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SEPARATION AND PURIFICATION METHODS, 5 ( 2 ) ,  189-246 (1976) 

SORPTION AND DIFFUSION IN WLECULAR SEVE ZMLITES 

D.M. Ruthven 
Department of Chemical Engineering 

University of Navr Brunswick 
Fredericton, N.B., Canada 

ABSTRACT 

Recent infomatian concerning the kinetics and equilibria 
of sorption of various classes of mlecule in four representative 
types of molecular sieve (4A/5A, 13X, natural  erionite and 
H-chabazite) is reviewed. The general relationships betwen the 
crystal structure of the sieve, the mlecular properties of the 
adsorbate (particularly the cr i t ical  diameter and polar nature of 
the molecule) and the sorptian/diffusian behaviour are enphasized. 

The industrial uses of zeolites, both as  catalysts and as 

In contrast w i t h  other c m n  microporms ad- 
selective adsorbents, depend on the crystallographic structure of 
these mterials. 
sorbents such as activated carbon or silica gel, the pore structure 
of a zeolite is actually determined by the crystal f r m m r k  and is 
therefore precisely regular w i t h  no distribution of pore size. 
The effective diameters of the micropores i n  the c m  zeolites 
range frcm about to lOi depending on both the t y p  of framework 
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190 RUTWEN 

and the nature of the exchangeable cations. mlecules which are 
too large to enter the micropores are not adsorbed to  any signifi- 
cant extent. 
separation processes such as  normal/iso paraffin sepaxation and 
shap selective catalytic cracking. 

In addition to the s-le molecular sieve effect, zeolitic 
adsorbents shew a pronounced selectivity w a r d s  polar molecules 
and mlecules with high guadrupole m t s .  
ionic nature of the crystal which gives rise to a highly nom- 
uniform electric field w i t h i n  the micropres. 
interact energetically with t h i s  field (i.e. polar or quadrupolar 
molecules) 
species. 
selective adsorbents for H2S/CO2 and for a i r  separation depexl on 
this effect. 

This is the basis of the important molecular sieve 

This is due to the 

Mlecules which can 

are therefore adsorbed more strongly than non-polar 
The uses of molecular sieves as  drying agents, as 

Mbst of the industrial separation processes i n  which a mlec- 
ular sieve adsorbent is employed make use of a fixed bed system 

operated in a cyclic manner. 
bed and the time required for regeneration are determined by the 
kinetics and equilibrium of sorption. The proper design and opti- 
mization of such processes therefore requires detailed knuwledge of 
the adsorption behaviour. Although a w i d e  range of zeolites, both, 
natural and synthetic, are known, industrial applications are 
limited to a few of the more readily available W s .  Detailed 
structural infomtion has been s m i z e d  by Breck(l). 
review is limited to four representative structures: the natural 
zeolites chabazite and erionite and the synthetic zeolites A and X. 

Type A zeolites are widely used as  selective adsorbents and 

drying agents w h i l e  the type X (and the structurally isokllorphous 
type Y) zeolites are important as cracking catalysts. Erionite 
occurs in carmercial quantities in the zeo l i t e  deposits of Oregon 
and Nevada and has been used as a shap selective cracking 
catalyst(2). Chabazite is not widely used industrially but it is 
of scm3 historical interest since it. was among the f i r s t  of the 
zeoli-s to be investigated as a potential mlecular sieve(3). 

The dynamic capacity of the adsorbent 

The present 
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MOLECULAR SIEVE ZEOLITES 1 9 1  

In  addition to the canprehensive general treatise of Breck(1) 
the specific areas of sorption and diffusion in  molecular sieves 
have been r e v i d  by Earrer (1964 and 1971) (4 ,5 ) ,  Walker, Austin 

and Nandi (1966)(6),  Riekert (1970)(7), Schhrer (1971)(8) and 
Kiselev (1971) ('1. 
camprehensive treamt but rather selected aspects of the subject 
are discussed with -hasis on the different patterns of kehaviour 
wkich are observed. for different systems and the extent to which 
these observations can be explained in terms of sinple theoretical 
mdels. 
most part t b s e  which ws have studied a t  the University of Nay 

Brunswick bu t  these system are, in a general way, representative 
of the systems of industrial interest. 

In the present review no attanpt is mde a t  a 

The systans selected for detailed discussion are for the 

The frammrk of a mlecular sieve crystal is built  up f m  
tetrahedral SiO4 and A104 units. Electrical neutrality is pre- 

served by the presence of one univalent exchangeable cation (or 
equivalent) for each Xi atan in the crystal. Tne crystal structures 
are coxtplex and are best visualized in terms of secondary buildirg 
units which are themselves small assemblages of SiO4 and A104 

tetrahedra. The structures of the type A sieve, the type X or Y 

sieve erionite and chabazite are shown diagramtical ly  in figure 1. 

The strmtural  uni t  of the type A framework (pseuda cell) 
consists of eight cubo-octahedral units (sodalite cages) placed a t  

t k  corners of a 1 2 . d  cube and connected through 4-membered 

oxygen briclges to form a relatively large spherical cavity (free 
d i a n ~ t e r  % u.&, v o ~ u n u ?  77d3). 
buil t  up f m  a cubic array of these cells. 
nected to the six neighbouring cavities throwh the 8-manbered 
oxygen rings (wjn&ws). The six mmbered oxygen rings which give 
access to the wdalite cages are too srral l  to a&it a l l  except the 
-lest of molecules (e.g. H20, NH3) so mst adsorbed species are 
i n  effect confined to the central cavity and the scdalite cage acts 
simply as a building block for the crystal  structure. The e f f e c  

  he la t t ice  of the crystal is 
Each cavity is con- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



19 2 RUTHVEN 

(a )  Linde A 

(c) Erionite 

(b) Linde X or Y 

Diagrmtic  representation of the crystal structures of (a) Tvpe 
A Zeolite, a,) Type X or Y Zeolite, (c) Erionite, (d) Chabazite. 
There is an oxygen ion a t  the centre of each line and the Si/Al. 
ions, which are much m l l e r ,  are located a t  the vertices. The 
positions of the exchangeable cations are not shown. 

t i v e  d i a r ~ t e r  of the octagonal windaws depends on the exchangeable 
cation. III the ca++ fonn of the sieve (a) the Gca” cations are 
located in sites r a t e  f rm the wincbwa and the free diameter of 
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MOLECULAR SIEVE ZEOLITES 19 3 

the w i n ~ s  is then about 4 . 4 .  Because of effects of mlec- 
ular  vibratim this sieve can admit molecules with c r i t i ca l  
diameters up to about 5 . a .  
or cyclic hydmcarbns. Ekchging the 6Ca* ions for 12Na+ ions 
gives the 4A sieve in which the windows are partially obstructed. 
The 4A sieve can admit only mlecules with critical diameters less 
thn about 4 . d .  
than ethane a t  any significant rate. ~n the K+ form ( 3 ~  sieve) the 

ww aperture is even smller (&) -use of the larger cation, 
and only very smll molecules such as H20, NH3 etc. are aMt ted .  
The 3A sieve is therefore a useful selective drying agent which w i l l  
not adsorb largcr molecular species. 

This includes normal, but not branched 

This sieve w i l l  not adsorb hydrocaxbms larger 

The s tnx ture  of the  faujasite z e o l i t e s  (types X and Y) is 
closely related to the A type stncture.  
units are connected in a tetrahedral arrangement through 6-1renhzed 
bridges. This gives a very open three d h s i o n a l  pore stmxture in 
w h i c h  the l a g e r  cavities are interconnected through 12arembered 

oxygen rinqs w i t h  free aperture about 7 . d .  
quite large mlecules including branched chain hydrocarbons and 
amt ics .  The difference ke-n the X and Y sieves lies in the 
Si/M ratio which is about 1-1.5 for type X and 1.5-3.0 for type  Y. 

Although these sieves have the s m  framework they have different 
nunbers of exchangeable cations and this leads to differengos in 
both adsorptive and catalytic properties. 

The sam cubodctahedral 

~ s e  sieves can admit 

The structures of erionite and chabazite are mre difficult  
to describe in detail. 
framwrk is the cancrinite cage which has five hexagonal and six 
square faces. 
oxygen bridges and stacked in  columns to yield a structure with 
hexagonal symetry containing ellipsoidal cavities (6.3 x ls, vol- 

4 0 d 3 )  interconnected through distorted octagonal wiradows (free 
aperture 3.6 x 5.A) .  
it contains ellipsoidal cavities of about the .SUE size  (6.7 x 
lofl) interconnected through similar ernembered oxyyen windows. 

The secondary building uni t  for the ericnite 

These units are interconnected through 6-mnbered 

The chabaz i te  structure is similar in that 
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19 4 RUTHVEN 

These structures are similar to the type A structure i n  that they 
contain discrete cavities interconnected through octagonal winduws 
but they differ fm the A type structure in that the cavities are 
smaller, ellipsoidal rather than sphrical ,  and the windows are dis- 

torted frcm the regular o~tagonal  form. These differences are 
reflected in the adsorption behaviour. 

Sorption of most species in molecular sieves is probably best 
regarded as physical adsorption since no electron transfer is in- 
volved although the energetics of the process are such that the 
heats of sorption may be quite high (2.20 kcal/mole or more). 
librium data are ccomrlnly presented as isotherms sMrq the ad- 
sorbed phase concentration plotted against partial pressure (or, 
for liquid phase systems, concentration). 
ularity of mlecular sieves makes it pss ib l e  to apply a mre 
detailed theoretical analysis than is feasible with other systans 

and, for very sinple adsorbates such as the rare gases a fair  pre- 
diction of the isotherm m y  be obtained frcnn basic mlecular 
physics. 

