = QmmbpT/h*)Y4/3)r {40)

since a standard state of 1 molecule per cavity has been used. For @,

the vibraiional partition functions across the radius of the hole can he

taken as 1, leaving only the vibrational component along abe. This can
e estimated from the equation for @, given in Section V.

G. Heats of Sorption

Another method of potentially differentiating between the oceluded
gas model and the free gas-adsorbed gas model is to determine (1) the
heat of sorption for comparison with the activation energy of diffusion
and (2) the form of the sorption isotherm. It shoukl be remembered
that the derivation of (26) is based on the assumption that the amount
of adsorbed gas is proportional to the free gas coneentration [see the
derivation of (6)]. If this is not true over the pressure range investigated,
model 2 would not lead to a constant effective diffusion coefficient, nor
would a linear Arrhenius plot be obtained. If model 1 applies, it will
apply independent of the form of the sorption isotherm.

Consider sorption which follows a Langmuir isotherm such that

Kp(1 — 0)C, = 6C, (41)
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The gram-moles of gas released in going from an equilibrium pressure of p,
to o new equilibrium pressure of p, (where p, is atmospheric pressure
for our system) is, for 1 em?® of sample,

s Kpo _ Kp. ) (P — D)
CO Cn - Ca (1 + I{'pg 1 + Icpﬂ '1'” RT (42)

The term with the porosity « represents the free gas volume and assumes
the ideal-gas law to apply to the gas in this space. (The suffix p has been
dropped from K, for convenience in algebraic manipulation.) The
amount of gas released is related to the volume of gas (measured at p. and
T,) released from the sample of weight W by Cy — Ca = ppa(V. — Vi)/
WRT,, where p is the density of the solid. Therefore,

(Vo= Vopa (po— pa)C.l5 e ‘
RIS ~ T+ Koy & Ky T P~ P g7, W3

When sorption is appreciable and the porosity ¢ is small (or if the one
malecule per cavity coneept applies), the seeond term on the right side of
{42) can be neglected and

;'IIY{RTH/PH) (’Pn — Pu) — 14 I(pﬂ
Ve Vo (C/p)I

where C,/p is the saiuration sorption per gram of material. The terms
on the left side are known, and a plot of this versus p, should give a
straight line (since p, is approximately constant for all runs). This,
then, is a test for Langmuir sorption. When the isotherm reduces t
8 Henry's-law form, Ky s small compared to one. The left side of (44,
is then constant for a given temperature. For Henry's law applying for
experimental conditions where py — p. is kept constant but the tem-
perature of diffusion is varied, we find

(Vo — Vo) « K « exp (¢/RT) {(48)

A plot of log (V, — Vy) versus 1/7T gives the heat of sorption from the
slope. On the other hand, if the solid is nearly saturated (higher pres-
sures, lower temperatures, bigger q), Kpo is much greater than 1. Equa-
tion (44) ihen reduees to

(1 + Kpd) (44)

V.= Vo _ (C/p)
WET./p) 0 — 90 Epope

and, for fixed values of py and p.,
(Ve Vo) =« 1/K = exp (—qg/RET) “n

(46)
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Fig. 16. Possible van't Hoff plots of V.~V, values, ns determined {rom unsteady-
state diffusion mensurements over o wide range of temperntures,

Thus V, — V, will increase with increasing temperature. The complete
van’t Hoff plot must obviously give a curve, as shown in Fig. 16. When
Pa and po are close in value, the maximum value of ¥V, — V; is reached
when Kp ~ 1 and

(Ve = Voo = AL/ 0 — ) (48)

It must be emphasized that the experimental technique used here was
«eveloped for the measurement of diffusion coefficients and is not really
suitable for the determination of isotherms or heats of sorption, since it
operates over & pressure range of about 1.5 down to 1 atm. FHowever,
(44) is useful because it enables o test to be made for Langmuir or
Henry's-law sorption. In the results to be discussed, it was sometimes
found that sorption followed Henry’s law but that the van’t Hoff plots,
log (V. — V) versus 1/7, were not linear. However, diffusion coefficients
were constant with varying pressure, and Arrhenius plots of activated
diffusion were linear over a wide temperature range. Tt can be concluded,
therefore, that model 1 applied, sinee linear Arrhenius plots would only
be obtained for the second model if Henry’s law applied with a constant
van’t Hoff slope. If a nonlinear Arrhenius plot of activated diffusion is
obtained {for all the systems we studied, linear plots have been obtained),
it does not necessarily prove that the first model is not applieable, since
it is possible that the activation energy of diffusion could change with
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the concentration of occluded gas, especially as the heat of sorption
appears to change with concentration of sorbed gas.

IV. EXPERIMENTAL DIFFUSION COEFFICIENTS IN ZEOLITES AND
CARBON MOLECULAR SIEVES

In this seetion, we first summarize previous measurements of activaied
diffusion coefficients in zeolites and carbon molecular sieves. We then
consider our activated diffusion results in the type A zeolites and coals.

A. Summary of Previous Results

1. Zeolites. Table IV summarizes pertinent previous activated dii-
tusion results in zeolites. Tiselius (42,98) was apparently the firsi person
to measure activation energies* for diffusion of species in zeolites. Of
particular interest were his studies of water diffusion in heulandite.
Heulandite is a platy zeolite composed of two-dimensional lattice layers.
iselius found diffusion of water to show a minimum rate and a maxinmum
E norinal to the layers or the (00f) planes.

Barrer and co-workers have studied extensively the kineties of dif-
fusion of gases in the natural and synthetic zeolites. Barrer and Ibbitson
(99) studied the diffusion of a series of normal hvdrocarbons of increasing
chain length in chabazite. They found that, during the initial stages of
sorption, the results could be approximated by the purabolic diffusion
law, (V, -~ Ve)/ (V. — Vo) = ki?* [which is similar to our (12)]. They
further found that Arrhenius plots of log k versus 1/T decreased ir
slope at higher temperatures. This latter finding suggests that the fre
diffusion-adsorbed gas model was, at least in part, influencing the
results, as we discussed in Section I11. The authors realize this and con-
sequently refer to their results as apparent activation energies or B..
The fact that Barrer and Ibbitson report an increasing E, with increasing
chain length of the normal hydrocarbons is consistent with D~ exp
[—(AHY 4+ q)/RT), as given in (27). The heat of adsorption ¢ inereases
with increasing molecular weight of the normal hydrocarbons.

Later Barrer and Brook (32) reported additional E, values for hydro-
carbon diffusion in chabazite, determined as deseribed above. Again
the I, for n-butane diffusion is greater than that for propane. Of par-
ticular interest arve I, values for dimethylamine and methylene di-
chioride eompared to that of propane, since these molecules are of
comparsble size and shape but have decreasing polarity in the order

* For brevity, we let ¥ represent activation energy.
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given. Pelarity in the sorbate substantially influences the F for diffusion,
both by increasing the potentialenergy maximum in the aperture and
deereasing the potential-energy minimum in the eavity.

Barrer (26) studied the diffusion of gases in different mordenites and
levynites. By appropriately considering effects of the distribution of the
sorbate between the gas phase and the adsorbed phase on the kinetics,
true £ values were ealeulated. Barrer showed the marked extent to
which F for diffusion is dependent upon the particular cation present
in the mordenite structure. The best estimate of the free diameter of
the eight-membered oxygen ring in mordenite should be 3.9 A, as given
by Barrer and Peterson (702), who studied the structure of the hydrogen
(cation) form. Barrer showed, in the case of K-mordenite and levynite,
the proneunced effect of the size of the gas on its I for diffusion. As the
kinetic dianmeter of the gases increased from 2.9 A (for hydrogen) to
3.6 A (for krypton), the E {or diffusion in K-mordenite increased pro-
gressively from 2.5 to 10.0 keal/mole. In levynite, as the kinetic diameter
of the gases increased from 2.8 (for neon) to 3.6 A, the ¥ increased from
2.6 to 12.0 keal/mole.

Habgood (47} studied the diffusion of nitrogen and methane in 4A
zeolite powder and pellets. Diffusion coefficients for the pellets were
found to be considerably lower than for the powder, whieh he attributed
to the presence of some amorphous nonsorbing hinder (which holds the
pellets fogether) sealing off part of the zeolite surface through which
sorption oceurs. In general, the diffusion coefficient increased with

creasing sorbate concentration. At zero concentration, B values for
tffusion of nitrogen and methane were estimated {o he 4.0 and 7.4
keal/mole.

Nelson and Walker (94) and Nelson (105) studied the diffusion of
selected gases in the type A zeolites, using the apparatus to be deseribed
i the next section. Methods used {or ealeulating diffusion coeffieients
were deseribed in Section III. For the propane-5A system, diffusion
measurements were made following the eharging of the zeolite to a
number of different pressures above atmospheric (735 torr). Figure 17
presents portions of isotherms for the volume of propane released versus
the initial charging pressure. It is seen that, at each sorption tempera-
ture, the isotherm closely obeys Henry's law. Values of the diffusion
parameter, D¥/ry, were independent of propane-loading pressure over
the entire temperature range studied. Negligible curvature of the
Arrhenius plots of the diffusion parameter was found for all the gases
studied. The sharp increase in % for the diffusion of propane is consistent
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Fig. 17. Portions of isctherms for propane sorption on type 5A zeolite. Va-Vo
values calenlated from unstendy-state diffusion results.

with the sharp decrease in its upteke in going from the 5A to the 44
zeolite, as presented in Table I. Further, the marked decrease in E fo.
the diffusion of ethane in the 4A sieve, relative to propane, is consistent
with the substantial ethane uptake on the 4A sieve, as also shown in
Table I.

Recently Carr (103) studied the encapsulation of argon and krypton
in sodalite at témperatures up to 450°C and pressures up to 850 atm.
Tollowing encapsulation, he studied the diffusion of the gases out of
sodalite at various temperatures. It is noted from Table IV that activa-
tion energies for diffusion of the rare gases are high, which means that
argon and krypton can be held in sodalite at room temperature for very
long periods of time.

2. Carbon Molecular Sieves. To the authors’ knowledge, only one
series of measurements of the & for diffusion has been made in a carbon
molecular-sieve material, other than coal. Dacey and Thomas (87)
measured the rates of sorption of a number of hydrocarbons on carbon
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produced by heating polyvinylidene chloride to T00°C. They plotted
amount sorbed versus the square root of time and caleulated rates
from the slopes of the plots. Values of F were then estimated from
Arrhenius plots of these rates. As the authors recognize, this approach
can only be justified when the equilibrium sorption is independent of
temperaturey as is evident from (12). As far as possible, all kinetic
measurements were made at pressures above that required to reach the
saturation value of sorption. However, the authors do note that in some
cases increasing the relative pressure (in the pressure range where they
thought they had saturation) at eonstant temperature increased the
stope of their plots. This places their activation-energy values open to
some suspicion. In fact, neopentane was found to have a smaller E
{4.5 keal/mole} than n-heptane (7.7 keal/mole), which is inconsistent
with the smaller minimum kinetic diameter for n-heptane.

Table V summarizes previous activated-diffusion results on coal.

