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ABSTRACT 

Self diffusion coefficients of n-pentane, n-hexane, n-heptane, 

and n-nonane have been measured in CaNaA zeolites containing 30 - 35% 

of the exchangeable Na
+ ions in NaA replaced by Ca++ ions. 

The n-alkane vapour phase existing over the sorbent at equilibrium 

was partially replaced by the corresponding monodeuterated alkane 

and the rate of exchange between the vapour and sorbed phases monitored 

using an on-line mass spectrometer. Self diffusion coefficients 

obtained from these isotope exchange experiments refer to saturation 

or near saturation conditions of the zeolite channels. 

A complementary study of intrinsic diffusion of these alkanes in 

empty zeolite channels has been made. 

A comparison of energies and entropies of activation for the self 

and intrinsic diffusion processes has allowed an assessment of the 

importance of molecule-molecule interactions in these small pore sorbents 

under saturation conditions. For a given n-alkane the energy of 

activation for self diffusion is greater than that for intrinsic 

diffusion, the difference increasing with chain length. A similar 

trend was observed for the entropies of activation for these transport 

processes. 
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TO A TRACER MOLECULE. 

ON TURNING HER UP IN HER ZEOLITE 

CAVITY WITH THE METROSI L LEAK. MARCH 1970. 

Wee sleeket, cowrin' tim'rous beastie, 

0, what a panic's in thy breastie! 

Thou need na self diffuse sae hasty, 

Wi' rotations and rattle! 

I wad be laith to rin an' chase thee, 

Wi' murderin' metrosil! 

Thy wee bit cavity, too, in ruin! 

Its silly wa's oxygen strewin'! 

An' naething, now, to big a new ane, 

0' hydrothermal scheme! 

An' bleak n-aZkane's vapours ensuin', 

Baith snell an' keen! 

(With apologies to Robert Burns) 
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1. For necely read nicely 17 6 

2. For Ibbotson read Ibbitson 21 4 
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9. For Fillament read Filament 60 

10. For were read was 86 1 

11. For Table 3.2. read Table 3.1. 88 5 

12. For sheres read spheres. 90 20 

13. For (Qt-Q0/(Q.-Q0) read (Qt-Q0)/(Q.-Q0) 107 11 

14. For 2.55 read 2.25 144 10 

15. For 0 = 0.5 read 0 = 0.65 145 19 

16. For E
17 = -A5 + RT read Ev = -45 - RT. 148 21 
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CHAPTER 1  

INTRODUCTION 

1.1.1. Motivation for this study  

It is well known in heterogeneous catalytic systems that the 

chemical transformation at the catalyst site may not be rate determining.
(1) 

In the restricted pores of zeolite catalysts counter-diffusion of 

reactant and product molecules may be important, especially at high 

sorbate concentrations. Despite this, few fundamental studies of 

such processes appear in the literature. 

Self diffusion (measured experimentally as tracer exchange 

diffusion) is the limiting case of counter-diffusion of identical molecules 

and is simplified by the presence of only one component in the sorbed 

phase. Accordingly we have measured the tracer (C
n
H
2n+1

D) exchange of 

several n-alkanes (C
n
H
2n+2

) in Linde molecular sieve 5A with a view to 

elucidating some of the factors which affect the counter-diffusive 

fluxes of molecules in small pores. 

Linde sieve 5A was suitable for this work because replacement of 

++ ions 	
+ . 
I Ca 	ons by 65 to 70% of Na ons resulted in tracer exchange rates 

which could be conveniently handled by the apparatus. Furthermore 5A 

zeolite is stable, robust, and catalytically active only at temperatures 

well above those used in our transport studies. 

1.1.2. Experimental technique  

A sample of CaNaA zeolite was thoroughly outgassed and allowed to 

equilibrate with an n-alkane vapour in a constant volume apparatus. 