Equi- 

The structural reg- 

Henry's Law Constants 

For any adsorption systen which there is no dissociation, 
the equilibrium isotherm must approach linearity in the low con- 
centration region. The Henry's Law constant K (defined by c = Kp) 
is  simply the ratio of the partition functions for adsorbed and 
gaseous molecules duly corrected for the difference i n  potential 
energy: 

For a m ~ t a n i c  species, or for a polyatcmic species i n  which the 
rotational and interndl freedan are not significantly d f i e d  by 
sorption: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



MOLECULAR SIEVE ZEOLITES 19 5 

- (2)  i f z 

f '  
- - ~ ) / k T l  = Z 1  = exp(-U(g)/kT) * dr 

V g 

where z 1  is the configuration integral  for an occluded mlecde. 
The temperature depndence of the Henry constant follcws the usual 
vant Hoff equation 

w i t h  the limiting heat of sorption given by 

Since the positions of a l l  ions in  the zeolite fr-rk are 
known from x-ray crystallographic studies it is in principle pos- 
sible  to calculate u(g) ,  and hence Z ,  X and so, by sunning the 
contributions arising 
ation energies of interaction for a proke mlecule with each atan 
or ion of the lattice. 
quadruple m t s  the electrostatic energies must also be included. 
Such c a l c u l a t i m  have been p e r f o m  for the inert gases ( for  
which the electrostatic energies are zero) in bth A and X 
sieves(10-13). me values of K and qo so obtained are in f a i r  
agreement w i t h  exprimental results. There is hmever consider- 
able uncertainty in  the force constants since siqnificantly 
different values are obtained by each of the three well known 
methods (Kirkmod-Mbller 
?here is further uncertainty concerning the extent to which the 
oxyga atcans in  the structure are ionized and in the distribution 
of the cations between available sites. A small a s p t r y  in the 
distribution of cations has a large effect  on the estimated polar- 
ization energy. The extent of the agreerent between theory and 
expriment is i l lustrated in figure 2. while the calculations 
shm that the magniMe of the Henry constants and heats of adsorp- 
t ion can be adequately accounted for by the forces of physical and 

from the disprsim, repulsion and p l a r i z -  

For molecules with significant dipole o r  

, Slater-Kirkmod(16) &d Lor~Ion0~)). 
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MOLECULAR SIEVE ZEOLITES 19 7 

adsorption, the accuracy of the calculations is not high even for 
these siqle  systems. 

Extension of the theory to mre conplex mlecules presents 
severe difficulties. It is necessary to allow for the electro- 

s ta t ic  dipole and quadruple interaction energies and to take 
account of molecular rotation. Except for simple spherical top 
molecules such as (JH4, it is incorrect to treat a polyatcanic mole- 
cule as a single point centre of force. For the l ight paraffins in  

the 5A sieve, Spangenberg, Fiedler and Sckimer(l8r19) have obtaW 

fairly good agreement between the theoretical and experimental heats 
of sorption by treating the molecules as  assemblages of >CH2 

gmups. Each >CH2 group was considered as a centre of force and 
the angle and distance between neighbouring ca rbn  atom in the 
chain were fixed a t  the equilibrium values. 
a t t q t e d  to calculate the Henry constant and heat of sorption for 

c@ in 5A sieve, taking account of the quadruple interaction 
energy (in addition to dispersim, repulsion and polarization) but 

the agreement between theory and experiment was poor. 

Sargent and Whitford(- 1 

The sinple theory, represented by equations 1-4 is applicable 
only a t  sufficiently low sorbate concentrations such that theinter- 
action between sorbate molecules can be neglected. In order to ex- 

tend the theory to higher sorbate concentrations it is necessary t o  

take account of sorbate-sorbate interaction and this makes a f u l l  
calculation inpractically difficult. This problem can be avoided 

i f  a suitable model can be fomd which provides an adequate re- 
presentation of the isotherms. 

Model Isotherm 

If the intracrystalline mid space can be regarded as con- 
taining a fixed number (c,) of distinct identical adsorption sites 
and i f  there is no interaction between adsorbed molecules even 
when occupying neighbourhg sites, the isotherm should follow the 
simple &ng-muir equation: 
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19 8 RUTHVEN 

where the equilibrium constant b is simply related to the Henry's 
Law constant (b = K/cs). The temperature dependence of b there- 
fore follcws equation 3 (b = b, exp(gdF?T). The - equation 
is qualitatively useful but it is quantitatively inadequate except 

then only over a limited range of concentration (0  < Q 0.5). 
Deviations arise both from interacticn between adsorbed molecules 
and f m  ktercgeneity of the adsorption sites. Several d f i e d  
expressions have been developed to take account of these effects(22) 

but with only limited success(21,23-25) . 

for a feW SyStelllS (m - 5A(13), SF6, C2F6 and C3F8 - 13X(21)) and 

The assmption of a fixed nunber of adsorption sites is also 
questionable for most zeol i t ic  adsorbents. The capacity of the 
sieve does not reach a precise saturation limit but rather the 

saturation sorbate concentration increases slowly with applied 
pressure and decreases with increased temperature. The intra- 
crystalline fluid thus exhibits sans of the properties of a bulk 

liquid (ccmpressibility, thefiMl expansion) ( 2 6 r 2 7 ) .  It is there-. 
fore perhaps more realistic to regard zeolitic sorption simply as 
the f i l l ing of the intracrystalline micropre volm by the con- 
densed adsorbate. 
of the sieve can be estimated with f a i r  accuracy simply as the 

quotient of the micropre volume and the molecular volume of the 
saturated liquid  orba ate(^^) . 
peratures below the noml boiling pint of ths liquid sorbate but, 
a t  higher tanperatures, the mlecular volume of the intracrystavine 
fluid is generally scarewllat mller than that of the saturated 
liquid. A linear interpolation between the mlecular v o l w  of the 
saturated liquid a t  the noml boiling point and the van dez Wads 
'b' a t  the critical temperature has been suggested as a sirrple 
approximate method of estimting the effective molecular volm of 
the intracrystalline fluid at  temperatures above the boiling 

I t  has been sham that the saturation capacity 

This principle holds w e l l  for tan- 

point(29r30). 

This idea of volune f i l l ing of the micropres has been used 
as a basis for the developnent of a s-le statistical thermody- 
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MOLECULAR SIEVE ZEOLITES 19 9 

namic rrpdel isotherm, applicable to those zeolites, smh as type A, 

erionite and chabazite, in which the intracrystalline space is 
divided into discrete cavities interconnected through relatively 
mall  w i n d m s .  As a s-le idealization the potential energy is 
considered to be unifonn throqhout a cavity but with a significant 
barrier betmen cavities. An adsorbed rn1ea.de is therefore con- 
fined w i t h i n  a particular cavity but can mve freely w i t h i n  t h a t  

cavity. 
action is  accounted for by a redmtion in the free volume. 
Intenuolecular attraction i s  neglected. 
mations the configuration integral for a cavity containing 
rnlecules becares: 

W n  a cavity contains rnm than one molecule the inter- 

Subject to these approxi- 
s 

h e r e  Z1 = KkT is the configuration integral for a cavity con- 
taining only one mlecule. 
for the equilibria isotherm(3lr 32) : 

This leads to the following expression 

[KP ( l - rn~/v]~ 
(ml) ! Kp + [Kp(1-2B/vl2+. . . . + 

where the saturation limit, in mlecules per cavity is given by 
m(integer) 2 V/B. 

the density of the saturated liquid sorbate and the cavity volume 
(v) is knm. The expression therefore conhins only one parameter, 
the Henry's Law constant, and this my be readily determined fran 
the init ial  slope of the lcw concentration region of the isotkm. 

severe, this expression has been found to provide a good represen- 
tation of the isotherms for several l ight hydrocarbns in 5A 
sieve(32r33) as  m y  seen frcan figure 3 .  

has been sucessfully used to correlate equilibrium data for CO2 on 
a range of different  zeolite^(^^',^^*) . Hmever, t h i s  rodel does 

l'he molecular v o h m ~  ( B )  my be estimated fran 

Although the approximations f m  which it is derived are 

mre recently the m ~ d e l  
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MOLECULAR SIEVE ZEOLITES 201 

not f i t  the equilibrium data for the inert gases in  t h i s  

sieve, neither does it f i t  the isothenns for polar mlecules. 
a linear molecule the effect of n-olecular rotation is to average 
the potential field over an appreciable region of space. 
assuption of a uniform field w i t h i n  a cavity is therefore l ike ly  
to be a better approximation for a non-polar polyatcmic molecule 
smh as  a hydrccarh. IWnatomic molecules and small polar mle- 
cules are much m e  l ike ly  to be adsorbed a t  localized sites so 
that, for such adsorbates, the rrodel is inappropriate. 

In the original formulation of th is  stat is t ical  thermodynamic 
model, awnent ia l  factors were included to account for attractive 
intenmlecular forces. 
forces was e s t h t e d  frcm Iennard-Jones force constants. The 

difference between the isothenns calculated with and w i t h m t  the 
attractive forces was found to be s n a l l  and it was shDwn that  the 
main features of the adsorption equilibrium behaviour, inclu3ing 

the variation of isosteric heat with concentration, could be ac- 
counted for entirely by the effect of the finite size of the 

molecules alone (equations 6 ard 7) suggesting that the effect of 
molecular attraction is secondary. 

&neralized Correlations 

For 

The 

WE magnitude of the intermlecular 

~ecause of the limited applicability of e l  isothenns vari- 
ous generalized thermodynamic correlations have been developedwhich 
do not depend on the assmption of a particular physical -1. 
One example of this approach is the Polanyi potential 
w h i c h  has been extended and applied to zeolitic adsorbats by 
winin and his m-mrkrs (29 r 30 r 35-37) . 

It is assumd that the adsorbed fluid is similar t o  the sat- 
urated liquid sorbate and the equilibrium data are correlated i n  
terms of the "adsorption potential" (E) which is defined as the 
difference in free energy between the adsorbed fluid and the pure 
saturated liquid sorbate: 

E = Kr I n  (f/f,) 2 RT ln(p/fs) (8) 
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According to the potential theory, for any particular adsorbate- 
adsorbent system, a plot of the volume of fluid adsorbed against 
the adsorption potential should yield a temperature invariant char- 
acteristic curve. 

curve can be adequately represented by the Dubinin-Radushkevich 
equation: 

For m y  systems the fonn of the characteristic 

where E 1  is a constant, characteristic of the particular system. 