TABLE V¥
Activaren Drrrusion Resurtrs on Coars

Carbon

content Temp. Diffusion Activation

of conl, Diffusing range, coefficient, energy,
Investigators 9% {(d.af.) species °C em*/sec keal/mole

Zwietering et ol 88.6 Methane ~115-—140 (0.6-4.8)10-® 3.9
{106)

foy (707) 93.7 Methane —78-30 (0.08-3.9)10™12 4.3

Lrusa (108) 86.9 Argon —-78-30 {3.2-8.0)10~7 1.5

Bolt and Innes  §5.1-04.0 Carbon 38 (3.5-9.2)i0"® e
(109} dioxide

Sevenster {110) Unknown Water 25-60 (4.8-G. 4103 2.1-2.8

Zwietering and co-workers (106) studied the sorption kinetics of methane,
held -at a pressure of 267 torr, at temperatures between —115 and
- 140°C. To caleulate diffusion coefficients, they used a simplified
version of (12). Sinee the samples were degassed prior to sorption
measurements, V¥, was taken as zero. The authors assumed that the
domains in which aclivated diffusion oceurs are spherical and, therefore
set rp equal 0 3V/S, where ¥V and 8 are the volume and area of the
sphere. They then used the equation

Vi Ve = 28(DO/ Varliz (49)
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The authors further assumed that § is the surface area measured by
nitrogen adsorption at 77°K and V is the reciprocal of the helium density
measured at room temperature. Since the nitrogen area measured at
77°K represents the macropore aren of the coal {as we show in Table
11}, it is clear that the authors envision activated diffusion to be oceurring
over domain sizes, which are considerably less than the particle size.
A 25°C sorption isotherm for methane on the coal up to pressures of
500 atm was available; above 150 atm the isotherm flattened out at a
saturation value. By using the Clausius-Clapeyron equation and a heat
of sorption for methane of 5 keal/mole, it was caleulated that 150 atm
at 25°C is equivalent to a pressure of about 70 torr at the maximum
diffusion’temperature (— 149°C). Therefore, V. was taken as the satura-
tion value measured at 25°C over the temperature range used in the
diffusion measurements. Obviously, the absolute values of diffusion
coefficient given by Zwietering and co-workers are very dependent upon
the methods used to estimate S, V, and V.. It is not necessary to know
S and V (because they do not change with temperature) to caleulate
an F for diffusion.

Joy (107) estimated diffusion coefficients for methane in an anthracite
using an approach anslogous to that of Zwietering and co-worlers.

Pruss (708) measured the kinetics of argon sorption in a low-ash
bituminous coal. To calculate the diffusion coefficient, he assumed
that only the first term of the summation in (10) was important and
that 7 equalled the particle radius. This latter assumption probably
accounts for the value of D being orders of magnitude greater than tha
found by Zwietering and co-workers and by Joy.

Bolt and Innes {109) studied the diffusion of carbon dioxide at 38°C
from twelve 48 X 65 mesh coals ranging in rank from anthracite to
subbituminous. They used an approach analogous to that of Pruss (108)
to calculate diffusion coefficients. No trend of diffusion coefficient with
rank was found. Values ranged from 3.5 X 10— ecm?/sec for a coal of
77 per cent carbon to 9.2 X 10~? em?®/sec for a coal of 78 per cent carbon.

Sevenster (110) studied the diffusion of water into three — 60-mesh
bituminous coals. He calculated diffusion coefficients using an approach
analogous to that used by Zwietering and co-workers.

All these studies show that the coefficients of diffusion of gases in
coals are small and that the diffusion is activated. At room temperature,
the diffusion coefficients of the smaller gas molecules certainly have an
upper limit of ea. 10-7 em?/sec, with possibly the value being as small
2s 10™1* to 10~ em?/sec, depending upon the correet value for .
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B. Present Results

1. Experimental. a. Apparatus. At temperatures above ca. 300°C,
difficulties are encountered in measuring rates of unsteady-state dif-
fusion. The total volume of gas which can be loaded into the open-pore
structure of a given sample is small, when thermal conditions are un-
favorable to sorption. Further, the problem of temperature control
frequently cannot be conveniently overcome by the use of a thermo-
statically controlled bath. For o system which includes a furnace operat-
ing at a high temperature, some other means of avoiding errors from
temperature fluctustions must be sought. To overcome these difficulties,
a differentinl experimental system was selected, as shown in Fig. 18.
In principle, the proeedure consisted of charging the sample under
investigation up to some pressure in excess of atmospheric and then
measuring the unsteady-state release of gas afier sudden reduction of the
pressure back to atmospheric,

With the exception of the volumeter, the main sectior of the apparatus

f ™ ‘. X
< 4
Ly FURNACE
51
9% 10 HIGH
FITEETT  PRESSURE
GAS suunn

) 52

< 10 w«cg&m
AND 1OW
=2k eeessune

53 {_0As SypPLy

510

VOLUMETER

Fig. 18. Unsteady-state diffusion apparatus.
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was constructed symmetrically. Two quartz sample tubes were used,
each connected to the remainder of the apparatus by ball-and-socket
joints. Both sample tubes contained an equal weight of the snmple. The
one shown at the left of Fig. 18 was used to impose a reference pressure
(atmospheric) on the left side of the micromanometer, while the right-
hand tube was subjected to a pressure of about 500 torr above atmos-
pherie at the start of a run.

The micromanometer used was of the type described by Young and
Taylor (111), the operation of which was based on the movement of a
bubble of air trapped in a small-bore capillary tube conneeting two
U-tube reservoirs, containing a low-boiling intermediate fuid and
mereury. Hexane was used as the intermediate fluid. The stop cock in
contact with this liquid was lubricated with a paste made from glycerine
and dextrin. The air bubble could be introduced by manipulating stop-
cocks and the mereury reservoir E,.

Two volumeters {one of which is shown in Fig. 18) were calibrated
with mereury. One volameter, of 1.5-mm bore, was used for the major
part of the investigation. It had a capacity of 2.2 cc and was calibrated
$0 0.01 ce. The other volumeter was of o I-mm bore. It was calibrated
to 0.005 ec, with a total capacity of 1.0 ce. The smaller volumeter was
used for runs where the gas release was small. The apparatus could be
connected to a vacuum assembly of a rotary oil pump and mercury
diffusion pump through stopcock S3. The experimental gas at atmes-
pheric pressure also could be introduced through S3. Diffusing gases
were taken from eylinders which eould be connected to the system
through a two-stage regulator. Gas at higher pressure could be introduced
to the sample tube on the right side through S1.

The micromanometer section of the apparatus was kept in a water
bath at 28°C. The remainder of the apparatus, with the exception of the
sample tubes (which were kept in the furnace) and the volumeter, was
lagged with glass wool and aluminum foil to minimize temperature
fluctuations caused by any air current in the room. With this arrange-
ment small velumes of gases could be measured acourately.

The furnace held two identical silica tubes, 11 in. in diameter and
6 in. in length, into which the sample tubes were suspended vertically.
Thermocouples were placed between the sample tube and the siliea tube.
The power input to the furnace was regulated by a Leeds-Northrup
Series 60, D.T.A. control using a chromel-alumel thermocouple as the
sensing element. With the power input to the furnsce adjusted by a
Varine, the furnace could be maintained at any desired temperature from
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room temperature to 900°C. The output of o thermocouple, placed in
the right-side furnace tube, was measured by a precision potentiometer
to obtain the temperature of the furnace.

b. Procedure. Tqual weights of sample were placed in the quartz
sample holders. The weight of samples taken was ca. 25 g for the syn-
thetie zeolites and high-temperature heat-ireated coals and 5 to 10 g
for the raw eoals. The weight of sample to be used was dictated by the
amount. of gas that would be relensed within 100 sec of the start of the
run. If the gas release was found to be more than 1.5 cc or less than 0.1 ce
in 100 see, then less or more sample, respectively, was taken. After filling
the sample tubes, a plug of glass wool was placed at the neck of the sam-
ple tube to prevent any powder from coming inlo the other parts of the
apparatus during evacuation or sudden release of pressure. The sample
tube was then sealed into the apparatus with vacuum wax.

With the sample in place and stopeocks S1, 86, and S7 closed and
S4 and 82 open, 83 was opened {o the vacuum systenm. After 10 min the
power to the furnace was switched on and the sample was heated at the
rate of 2°C/min to the required degassing temperature, depending on
the nature of the sample. For anthracites and heat-ireated anthracites
a degassing temperature of 450°C was selected. An important erilerion in
selecting a degassing temperature was that it should be higher than the
highest temperature-of-diffusion measurement; otherwise gases or vapors
that did not escape during the degassing could come out during diffusion
measurements at higher temperature. This requiremoent fixed the lower
Hmit of degassing temperatures. The upper limit was fixed by the stabil-
ity of the sample under consideration. From previous studies it was
shown, that anthracites do not undergo any appreciable change at 450°C,
For the type A zeolites, a degassing temperature of 400°C was used for
all runs excepl with carbon dioxide, in which case a temperature of
600°C was selected. It was reported that the type A zeolites were stable
up to 600°C, when heated in the absence of water vapor (46). For hitu-
minous eoals, degassing temperatures in the range 130 to 200°C were
used depending on the coal ranlk. The degassing {ime for type A zeolites,
anthraciies, and heat-treated anthracites was 24 hr; for the remainder
of the coals, a degassing time of 12 hr was used.

After degassing, the sample was allowed to cool to the lowest tempera-
ture at which diffusion measurements were possible, still under vacuum.
Ad this time 83 was closed and St opened to the diffusing gas until the
pressure in the apparatus was atmospheric, after which 52 was closed
and 83 opened to atmospheric pressure. The right-side sample tube was
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then brought to a pressure of about 500 torr above atmospheric through
81, while the rest of the apparatus continued to be exposed to the
diffusing gas nt atmospheric pressure. Attempts were made to maintain
the same charging pressure in.a series of runs at different temperatures
with the same sample. Only in cases where the effects of pressure on
diffusion were measured were the charging pressures varied at a par-
tieular temperature. After exposing the sample to the diffusing gas,
24 hr was allowed for equilibration for anthracites, heat-treated anthra-
cites, and the synthetic zeclite. For other samples, 12-In equilibration
time was ‘allowed. These times were found to give reproducible values.

Before the start of the run, the micromanometer was adjusted by
manipulating different stopeocks and mercury reservoir R, to place the
air bubble in a convenient position inside the capillary tube. The eross-
wire of a cathetometer was focused on one end of the air bubble, and
stopeocks S6 and S7 were then closed. The mercury level in the volu-
meter was then brought to a zero reading by opening S10 and adjusting
the reservoir .. At the start of the run S1 was closed, 82 opened very
quickly, and the elapse of time recorded immediately. The excess gas in
the free space eseaped very rapidly through S3, and the pressure in both
sample tubes became equal. The system was then isolated by closing S3.
Stopeocks 86 and S7 were now opened and $4 closed. The air bubble
would begin to move, beeause of the evolution of gas from the right-side
sample tube. The bubble was displaced by lowering the reservoir R..
The time and volume readings were noted at which the bubble regained
its equilibrium position, as determined by the eross-wire of the cathetom-
eter. The process of lowering R. and allowing the bubble to regain its
position was repeated throughout the run.

After a run at the lowest practical temperature was completed in the
manner described, the temperature of the furnace was increased by
10 to 50°C (depending on the type of the sample) in the presence of
the diffusing gas. After the attainment of temperature, S2 was closed,
S1 opened, the right sample tube charged with diffusing gas at higher
pressure, and the system allowed to come to equilibrium. Again the
sequence of operations described in the previous paragraph was repeated.
In this way a series of runs at different temperatures was made. The
procedure when the effect of pressure on diffusion was studied was
similar, only in this case the charging pressure was the variable from
run to run. When the same solid was used to measure the diffusion of
different gases, the sample was degassed after the runs with s particular
gas were completed.
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¢. Method of Computation. The method of computation was deseribed
in Section III. The diffusion parameter DV?/ry was caleulated using the
experimental data obiained, as deseribed above, and the total solution
to (10). To the authors’ knowledge, this is the first time that the com-
plete unsteady-state-diffusion equation has been used to obtain the dif-
fusion parameter for sorption in a moelecular-sieve material.

2. Diffusion Results on Type A Zeclites. Iiarlier diffusion results oh-
tained by Nelson and Walker on type A zeolites (94), using this
apparatus and computational procedures, have just been deseribed.
They performed measurements on the propane-dA zeolite system. In
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diffusion coeflicients for propane and w-butane in
type 4A zeolite,
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Fig. 19, these results are compared with results on the n-butane-4A
zeokite system. To convert the diffusion parameter DV /ry to D, a value
of 2.0 X 10~ om is taken for 7. That is, as discussed earlier, the type A
zeolite particles are single erystals about 1 to § p in diameter. The
diffusion coefficients are: Dprpane = 124 X 107° exp (—8.7/RT) and
Drutone = 4.2 X 1070 exp (-~ 8.5/RT). It is noted that the values of £
are essentially equal; this foet will be considered in Section V.