Part of the vapour phase was then replaced by the appropriate mono-

deuterated alkane and the combined vapour phase was then pumped through 

the bed of zeolite, initiating a tracer exchange process. The kinetics 

of this tracer exchange was measured by monitoring the vapour phase 



8 

composition as a function of time, using an A.E.I., M.S.10 mass 

spectrometer. Tracer-exchange diffusion coefficients were obtained 

from the experimental kinetics by employing the transient state solution 

of the diffusion equation appropriate to the experimental boundary 

conditions. These tracer exchange diffusion coefficients approximate 

very well to true self diffusion coefficients (and will be referred 

to as such hereafter) since the perturbation arising from incorporation 

of a single deuterium atom in an n-alkane is small. 

The rectangular nature of the sorption isotherms of the n-alkanes 

studied (C5H12, C6H14, C7H16, C9H20), together with the fact that the 

pumping system would not operate efficiently at pressures below 2.5 cm 

Hg., limited the investigations to the region of sorption very near 

saturation. 

A detailed description of the experimental technique and procedure 

is given in Chapter 3. 

1.2. The Structure and Properties of Zeolites 

1.2.1. The Structure of Zeolites  

Zeolites are aluminosilicates which contain an anionic framework 

of SiO
4 and A104 

tetrahedra with T-O-T bonding (where T = Si or Al). 

However, no oxygen atom can coordinate to more than one Al atom 

(Loewenstein's rule(2)). Joining tetrahedra in this manner results 

in a variety of possible structures (there are 34 known mineral zeolites(3)), 

but all contain free channels of molecular dimensions. The A10
4 

tetrahedra formally have one negative charge, generally assumed to be 

smeared over the four oxygen atoms, and an equivalent number of cations 

are distributed throughout the structure to preserve overall electro- 

neutrality. The cations reside on the walls of the channels, preferably 

at positions of high negative charge density. The interstitial channels 



9 

are generally full of water in mineral zeolites and may even contain 

occluded salts (felspathoids). 

Early attempts at the classification of zeolites
(4) 

were made in 

terms of morphological properties. Thus, fibrous, lamellar, and three 

dimensional zeolites have a preponderance of tetrahedral linkages in one, 

two, and three dimensions respectively. More recently, Meier
(5) 

 has 

proposed a classification into seven groups based on framework 

structures. These groups, named after representative members, are 

analcime, natrolite, chabazite, phillipsite, heulandite, mordenite, and 

faujasite. 	Breck(3) has proposed some modifications to this system. 

1.2.2. Properties of Zeolites  

Sorption  

Occluded water may be removed from the interstitial channels of 

zeolites by heating carefully under vacuum to high temperatures 

(ca. 360°C). 	In some zeolites water is necessary to stabilise the 

crystal structure, but in general "three dimensional" zeolites are robust 

and may be heated well above 400°C without loss of crystallinity. The 

resulting empty channels represent a substantial degree of porosity 

(see Table 1.1. taken from Barrer(6)). 

TABLE 1.1. 

Zeolite 
Approx. Intra- 
crystalline volume 

Monolayer 
Equivalent Area 

Mordenite 0.29 cm
3
/cm

3 
440 m

2
/g 

Faujasite 0.54 1000 

Chabazite 0.46 750 

Linde A 0.49 850 

Because of this, for all "guest" molecules able to replace water, 

the sorptive capacity of zeolites is high. This capacity may be 
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expressed as the monolayer equivalent area, ie. the area which would 

be covered if all the guest molecules required to fill the intracrystalline 

volume were removed and spread as a close-packed monolayer on a 

perfectly smooth plane surface. 	These capacities (Table 1.1.) are 

comparable with those of many active carbons, silica gels, or activated 

aluminas. However, the inner surfaces of molecular sieve zeolites are 

much more polar than these adsorbent surfaces, and are, therefore, 

capable of large specific (electrostatic) interactions with adsorbed 

molecules, which may, therefore, be predisposed to chemical transformation. 

Indeed zeolites are, in general, very good catalysts. 

Furthermore, the electric fields in zeolite cavities are non-uniform. 

Several sites of different electric potential may, therefore, exist, causing 

the sorbent to be heterogeneous with respect to the sorption process. 