( ~ 0  = cs6) or by calculation fm the 
t-1 specific micropre volune my be de-ed either 

from the saturation l i m i t  
crystal s-ture. 
l i s k d ,  either fran a single isotherm coverh'~~ a wide r anF  of 
pressure or from isotherms a t  several tanperatures, the isothermfor 
any other teqerature may be obtained directly. The equilibriun &iz~ 

of figure 3 are plotted in the fonn of chaxacteristic curves in 

figure 4 (42) .  
reported in  the literature (33~38-41) . 

me t k  characteristic curve has been estab- 

similar curves for other zeol i t ic  systens have been 

The original Polanyi theory and the principle of temperature 
invariance of the characteristic curve were based an the nature of 

dispersion-repulsion forces, which are independen t of temperature. 
Electrostatic forces (dipole and quadruple interactions) are ten- 
perature dependent and for systens in which these forces make an 
appreciable contribution to the sorption potential the principle of 
w r a t u r e  invariance w i l l  not be s t r ic t ly  mlid.  
the temperature range 25-125OC, equilibriun data for NH3, H2S, EQ, 

CQ and H20 in 4A and 1 W  zeolites have been shown to follow char- 
acteristic curves quite closely despite the appreciable 
electrostatic contributions which are expected for these systens(402 

tkeory is the difficulty of estimating the mlecular volune of the 
sorbate with sufficient accuracy. A t  terrperatures below the n o m l  
boiling point the difficulty is not severe as the molecular volume 
of the saturated liquid provides a good approximation to the m l e  

Hwever, over 

A major prablem i n  the practical application of the Polanyi 
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.2e 

.2c 
u c 
0 u 
- 

.I 5 
E ln =. 
; .10 

.05 

0 

AC/R X 1G3 *K 

FIGURE 4 

Characteristic curve for light paraffins in 5A zeol i te .  
perimental data points are the saw? as those i n  figure 11. 
reference (42) w i t h  penfission of Academic Press). 

The ex- 
(Fran 

ular w l m  of the sorbate fluid. Above the boiling point methods 
of extrapolation are required and this inevitably introduces uncer- 
tainty. The Polanyi theory also suffers f m  the disadvantage that 
it does not reduce, autanatically, to Henry's Law in the l ow con- 
centraticm limit. 
the developoent of mre detailed theoretical rrcdels. 
of t h i s  theory lies i n  the usefulness of the characteristic curve 
as a concise correlation of equilibriun data and a basis for 
(modest) extrapolation of isotherms. 

An alternative approach to  the correlation of equilibrium 
data, which also avoids the need for a particular model, is the 
virial isotherm which was developed indepenaently by 13arrer(43,44) 

This severely limits its value as a basis for 
The main mlue 
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and ~ i ~ l ~ ~ ( 4 5 ) .  
adsorbed fluid expressed i n  terms of the osnotic pressure Il can be 

represented by-a v i r i a l  series: 

It i s  assuned that the equation of state of the 

- -  - 1 + A 1 c  + A2c2 + .... 
CIlT 

The adsorbed phase is considered a s  a two ccaoponent mixture of 
zeolite and sorbate. For the sorbate, the differential  change i n  

chemical potential corresponding to a change i n  pressure is given 

W i n g  use of tk Gibbs-Duhem equation, one has, for the differ-  
ence in chemical ptential of the solid in the solution and i n  the 
sorbate free state: 

The f i r s t  t e r m  i n  t h i s  expression is generally negligible and 
I4JV = p, the density of the outgassed zeolite,  so tha t  

*e, fran equaticm 10, the expression for the isotherm is ob- 
tained as: 

(14)  
3 Kp = c exp(2AlC + f 4 2  + .... ) 

This expression is equivalent t o  representing the deviation fran 
ideal Henry's Iaw behaviour i n  term of an act ivi ty  coefficient 'y 

given by: 

(15) 3 
y = eXp(2AlC + &"2 + .... 1 

The main disadvantage of the virial isotherm is the need for 

several coefficients, a l l  of which are tanperatwe depndent, i n  
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order to correlate the isotherm data. 
fu l  as a meW of extracting Henry's Law constants from 
experimental data a t  higher sorbate concentrations outside the 
linear region sine it shows 
ext rap la te  linearly to zero concentration and the intercept of 
such a plot gives, imnediately, the value of K. 

hthalpy and Entropy of Sorption 

The equation is hawever use- 

that a plot of log(p/c) vs c s b u l d  

The difference in free energy betwen the adsorbed phase and 
the free gasems phase a t  a reference pressure po is given by: 

AG = AH - TAS = RTln(p/Po) (16) 

By differentiation it follows that the isosteric heat of sorption 

(q = -AH) is given by: 

and the partial mola r  entropy of the adsorbed species (gz) is 
qiven by: 

AS = s, - S; = Rln(pdp) - 9/T (18) 

The partial molar entropy my be regarded as the sun of thermal 
and configurational contributions : 

- - sz = sth + sc (19) 

For ideal localized sorption: 

and 3~ = S; + % (indepsncient of c) .  Analysis of the th-1 
entropy has been used to gain evidence concerning the physical 
state of the adsorbed m o l e ~ u l e ( ~ ~ r ~ ~ )  but since the assunption of 
localized sorption is rat always valid such evidence is seldom 
unequivocdl. 

Experimntal values of q,, the initial heat of sorption, for 
a range of different sorbates i n  several zeol i tes  are smmrized 
in Table I. For mn-polar sorbates the i n i t i a l  heat of sorption 
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TABLEI 

Experimental Values of and Q giving Tanperature Depndeme 
of Henry Constants according to -tion 3 

x 108 90 
Sys- (mle/gm. tom) (Kcal) 

58.5 3.35 
Ar-chab. 67 3.34 

71 4.24 
62 4.35 

5.38 
55 5.9 
69 3.2 
83 3.3 
71 3.43 
36 4.4 
20 5.0 
7 4.8 
8 10.8 
1.2 9.1 

Diatcmic 

High 
QuadruFole 

29 
107 
42 
4 3  
24 
36 
70 
34 
48 
13 
1.23 
4.2 
1.6 

3.7 
10 

43 
1 4  3 

1.74 
3.9 

0.27 
4.65 
0.36 

49 

5.9 
4.5 
4.9 
6.6 
7.4 
8.7 
8.1 
8.9 

10.2 
10.9 
17.0 
15.2 
10.0 
9.7 

11.1 
10.0 
8.1 

14.2 
13.2 
6.9 

17.5 
13.4 
21.0 

The values for 4A, 5A, and ericnite (m, Ore) are frcm Ruthven, 
Loughlin, k r a h  and Doets~h(13,3~,33,~5-~~). 
H-chabazite are frm Barrer and 

are frcm mpublished data obtained by I.H. Doetsch in  tkis labora- 

tory. 
lm mle/gm = 1.78 rrolecule/cavity. (4A/5A) , 1.68 mlecule/cavity 
(13x1 , 1.22 mlecule/cavity ( e r i d t e )  and 0.81 mlecule/cavity 
(H-chabazite). 
and for the er ioni te  and chabazite corrections have been applied to 
account for inert  inpurities present i n  the or iginal  samples. The 

The valws for 
?he values for 13X 

These figures are based on actual  sanple h i t i e s  
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is determined mainly by the dispersion energy. 
the zeolites with the sMller cavities (chabazite and erionite) due 

to the greater pmximity of the framework to the adsorbed m l e  
cules. The effect of the exchangeable catian is minor. Thus, for 
the iner t  gases and saturated hydrocarbons -zite > q5A % 

s4, > q13>(. 
large quadrupole manents, the effect of the increased electrostatic 
contribution arising from the divalent 
fiakes up for the greater dispersion energy in chabazite so that 

~ S A  > gC-zite > 9 4 ~ .  

heat is independent of sorbate concentratian but, for mst zeolitic 
systems, there is an appreciable cancentratiapl dependence. The 
pattern of this variation shows characteristic differences for 
different classes of sorbate. 

This is larger for 

E3y contrast, for N2 and a32, mlecules w i t h  

ion in 5~ mre than 

For a system which obeys the Langmuir isothenn the isosteric 

For non-polar species such as the 
, flmrocarbns(21) and inert gases(13) the 

isosteric heat generally increases sawwhat with sorbate concen- 
tratian. This trend has frequently been attributed to the effect 
of intermolecular attraction between sorbate molecules but it has 
been shown that the effect can arise simply f m  repulsive forces 
as a consequence of the tarrperature depencknce of the mlecular 
m l w  (32) . 
appreciable electrostatic contribution to the energy of adsorptian 
(either dipole or pdrupole) generally show the apposite trend 

w i t h  the isosteric heat decreasing with sorbate concen- 
t r a t i ~ n ( ~ , ~ ~ - ~ O ) .  

localized and the variatian in isosteric heat probably arises fran 
the selective occupatian of sites in order of decreasing energy, 
the mt favourable sites being tbose adjacent to the cations. Thus 
it is that, for polar sorbates, the init ial  isosteric heat is very 
sensitive to the cationic form of the zeolite but t h i s  difference 
disappars as the sorbate cacentratian increases. These trends 
which are discussed in detail in references (52-54) are illustrated 
by the e x p r h t d l  data shmn in figure 5. 

Species such as H20, NH3 and a32 for which there is an 

For such species adsorption is probably 
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0 
0 1.0 2.0 3.0 40 5.0 

c(mmole/gm anhydrous zeolite) 

FIGURE 5 

Variatim of isosteric heat of sorption (9) with sorbate concen- 
tration for various sorbates in A and X zeolites. 

~n bmlogous series such as the n-paraffins the in i t i a l  
heat of sorpticm (90) increases regularly w i t h  increasing chain 

length as(8,51,52) illustrated in figure 6 .  

to assign contributions to the -CH3 and >CH2 groups and these 
values may be used to provide an approximate estimate of the heat 
of sorption of higher homologs. 
has been extended to mre ccmplex m i e c ~ e s ( 8 ~ 4 8 r 5 9 )  and approxi- 
mate values for scme of the mre important groups are given in  
Table 11. 

I t  is thus possible 

This concept of group contributhns 

Physical State of Adsorbed mlecules 

A t  low concentrations, w i t h i n  the Henry’s Law region, infor- 
mtion as to the state of the adsorded mlecules my  be deduced 
from the Henry constants. If the molecules are confined w i t h i n  
particular cavities, but not adsorbed a t  specific localized sites 
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FIGURE 6 

Variation of limiting heat of sorption (a) and diffusional acti- 
vation energy (E) with hydrocarbon chain length for  n-paraffins 
in 5A zeolite and zeolite T. 
data fran tkis laboratory, 0;  data of mrr ing for  z e o l i t e  T, (91) 
XI. 