TABLE VI
DirrusioNn CoerricieNTs ForR Gases in 3A Zeonires

Kinetic Dy, E,
Gas diameter, A (47} cm?/see keal/mole
Neon 2.79 4.5 X 108 7.0
Argon 3.42 3.7 X 108 12.6
Krypton 3.61 60.3 X 1078 16,4
Xenon 4.06 124 X 1078 16.2
Hydrogen 2.92 4.5 x 107¢ 9.9
Carbon dioxide 3.99 4.0 x 101 4.3
Nitrogen (94) 3.68 1.0 X 1078 16.2

Diffusion of a number of gases was studied in the 3A zeolite. On the
basis of the previous finding of Nelson (705) that the diffusion parameter
for propane in 5A zeolite was independent of loading pressure, this
variable was generally nof investigated in this study, since values of
V.— Vi, were much less, for comparable temperatures and loading
pressures, than were found for propane. The one exception was carbon
dioxide, which will be discussed. Figure 20 presents Arrhenius plots
for the diffusion coefficients. Table VI summarizes the diffusion data.
Diffusion measurements were also made for helium. However, the rate
was so rapid that measurements were of poor accuracy for runs above
47°C. In the narrow temperature range 34 to 47°C, the diffusion did
not appear to be activated. As expected, the E for the diffusion of the
rare gases incresses progressively with incresse in kinetic diameter.
These results will be considered in detail in Section V.

Diffusion of earbon monoxide and oxygen from the 3A zeolite was
also studied. These results were markedly different than those found
for the gases reporied in Table VI. Over the temperature range 200 fo
432°C, the diffusion of oxygen showed no temperature dependency,
having o D of 1.96 &£ 0.16 X 101 em?/sec for messurements at six
temperatures. Over the temperature range 178 to 432°C, the diffusion
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Fig. 21. Change in V.-V, with temperature for o loading pressure of 1190 torr for
carbon monoxide and oxygen sorption on type 3A zeolite.

of earbon monoxide also showed no temperature dependency, having a
D of 2.03 4 0.20 X 10~ em?®/sec for measurements at 10 temperatures.
Of interest was the fact that V. ~ V, values for both gases increased
with inereasing temperature at o eonstant loading pressure of 1190 torr,
over the above temperature ranges. These results are plotied in Fig. 21.
It is seen that ¥V, — ¥, for both gases decreases as the temperature is
inereased above 432°C. The maximum in the V, — ¥, versus tempera~
ture plots is characteristic of chemisorption isobars (111a-118)}, strongly
suggesting that we are no longer dealing primarily with physical sorp-
tion for these two systems for studies much above room temperatures.
For the runs at temperatures below 432°C, 14 is eoncluded that chemieal
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sorption equilibrium was not attained, prior to commencing diffusion
measurements.

3. Diffusion Results on Coals, Diffusion of gases from 200 X 325 mesh
gamples of coals varying in rank from anthracite to high volatile bitu-
minous has been studied. Analyses of the coals are listed in Table VIL
Results will be given for the diffusion parameter D2/r,. Values of D
will not be given, since 7, values for the eoals are not known.

a. Effect of Loading Pressure on Diffusion Parameter. Selected runs
were made to study the effect of loading pressure on DY3/». Argon
diffusion from Upper Kittanning coal at 40°C was studied at six loading
pressures between 880 and 1220 torr. The diffusion parameter for these
rups was 0.03032 & 0.00008 see"*, the spread of values being well
within experimental error. Nitrogen diffusion from Loree anthracite at
27°C was studied at five loading pressures between 860 and 1200 torr.
Again no signifieant effect of loading pressure on the diffusion parameter
was found. For both gases, plots of ¥V, — V¥, versus loading pressure

TABLE Vi
AnaLyses or CoaLs

Composition on ag-received Volatile
bagis, wt. % matter, Carbon,
T )

Cosl State HoO  Ash C H 5 {(daf) (dadl)
5t. Nicholas Pae, 1.6 9.1 8.2 2,37 6.51 4.5 &, 0
Toree Pa, 4.0 7.1 8.7 2.80 0.80 5.4 43.0
Dorrance Pa. 0.7 9.9 829 2.54 0.73 5.8 2.5
Treverton Pa. 0.5 9.7 — - 1.65 9.0 41.0
Upper Xittanning Pa. 0.5 0.5 80.4 4.22 1.46 18.0 80.1
Kelley Pa. 0.7 4.7 82.9 5.70 — 27.2 87.8
Pratt Alan. 0.8 7.9 78.8 4.75 1.60 29.2 86.0
Upper Freeport Pa. 0.4 7.9 70.8 5.03 1.59 33.0 87.0
Pittshurgh Pa. 1.4 6.6 76.2 5.41 2.22 30.5 $2.9
Pittsburgh 8 Ohio 1.5 16.4 65.5 4,87 4.51 42 4 79.5
No. 6 Im. 1.9 7.6 66.1 5.50 2.75 45.4 73.0

were linear. Carbon dioxide diffusion from Loree anthracite and Kelley
coal was studied as a funetion of loading pressure. For the Loree anthra-
cite, DY*/r; deereased progressively from 0.0146 to 0.0122 see—! at
27°C, as the loading pressure was varied from 850 to 1220 torr. For the
Keley coal, D'*/r, decreased progressively from 0.0197 to 0.0185 sec—!/*
at 42°C, as the loading pressure was inereased from 790 to 1240 torr; and
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Fig. 22. Portions of isotherms for earbon dioxide and nitrogen sorption on Loree
antheaeite, V.-V, values calculeted from unsteady-state diffusion results.

from (.0289 to 0.0293 at 78°C, as the loading pressure was increased
from 830 to 1250 torr. At 116°C, an increase in loading pressure from
83 to 1230 torr produced no significant change in DV*/ry. As expected,
at comparable loading conditions, sorption of carbon dioxide was mueh
greater than either argon or nitrogen. Figure 22 presents sorption results
for earbon dioxide and nitrogen on Loree anthraeite at 27°C. The carbon
dioxide isotherm does not ohey Henry's law in this pressure range.

b. Diffusion of Nitrogen and Carbon Diozide from Coals. As discussed
in Section II, the surface area of a coal caleulated from a nitrogen sorp-
tion isotherm at 77°K represents only a small fraction of its total surface
area. This has been atiributed to limitations imposed by activated
diffusion. On the other hand, the surface areas ealculated from carbon
dioxide isotherms at 195 and 298°K are large and are thought to repre-
sent more closely the total surface area of coal. To confirm the role of
activated diffusion, diffusion parameters were measured for nitrogen
and carbon dioxide in four coals with carbon content varying from 82.9
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Temperature, °C

H2 60 21
r.a "
{3 Nitrogen
LT - O Carbon Dionide
16

E=6.4 Kcal./Mole

1S

Log,,10000'2/r,)

1.3} E=13 Kcal./Mole

i I ! 1 1 ; ]
26 28 30 32 34

1000/7, °K™}

Fig. 23. Arrhenius plots of diffusion coefficients for nitrogen and earbon dioxide
in Pratt bituminous conl,

(Pittsburgh) to 94.0 per cent (St. Nicholas) (74). For each coal the
activation energy for diffusion of nitrogen was higher than for earbon
tioxide. For each coal the diffusion parameter for nitrogen was greater
than that for carbon dioxide above ea. 30°C. Figure 23 shows the
Arrhenius plots for Pratt coal. The diffusion parameters equal 4.2
exp (—3.2/RT) and 0.098 exp (—0.95/RT) sec~' for nitrogen and
earbon dioxide, respectively.

Values of DY*/# under typical sorption conditions for Pratt coal are
listed in Table VIII. To a first approximation, these resulls ean be used
in conjunction with the general solution of the unsteady-state-diffusion
equation (Fig. 13) to caleulate the fraction of the micropore volume of
Pratt coal filled for particular diffusion times. With 30 min as a con-
venient diffusion time, values of the parameter DYV /ry and (V, — Vo)/
(V. Vo) are listed in Table VIII. It is seen that essentially all the
mieropore volume should he reached by CO; at 195 and 298°K in 30 min.
On the other hand, a negligible fraetion of the micropore volume is
reached by nitrogen at 77°K in 30 min. Any reasonable inerease in dif-
fusion time of nitrogen at 7791 will produce an insignificant increase in
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TABLE Viii
Pore VoLuMme AcczssiBLE To Prart Coak UNpenr PARTICULAR
Dirrusion CoNDITIONS

COe nf
N: at
Paremeter TT°K 195°K 208°K
Dri2fry, geom1? 2.9 % 107 8.1 X 107 2.0 X 16~°
Dt 1.2 %1077 0.35 0.85
(Vi — Vo) / (V. — Vo) Nii 0.83 ~1.0

volume filled. Thus from these diffusion results it is clear why nitrogen
surface areas for coals, ealculated from adsorption data at TI°K, are
yery low.

¢. Diffusion of Argon from Coels. Diffusion of argon from eoals listed
in Table VII was studied over the temperature range from ca. 25 to
100°C. The diffusion, in each case, was found to be activated. Typical
plots are shown in Fig. 24. In Fig. 25, E values for argon diffusion are

Temperature, °C,

1z 60 2t
1.7
i6
»
@ E=43 Keol./Mole
T 1.5k
O
o
e KELLEY COAL
=] -0
(-]
[-3
-l
13+ £=6.5 Kcal./Mole
1.2 1 i i 1 1 )
2.6 27 28 29 3.0 3.0 3.2 3.3 3.4

1000/T, °K™

Fig. 24. Arrhenius plots of diffusion coefficients for argon in Kelley and No. 6
bituminous coals,
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Fig. 25. Relation between activation energy for diffusion of argon in coals and
their earbon content.

plotted against carbon eontent of the coals. A voleano-shaped curve is
obtained with its peak at ea. 88 per cent carbon (d.a.f.). Curves of helium
density (52), heat of wetting (70), and butane (114) sorption versus coal
rank show minima at ca. 85 to 90 per cent carbon content. These results
are consistent with the correlation between E for diffusion and eoal rank
found here. A maximum in E between 85 and 90 per cent carbon indi-
eates that the average size of the micropores goes through a minimum
at this point. This would result in the internal microporosity in coals of
this carbon content being most inaceessible to displacement and sorbing

fluids. ‘
d. Diffusion of Gases from Heat-Treated Anthracites. In Seetion II the

sintering of mieropores in Saran and polyvinylidene chloride carbons at
elevated temperatures was shown to exist from molecular-probe studies.
Sintering can also be observed by the increase in F for diffusion of a
molecule through 2 carbon, which has seen inecreasing heat treatment
temperatures, Figure 26 presents Arrhenius plots for the diffusion of
argon from Dorrance anthracite heated between 600 and 960°C. Samples
were heated to maximum temperature at 5°C/min and soaked for 2 hr.
A progressive inerease in F for diffusion with increase in heat treatment
temperature is clearly seen. Suffieient sintering oceurs that the BET
surface areas, measured by carbon dioxide sorption at —78°C, falls
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from 250 m*/g for the 600°C heat-treated sample to 26 m?/g for the
sample heat-treated to 900°C.

Sintering occurs to such an extent at temperatures above about
1000°C that only the smallest species diffuse in anthracite at & measur-
able rate. Figure 27 presents Arrhenius plots for the diffusion of helium
and hydrogen from S$. Nicholas anthracite heated between 1200 and
1700°C. Note the sharp increase in E for helium diffusion with inereasing
heat treatment temperatures. Sinee helium has a kinetic dinmeter of
2.58 A (47), it is expected that activated diffusion would not commence
until the pores closely approach this size. For example, it is recalled
that helium did not show activated diffusion in the 3A zeolite.