Thus differential heats of occlusion () and differential entropies of 

occlusion
(8) 

may vary with sorbate concentration, though this is not 

marked for hydrocarbon sorption in the hydrogen forms of zeolites.(8) 

At high concentrations the last few molecules will be sorbed in regions 

of relatively uniform sorption potential, sorbate-sorbate interactions 

may be important,
(10) 

and the sorbed phase may become liquid-like.
(11) 

Finally, when sorption-desorption hysteresis is encountered in 

zeolites, it is associated with condensation in spaces between crystals, 

not in the intracrystalline channels themselves.(12) 

Molecular Sieve Action  

Migration of a molecule in a zeolite necessitates passage through 

a window of oxygen atoms (see 1.3.) which has a definite size. 	If the 

most favourable dimension of the molecule is comparable to the window 

diameter then an energy barrier may arise which will influence the rate 

of migration (and sorption). In unfavourable cases large molecules may 

be unable to sorb at all, whereas smaller molecules will pass freely 
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through the windows. This is the molecular sieve effect.(13) Thus 

the 8-ring windows of CaA allow passage through them of n-alkanes but 

not branched chain alkanes. A similar ion sieve effect exists(14) w
h
en 

these materials are used as cation exchangers. 

Ion Exchange  

Zeolites generally exhibit large cation exchange capacities. This 

property is of great importance since it enables facile modification of 

the electric fields in the intracrystalline channels, which in turn 

modifies sorptive and catalytic properties. Preferential occupation of 

different sites by individual cations may result in striking molecular 

sieve properties. Thus NaA sorbs 02  but KA does not; CaA sorbs paraffins 

but NaA does not.(15) 

Sherry(16'17) has critically reviewed cation-exchange equilibria 

in zeolites. 

Catalysis  

Very many cation-zeolite combinations have high catalytic activities 

which can promote reactions such as cracking, hydrogenation, dehydrogen-

ation, dehydration, oxidation, isomerisation, and alkylation.(18) 

Venuto and Landis(19) have discussed the nature of the active sites and 

have shown that Bronsted and Lewis acid sites can be of importance in 

many reactions. 	It is postulated that equilibria as shown below can 

occur in divalent (and trivalent) cation (M++) zeolites on dehydration; 

M
++
(H20) 	(M-0H)+ + H+ 

(M-0H)+  t M++ 	(M-0-M)++  + 

2(M-0H)
+ 	

(M-0-M)
++ 

+ H2O 

the H
+ 
so formed being recessed into the anionic oxygen framework of the 

zeolite and these usually exist as framework hydroxyl groups. Adsorption 

bands in the infrared spectra of zeolites have been identified with 

cation hydroxyl and framework hydroxyl groups.(20) The concentration 
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of such hydroxyl groups depends on dehydration conditions and the cation 

involved. 	It is pertinent to add here that the species represented in 

the above equilibrium equations may influence the sorptive properties 

of a zeolite. 

Apart from kinetic studies, zeolite catalysis has received much 

attention and the literature has recently been reviewed by Venuto.(21) 

1.3. The Structure of A Zeolite  

Breck et al(15)reported the synthesis and properties of a new 

synthetic zeolite, designated type A, in 1956. This zeolite has a 

unit cell formula Na12  (A102 )12  (SiO2 )12 
 .27H

2  0 and its structure was  

discussed by Reed and Breck
(22) 

at that time. 	Several papers  

have been published on the structure of A zeolite since then. With 

the exception of the detailed positions of some of the cations all have 

arrived at the same structure for A zeolite. 

1.3.1. Aluminosilicate Framework 

The aluminosilicate framework is constructed from sodalite (8) 

cages. A sodalite cage consists of 12 SiO4  and 12 A104  tetrahedra 

linked together (by sharing every oxygen atom between one Si and one Al 

atom) to form a cubo-octahedron with fourteen faces. Eight of these 

faces are hexagonal rings of 6 oxygen atoms and the remaining six faces 

are made up of four oxygen atoms arranged in a square. The Al and Si 

atoms occupy positions in the interstices between oxygen atoms. 