(mta iirurnsckirmer et  al. (81, 0; 

Group contributions to Initial &at of sorption ( k a l )  

4 3  3.0 2.7 

' a 2  2.5 2.4 

a 2  = cH2- 8.4 8.9 

-OH (alcohols) 14.6 

-NH2 (amines) 16.0 16.3 

- 
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within the cavities and i f  they retain the same rotational and 
internal freedan as in  the gas phase the ratio of partition func- 
tions and heat of sorption w i l l  be given by: 

where 4 is the free volune of the cavity. Fran equations 1 and 
3 it follows that: 

= qfi-2 (22) 

The values of K, for the light hydrocarbons in 5A zeolite are 
approximtely oonsistent w i t h  this expression(58) suggesting that 
the nodel of a freely rotating, freely translating mlecule con- 
fined within a particular cavity but not adsorbed a t  a specific 
localized s i t e  within the cavity, m y  not be unrealistic. For 
the longer chain hydrocarban the values of K, calculated fran 
equation 22 are greater than the experimental values indicating 
either a restriction of rotational freedcan or localized adsorp- 
tion. 
H-chabazite are consistently snaller than the values for the sam 

sorbate in 4A/5A reflecting greater localization of the sorbate 
due to the .miller s ize  of the chabazite cavity. The values of 
K, for N2 are consistently smaller than the values for 02 and the 
values for kenzene/toluene are also smaller than t h s e  for c y c l e  
hexane. Tlus is probably due to either greater localization or 
restricted rotation resulting f r a n  the electrostatic forces. 

For mlecules such as 02 and CH4 in 5A sieve mre direct 
evidence of the rotati& freedan is available(60). 
cules have about the same s ize  and plar izabi l i ty  as Ar and Kr 
respectively and the values of both K, and 90 for 02 and Ar and for 
CH4 and Kr are very nearly the same. This is the expected result 
if the polyatcmic mlecules are freely rotating in the adsorbed 
phase whereas i f  the rotational freedcan were restricted the value 
of K, muld be mller by the factor frot (15 for CH4 and 20 for 
02 a t  298OK). 

It may be seen fran table 1 that the values of K, for 

wse  mole- 
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sorption of Mixtures 

The problem of predicting equilibriun data for multiccanponent 
systems 

practical importance and it has attracted the attention of a number 

of investigators. The statistical themdynamic &l, represented 

by equation 7 can readily extended to m d t i c q n e n t  sorixtes(61) 

and it has been sbwn that for s-le mixtures of similar sorbates 

(e.g. propane-cyclopmpane) the mixture isotherms are satisfactorily 
predicted by the rrpdel using the H e n r y  constants for the pure corn 
ponents(62) . me -1 is  less satisfactory for mixtures such as 
C2Hq<-$g or C 2 H 4 a 2  (62) . 

from the pure canponent isotherm is of considerable 

The extension of the Dubinin-Polanyi theory to mixed. sorbates 
and other mtbds of estimating mixture isotherms from single am- 
ponent data have been discussed by Schimer e t  al. (63t64) .  

most general mtl-cd yet proposed is tb ideal adsorbed solution 
theory of Myers and Prausnitz(65). 
satisfactory for adsorbents such as silica gel but it is less 
satisfactory for zeolites. 
theory is the assmption that  the sorbate is thermodynarm ’ a l l y  inert 
and acts rrerely as a container for the adsorkd phase. 
zeolitic systems this is unlikely to be true.  
culties i n  the practical application of this theory have been 
pointed out by Danner and m z e 1 ( 6 6 )  . 

The 

This tkory has been found very 

Implicit in the formulation of this 

For m y  
Sane further diffi-  

KINETICS OF SORPTION 

comner~ial  molecular sieve pellets consist of small crystals 
of zeolite formed into a macroporous pellet with the aid of a day 
binder. In addition to t k  mass transfer resistance of the exter- 
n a l  fluid film there are therefore two distinct diffusional 

resistances: 
pore resistance of the actual zeolite crystals. In principle 
there is also the possibility of a rate process associated with 
the adsorptioddesorption step at the crystal surface but for mst 
zeolitic systems th is  step is rapid, so that the assutption of 

the macropore resistance of the pellet and the micro- 
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local equilibrium a t  the crystal surface i s  a good approxbtion. 
External f i l m  resistance may be minimized by maintaining a suffic- 
iently high fluid velocity and in most industrial a d s o r k s  the 
rate of mass transfer is controlled either by macropre or by 
micropre diffusion or  by a canbination of these processes. 
ationof t k  gross pellet s ize  provides a simple and convenient 
experimental test for macropre resistance. 
may occur by either Knudsen flow or by molecular diffusion but in 
either case the process is fairly we l l  understood and the diffu- 
sional time constant can be e s t h t e d  with confidence. 

V a r i -  

khcropre diffusion 

For the diffusion of ethane and butane in  5A sieve it has 
been shm that the intrinsic rate of micropre diffusion within 
the zeolite crystals is mt  significantly affected by pelletizaticn. 
Under properly selected conditions of micropre diffusion control 
uptake rates in  conmrcial pelleted sieve were found to be 

essentially the sam as for the unaggregated crystals (119,120). 
contrast, for the 4A sieve, diffusion rates in  the pelleted 

sieve were considerably lower than in the pure crystals. 
ference appears to be due to the somewhat 1- thema1 stabil i ty 
of the 4A sieve. Frcan a detailed study of the pellization process 
mdis and mamff(121) concluded that the reduction in aiffusivity 
arises from partial disintegration of the zeolite crystal surfaces 
as a result of high temperature steam treatment during the 
pelletization process. It is therefore evident that ccmparisons 
betwen kinetic d a t a  obtained with crystals and pellets m y  not 
always be valid, particularly for the 4A sieve. 

less w e l l  understood than macropre diffusion although in recent 
years the phemnenon has been widely studied. Zeolitic diffusim 

differs fundamentally from both Knudsen and molecular diffusim 
s h  the diffusing mlecules never escape frcm the force field 
of the surrounding crystal. zeolitic diffusivities are in  general 
strong-ly mcentration depn&nt and they show also the strong ex- 
pnential  temperature depmdence characteristic of an activated 
rate process. 

Tkis di f -  

Diffusion within the rnicropres of the zeolite crystal is 
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The true driving force for  a diffusive transport process is 
the gradient of chemical potential rather than the concentration 
gradient(122) and the Fickian diffusivity (D) i s  therefore related 
to the corrected diffusivity (b) by: 

D = J&(dlna/dlnc) = D,(dlnp/dlnc) 

In  an adsorbed phase, ideal behaviour (dlnp/dlnc = 1) is approached 
only i n  the law concentration l i m i t  (Henry's Law region) and a t  
higher concentrations the act ivi ty  correction term dlnp/dlnc is a 
strong function of concentration. 
principle concentration d e m e n t  it is evident that the con- 
centration dependence of D, w i l l  in general be less pronounced a s  
a consequence of elimination of the themcdynanic factor. Cor- 
rected diffusivi t ies  show a clear correlation with the size of the 
zeolite WindaJ and the diameter of the diffusing mlecule. 
i n  much of the early work these regularit ies of behaviour =re 
overlooked because the importance of the thermodyMmic factor was 

not recognized. 

Experimental kkasurement of Zeolitic Diffusivities 

Although both D and D, are  in 

H o w e w r ,  

The simplest method of detennining the zeol i t ic  diffusivity 
& p d s  on the analysis of experimntal transient adsorption or  
&sorption cuzves. 
cal ly  o r  gravirretrically but the gravimetric techni- has been 

found to be particularly convenient. 
splErical particles subjected t o  a step change in surface con- 
centration a t  tbw zero, the uptake curve w i l l  be q i m  by the 
familiar solution of the diffusion equation: 

Such curves my be measured either volunetri- 

For a system of uniform 

or ,  in the i n i t i a l  region: 
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*re, for spherical particles, A/v = 3/r. 
experimental uptake curve to equation 23 or  equation 24, the 
diffusional time constant ( r 2 / D ) ,  and hence the diffusivity may 
be determined. 

Thus, by matching the 

In order to obtain reliable data by this metl-od several pre- 
cautions are n e c e s s q ( 6 7 , 6 8 ) .  

(i) 
ditions, the sorption rate is dstennined by zeolitic diffusion and 
not by other rate processes. With a single cunpent adsorbate 
there is no external film resistance but macropore diffusional 
resistance my be significant. 
form the particle s ize  should be varied to confirm the absence of 
significant macropore resistance. This difficulty can be minimized 
by the use of unaggregated crystals rather than pellets but even 
then, for rapid sorption processes, the bed of crystals may offer 
som diffusional resistance and it is therefore desirable to make 
replicate e x p e r k t s  w i t h  different depths of adsorbent sample. 
(ii) In the derivation of equation 23 it is assumed that the sur- 
face amcentration rernains constant after the i n i t i a l  step change. 
The system must therefore be sufficiently l a rFe  to ensure that the 
pressure does mt vary significantly as a result of the material 
adsorbed or  desorbed during the course of the expriment. Changing 
the total wight of the zeolite sample provides a convenient test 
of t h i s  approxiroaticn. 
(iii) Since both the zeolitic diffusivity and the final position 
of equilibriun are strongly m a t u r e  depndent it is important 

that isothermal ccnditicns be maintained(69). 
heat of adsorption this can prove difficult  to achieve. 
(iv) Zeolitic diffusivities are, in  general, strongly concen- 
tsation depndent. 
msurmmt therefore depends on the interval over which the 
sorption curve is msured and, for the same interval, is different 
for adsorption and desorption steps. 
ciently mll that it can be considered as a differential masure- 

It is necessary to ensure that, under the exprimntal con- 

If  the adsorbent is in pelleted 

~ecause of the large 

The rate of uptake in an integral sorption 

Vhen the interval is suffi- 
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mt the rate of sorption becomes indewdent of the step s i z e  and 
the same for adsorption and desorption. 
msur ing  both adsorption and desorption rates therefore provides 
a convenient means of verifying that the true differential diffu- 
sivity is in&& being msasured. This test also confirms the ab- 
sence of significant them1 effects and the absence of any sig- 
nificant surface adsorption rate process since in a surface con- 
trolled adsorption process the rates of adsorption and desorption 
w i l l  generally be different. 