Because of the large activation energies found for diffusion of gases
from anthracites heated above 1200°C, it might be thought that they
would be useful for the encapsulation of gases. However, their micropore
volumes decrease sharply following heat treatment above 1200°C. For
example, V. — ¥V, falls to less than 0.02 ce of helium (at STP)/g for
initial loading pressures of ca. 1200 torr at ca. 200°C.

V. THEORETICAL CALCULATIONS OF ACTIVATED DIFFUSION iIN
TYPE A ZEOLITES

A. Activation Energies of Diffusion

1. Introduction. To estimate, theoretically, activation energies for
diffusion in molecular-sieve materials, it is first necessary to calculate
the potential energy of interaction between the different species and the
erystal at all locations in the crystal. In the case of the type A zeolites,
it is necessary to calculate the interaction between the diffusing species
and the atoms in the surface of the cavity and also the interaction
between the diffusion species and the atoms in the aperture connecting
the cavities. As we shall see, once we have these potential-energy dia-
grams, an estimation of activation energies for diffusion through the
zeolites can be made.

As discussed by Barrer and Stuart (34), the interaction ¢ between a
diffusing species and a crystal is made up of four terms:

¢ = dp+ dn + ¢p + g (50)

where the terms represent the dispersion, repulsion, polarization, and
quadrupole interactions, respectively. The diffusing species, which we
shall be considering, have no quadrupole moment; hence, ¢g will be



DIFFUSION OF GASES IN MOLECULAR-SIEVE MATERIALS 327

zero. Further, the polarization interaetion for our systems will be small
compared to the dispersion interaction (9,37); as an approximation it
will be neglected. As is customary, the potential energy of interaction
at distance r between the centers of an interacting pair may now be
considered the sum of a Lennard-Jones (6-12) potential for the disper-
sive and repulsive energies

$(r) = (= A/r%) + (B/r%) (61)
where 4 and B are constants, 4 is caleulated from
A = 3oa[E B/ (B + Eo)) (52)

where the a's are polarizabilities and the I's are characteristic energies
(ionization potentials were used) of the interacting species (115). B
equals Ar5/2, where 74 is the equilibrium separation of the interacting
species, or the distance corresponding to the maximum net energy of
attraction.®

Potential-energy caleulations have been made for the rare gases,
propane, and n-butane in the type A zeolites. Table IX summarizes
values for the parameters used to calculate the interaction energy
according to (51). For estimating equilibrium distances r,, the hard-
sphere approximation was used, giving

ro = %(ry + 7p) {63)

where 7 is the van der Waals diameter of the oxygen or potassium ion
in the zeolite framework and r{ is the equilibrium distance between the
centers of two diffusing molecules. Values of ry, taken for oxygen and
potassium, are 2.80 and 2.66 A, respectively. Values of 7} were estimated
from the Lennard-Jones (6-12) potential expression, rj = 2%, where ¢

* Unfortunately, theoretical caleulations of interaction energies between a diff using
species and a crystal baged on the above approach are not in o very satisfactory state
of affairs at the moment, beeause of uncertninty as to what equation to use to calou-
late the constant A and what values to take for polarization of the atoms composing
the solid lattice. We have taken the London expression (118) to ealenlnte 4 in favor
of the Kirkwood-Muller (117) or Slater-Kirkwood expressions (17 8). Barrer and
Ruzicka (115) have shown that the London 4 constants for the inert gnses incrense
less with inereasing atomic weight than the A constants ealeulnted from the other
two expressiona. Thus the spread of activation energies for diffusion of the inert
geges caleulated from the London expression will be less than the spread cnieulnted
from the other two expressions. It will be seen later that the London expression
predicts a spread of activation energies more in line with experimental results for the
type A zeolite than do the other two expressions, This is the main justification we
give for its use.
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TABLE 1X

VarLues oF ParaMETERS UsED 10 CALcULATE INTnRAcTiON Porential Enererzs
N rHE TYer A ZEOLITES

A X 10%,
Tonization Ty, A cal emi/mole
o X 10%, energy,

Bpecies  cc/moleeule eV Gus-0* Gas- I+ Gas-0* Gas-K*
He 2,169 24,5 2.85 2.70 25.4 8.04
Ne 3.05% 21,6 2.93 2.93 44 3 14.7
Ar 1644 15,849 3.31 3.2 160 5.9
Kr 24 8% 149w 3.43 3.36 230 69.9
Xe 40,39 12.1w 3.68 3.61 347 103
(0 39.00 13.6% — — e —
K+ 8.4 31.6% — e — —
Propane 82,99 11.212 4,24 — 539 —
n-Butane 849 10,81 4.20 — 714 —

is the kinetic dizmeter, which we have referred to previously. Values of
¢ were taken from Hirsehfelder et al. (47).

2. Rare-Gas Diffusion in Type A Zeolites. a. Potential Energies in Zeolite
Cavity. Potential-energy dingrams for rare gases diffusing radially from
the center of a cavity toward the solid cavity surface can be considered.
The potentials ¢p -+ ér for the internction of a gas with the surface
of the spherical cavity in the type A zeolite may in principle be estimated
by summing all the interactions between the gas and the lattice oxygen
ions. The aluminum and silicon jons will also make a small contributior
to the over-all interaction energy, but this will be neglected as a fira
approximation. The summation is o tedious process and may be approxi-
mated by an integration. The cavities in the type A zeolites have a free
dizmeter of 11.4 A (37); and, consequently, the center-to-center distance
between two dinmetrically opposite oxygen atoms is 14.2 A (diameter of
oxygen atom in the zeolite structure is taken as 2.8 A). There are 72
oxygen atoms on the surface of the cavity; for the calculation it has been
assumed that the oxygens are uniformly distributed over the surface.
The integration, given in the Appendix, produces the following energy
expression:

¢(a) = §{~ }%"64% {(1 - @y} (Hl—a)’]

B 1 1 1 ,
+"1"2"T=’-T63{(1 —o® T +a)w}} (54)
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Fig. 28, Potential-energy plots for the rare gases interacting with the surface of
o eavily in & type A zeoliie.

where B = 7.1 A, N = 72 oxygen atoms, and a = the fractional dis-
tance between the center of a cavity and the eenter of an oxygen atom
in the cavity surface (which also would be the fractional distance be-
tween the center of the cavity and the plane running through the eight
oxygen atoms forming apertures into and from the cavities).
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Tigure 28 presents potential-energy plots for the rare gases in the
cavity of a type A zeolite, as calculated from (54). The minima in these
plots should correspond closely to the heats of sorption of the rare gases
on the type A zeolites at very low coverages. Surprisingly, the authors
have found no experimental heats of sorption data of rare gases on the
type A zeolites. As the rare gases approach the cavity surface more
closely than their equilibrium position, their potential energy increases
very sharply, with the repulsive interaction dominating, as expeeted.
Of course, ag we shall see shortly, when the diffusing species approaches
the perimeter of a cavity at a point where an aperture is located, the

4]
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Fig. 29. Potentinl-energy plots for the rare gases interscting with an aperture,
formed by eight oxygens, in type BA zeolite, us the gases approach at right
angles to the plane of the aperture along its centerline.
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potential-energy patterns (close to the perimeter) will be much different
than those shown in Fig. 28.

b. Potential Energies for Approach to Aperture Plane in 54 Zeolite.
Potential-energy diagrams for rare gases diffusing radially from the
center of a cavity to the center of an aperture plane in the 5A zeolite
can be considered. This caleulation will be divided into two parts. First,
energies will be caleulated for the interaction of the rare gases with the
oxygens forming the aperture ring. Second, energies will be caleulated
for the interaction of the rare gases with the cavity, with the oxygens
forming the aperture removed. These two sets of energy diagrams will
then be added together to give the potentin! energy for the gases dif-
fusing radially from the center of the cavity to the center of the aperture
plane.

The interaction energy of the rare gases with the aperture in the type
A zeolites, for a path of travel at right angles to the plane of the aperture
and along its center line, has been calculated by the method of summa-
tion. As diseussed in Section IT, the aperture of interest is formed by a
circular ring of eight oxygens and has a free diameter of 4.2 A. The
centers of two dismetrically opposite oxygen atoms in the ring would
be 4.2 4 2.8, or 7.0 A, apart. Figure 29 presents the potential-energy

-plots. In fact, they represent the situation for only the 5A zeolite, which

has two of its apertures per eavity unblocked by exchangeable cations.
For each gas there is a net attractive interaction in the center of the
aperture plane.

The interaction of & gas with the cavity surface when the a8 ap-
vroaches the center of an aperture plane was approximated by integra-
tion. With the eight oxygens which form the aperture removed, 64
oxygen atoms are left on the surface of the cavity. These 0Xygens were
assumed to be distributed uniformly over the remainder of the surface.
The integration, given in the Appendix, produces the following energy
expression:

[ ———
YT B TF &= 1%~ T Fap

B 1 1 1 =
~ 7% Toa [(1 +a* — 1.23a) ~ (14 a)“’}} 55

where B = 7.1 A, and N’ = 64. Figure 30 presents the potential-energy
plots, caleulated from (55).

The potential energies shown in Figs. 20 and 30 are now added
together to give the total interaction energies, which are shown in Fig. 31.
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Fig. 30. Potentinl-energy plots for the rare gnses interncting with the surface of

a cavity, ss the goses opproach at right angles to the plane of the aperture along

its centerline. The eight oxygens forming the aperture are removed for this
calculation (see Fig. BD).

¢. Activation Inergies in 54 Zeolite. By superposition of Figs. 28 and
31 (as shown in Fig. 32 for xenon), we are able to suggest & possible
route that the rare gases may take as they travel through the zeolite
structure. Molecules, upon leaving an aperture, can travel radially
toward the center of the cavity until they reach the potential-energy
profile given by the interaction of molecules with the cavity surface
(point S, Fig. 32). The molecules can then fall into the potential-energy
minimum- given by such interaction (point B, Fig. 32) and stay in this
minimurm as they travel parallel to the cavity surface. Eventually, they
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Fig. 31. Potentinl-energy plots for the rare gases interacting with an aperture
snd the surface of o eavity in type 5A zeolite, as the gases appronch at right
angles to the plane of the aperture along its centerline. The potential energies

in this fisure are the sum of those in Figs. 29 and 30.

reach the potential-energy profile of the other unblocked aperture in
the wall of the 5A cavity through which they ean leave the cavity and
enter an adjacent cavity. The maximum energy required to travel this
route ean be estimated from Fig. 32. For xenon, this energy equals
| —6.0] - |—3.5}, or ca. 2.5 keal/mole. Experimentally, we have found
that diffusion of the rare gases through the 5A zeolite is nonactivated.
If, instead of the molecule traveling in a strictly radial direction as it
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Fig. 32. Potentinl-energy plots of xenon in type 5A zeoliie taken from Figs. 28
and 31. By superposition of these plots, a possible path of travel of xenon in the
cavity is suggested,

leaves the aperture, it was to bend gradually along the wall of the
cavity, its potential energy would not rise as sharply as shown in Fig. 31.
As s consequence, the potential energy at the saddle point (8) would
have a higher negative value than that shown in Fig. 32, which would
decrease the energy requiremend for diffusion through the 5A-zeolite
structure and bring the value more in line with the negligible % found
experimentally.

d. Likely Position of Rare Gases in the 3A-Zeolite Canlly. On the basis
of the potential-energy diagram shown in Fig. 31, a molecule would not
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Fig. 33, Idealized potential-energy curve of an atom in the spherical eavity of
a type A zeolite,

normally be expected to leave an aperture and pass directly across the
center of & cavity to another aperture. This is particularly true in the
ase of diffusion of the rare gases in the 5A zeolites, where diffusion is
.elatively rapid and, consequently, measurements are made at close to
room temperature. The situation for diffusion in the 3A zeolite may be
different, because measurements need to be made at much higher tem-
peratures, to obtain a rate of diffusion sufficiently large to be measurable.
Before concerning ourselves with theoretical caleulations of activation
energies for diffusion in the 3A zeolites, it is, consequently, necessary to
know whether the concentration (of atoms in the cavities) used in
Fick’s diffusion refers to atoms in volume V (see Fig. 33) or to atoms
adsorbed in area S. The relative number of atoms in these positions
clearly depends on the standard-state free energy of adsorption, AF,,
from the center of the cavity to the trough. AF, depends, in turn, on
AH, and A®.. Let the fraction of the wotal spherical area S which is
oceupied by molecules lying within the potential energy trough be 6.