Varying the step s ize  and 

The requirenent for differential measurements makes it 
necessary to use an accurate microbalance system. mst of the 
earlier diffusivity data reported in the literature were derived 
f m  integral m~~surenents and the interpretation of these data is 
therefore often ambiguDus. 
integral measurarrent does not pmvids a sensitive test for concen- 
tration dependence of the differential diffusivity. For the forms 
of concentration dependence ccemnnly encountered in zeolitic 

systems, it m y  be shwn that, when the step change is  large, the 
inteqral diffusivity becanes insensitive to the s i z e  of t h i s  step 
although the magnitude of the integral diffusivity my st i l l  be 
mmh larger than the true differential diffusivity a t  the average 
concentration. 
(v) since zeolitic diffusivities are strongly influenced by traces 
of misture(70), or other stronqly adsorbed species, it is neceSSary 
to pay particular attention to the degassing pmcedure and the 
purification of adsorbates. For types A and X zeolites a m i n h  

pried of 1 2  b u r s  a t  10-5 torr, 4OOOC seems adequate for i n i t i a l  
degasshy. 
eqeriments. 
(vi) I t  is necessary to use crystals of high quality since s t n c -  

ural defects and grain boundaries can have a significant effect on 
the uptake rate (70). 

Variation of the step s ize  i n  an 

Screwhat shorter periods are adequate for subsequent 

ws problem is mre severe w i t h  mtural  
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zeolites since thz! crystals of the synthetic zeolites are generally 
smller with fewsr imperfections. 
(vii)  
distribution and i f  the diffusion process is sufficiently slow so 
that the i n i t i a l  portion of tke uptake curve can be measured, this 
equation provides a sinple and useful method of analysis. 
systems the uptake is too rapid for the in i t i a l  portion of the 
curve to be measured w i t h  any accuracy and in such cases it is 
necessary to analyse the la ter  portion of the curve using equation 
23 or equivalent. 
to  particle shape and s i z e  distribution and the assumption of a 
single mean equivalent spherical radius can cause significant errol; 
TO obtajn reliable diffusivities for the faster sorption processes 
it is therefore necessary to use, in place of equation 23, a more 
antplex equation based on the appropriate crystal shape and k l u d -  
ing a correction for the distribution of crystal s i ze (67) .  

As an alternative to the conventional gravimetric or volu- 
metric methods, various &amtographic techniques for measuring 
zeolitic diffusivities have been developed. 

on the fact that the spread of a chranatographic peak is determined 
by the w s s  transfer resistance. To amid excessive pressure drop 
it is necessary to pack the m l m  with p l l e t e d  molecular sieve, 
of a l l  particle s ize ,  rather than with unaggregated crystals. 
order to estimate zeolitic diffusivities the contributions to the 
mass transfer resistance fran external film and macropore resis- 
bme must therefore either be elirninated by the experimental 
techniqw or allowed far in the analysis. 

making measurements over a range of carrier gas velocities either 
with trJ0 different carrier gases or with particles of different 
size.  

two different but equivalent ways. The method used by ~ k r l y ( ~ ~ )  
aepena~ on the use of the van m t e r  equation(72) relating the 
HETP to the gas velocity: 

Etpatirn 24 is applicable to particles of any shape and s i z e  

For m y  

The later portion of the curve is q u i t e  sensitive 

These metbds depend 

~n 

This may be achieved by 

The resulting e x p r h t a l  data may be analyzed in either of 
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(25) 
B HETP = A  + - + CU 
U 

The constant C, which may be found frcm the limiting slopeof the 
plot of HE"P vs u as u + m, is related to the diffusional time 
constants for both mcropre and ~ c m p r e  diffusim processes. 
variant of this method involving the use of tm different carrier 
gases t o  e l a t e  the mcmpre contribution was used by 
McDmald and Habqcc~I(~~). 
analysis has been used by several different groups of 

linear isotherm and a constant diffusivity. It is generallyassuxd 
that &se assmptions w i l l  be fulfilled provided that  the pulse of 
sorbate is sufficiently small relative to the carrier gas flowrate. 
However, for certain zeol i t ic  systems the diffusivity is strongly 
concentration & p d e n t  even w i t k i n  the Henry's Law region and, for 
such systems, the diffusivity determined from a chranatcgraphic 
experiment w i l l  be an integral value which depnds on the size of 
the pulse and the carrier flowrate. There are several systems for 
which diffusivities have been measured, under ccmparableanditioI-Ls; 
by both chranatographic and gravirwtric methods but the agreemxt 
is generally pwr. For the systems studied by E b e r l ~ ( ~ l )  (Ar-5A, 

&-a, sF6-13x) the discrepancy is attributable to the concentration 
dependence of the diffusivity. For these system rneasurewnts of 
the differentia!. diffusivity by the g r a v h t r i c  m e w  skim that, 
w i t h i n  the 11enry1s ~ a w  region(57) : 

A 

The alternative neW of m t s  

The clmnmtographic method is based on the assumptions of a 

(26) % = -  D'O 
C 

where DWO is a constant which varies with tenperatme according to 

an Arrhenius equation: 

F J i t h i n  the Henry's Law region c = Kp and K varies with temperature 
according to equation 3 so that: 
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The precise value of the integral diffusivity determined in a 
ChrCaMtographic e x p e r k s t  w i l l  depnd on the pulse s i z e  but it is 
clear fran equation 28 that i f  the pulse size is kept constant and 
the temperature varied the apparent energy of activation (G) w i l l  
be given by E, = E + e,. 
agree w e l l  w i t h  the values of E + e, from the g r a v k t r i c  measure- 
rrents as my be seen fran table 111. 

The values of Ea deterrrcined by E k r l y  

When the assumptions of a linear isotherm and a constant 
diffusivity are fulfilled and provided the experhental conditions 
are such that the major contribution to the mass transfer resis- 
tance arises fran intracrystalline diffusion, the diffusivities 
obtained by the chromtographic method sbu ld  agree with the values 
determined direct ly  from transient sorption curves. Wse mdi- 

tions are fulfilled for the diffusion of Ar in 4A sieve a t  room 
m a t u r e  and for t h i s  system the chramatographic diffusivities 
repr ted by S m  and Hayr~s (123) are i n  reasonable agreement w i t h  
the gravimetric data of Ruthven and Cerral~(~~). These conditions 

'IIABLE I11 

canparison of Values of E + q,, with Apparent Activation 
Energies fran Chromatographic Data 

q* E t  E + Q  Ea* 
System (Kca?) (kcal) (kcal) (kcall 
Ar-SA 3.3  <<1 3.4 3.5 

Kr-5A 3.6 2.0 5.6 5.9 

SFfj-13x 5.0 2.8 7.8 7.5 

* Values of 90 fmn E l b e r l ~ ( ~ l )  a t  high tanperatures. 

t Values of E calculated amording to equation 26 and 27 f m  

f Apparent activation energy fmn chmnabgraphic measurements (71) . 
gravimetric data. 
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should also be 

trations but, for  this system, the diffusivity data obtained 
chrmtographically by Hashimto and Smith(76) are very much larger 
than the gravimtr ic  values of Fk~thven and Lou9hlin(77). The 
origin of this discrepancy is m t  clear but it may be related to 
the difficulty of correctly evaluating the second m n t s  of the 
chromatographic peaks which, exhibit considerable ta i l ing  when 
micropre diffusion resistance is significant. 
system this problem is compounded by the need to extrapolate the 
second rmmnt values in order to eliminate contributions f m  
macropre resistance. 

fu l f i l l ed  for the nCqH10-5A system a t  low concen- 

For the butane-% 

The analysis of breakthrough curves for a pcked colm s u b  

jected to a step change in f e d  concentration is, in principle, a 
variant of the chrcaMtographic meW. 
mass transfer ra te  is  essentially controlled by zeolit ic diffusion 
it has been shown that diffusivi t ies  calculated fran the uptake 
curves agree w e l l  with the gravirretrically msured values(78). 

For systems in which the 

The advantages of the chromatographic m e W  lie in  the sini- 
p l ic i ty  of the apparatus and the rapidity with which measurements 
can be made. This makes the method useful for the approximate d6- 
tennination of overall mass transfer coefficients and d i f f icu l t ies  
only arise when one attgopts to separate out the individual con- 
tributions fran film, macropre arid micropre resistance. blacropore 
diffusivi t ies  can be determined with some accuracy since variation 
of the particle size or carrier gas provides a simple methcd of 
varying this contribution. Hcwever it appears t h a t  for  the deter- 
mination of zeolit ic diffusivi t ies  the chrmimgraphic metkds are 
in general less rel iable  and convenient than conventional gravi- 
metric methods. 

Tracer Diffusivities 

The relationship between the diffusivity measured in a sorp- 

t ion experiment (D) and the tracer self  diffusivity 

derived by Ash and Barrer(79) and K&qer(80) from the principles of 
irreversible thermodynamics: 

0 has been 
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A . -  
a h A  

or, for an ideal vapur phase: 

where the derivative alnp/alnc represents the gradient of the 
equilibrium isothenn, plotted in logarithmic coordinates. 
f ic ient ly  lm sorbate concentrations the isotherm becames linear 
(alnp/alnc -+ 1.0) am3 encounters between the diffusing mlecules 
becane increasingly infrequent so that LA*A + 0. As the sorbate 
concentration approaches zero the limiting diffusivity (4) there- 
fore bexm~s identical. with the tracer self diffusivity (D). For 
many zeolitic systems it appears that the cross coefficient $*A 

is quite small, even a t  relatively high sorbate concentraticns. For 
such system,  equation 30 redwes simply t o  Darken's quaticn(81): 

A t  suf- 

which was originally derived for interdiffusion 
This equation may also be obtained direct ly  i f  it 

in  binary alloys. 
i s  assumed that 

the driving force for tk zeolitic transport process is the gradient 
of chemical potential, rather than the concentration g r a ~ i i e n t ( ~ ~ ! ~ ~ ) .  
For mst a a m m ~  shaps of isothenn the activity correction term 
alnp/alnc increases rapidly as the sorbate concentration approaches 
saturation. Thus i f  4 (or D) is independent of concentration 
equation 31 predicts a m t o n k  increase a t  the diffusivity D with 
increasing sorbate concentration. Swh behaviour has been observed 
experirrentally for several systans (see belcw). 
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There are only a few systems for which both different ia l  
diffusivi t ies  and tracer self  diffusivi t ies  have been determined 
under corrp3arabe conditions. For the diffusion of water i n  vari- 
ous natural z e o l i t e s  Barrer and Fender(84) showed that  the concen- 
t ra t ion dependence of the diffusivity could be largely acauntedfor  

by the act ivi ty  correction term andthat the limiting diffusivity 
was essentially equal to the tracer E l f  diffusivity. These data 
were later re-analyzed by Barrer (5) who suggested that there was 
evidence of a srall additianal concentration dependence arising 

from the term C A ~ * ~ / C A *  .Lm h the denmuxi ' tor of equatian 30. 
Tracer diffusivi t ies  (D) for C02 in 4A and 5A sieves have been de- 
termined by and Sargent and Whitford(86). These values 
are in order of mgnitude agreement with the limiting diffusivit ies 
(8) determined in th i s  laboratory. However, the limiting diffu- 
s iv i t ies  are concentration d e m e n t  so detailed caparisons are 
not possible without additional t racer  data. 

Although both D and D are, i n  principle, concentration depen- 
dent it m y  be seen fm equatian 30 that the corrcentration depen- 
dence of D will be the mre complex since it arises fran the cow 
bined effect  of three separate terms. For funckmental analysis of 
the transport process the self  diffusivity D or the limiting diffu- 
s ivi ty  8 are clearly the more important parameters. 

Diffusion of Hydrocarbons b &all Port  Zeolites (Type A, Erionite 
and H-Chahzite) 

The diffusivi t ies  of the l i gh t  hydrocarbms i n  5A zeo l i t e  are 
strongly concentration dependent, increasing rapidly a s  saturation 

is approached. &presentative data are shown in figure 7(87). a he 

concentration dependence of tk differential  diffusivity can be 
quantitatively accounted for by equation 31with a constant value 

of Do. 
equation: 

The temperature dependence of t&, follows the usual w i n g  

(32) 
-E/€S = D,e 
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?he diffusional activation energies m y  be correlated with the 
cri t ical  diameter of the sorbate mlecules, as may be seen frcm 
TablelV, suggesting that tk rate limiting step in the transport 
process is the passage of the sorbate mlecules through the rela- 
tively s ~ l l  windows be- adjacent cavities. The data for the 
i m r i c  butenes are of particular interest since 1-butene and 
trans-2-butene have the same cr i t ical  diameter and the s m  activa- 
tion energy as propylene. 
cis-2-butene is appreciably larger and this is reflected in t h e m u c h  
larger activation energy. However, the cr i t ical  diameter is not 
the only W r t a n t  parameter. For the longer chain species thereis 
also an effect of chain length as s h m  in figure 6. 
m t o n i c  increase in activaticm energy with hydrocarbon chain 
length is in mrked contrast with the c q l e x  behaviour reported by 
Gorring(91) for diffusion in zeolite T, a synthetic intergrPwth of 
erionite and offretite. The limited data available for diffusion 
in erionite and chabazite conform to the general trend of the 5A 

data. 
canplicated by the effects of a concentration depndent diffusivity. 
Clearly, i f  the diffusivity is concentration d e p h t  (according 
to equation 31) t k  apparent energy of activation of D w i l l  arise 
fmn the ccmbined effects of the tgnperature dependence of Q, and 
ahp/alnc. The apparent activation energy of an integral diffus- 
ivity w i l l  be even m e  ccmplex. 

The cr i t ical  diameter of the isomric 

The shple 

I t  thus seem possible that Gorring’s results may have been 

FIGURE 7 

Variation of diffusivity with sorbate wncentration for light 
hydrocarbons i n  5A zeolite. 
while the lines are calculated according to equation 31 with con- 
stant values of 4 using the activity correction factors 
(alnp/alnc) calculated frcm the w r i m e n t a l  equilibriun isotherm. 
( A  : cyclopropane; f m  references (55, 87), with permission of 
Canadian Journal of chemistry). 

The points are expe rhn ta l  values 
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TABLE Iv 
System in which Critical mlecular Diameter is Greater than 

or Equal to W i n l o w  Aperture: Parmters E and D* givin9 
Temperatures D e w  ce of Limiting Diffusivity 

system 

Ar-4A 3.4 
02-4A 3.5 
KK-4A 3.6 
N2-4A 3.7 
C2H4-4A 4.08 
C2H4-a 4.08 
C2Hq-Erior-1. 4.08 
cH4-4A 4.08 
cH4-5A 4.08 
C2%-4A 4.36 
C2H6-5A 4.36 
C2Hg-Erion. 4.36 
C3Hfj-S 4.95 
1-qHg-5A 4.95 
tr-2CqH8-5A 4.95 
C3Hg-a 5.1 
C3H8-9 5.1 
*C3H8Chab. 5.1 
nCqH10-4A 5.1 
nCqH10-5A 5.1 
nCqHlo-Chab. 5.1 
nC5H12-5A 5.1 
nC5H12-Erion5.1 
nCgH12-Chabz5.1 
If7H16-5A 5.1 
CYClO-c3H6*5.2 

CiS-2-CqHg- 
cF4-5A 5.44 

5A 5.58 

E 
(kcal .I 
5.8 
4.53 
8.1 
6.1 
8.5 
2.75 
2.34 
7.4 
2.98 
6.24 
1.28 
4.3 
3.46 
3.44 
3.46 
8.7 
3.5 
4.04 
8.5 
4.0 
4.16 
4.6 
5.0 
4.95 
7.5 
4.34 
9.15 

9.2 

E x p e r ~ n e n t a l  
a* x 108 

(m2. sec-l) 
122 
660 
9.7 
96 
61 
0.198 
0.36 
5.8 
7.2 
5.66 
3.02 
6.6 
0.25 
0.18 
0.26 
1.24 
0.82 

0.42 
0.73 

0.63 
0.09 

- 

- 

- 
15.0 

250 

151 

1.06 

Theoretical Values 

D, x l o 8  (d.sec-1) 
Wtating %n-btating 

- 
132 

266 
3550 
132 
830 
(172) 
172 

332 
1100 
96 
1660 
750 
(90) 
90 

(57) 
57 

- 

- 

- 

- 

10 3 
2.4 
13 
7.0 
5.0 
0.24 
1.26 
(6.22) 
6.22 

1.01 
3.1 
0.008 
0.062 
0.028 
(0.014 ) 
0.014 

(0.0021) 
0.0021 

- 

- 

- 

- - 
1000 0.0025 
25 0.015 
192 0.034 

The da ta  are correlated according to equations 31 and 32 (@ in+ 
pendent of c). 
the smallest cylinder which can cir-ribe the mlecule in its 
mst favourable equilibrium confonnatim. 
about 3 . d  for 4A sieve and 4.d for 5A. 
erionite are fran data obtained in these laboratories(5~-58,87r88). 
Values for H-cbhzite are from Barrer and Davies(25). The calcu- 
lation of tk? theoretical values of D, for Uq and CF4 is discussed 
in detail by Ruthven and Derrah(88) . 

The critical diwter a is defined as the radius of 

Window aperatures are 
Values for 4A 5A and 
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~ r c u n  transition state theory it follows tha t  the limiting 
diffusivity is given by(**) : 

or 

where f*,/fIg is the ratio of the partition function for the tran- 
sition state to the partition function per unit vela for the free 

gaseous species. If the internal freedcm of the molecule is not 

significantly altered in the transition state and if  there is no 
significant freedan of mtion in the plane of the window, which is 
a valid assuption for molecules with cri t ical  diameters greater 

than or equal to the wincbw aperature, then, for the extreme cases 
of a freely rotating and 

free rotatim --------- 

a non-rotating transition state,  w have: 

- 1 - 
(2 mnkT/h2 ) 3/2e 

(35) 

no rotation 

Ekquation 34 and 35 or 36 may be used to calculate values of D* for 
these 

Table N. It my be seen t k t f o r  the mll hydrocarbon molecules 
(CH4, C2H6, C2H4) the e - r h t a l  values are close to the theo- 
retical  values for a non-rotating transitim state while for the 
lcmger chain mlecules the experimental values are intermdiate 
between the rotating and non-rotating values. 

extrem cases and the values so obtained are given in 

This suggests that 
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the repulsive interaction w i t h  the oxygen ions of the windcw is 
sufficient to suppress the rotation of the smaller mlecules but 
w i t h  the larger mlecules a significant contribution fran rocking 
vibration is to he expcted. N~ereas the data for CH4 suggest 
a non-rotating transition state, it appears that  CF4 is  freely 
rotating. 
much larqer marwt of inertia and the correspndingly greater rota- 
tional partition function (88) . 

This difference is understandable in view of the very 

Diffusion in 4A zeolite is  very much sl-due to the smaller 
effective diameter of the window. This difference is reflected i n  
a higher diffusicnal activation energy and the pre-exponential 
factors are essentially the same, as is t o  be expected fram eqAion 
33 since t k  values of &, are similar. 

Diffusion in the partially jon exchanged forms of the A 

zeolite (intenrediate between 4A and 5A) has also been investi- 
qated(111-113) .  he diffusivities s h o ~  an abrupt increase when 

about 33% of the original. Na+ ions have been replaced by Ca*. 
This correspnds to the composition a t  which the obstructing Na+ 
cations are remved fran one third of the w i n & x s  so that each cell 
has, on averaqe, two mbstructed windows. When mre than 67% of 
the Na+ ions are replaced a l l  win- are unobstructed and the 
diffusional properties hecaw essentially the same as those of the 
pure CaA (521) sieve. The changeover from 4A to 5A sieve therefore 
occurs a m s t  entirely over the range 33-67% Na+ exchange(113). 

Diffusion in erionite has been studied less extensively(56) 
but the limited data available (figure 8 and table W) indicate 
that the behaviour is essentially similar to t h a t  of the type A 

zeol i tes ,  as is to be expected fran sinple structural considerations 
The concentration dependence of the diffusivity for l ight hydro- 
carbons (C2H6, C2H4, nCgH12) follows equation 31 with a constant 
value of Do. 
erionite is sormwhat larger than in 5A whereas for ethylem the 
activation energies are dlrrost the same. 
the difference in the shap of these mlecules. The three 

diffusional activation energy for ethane in 

This may be explained by 
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40 

Erionite 
230" 

5 A  - 273' 

- I I I 

4 

Erioni te 
273" 30 - 

20 - 

10- 

0 0  

3.5 2.5 3.0 

c ( molecules/cavity) 

FIGURE 8 

comparison of diffusivity data for l ight hydrocarbans i n  erionite 
and in type A zeolites. The pints are e x p r h t a l  values while 
the lines are calculated acdording to equation 31 w i t h  constant 
values of b, using the activity correction factors (alnp/alnc) 
calculated f m  the equilibrium isotherms. (From reference (56) 
w i t h  permission of Journdl of Colloid and Interface Science). 
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dimensional ethane molecule will encounter a higher energy of re- 
pulsion in passing through the distorted octagonal win& of erio- 
nite, as ccanpared w i t h  the symnetric windcrw of the A type z e d i t e  
whereas the repulsion energy for the planar ethylene mlecule w i l l  

be ahout the sane for both winrkws. 
Diffusion of l ight paraffins i n  H-chabazite was studied by 

who observed a similar pattern of behaviour Brrer and 
to that observed for 5A and erionite. 
of the diffusivity could be adequately correlated by equation 31 
and the diffusional activation energies are similar to the val.ues 
for 5A and erionite. Since the windows of the chabazite strwture 
are essentially similar to those of erionite and 5A (8-mmbered 
oxygen rings) such similarity of bebviour is not unexpcted. 