Then,
(C/Co)(1 — 8) = gexp (AF,/RT) {56)
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where (' is the concentration of atoms in the spherical volume ¥V ana
(, is the standard state for this concentration (activity coefficients
being assumed to be one). At low concentrations, where Henry’s law
applies, # can be assumed to be small and

0C,/C = exp (—AF./RT) (57)

If a standard state of 1 atom per cavity is used, the number of adsorbed
atoms per cavity will be 6(4rr}/A,), where A, is the area occupied by
the atom. Thus the relative concentrations are

B(4rrs/Aa)/C = (4uri/As) exp (A®./R) exp(—AH./RT)  (58)
Of, if the ratio of concentrations is denoted by {,
= (4mr3/ A.)((eQ./Qs) exp (—AH/RT) (59}

where @, is the partition function of two degrees of translational {reedom
in the spherical area S for the adsorbed atom; @, is the vibrational
partition function of the adsorbed atom, perpendicular to the spherical
shell; and @ is the partition function of the nonadsorbed atom, with
three degrees of translational freedom. These partition functions can be
approximated as follows (96):

Qs = (2embcgT/ RV (60}
Trom Fig. 33, V is taken as $mr. Also
Q: = (2rmkpT/hHS (61

where S is the spherical area shown in Tig. 33, that is, 4ari. The value o1
Q, can be approximated as follows. Let » be the frequency of vibration
perpendicular to the spherieal shell and assume that the vibration is
simple harmonic with a maximum displacement energy of AH. Then

v = (AH/2m e (62)
where AH is in ergs and A/2 is the maximum displacement of the vibra-
tion. For AH in calories per gram-atom,

v = [(AH)(J)(107) /2N amN]H# (63)
where N4 is Avogadro’s number and J is 4.185. AH may be equated with

—AH, and A with the distance marked as such in Fig. 33. The partition
function of 8 simple harmonic oscillation is

G, = [1 — exp (—he/ksT)]* (64)
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rhus @, can be determined from (63) and (64). A, can be estimated by
using the usual close-packing approximation, giving 4, = 3.46/°, r being
the equilibrium atomic radius of the atom or (/2.

Values of the parameters required to estimate {'s for the rare gases
are listed in Table X. Values for r; have been taken somewhat arbitrarily,

TABLE X
Suammarion or ParampTens ror Tal CancvnaTioN oF Mosr Lixery Posrmon
oF Rare Gases 1INy tHE Cavity ror Oun 3A Znonrrs DirrFusioN STUDIES

Parameter Neon Argon Krypton Xenon
r, A 2.63 2.42 2.20 1.78
ra, A 4.33 4.08 3.97 3.72
AH,, cal/mole 980 2300 2920 3320
MNA 2.06 1.99 2.20 2.40
Aa, Af/ntom 8.4 12.6 14.1 17.9
duri/A,, ntoms 27.8 16.4 13.9 9.70
frri, A7 76.1 50.3 44.5 23.6
4rrs, A2 235 209 97 173
Mean temp., °K 409 668 4690 780
», seg”! 1.54 X 1007 1.74 X 1080 1,22 X 102 9,58 x 108
2, 6.06 8.51 12.04 7.2
0 6,37 X 1® 18.3 X 1@ 37.5 X 107 58.4 X 1®
Qs 10,7 X 1 48.6 X 10¢ 116.1 X 108 145.4 X 102

¢ 32 9 7 8

inee there is no region of exactly constant potential energy in the eenter

{ the cavity. Roughly, r, has been taken at a value of potential energy
such that AH, is ca. 85 per cent of the total difference in potential energy
between the bottom of the trough and the middle of the cavity. Such an
approximation will result in values which are too low. It is seen from
Table X that the ¢ values are considerably in execess of one for all the
rare gases, Thus, to a good approximation, it is conchided that the most
likely position of the rare gases in the cavity of the 3A zeolite is in the
potentiai-energy minimum along the wall.

e. Potential Energies for Approach to Aperture Plane in 8A Zeolite.
Potential-energy diagrams and activation energies for rare gases dif-
fusing from the center of a cavity to an aperture plane in the 3A zeolite
can be considered. This ealeulation will be divided into three parts.
First, energies will be caleulated for the interaction of the rare gases
with the oxygens forming the aperture ring; but in this case, as we shall
see, the pas will be approaching the ring at & point off its eenter. Second,
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energies will be caleulated for the interaction of the rare gases with the
potassium jon sitting somewhere in the aperture. Third, the energy of
interaction of the gases with the surface of the cavity, with the oxygens
forming the aperture and the potassium ion removed, will be necessary.
This calculation has already been made in the case of the 5A zeolite
(Fig. 30). These three sets of potential-energy diagrams will then be
added together to give the potential energy for the gases diffusing from
the center of the cavity to the aperture plane.

Before making these caleulations, it is necessary to fix a position for
the potassium ion relative to the eight oxygens in the aperture. As dis-
cussed in Seetion II, it has not been possible to fix the exact position of
the exchangeable cations from X-ray-diffraction studies. Let us eonsider
the three positions shown in Fig. 34. In position (a), the potassium ion
is not protruding into the aperture opening. Simple calculations show
that the potential-energy levels for the rare gases passing through the
aperture would be essentially unchanged from those shown in Fig. 29.
Since experimental E for diffusion of the rare gases (except helium)
through the 3A zeolite are substantial, this location is not reasonable.
At the other extreme, the potassium ion can be sitting with its center
in the plane of the aperture, as shown in Fig. 34(b). In this case, we can
imagine a molecule (szy helium) passing through the restricted aperture
at a point midway between the potassium and an oxygen. Using the
method of summation, the interaction energy of helium with the eight
oxygens is 3.6 keal/mole. The interaction energy with the potassium ion
is 1.3 keal/mole, giving & net repulsive energy of 4.9 keal/mole. It ¥
recalled that, expermentally, the diffusion of helium in the 3A zeolh
was found not to be activated. Thus it is concluded that this extreme
position is not reasonable for the location of the potassium ion.

Figure 34(c) depicts the apparent location of ‘the potagsium ion rela-
tive to the oxygen ring at some position intermediate between positions
(a) and (b). Our first approach is to calculate potential energies for
different locations of the potassium ion for neon diffusion and to compare
the resultant theoretical F with that found experimentally for neon
(7.0 keal/mole). It is, of course, very laborious to calculate potential-
energy patterns for all possible paths, in three dimensions, which a
molecule might take in passing through the aperture. It is reasonable to
agsume, however, that point P, which lies midway befween the potas-
sium ion and oxygen on a line connecting their centers, as shown in
Fig. 34(c), would be the location of maximum repulsive energy. The
exact nature of the remainder of the path is then somewhat academic.
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Fig. 35. Potentinl-energy plots for neon interacting with an aperture in type 3A

zeolite, for the exchangeable potassium lon protruding different distances into

the aperture opening. The potential-energy plot for neon interacting with the
cavity surfnce, taken from Tig. 28, is superimposed.

For simplicity, we have ecaleulated potential energies along the path
P"OP'P, where P’ and P are equidistant from the center of the potas-
sium ion.

Figure 35 shows the potential-energy diagrams for neon diffusing from
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Fig. 36. Potentisl-energy plot for argon interacting with an sperture in type 3A

zealite. The exchangesble potassium ion protrudes into the aperture opening an

{z) distance of 2.2 A, The potential-energy plot for argon interacting with the
covity surfnee, taken from Fig, 28, is superimposed.

point P in the aperture plane toward the center of the cavity for three
different locations of the potassium ion. To obtain Fig. 35, the inter-
action energies of neon with the oxygen ring and the potassium were
added to the interaction energy of neon with the remainder of the cavity,
as given in Fig. 30.

If we again assume that the diffusing species after leaving she aperture
reaches and travels in the potential-energy minimum along the wall of
the cavity, an estimate of the total potentinl-energy difference whiech
must be overcome in passing through the 3A zeolite can be obtained.
The potential-energy profile for neon, taken from Iig. 28, has been
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Fig. 37. The estimated extent of protrusion of the potessium ion into the
aperature opening during passage of rarc gases of different kinetic diameters
through the sperture in type 3A zeolite.

superimposed on Fig. 35 for this purpose. For the potassium ion located
at values of (z) of 2.4, 2.5, and 2.6 A, the E for passage are estimated as
3.4, 5.6, and 9.3 keal/mole, respectively. These values bracket the experi-
mental I for neon.

It is of interest now to calculate what the repulsive potential energy
at point P’ will be for argon diffusion, taking (z) = 2.5 A. The repulsive
energy is found to equal 48 keal/mole. Since the experimental ¥ for
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Fig. 38. Potentinl-energy plots for propane and n-butane interacting with the
surface of a eavity in o type A zeolite.

argon diffusion in the 3A zeolite is only 12.6 keal/mole, these caleula-
tions strongly suggest that the position of the potassium ion is variable
and depends upon the size of the diffusing species passing through the
aperture. In Fig. 36 the potential-energy diagram for argon is shown,
when (z) is taken as 2.2 A. The potential-energy difference between
points P’ and B of 13.9 keal/mole is in reasonable agreement with the
experimental B of 12.6 keal/mole. If we now calculate the potential
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energy at point P’ for krypton diffusion, taking (:c') = 2.2 A, we obtain
a value of 28.9 keal/mole, which is much larger than the experimental
. Thus, again the value of (x) must deerease to give a reasonable E for
krypton diffusion. A still further decrease in (z) will be neeessary to give
8 reasonable £ for xenon diffusion. A plot of the apparent extent of
protrusion of the diameter of the potassium into the aperture (that is, 2)
versus the kinetie dinmeter of the diffusing rare-gas molecule is given
in Fig. 37. 8mith (44), who studied the structure of chabazite by X-ray
diffraetion, reeognized that sorbate-aperture interaction can ehange the
apparent size of the aperture opening. _

3. Potential Energies for Hydrocarbens in Zeolife Cavity, Potential-
energy diagrams for propane and n-butane diffusing radially from the
center of a eavity toward the cavity surface ean be considered. The
potentinls ¢p -+ ¢p for the interaction of propane and n-butane with
the lattice of the cavity in the type A zeolite have been caleulated using
(54). The results are shown in Fig. 38. The minima in these plots should
correspond closely to the heats of sorption of the hydrocarbons on the
type A zeolites. Burgess and co-workers report an experimental value
of ca. 10 keal/mole for the heat of sorption of n-butane at 350°C on the
5A sieve at low covernges (121). Since the heat of sorption ¢ equals the
interaction energy at the equilibrium distance plus JRT (122), it is
predicted from Iig. 38 that ¢ should equal 8.0 keal/mole. Eberly (20)
reports a value of 13.0 keal/mole for the heat of sorption of n-hexane
on type A zeolite over the temperature range 260 to 482°C. Extrapola-
tion of the values for propane and n-butane in Fig. 38 to n-hexane give
an approximate maximum net atiractive energy of — 10.6 keal/mole fo.
n-hexane. Thus it is predicted that ¢ should equal 11.2 keal/mole.