Diffusion of bbnatomic and Diatomic Gases in Type A Zeolites 

The concentration dependence 

In 4A zeol i te  t k  mnat0mi.c and diatomic gases (Art Kr, 0 2 ,  

N2) show a very similar pattern of behaviour to that which is ob- 
served for the hydrocarbons in 5A(57). The diffusivities are con- 
stant within the Henry's l a w  region and increase m t o n i c a l l y  
according to eqUatian 31 a t  h i g M  sorbate concentrations. The m g -  
nitude of the observed diffusivities can be satisfactorily account- 
ed for by transition state theory as m y  be seen from Table  IV. 
For the mnatcnnic species there i s  no possibility of mlecular rc- 
tation. The values of D* for 02 and N2 suggest a freely rotating 
transition state (particularly for 02) but the difference be- 
the values for rotating and non-rotating cases is smal le r  than for 
the larger hydrocarbon molecules so the evidence is less ccnclus- 
ive. 

By contrast, in the 5A zeolite, an entirely different pattern 
of concentration depmfence is observed as illustrated i n  figure 
9. A t  low concentrations, within the Herny's Law region, the dif- 
fusivity decreases rapidly with increasing concentration passing 
throqh a mininnnn a t  about one th&d of saturation and increasing 
again a t  high conmtrations. This profound difference i n  the 
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1 i I i 1 ' 1 ' 1 1 1 1 1 1 0  
0 1 2 3 4 5 0 1 2 3 4 5 6 7  

c (  molecule/covity) 

FIGURE 9 

Variation of diffusivity with sorbate concentration for K r  and Xe  
i n  5A zeolite. 

pattern of concentration depdence suggests a difference i n  the 
transprt rrechanism. 
the corrected diffusivi t ies  ( D o ) ,  calculated according to equation 
31, here found to be inversely proportional to sorbate concentration 
(equation 26 and 2 7 ) .  "his type of behaviour is illustrated in  
figure 10  which shows a log-log plot  of & vs c and i n  figure 11 
i n  which the bebaviour of 02 in 4A and 5A zeolites is canpared. 
Tkis is the form of cmcentrat im dependence which is observed for 
ordinary mlecular diffusion in the gas phase and it i s  therefore 
suggestive of a coll isional diffusion mcharu 'sm i n  which the mean 
free path of the diffusing mlecule is detelmined by intemlecular 
collisions. I t  has been sbwn that both the form of tk concentra- 
tion dependence of D, and the orders of mgnitude of D'* and the 
diffusional activation energy can be accounted..for in terms of a 
simple mechanism in which it is assumed that transprt is due pri- 
w i l y  to the small fraction of adsorbed mlecules which are m i n g  

For a l l  species studied (Ar, Kr, Xe ,  02, N2) 
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10- 

10-l0 

lo+ 

,p v 
0.1 1.0 10 

c ( molecule/cavity ) 

FIGURE 1.0 

Log-- plot showing variation of correctec? diffusivity (Do) 
with sorbate concentration for Kr and Xe in 5A zeolite.  

are calculated according to equation 31 using the values of 
the activity correction factor (alnp/alnc) from the equilibrium 
isotherms. 
equatim 26. (The data for K r  a t  199OK and 215°K and for Xe a t  
246OK are the same a s  the points shcrwn in figure 9) .  

Values of 

The solid lines have slope -1.0 i n  accordance with 

rapidly along the axes through the centres of successive  wind^ 

with a mean free path inversely proportional to the fraction of 
occupied cavities (57) . 

The essential factor which governs the nature of the diffLsion 
size of the sorbate mlecule relative to the win- mechanism is the 

dew aperature since it is this which detennjnes the magnitude of 
tbe energy barrier betwen cavities. When the diffusing mlecule 
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10'' 

c 
I 
V al 
v) 

> 
vo104( a 

lo-' ' 

5 A  - 201'K 

0 0  
0 0  

4 A -  204'K 

I I I I I I I l l  I I 1 1 1  I I L  

0.1 1.0 10 
C 

FIGURE 11 

Caparison of diffusivity of 02 in 4A and 5A zeolites. 
ordinate is the corrected diffusivity calculated according to 
equation 31 but a t  concentrations below 1 molecule per cavity the 
activity correction factor alnp/alnc is always close to 1.0. The 
data show the corrected diffusivity to be essentially constant for 
4A and to vary according to equation 26 for 5A. 

The 

is relatively large (mmatcmic and diatcmic species in 4A or  hydm- 

carhns etc. in 5A) only a mll fraction of the molecules striking 
a windaw w i l l  pass successfully to the next cavity and the aitical 
assuptian of transitian s t a t e  theory (equilibriun w i t h  the transi- 
tion state) is thus fulfilled. when the diffusing molecule is s ~ l l  
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relative to the wincbw aperatme, as is the case for  the monatcmic 
and diatomic species in 5A zeol i te ,  the mleules can pass w i t h  
relative ease between cavities.  Under these conditions the mole- 
cule in t k  window can no longer be identified wit21 the t ransi t ion 
state and it appears that a collisional diffusion mechanisnhecms 
dalliMnt . 
Diffusion in 13X Zeolite 

The micropreof  the X and Y zeolites,  which contain only 12- 
mmixxed oxygen win- (free dimter % 7.&, are much larger 
than thse  of the type A zeolites and er ioni te  which are inter- 
rupted by E-mrhred windows. This difference is reflected in the 
abi l i ty  to adsorb much larger molecules, including branched chain, 
aranatic and cyclic hydrocarbons, and i n  generally fas ter  diffusion 
rates. 
m a l l  crystals (% 1 micron) and the diffusional time constants 
(r2/D) for most species are too SMU to measure by the gravimetric 
method. In order to determine reliable values for  zeol i t ic  dif- 
fusivi t ies  i n  these adsorbents it is therefore necessary to  use 
s p c i a l l y  prepared crystals of larger s ize ,  

The ccannercial X and Y zeolites are available only as very 

In t h i s  laboratory diffusivi t ies  have been determined for  
several and i n  a specially prepared 13X 
zeolite. The resul ts  are s-ized in Table V. The critical 
diameters of a l l  these species are less than 7.4i and the diffusiv- 
ities shav the same type of concentration depndence as fo r  the 
mrmatCmic and diatanic molecules i n  5A zeolite (quat ions 31, 26, 
27). Only the 
data fo r  SF6 have so f a r  been analyzed i n  detail. 
these data can be interpreted i n  terms of the same theoreticalndel 
as for  the manatcinic and diatanic molecules in 5A on the assunptbn 
that the SF6 mlecule is freely rotating. !?or the hydrocarbonskw 
ever it seems that mlecular rotation must be to same extent re- 
stricted but this makes a quantitative analysis of the data mre 
di f f icu l t  . 

%presentative data are sham in figures 1 2  and 13. 
It a p r s  that 
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TABLE V 

Systems in which C r i t i c a l  Wlecular D i a m t e r  is Smaller 

Temperature Depndence of D',,. 
than Window Aperture: Parameters E and D'* giving 

system 
E 

(kca l l  

3.4 

3.6 
4.0 
3.5 
3.7 
6.1 
5.1 

6.5 
6.5 
6.5 

< d . O  

2.0 

3.0 
1.0 

1.5 

2.77 
6.2 
4.96 
4.9 
6.6 

0.01 
0.077 
0.15 
0.026 
0.052 
2.98 
22 

10.2 
4.9 
6.6 

The data are correlated according to equatian 31, 26, 27 
(D, = DI,/C; DI, = D'*e-E/RT. 

Free  aperture of 5A sieve = 4 . 6  and of 13X sieve = 7 . d .  

mta for 5~ are frcan ~uthven and ~ e r r a h ( 5 7 ) .  

Data for 13X are unpublished results obtained by I.H. m e t s c h  in 
t h i s  laboratory 

NMR MeasurenEnts 

N u c l e a r  mgnetic resonance methcds of s t w i n g  the motion of 
adsorbed molecules have r e c e n t l y  been applied to several z e o l i t i c  
systfms. The s u b j e c t  has been discussed by Resing and MurcI i~y(~~)  
and by P f e i f e r  e t  al. (93). The e x p r h n t a l  techniques are of two 
distinct kinds: the masurerent of relaxation times and the direct 
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? 8  
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0, 
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0 

0, 
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x 
D 

4 '  

2 '  

' 
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30 
W 

0 1.0 2.0 
c (molecule/cavity) 

FIGURE 12 

Variation of diffusivity for n-heptane in 1 3 X  z e o l i e  with sorbate 
concentration. 

measwemnt of the self diffusivity by the pulsed field gradient 
spin-echo metbod. The f i r s t  of these mettr~ds depends on extracting 
from the relaxation tim rreasuranents the average tjm interval 
betwen successive translational jmps of the adsorbed species (T) . 
The self diffusivity is then calculated on the basis on an assured 

mean jmp distance 1: 

p = - -  1 12 
6 r  (37) 
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lo-' 
HEPTANE -13X 

X 

409" K 

10-l0 3 
0.1 1.0 10 

c ( molecule/cavity) 

235 

FIGURE 13 

w-kg plot showing the variation of corrected. diffusivity 
with sorbate concentration for n-heptane in 13X zeolite. 
of 
of the activity correction factor (alnp/alnc) calculated from the 
equilibriun isotherms. 
fran figure 12 while t k  lines are drawn with slop -1.0 in 
accordance with eqxation 26. 