We have not caleulated interaction energies for the normal hydro-
carbons with the aperture for the 5A zeolites. However, Barrer and
Peterson recently made sueh a caleulation (123). They assumed that the
potential energy in the aperture plane could be estimated from the
interaction of three methylene groups with the ring of eight oxygens.
In the center of the aperture plane, they estimate an interaction energy
of —3.5 kenl/mole for all normal hydrocarbons.

B. Entropies of Rare-Gas Diffusion in the 3A Zeolite

To calculate entropies (or A®! values) from experimental values of
diffusion coefficients, it is necessary to determine first which limiting
physieal ease of activated diffusion is applicable to our results. As dis-
cussed in Section III, the two physical cases are (1) where there are a



DIFFUSION OF GASES N MOLECULAR-SIEVE MATERIALS 345

number of diffusing molecules existing in ench potential-energy valley or
cavity, and (2) where there is only one (or no) molecule existing in each
cavity.

As an example of the caleulation which must he made to determine
the operative physical case, we can consider the results for the diffusion
of neon from 22 g of dried 3A zeolite at 84°C. For a charging pressure
of 1230 terr, V. — ¥V, is found to equal 0.072 ce (STP)/g. Assuming
Henry's law to heold from 1230 torr to zero pressure, it is estimated that
af the start of this diffusion run the 3A zeolite held 0.18 ce/g of neon
or 4.9 X 10" atoms/g. The volume of the aecessible eavities in the 3A
zeolite Is ea. 0.27 cc/p, or there are ca. 5 X 10" cavities/g. This means
that the second physical case exists for the neon-diffusion conditions.
Tor the other rare pases, their concentration in the zeolite at diffusion
conditions was even more dilute than was that for neon.

For the second physical case, the experimental diffusion coefficient
ean be written

D = (kT /hy)(8%) exp (APY/R) exp (—~AHS/RT) (65)

In (65), AHY} is the zero-point enthalpy of aetivation: it is common
practice to equate it with E. To caleulate Adl,,,, values, experimental
values of Dy, as given in Table VI, are set equal to (kpT/hv)(8") exp
(A®i/R). For the caleulations, ¥y = 6 (that is, six apertures per cavity
divided by one aperture per diffusion plane) and the distance between
saddle points, § = 14.2 A. In Table XI, Ad®l,, values are summarized.
The results are given in entropy units, or calories per degree Kelvin-mole.
It is seen that A®L,, becomes more negative in going from neon to argon
and then decrenses in absolute value.

TABLE X1
Varuss oF AP por Rane-Gas Dirrusion v 3A ZeoLiTes

Av. diffusion

Gas temp., K Ati»f.x,,, el A«béwo,, el
Neen 413 —26.9 —-17.5
Argon 688 —28.1 -20.3
Krypton 693 —22.4 —22.5
Xenon 782 —21.4 b 1

Partition functions of the various rare gases in the cavity of the type
A zeolite, at temperatures ot which the diffusion experiments in the 3A
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zeolite were conducied, were given in Table X, From these partition
functions, A%, . ean be estimated, That is,

exp (A‘I’t/le)l]wor = 'YQ:/an'ily (66)

where Q1 is the partition funetion of the activated species in the aperture
and (eaviry 18 the partition funection of the species in the cavity {with the
ground state factorized out, of course). It was previously concluded that
the probability is high that the rare-gas atoms are located in the poten-
tinl-energy trough while in the cavity, or Quviy equals the produet of
iwo degrees of translational freedom plus one degree of vibrational
freedom in the trough. Values for . and @, are given in Table X.

Values of ! can be obtained as follows. The entropy of vibration
along the top of the energy barrier has already been factorized out in
deriving the rate equation; therefore, only vibrations perpendicular to
this axis need be considered. The high energies involved as the atoms
approach the walls of the aperiure mean that the vibrational frequeney
will be high and the partition functions close to unity. The equilibrium
between activated eomplexes in the apertures and atoms in the cavities
was considered in the derivation of (22); since there are more holes than
one in equilibrium with each cavity, the number v hes to be included
in (66). [If the equilibrium between only the apertures in the diffusing
plane and the cavity atoms is considered, as in the derivation of (17),
the v term is not present either in exp (A®!/R) or in the expression for
the Dy value.] Therefore,

Aq’fiu:or = OB«R 10&', {G/an\'it}') (67)

Table XI shows the calculated values of A®l,.,, compared with the ex-
perimental values,

Agreement between the experimental and theoretical values of A®!
is not good. Theoretically, A®! should increase monotonically in absolute
value with ncreasing size of the diffusing rare gas. Instend, Afbﬁx,, is seen
to undergo an over-ull decrease in absolute value with increase in size
of the diffusing rare gas. Of course, A®l,, is found to undergo an over-all
decrease beeause the Dy values, from which A$Ys are caleulated, show
an over-all increase with inereasing size of the diffusing species. That is,
Dy or preexponential values are found io increase (over-all) as the F
values for diffusion increase. Frequently, in studies on the kinetics of
heterogeneous reactions the experimenial results show the preexponen-
tial factor to increase as the activation energy increases (1:24). This
phenomenon has been termed the compensation effect. The initial inter-
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oretation of this effeet in heterogeneous reaetions is due o Constable
(125), who assumed that reaction takes place on many different sites of
varying energy, that is, an energetically heterogeneous surface. On this
basis, Constable derived a rate equation in which the activation energy
also appears in the numerator of the preexponential term. Hence his
expression implies that for an energetically heterogeneous system, as
the energy of nctivation is changed, the preexponential factor will com-
pensate for the ehange. It is not obvious how sueh a phenomenon would
he operative in the case of these diffusion studies.

In the theoretical calculations in Section V, the oxygen atoms forming
the apertures and the potassium ions partially blocking the apertures
have heen taken as rigid spheres. As Kington and Laing (9) and Breck
and Smith (19) point out, these atoms, in fact, are vibrating around
equilibrium positions. This, in effect, can mean that the diffusing species
upon reaching the aperture opening eneounters a situstion which is
dynamic or continuously changing. The important question is how
dynamie. At one instant, are the oxygen atoms, whieh form an aperture,
all at a position of maximum distance from the center of the aperture?
Is the potassium at this instant at its minimum value of z, or protrusion
into the aperture? At another instant are all the oxygen atoms at & posi-
tion of minimum distance from the eenter of the aperture and the
potassium at maximum protrusion into the aperture? Or is the situation,
in effeet, not dynamic in & maeroscopie sense? That is, at each instant
are half the oxygens moving from the center.of the aperture while the

ther half are moving toward the center?

A dynamic situation would increase the over-all ease of a species
getting through an aperture and inerease the time-average diffusion
coeflicient. Let us take as an example, the diffusion of neon through the
3A zeolite. For the potassium ion located at values of (z) of 2.4, 2.5,
and 2.6 A, the & for passage were estimated as 3.4, 5.6, and 9.3 keal/mole.
The preexponential term Dy In the diffusion coefficient would be ex-
pected to change to a negligible extent with the above changes in (x).
Therefore, the relative values of D can be estimated from the values of
exp (—FE/RT). In the rigid case of (2) fixed at 2.5 A, exp (~E/RT)
equals 0.017 for a temperature of 680°K. If instead, (x) equals 24 A
half the time and 2.6 A half the time, exp (~E/RT). equals 0.042. Of
course, in the dynamic ease (2) would assume all values between 2.4 and
2.6, but qualitatively the result would be the same.

The dynamie situation is further complicated, since the root-mean-
square amplitude of vibration of atoms around their equilibrium position
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increases with increasing temperature. Thus, for example, at some tem-
perature above 680°K, the extreme values of (x), in the above exaniple,
might be 2.3 and 2.7 A. This would have the effect of further increasing
the time-average diffusion coefficient. This meons that the experimental
D’s would inerease more rapidly with temperature in the dynamic case
than in the rigid ease. Thus in the dynamic case the E's would only be
apparent E's and would have higher values than those for the rigid-atom
ease. Obviously, comparison of ¥, with £ caleulated theoretically, based
on rigid atoms, would not be valid. The dynamie situation is further
complicated because the interaction energy of each diffusing gas is more
or less sensitive to changes in the effective aperture opening. Clearly,
this problem should be explored in much more detail.

Vi. THEORETICAL CALCULATIONS OF POTENTIAL ENERGIES OF RARE
GASES INTERACTING WITH CARBON SURFACES

A. Above the Infinite-Layer Plane

1t is of interest to concern ourselves with the interaction of rare gases
with the carbon surface. As we discussed in Section II, earbons are com-
posed of material in the form of graphite-like layers plus material in an
amorphous form. The amorphous material is thought to be primarily
funetional groups attached to and sometimes cross-linking layer planes.
For these calculations, we shall be concerned only with the interaction of
the rare gases with the layer plane. For simplicity, we assume a perfect
layer plane, free of point defects, dislocations, and impurities. As alsc
discussed in Section II, the volds in many moleeular-sieve carbons
appear to be slit-like. It is not unreasonable that the long sides of the
slits are formed by layer planes of carbon. Therefore, calculations of
interaction energies with the layer planes, from which we shall estimate
potential energies for gases diffusing between layer planes at different
distances apart, are of considerable interest.

In Fig. 39 we are looking down upon a perfect layer plane in carbon.
At each position g, a carbon atom is located. (The significnnce of the
other letters will become clear shortly.) Within the layer planes, the
carhon atoms are 1.415 A apart, a spacing which is indicative of a one-
third double-bond character. Each carbon atom has four valence elec-
trons. Three of these electrons (usually called ¢ electrons) are engaged in
forming regular covalent bonds with neighboring carbon atoms. The
fourth clectron (usually called a = electron) resonates between many
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Fig, 39. Small sepment of a perfeet laver plane in carbon,

valence-bond structures, effectively giving each carbon-carbon bond a
one-third double-bond character.

Worlkers have found that the layer-plane surface ecan be obtained to
a very substantial extent in highly graphitized earbon blacks, such as
P-33. Graham estimates thai af least 99.9 per cent of the surface of
graphitized P-33 is composed of basal planes (126). Hence workers have
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experimentally measured isotherms of rare gases on praphitized carbon
blacks and from thelr isotherms caleulated isosteric heats of adsorption.
These isosteric heats of adsorption can be used in conjunction with a
potential-energy model to estimate interaction enerpies as a function of
distance from an infinite layer plane of carbon atoms.

Halsey and co-worlers have measured the adsorption of rare gases on
graphitized P-33 at coverages of less than 10 per cent of a monolayer at
different temperatures (/27). The isotherms in the low-coverage region
were all straight lines, so that isosteres taken from the data all had the
same slope. Thus, one can, in effect, compute the isosteric heat of
adsorption, g., at zero coverage. From the definition of the isosteric
heat of adzorption, Everett (122) has shown by a thermodynamie argu-
ment that g, is 38T greéater than the maximum nei attractive energy
of gas-surface interaction (called &% by Halsey et al.) for nonloealized
adsorption, which appears to be operative for the rare gas-carbon
system. Values of g, and ¢}, are given in Table XII. The temperature
was taken in the middle of the range of experimental temperatures for
each gas.

Halsey and co-workers now derive a theoretical expression for the
interaction energy of a gas molecule with an infinite-layer plane of
graphite. They employ & Lennard-Jones {6-12) potential funetion for
the interaction of one gas atom with one surface atom in the solid.
Integration of the function over a single infinite plane results in the
following (4-10) potential law:

$a0 = 3.069%[—(o/7)* + (@/r)"] (68)

where o, as previously defined, is the distance between a gas atom and
the surface at zero net interaction energy and r is the distance from the
surface., Further, Halsey and co-workers show that the maximum net
attractive energy of a gas atom over a single infinite-layer plane of
graphite is

%= (1/3.06) (N4 /20%) {69)

where Ny is the number of atoms per unit area of surface and A is as
given in (51). Therefore, from experimental values of é;, and theoretical
values of 4, ¢ values can be caleculated.

As usual, there is difficulty in deciding what theory to accept in
caleulating A. Halsey and eo-workers consider five possible theories—
those due to Slater and Kirkwood (118), to Kirkwood (117), to London
(118), to Bardeen {1285), and to Margenau and Pollard (728). Halsey
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TABLE X1t
Vavves or IsoTEric HpBars oF ADSORPTION AND MAXIMUM INTERACTION
Enenay or Rare Gases wirh Tae Basal PLANE oF CARBON AT ZERO
Coverace (127)

Gas ey cal/mole érey oal/mole
Neon 849 734
Argon 2355 2142
Krypton 2099 2806
Xenon 4050 3720

and co-workers find that the use of the London expression to calculate
A yields the lower limit of ¢ values; the use of the Kirkwood-Muller
expression yields the upper limit of ¢ values. Values of A ealeulated
from both expressions are considered, so that interaction energies can
be bracketed between a lower and upper limit. Equation (52) gives the
London expression for 4. The Kirkwood-Muller expression for 4 is

Bmeiaian (7

4= {er/x1) + (oe/x2) 70)

where m is the mass of an electron, ¢ is the veloeity of light, a's are
{as in the London expression) polarizabilities, and x’s are diamagnetic
susceptibilities. Values of the parameters used to caleulate A are given
in the paper by Halsey and co-workers,

Values of o1, based on the London expression for 4, and sy, based
on the Kirkwood-Muller expression for A, are given in Table XIIL
Values for helium have been estimated by extrapolation of plots of ov
and oxwm Versus orare wiae 16 is of interest to compare these values with
those caleulated from the kinetic diameters of the rare gases and 2 o«
value for carbon. Following Pace (130), the equilibrium diameter for
carbon is taken as the spacing between layer planes. This value can
then be converted to the kinetic diameter by dividing by 2 or, by
using the graphite interlayer spacing of 3.35 A, we have oo = 2.99 A.
These values are listed in Table XTII. Comparison of the o values lead
to two conclusions: Values caleulated by averaging the o values for the
rare gases and earbon, that is, o, fall intermediate between oz and
oxn ; further, these values increase more sharply with increasing size of
the rare-gas atoms than do o1 and oy,

Using (68), values of ¢y, ecan now be caleulated as a function of »
These values are compiled in Tables XTIV and XV, for the rare gases for
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TABLE XiI
o VALUEsS ronr THE Rarp-Gas-CanpoN-LAvER-Prane Sysren

GDS oLy A TIIM, A (Umre ana +UC)/2; A
Helium 2.27 3.57 2.78
Neon 2,32 3.68 2.89
Argon 2.45 3.70 3.20
Krypton 2.49 3.78 3.30
Xenocn 2.57 3.92 3.52

values of » ranging from 1.677 to 5.0 A, using the o, and oxux values,
To caleulate ¢y, values for helium, ¢¥ was taken as 350 cal/mole {131).
Clearly, when ogy is used, the repulsive interaction term becomes
dominant at smaller values of r. Even when &, is caleulated using oy,
values, the repulsive Interaction is very high for o distance from the
layer plane of 1.677 A, or one-half the interlayer spacing in graphite.
This means that the activation energy for the rare gases getting in
between the layer planes of graphite is eertalnly very high. This is in
line with the conclusion from X-ray-diffraction studies that argon does

TABLE XIV
InTERACTION ENERGIES oF RARE Gasms withH aN INFiNiTE CARBON-LAYER
Prang, Using ¢ VALUES Basep oN THE Lonpon TXPRESSION

Energy, cal/mole

1. Distance from

layer plane, A Helium Neon Argon Krypton Xenon
1.G677 18570 409300 vhe vh vh
2.0 2024 5860 35080 58060 vh
2.2 143 1030 9030 15550 32650
2.4 — 244 —360 940 2400 7620
2.5 —320 —600 —690 ~ 200 2260
2.6 344 —700 — 1550 - 1670 —750
2.7 - 346 ~730 — 1970 -~ 2300 ~ 2390
2.8 —321 —710 - 2120 —2720 —3260
2.9 — 309 80 —2120 —2800 —3600
3.0 — 287 ~—B00 -~20560 —2740 3710
3.2 e 236 —530 —1800 — 2450 —3460
3.4 e 3044 —440 — 1520 - 2080 —-3020
3.6 —158 — 300 - 1270 —1750 - 2560
3.8 —130 —290 -~ 1050 —1450 —2150
4.0 —107 —240 —870 — 1210 —-1800

& yh = very high, that ia, >100,000 eal/mole.
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TABLE XV

InreracrioN ENsraies oF Rary Gases Witk AN INFINITE-CARBON-LAYER PLANE,
Using ¢ Varvues Basen on THE Iarewoop-Murier Exeression

Energy, cal/mole

J. Distence from

layer plane, A Helivm Neon Argon Krypton Xenon
1.677 vh vh vh vh vh
2.0 vh vh vh vh vh
3.0 3046 12250 40800 64520 vh
3.4 443 1859 GOGO 116860 37120
3.6 - 50 341 1304 3546 10720
3.7 -179 —-09 0 1305 5872
3.8 —261 i —873 —263 2572
3.9 —310 e 23 — 1440 —1207 341
4.0 - 336 - {i33 —1794 —1972 —1204
4,2 - 348 ~724 - 2102 —2641 —2929
4.4 —-332 —731 -2118 —2796 - 3887
4.6 —303 —G679 - 2000 —2700 —-3703
5.0 — 240 —554 - 1642 — 2280 —3300

not penefrate between the layer planes of graphite at temperatures at
least up to 1118°C (732). It is further consistent with the fact that the
density of graphite, as measured by helium displacement at room
temperature, agrees well with the density caleulated from unit cell
parameters.

. Above Particular Positions in the Layer Plane

It is of interest to calculate internction energies of the rare gases as
they approach perpendicularly toward the layer plane of carbon at
particular positions, Positions of primary interest have been designated
in Fig. 39 as «, 8, v, and §. Interaction energies have been caleulated
using (51) and the London expression for A in a manner analogous to
that used for the zeolite-rare-gas ealeulations. In the summation method,
interaction energies have only been considered for carbon atoms within
a distance of 3.0 A from «, 8, v, or 8. Values used for the polarizabilities
and ienization potentials of the rare gases are given in Table IX. The
atomic polarizability of carbon is faken as 1.02 X 107" ce (155); the
ionization potential of earbon is taken as 11.2 eV (134). Values of 4
calculated from the London expression for helium, neon, argon, krypton,
and xenon are (5.8, 10.9, 39.4, 55.4, and 82.7) X 10~¥ cal-em®/mole,
respectively. Caleulations have been performed for two different values
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of the equilibrium separation of the interacting species, that is 7o [sec
Eq. (53)]. As a lower limit, 7, has been faken equal to 2Y%1, where oL
values are given in Table X1II. As an upper limit, 7o has been faken as
equal to 2V, where ., values are also given in Table XIII.

Values of the interaction energies for the rare gases approaching posi-
tions e, B, v, and & are given in Tables XVI to XIX for various distances
from the carbon layer plane.

C. Between Two Layer Planes

Using the values in Tables XVI to XIX, we can estimate potential
energies for rare-gas atoms between {wo carbon-layer planes having the
graphite hexagonal (ababad) stacking (135). It is of inferest to consider
the potential energies encountered as the rare gases travel in the (1018)
and (112£) directions, along paths shown in Fig. 39. Along the designated
(1010 path of travel, the atoms will see the maximum possible differences
in potential energy; along the designated (112£) path of travel, the atoms
will see the minimum possible differences in potential energy. Therefore,
potential-energy differences encountered during the diffusion of rare-gas
atoms between carbon layer planes in random orientation [turbostratic
carbons {135)] will be intermediate between the values which will be
given,

Consider travel along the (101¢) direction in Tig. 39. IFor an atom
directly above an « position in the layer plane shown, the atom will be
directly below a g position in the plane above. The vertical location of the
atom will be that al which iis potential energy is & minimum. Th'
potential-energy minimum will occur where the interaction energ,
resulting from the « position equals the interaction energy from the §
position. By interpolating interaction-energy values given in Tables
X VI and XVII as a function of distance from the layer plane, potential
energies for the rare gases can be estimated. Values are given in Tables
XX and XXI for the potential energies {called P) resulting from inter-
action with the « and B positions.

Resuming travel in the (101¢) direetion, an atom directly above the
B position can be in one of two potential-energy situations. In one case
an atom directly above a 8 position will be directly below an « position
in the plane above. The potential energy will again be P. In the second
case an atom directly above a 8 position will be directly below another
8 position in the plane above. The potential energies resulting from the
interaction of two 8 positions has been designated B in Tables XX and
XX1.
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TABLE XX
Porentiar Enencies (ocat/moLs} or Rans Gases serweeN Two CansoN
Layer Pranes Having TuE GrarmiTe HEXAGONAL STACKING
{CarcuraTions Basep oN o1 VarLuzs)

Enerpy  Energy  Energy
between  between between
Spacing between eand S yand s two 8
layer planes, A  points, P points, @ peints, B [P — Q| B —P| |k - Q|

Helium
3.4 11700 10500 23000 1200 11300 12600
3.6 4400 4000 8000 400 4600 5000
4.0 — 500 —-240 600 260 1100 840
4.4 - 1200 -~ 1180 — 1080 20 120 100
4.8 --1280 —1170 —1260 110 20 80
5.2 — 1020 —080 —1400 40 20 20
6.0 - 600 —h70 —600 30 0 30
6.8 -~360 - 360 —370 30 0 30
Neon
3.7 2600 6600 15000 4000 12400 8400
4.0 —800 640 2500 1440 3300 1860
4.4 — 2040 — 1680 —1500 360 540 180
4.8 -~2160 —1750 - 2100 410 a0 350
5.2 —1860 - 1660 - 1750 160 70 40
5.6 —1480 —1360 — 1500 120 20 140
6.0 - 1140 —1040 —1150 100 10 110
6.8 —G70 —580 —700 90 36 120
Argon
4.0 6000 13800 24000 7800 18000 10200
4.2 -~ 1000 3000 8200 4000 09200 5200
4.4 —4100 — 1800 —100 2100 4000 1800
4.8 — 5470 — 48300 — 5500 670 30 700
5.2 — 5500 — 4800 —5400 700 100 600
5.6 — 5000 — 4500 - 5000 500 0 500
6.0 —3940 - 3600 - 4000 340 G0 400
6.8 ~—2380 - 2440 —2400 60 20 40
7.6 - 1460 —1500 -~ 1500 40 40 0
8.0 --1100 - 1050 - 1130 50 30 80
Krypton
4.0 14600 26000 43000 11400 28400 17000
4.2 2000 a600 20000 7600 18000 10400
4.4 - 3500 50 3300 3540 6800 3250
4.8 .— 7000 —5700 — (430 1300 870 730
5.2 —6850 — 6200 -~ 7060 650 210 860
5.6 - 6800 — G000 —6750 200 50 750
6.0

— 5440 — 4600 —5500 640 60 600

{continued)
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TABLE XX {continued)

Ernergy  Energy  Dnergy
between betweer  between
Spacing between  aandp  yond 8 two i
layer planes, A points, P points, @ points, B (P — Q! IR —P| IR -0

Krypton
6.8 —3300 — 2800 —3400 500 100 600
7.6 —2000 -2100 — 2080 100 80 20
8.0 —1600 —1620 w1640 20 40 20

Xenon
4.4 2500 7000 13800 9500 16300 6800
4.8 - 3000 — G000 —6140 2000 1860 140
5.2 - G100 —7600 —9170 1500 70 1570
5.0 -~ 8400 — 8000 —8400 1600 0 1400
6.0 — 7800 -~ T200 — 7860 400 60 G830
6.8 —4800 - 5000 - 4970 200 170 30
7.6 -3000 —3000 ~—3100 0 100 100
8.0 —2370 —2340 —2400 40 30 60

Resuming travel in the {101¢£) direction, the last position of interest is
v. An atom directly above v in the layer plane shown will be directly
below a 8 position in the plane above. The potential energies resulting
from the interaction of the rare gases with v and & positions, called @,
are also shown in Tables XX and XX1.