V a l u e s  
are calculated according to equation 31 using the values 

The data points are the experimental points 

The pulsed field gradient spin-ecb m e W  is m e  direct i n  that 

the self diffusivity is cbtained fran masuremnts of the loss of 
phase cohererce in the transverse magnetization of the mlecular 
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nuclei due to the randm translational motion of the molecules. 
%se murenwts  yield directly the mean square distance travelled 
during the time interval of the experiment so t h a t  assunptions 
a b u t  the jump distance are not required. 

The relawtion mthcd has been used by Resirag and !Ihonpson to 
study the diffusion of sF6(94,95) and ~ ~ 0 ( 9 6 )  in  1 3 X  zeolite and 
by P f e i f e r  and coworkers a t  the University of Leipzig to study the 
diffusion of C4 hydrocarbns in type A zeolites and cyclic ard 
m m t i c  hydrocarbons in 13Y(97-100). The pulsed field gradient 
spin-echo methcd has been developed minly by mryer who has 

sytems have been studied in this laboratory by the conventioml 
gravimetric technique, The self diffusivities obtained by both the 
NMR techniques are self consistent but &y are i n  general three to 
four orders of mqnitUae larger than the values of obtained, 
d r  similar conditions, by the gravimetric method. Despite t h i s  

very large difference in the n m i c a l  values b t h  the NMR data ard 
the g r a v h t r i c  data shcw similar trends. 

the diffusivities for different species in the same zeolite, as de- 
tennined both hlMR and gravimetric me-, lie in the same sequence 
and the relative variation of NMR and g r a v h t r i c  diffusivities with 
degree of ion exchange in the Na-Ca A z e o l i t e s  is quantitatively 

similar . F u r t h m r e  both the NMR and g r a v k t r i c  methods sbw 
that for the hydrocarbons in 5A the self diffusivity is a M s t  in- 
depem%nt of sorbate concentration whereas with the 13X zeo l i t e  
there is an inverse concentration Ckpndence. 

The relative values of 

similar large discrepancies betmen diffusivities determined 

by NMR and by other mthods have been found for diffusion in mr 
lecular solids but the reasons for this difference are still quite 
uncertain(108-110). 

deterrr&m the rate of diffusion through a surface layer, which my 
be much sl- than diffusion in the interior of the crystal, can 
be disproved by analysis of the form of the uptake curves. These 

r he suggestion that adsorption methods actmlly 
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are  consistent w i t h  a diffusion mechanism and inconsistent w i t h  a 
surface resistance rrodel. Furthmre, i f  the energy barrier a t  
the surface was high one muld e-t an appreciable difference be- 

tween the rates of adsorption and desorption. The mdels  developed 
to explain the gravimetric d i f fus im data inply that most of the 
molecules are, a t  any given instant,  confined w i t h i n  particular 

cavities. 
events. 
moving between cavi t ies  and do not "see" the molecules which are 
confined within a cavity the large n m r i c a l  difference in the 
diffusivity values and the quali tative agreerent concerning the 
trends of the diffusivi t ies  with concentration and for  different 
sorbates could be explained. However such an explanation is not 
supported by the intensity of the NMR signals which are such as to 
suggest that all adsorbed molecules are  

Counter Diffusim Studies 

Transitions betwen cavi t ies  a re  relatively infrequent 
I f  the hp.IR mth0d.s respond only to the molecules which are  

T h e  diffusivity data discussed above refer  exclusively to the 
diffusion of single molecular species e i ther  w i t h  a net flux, a s  
in a sorption experiment, o r  w i t h  m net  flux as in a tracer mea- 
surement. 
w i t h  a counter diffusion situation i n  which one camponent is  dif- 
fusing intm a crystal  while another ccmponent is simultaneously 
diffusing out. 
counter diffusion situation my  be very much smaller than the dif- 

fusivi t ies  of the individual mnponents (114-116). mrnver further 
study of this phemmmn is required since it is mt  yet  certain to 
what extent such effects  arise from the change 
correction term (alnp/alnc) and to what extent they re f lec t  actual 
changes in  the magnitude of the intr insic  diffusivity (@ or D) . 
Fnmn theoretical considerations one muld expect that i n  systems in 
which the diffusivity is determined primarily by the crystal  lattice 
(i.e. when the mlecular diameter is large in  relation to the win-  

dow aperatue)  the int r insic  diffusivity should not be significantly 
different in a counter diffusion situation. Hornvex, when the 

BI m y  industrial  processes however one is concerned 

It has been shown tkat diffusivi t ies  measured in a 

i n  the act ivi ty  
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cdlisional diffusim mechanism is dceninant a significant diffem-ce 
between the intr insic  diffusivity i n  a countex diffusion situation, 
a s  cmpamd with a single ccknponent system, is not unexpected. 

These hypotheses have not so far been tested e x p e r b t a l l y .  

The topics covered by t h i s  review include only some of the 
more recent mrk  in this area. 
ShDw m y  apparent anamlies and contradictions but i n  m y  cases 
th i s  seems to be because the pronounced concentraticm dependence of 
zeol i t ic  diffusivi t ies  and the consequent necessity of making dif- 
ferential  rather than integral measurements were not appreciated 
in much of the earlier mrk.  The mre recent data show much 
greater regularity w i t h  a clear correlation between the diffusional 
behaviour and the relative sizes of the sorbate molecule and zeolite 
window. 
eventually to irrp3rovea technology i n  the design and operation of 
adsorption separaticm processes. We are  haever  still fa r  a w a y f m  
a situaticm in  which the kinetic and equilibrium data required for 
process design can be predicted for  f i r s t  principles. 

The kinetic data i n  the literature 

An inproved understanding of these phenanena should lead 

This review is based on a review paper presented a t  the 68th 
Annual Meeting of the American Inst i tute  of chemical mgineers, 
Los Angeles, Novanber 16-20thI 1975. 

Notation 

5: 

C 

specific surface area of zeolite crystals (equaticm24) 
virial coefficients (equation 10) 
act ivi ty  of sorbate (equation 29) 

constant (equatian 25) 
Iangmuir equilibrium constant (equaticm 5) 
pre-exponential factor i n  vant Hoff equation giving 
tgnperature dependence of b 

constant (equaticm 25) 
sorbate concentration (m.mle/gm or mlec-de/cavity) 
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CA 

CA* 
CS 

D 

D, 
D'O 

D* 

D'* 
V 
E 

e 
f 

f S 

f Z  

f 'g 

frot 
f * Z 

G 

H 

h 
I 

K 

K, 

k 

=AA 

LA*A 

M, 
Ms 
m 

concentration of species A 

concentration of isotopically labelled spcies A*. 

saturation sorbate concentraticm E nunber of sites 
per cavity 
zeol i t ic  diffusivity (a$. sec-1) 
zeol i t ic  diffusivity a t  zero concentration 
constant i n  equation 26 (molecules.cm2/cavity sec.) 
pre-expnential factor (equation 32) 
pre-exponential factor (equation 27) 

tracer self  diffusivity (a?. sec-1) 
diffusional activation energy (equation 27 and 32) 
base of mtu ra l  1ogarit.h 
fugacity corresponding to sorbate equilibrium pressure 
P 
fugacity of saturated l iquid sorbate a t  isotherm 
temperature 
parti t ion function for adsorbed molecule 
parti t ion function per uni t  volm for free gaseous 
molecule 
rotational par t i t ion function 
parti t ion function for  molecule in t r a n s i t i c m  state 
(Q. a t  centre of window) 
free energy 

enthalPY 
PlanCk'S canstant 
mcment of iner t ia  of sorbate molecule 

Henry's Law canstant (c = Kp) 

pre-exponential factor i n  equation 3 giving tgnpeeature 
depndence of K (in equations 33 and 34) K ,  must be 
expressed in mlecules/cavity.dyne 
~l tznmn's  constant 
straight coefficient in the diffusion flux equation 
cross coefficient i n  the diffusion flux equation 
"mlecular might"  of zeolite 
molecular migh t  of s o a t e  

integer, defined by m 2 v/B (equation 7) 
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m 

mt 

R 
r 

5; 

S 

6 

T 

t 
U 

us 
UZ 

u 

U' 

V 
V 

W 

kl 

miss of sorbate molecule (equatim 35, 36) 
mass of sorbate adsorbed or desorbed during time t 
(equations 23, 24) 

mss sorbate or desorbed as t + - (equation 23, 24) 

equilibrium sorbate partial pressure 
reference pressure (usually 1 atmosphere) 
isosteric heat of sorption (equation 17) 
limiting isosteric heat of sorptim a t  zero sorbate 
concentraticn (equation 3) 
gas anstant 
equivalent radius of zeolite crystal 
position vector 

entropy 
partial m l a r  entropy of adsorbed species 
partial molar  thema1 entropy of adsorbed species 
partial molar  configurational entropy of adsorbed 
species 
molar  entropy of free gaseous sorbate a t  reference 
pressure PO.  

nuther of molecular in a cavity 
syrrnretry factor (equation 36) 
tenprature (Deg.K) 
time (secs.) 

fluid velocity (equation 25) 

potential energy of free gaseous sorbate (zero) 
potential energy of adsorbed molecule 

ptential energy of adsorbed molecule, relative to gas 
phase, as function of position within the cavity. 
difference in potential energy be- free gaseous 
molecule and mlecule in the transition state a t  the 
centre of a win& 
volm of & gms of dehy&ated zeolite 
volune of zeolite cavity (776 i 3  for type A, 406 A3 
for erionite) 

volune of intracrystalline fluid (-W = Bc) 
saturatim adsorption volune (& = pc, 2 v) 
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X 

Zl 

ZS 

P 

h 

T 

weight of sorbate per gm of dehydrated z e o l i t e  
(equation 1 2 )  
configuration integral f o r  one molecule within a 
zeol i te  cavity 
mnfiguraticm integral f o r  s molecules cmfined within 
the sane zeo l i t e  cavity 
mlune of a zeol i te  molecule 
ac t iv i ty  coefficient (equation 15) 
lattice parameter (= distance between centres of 
neighbouring cavities) 
adsorption potential  (equation 8) 
characteristic energy (equation 9) 
chemical potential  of sorbate 
chemical potential  of zeol i te  
oscanotic pressure 
k n s i t y  of dehydrated zeol i te  crystal  
critical diameter of sorbate molecule 
fraction of occupied sites (= c/cs) 
f ree  volm of zeol i te  cavity (smller than v due to  
the f i n i t e  s i z e  of the sorbte mlecule) 
jump distance (equation 37) 
average t h  between molecular jumps (equation 37) 
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