Travelling in the (101£) direction, we are concerned with potential-
energy differences of |P — @|, |R — P|, and {R — @|. Values are given
in Tables XX and XXI.

Consider travel along the {112{) direction. There are two unique
positions to be considered. An atom above the « position will always
be below o 3 position in the plane above, or o potential energy P will
result. An stom above the v position will always be below a 4 position
in the plane above, or a potential energy € will resuit. Therefore, in the
(112¢) direction, the potential-energy difference of concern will be
1P — @l

The minimum value of layer-plane spacing at which the potential
energy of the rare gases is atéractive af all positions between the planes
depends upon whether the caleulated values have been based on oL or
aw- For values based on o1, potential energies for all the rare gases are
attractive at spacings preater than 4.8 A. A negligible E should be re-
quired for initial penetration of the gases between layer planes having
this spacing. Further, potential-energy differences for travel of the rare



TABLE XX!
Porentiar Enencies (can/MoLe) oF Rare Gases sErweEEN Two CARBON
Laver Prawes Having Tae Grarmte Hexaconan Stacrivg
(CavcuLaTioNs BASED ON gy, VALUES)

Energy  Energy  Energy
between  between  between
Spacing between aand 8 yapnd§ two A
inyer planes, A poinis, P points, @ points, B [P — Q| IR - P} R — Q)

Helium
3.8 11400 16000 25000 G600 13600 9000
1.0 6800 8800 12600 2000 5800 3800
4.4 2100 2300 3200 200 1100 000
4.8 150 280 440 130 290 160
5.2 — 400 —300 —280 100 120 20
6.0 — 480 — 420} —480 60 0 60
6.8 —320 — 280 —330 40 14 50
Neon
4.0 16600 22200 31200 5600 14600 9000
4.4 5200 6600 8900 1400 3700 2300
4.8 1050 1450 1300 400 830 450
5.2 —340 —-120 - 40 220 300 80
5.6 —T60 — (00 —700 160 60 100
6.0 -8 —680 —780 100 ¢] 100
6.8 - 570 —480 — 570 90 ¢ a0
Arpon
4.6 28000 32000 45000 4000 17000 13000
4.8 16700 19600 23800 2000 7100 4200
5.2 4800 6000 7200 1200 2400 1200
5.4 2000 2800 3700 SO0 1700 900
5.6 200 000 800 700 600 100
6.0 —1300 - 900 —1160 400 140 260
6.8 —1650 —1440 — 1650 210 0 210
8.0 —-1020 —800 - 1020 220 0 220
Krypton
4.8 33000 37000 44800 4000 11800 7300
5.2 10600 12700 14800 2100 4200 2100
5.6 2200 3100 3250 904 10560 150
6.0 —800 —200 - 560 606 240 360
6.8 —2020 - 1800 —2040 220 20 240
7.6 — 1640 - 1540 —1640 100 0 100
8.0 —~ 1370 — 1406 ~— 1386 30 10 20
Xenon
5.2 31600 36000 40400 4500 8800 4400
5.4 18800 21400 25000 20600 6200 3600
5.6 10300 12600 13500 2300 3200 000
6.0 2500 3300 2900 800 400 400
6.8 ~ 1900 —1800 — 1900 100 0 100
7.6 —2120 --1800 —2100 320 20 300
8.0 —1860 w1760 - 1860 100 & 100
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gases between planes, 4.8 A apart, are small. Diffusion should be non-
activated. The value of layer-plane spacing at which the repulsive inter-
action becomes important and potential-energy differences large depends
upon the particular rare gas. For values based on oy, it is seen that helium
should require a negligible F to penetrate and travet between planes at
a distance 4.0 A or greater apart,

Tor energy values based on o, it is seen that potential energies for
all the rare gases are attractive at spacings of 6.8 A or greater. Helium
should require & negligible E to penetrate and travel between planes at
a distanece 4.8 A or greater apart. At present, it does not appear possible
to decide which ¢ values are most reasonable to use to caleulate potential
energies in the rare-gas-carbon system.

APPENDIX

A. Interaction of Gas Atoms with ldedalized Type A Zeolite Cavity

The potential energy ¢(r) between two nuclei separated by a distance
r ean be represented by the Lennard-Jones (6-12) potential

${ry = —A/Y 4 B/r? (A1)

Fig. Al. Section of 2 zeolite cavity.
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Tigure A1 represents a section of the zeolite cavity. For the purpose
of calculation, only the oxygen atoms on the surface of the cavity are
considered. It is further assumed that the oxygen atoms are uniformly
distributed. Consider N atoms of oxygen on the surface of the sphere.
The atoms in & unit area of the surface are

AN/dA = N/4nxR* (A2)
or
AN = (N/dxR¥) dA4 (A3)
The aren of the circumferential ring subtended by a differential angle d#
at 8, is given by
d4 = 2Rmp do {Ad)

Now, p/R = sin 8. Therefore,
dAd = 2pR*sin 6 do (A5)

The internction energy of this element of oxygen atoms with an atem
situated at z is given by

i
dlf = dN (— G+ ;—‘?) (AG)
We have r* = R® 4 Z* — 2RZ cos 0. Therefore,
N . 4 B
f, = — L} 2 —— -
4B ( éPer"’) 27 sin 0 da( = Tm) (AT

The interaction of the total number of oxygen atoms with the atom
situated at x is

f_g[mA[” sin 6 g
T2 o (B*+ Z* — 2RZ cos 0)°
sin 6 do

+ B L (T 2% — 2R7 oos e)ﬁ} (A8)

or, letting Z/R = a, we have

Emg[_ﬁf’ —d(cos )
) B fo (14 a* — 2a cos §)°

B [T —d{cos 8} ]
+ R /(; (1 4+ a* — 2a cos 6)° (A9)
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{_‘ 1%315{(1 —1 a) (1-:~a)"}

B 1 1 1
+ 7 T0a [(1 —on T 0F a)m]} (410)

B. Interaction of Gas Atoms Approaching o 4.2-A Free-Diameter
Hole in the Type A Zeolite

In this case the gas atom is travelling toward the aperture formed by
the eight oxygen atoms (Fig. B1). The cavity oxygens can be divided

&
f
vo] 2

Fig. B1. Section of a zeolite cavity.

into two parts. One part is made up of the eight oxygen atoms constitut-
ing the hole and the other part is made up of the remaining 64 oxygen
atoms, For the latier part, the interaction energy is ealculated by the
integration approach outlined in Appendix A.

T'rom the geometry, 0 in Fig. B1 is 52°; therefore, the integration is
carried out from 52 to 180°. The interaction energy for this part, there-
fore, 13 given by
B = N’ [__ A /‘5‘3" —d{cos )

2 RS [, (14 a@® — 2acos )
B e - (cos )
+ Re (14 a* — 2acos B)“] (BL)

29

5a°
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v
2
o

Em

—4 1 f
R d4a| (14 a*— 1.23a) (14 a)

B 1 1 1
B2 10a {(1 +a® — 1.230)* (1 + a)‘“}} B2)
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LIST OF SYMBQOLS

eonstant in Lennard-Jenes potential

aren occupied by an atom

fractional distance between center of cavity and center of aperture plane
constant in Lennard-Jones potential

concentrations in appropriate units

coneentration at saturation

total coneentration

standard state of concentration

diffusion coefficient.

apparent diffusion eoefficient

bulk diffusion coeflicient

Knudsen diffusion coefficient

pre-exponential faetor in the activated diffusion equation

activation energy from Arrhenius plot

apparent activation energy

characteristic energies of stoms or molecules (jonization poetentiala)
standard-state free energy

standard-state free energy of aetivation

free energy of activation {eorresponding to AH, shown in Fig. 15)

free energy of adsorption for the particular mode of travel, ag shown in
Fig. 33

standard-state enthalpy

ground-state enthaipy

gtendard-state enthalpy of activation

ground-atate enthalpy of activation

enthalpy of reaction (refer to Fig. 15}

enthalpy of adsorption for the particular mode of {ravel, ag shown in
Fig. 33

Planek’s constant
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K
K,
k
ki
L
M
m
N
Nt
N’
N
Na
Ny
n

P

pﬂ
T
Q

Qe
Qe
Qt
anviu'
Q:
&
&,
q
it
R
B
bid

To
Te
Tt
Ty T2
Ty
Ty

AS§
ASy

i
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equilibrium congtant

equilibrium eonstant at constant pressure

rate constant

Boltzmann'g constant,

nverzge layer dinmeter

nutnber of cecupied cavities per unit area

mass of a molecule or atom

number of holes per unit area

number of oceupied holes per unit area

At

avernge number of carbon atoms per layer

Avogradre's number

number of carbon atoms per unit area of graphite basal plane
integers

potentinl energy resulting from the interaction of a species with « and
§ positions of two graphite basal planes {refer to Fig. 39}
atmospheric pressure in nppropriate units

pressure skt = 0

potentinl energy resulting from the interaction of & species with two 8
positions of two graphite basal planes (refer to Fig. 36)

partition Tunctions of ¢ [refer to {30}

partition funetion defined by (40)

purtition function of the activated species in en aperture

partition function of the species in eavity

partition funetion defined by {61)

partition function defined by {60}

partition function defined by (64}

heat of adsorption

isosteric heat of adsorption st zero coversge

gus constant

radius of zeolite eavity [refer to (54)]

potentinl energy resulting from the interaction of a species with v and
& positions of two graphite basal planes (refer to Fig, 39)

varinble length denoting internuelenr separation [refer to (51)]

pore tadius or radial length (refer to (3}]

diffusion path length jrefer to (10)]

equilibrium separation between interacting species

length (refer to Fig. 15)

length {refer to Fig. 33)

van der Waals diameter of oxygen or potassium jon in zealite framework
equilibrium sepuration between the nuclei of two diffusing molecules
sirface area

standnrd-state entropy

stundard-state entropy of activation

standard-state entropy of adsorption

temperature, K

ambient temperature, °K

time
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mean velocity of travel of an atom along the path indieated in Fig. 15
volume in appropriste units

volume of gas degorbed (adsorbed) at equilibrivm or ¢ =
volume of gag desorbed (adsorbed) at ¢ = 0

vohime of gag desorbed (adsorbed} at £ = ¢

average molecular veloeity

weight of sample

protrusion of eation into aperture {refer to Fig, 34)
denotes different positions on the perfect graphite basal plane (refer to
Fig. 30)

atomic or molecular polarizebilities

number of holes per envity divided by the number in diffusion plane
distance between two saddle points (refer to Fig. 15)

open porosity

Bragp sngle (refer to Fig. 3)

fractione} coverage

fraction of holea occupied by nctivated moleeules or atoms
mean free path of & moeleecule or atom [refer to (1))
wavelength of radiation {refer to Fig. 3}

maximum displecement in vibration (refer to Fig. 33}

net rate of reaction [refer to (17)]

frequency of vibration {refer to (62)]

a ratio of concentrations defined by (59}

density of the sample

kinetic diameter of & molecule or atom

kinetie dinmeter of & free gas molecule or atom

kinetic diameter of carbon atom in graphite lnttice

(Ugns + UC)/2

kinetic diameter from London expreasion of A

kinetic dinmeter Irom Kirkwood-Muller expression of A
aSt — (aHY — aBY/T

Adt ealoulated from experimental D,

Ad! caleulsted from partition funetions

net-interaction potential

dispersion-interaction potential

polerization-interaction potentinl

quadrupole-interaction potential

repulsicn-interaction potential

maximum net attractive energy of gas-surface interpction
ntomic or molecular dinmagnetie susceptibilities
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