Fig. 1.1. shows diagrams of a sodalite cage. 	The cage is approximately 

spherical, having an internal free diameter of 0.66 nm and may be 

entered through the hexagonal faces (hexagonal windows) which have 

openings of free diameter 0.2 nm. When sodalite cages are stacked in 

8-fold coordination they produce a felthspathoid mineral, sodalite,(29)  

in 6-fold coordination, A zeolite, and in 4-fold coordination, faujasite.(30) 
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FIGURE 1.1. 

Two views of a sodalite cage; A, a stereoscopic diagram 
showing positions of Si and Al atoms ( • ) and of oxygen 
atoms (0 ) and B, a Line drawing showing the sodalite 
cage as a truncated octahedron where the vertices are 

Si or At atoms and the oxygen atoms are represented by 
lines. 

A 

B 
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Figure 1.2. shows the 6-fold coordination characteristic of A zeolite. 

The sodalite cages are joined together by bridging oxygen atoms 

connecting the small square faces of the cages, each cage being joined 

to six other cubically disposed cages, each join involving 4 bridging 

oxygen atoms to produce a small cubic cage. The overall effect is to 

produce large cavities (a cages) in the structure, of diameter 1.14 nm. 

Each of these may be visualised as a modified cubic box, with a sodalite 

cage situated at each corner, and a small cubic cage along each edge. 

This produces an octagonal window in each face of the cube of free 

diameter 0.42 nm, bounded by eight oxygen atoms contributed by four 

sodalite and four cubic cages. Each large cavity is thus joined to 

six other cubically disposed large cavities through the 0.42 nm 

windows. Each sodalite cage is shared by eight large cavities and 

presents a hexagonal face towards the centre of each a cage. Each a 

cage is joined to eight B cages by 0.2 nm windows. The pore structure 

of A zeolite thus consists of a cages, diameter 1.14 nm, connected 

together by 0.42 nm octagonal windows, with 0.2 nm hexagonal windows 

connecting them to sodalite cages. These 0.2 nm windows prevent the 

ingress of all but the smallest molecules to the small sorption volume 

available in the sodalite cages. 

The unit cell is cubic (space group Pm3m) and can be thought of 

as containing one a cage, 8 x 8  sodalite cages, and 12 x 4 small cubic 

cages. The unit cell edge varies slightly with cation content. 	For 

dehydrated NaA
(27) 

it is 1.228 nm, for hydrated NaA
(28) 

it is 1.230 nm, 

and for CaNaA (676 calcium exchange)(31) it is 1.242 nm. 	However, 

because of the strict alternation of Si and Al atoms in A zeolite
(28) 

the true hettotype unit cell (space group Fm3c) has a cell constant which 

is double that of the aristotype unit cell which assumes indistinguishable 

Si and Al atoms. 
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15 

FIGURE 1.2. 

Line drawings illustrating the octahedral stacking 

of sodalite cages in A zeolite (A) and the tetrahedral 

stacking in X and Y zeolite (B). 
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The Al/Si ratio is sometimes found to be greater than unity and, 

since in the zeolite framework itself the maximum ratio permissible by 

Lowenstein's rule is 1, the excess Al is assumed to be present in the 

form of sodium aluminate in the sodalite cages(23) 

1.3.2. Cation Positions in A zeolite. 

In NaA there are twelve cations per unit (aristotype) cell. 

X-ray analysis of single crystals(27,28) has shown that each hexagonal 

window of a 0 cage has one Na
+ 
cation associated with it. 	In 

dehydrated NaA this cation is displaced 0.04 nm towards the centre of 

an a cage along the normal to the hexagonal window through its centre 

++  (cf. Ca ions in dehydrated CaA which reside almost in the plane of 

the hexagonal windows). The Na cation is thus coordinated to three 

oxygens at 0.23 nm and three oxygens at 0.30 nm. 	In hydrated NaA 

cations in this type of site attain tetrahedral coordination by attaching 

a water molecule, the Na
+
-nearest framework oxygen distance then becoming 

0.23 - - 0.24 nm. 

The positions of the remaining four Na cations per unit cell is 

less clear. There are four equivalent cation positions which are very 

nearly in the plane of the octagonal windows which connect a cages. 

These positions are displaced 0.1 nm from the centre of the 8-ring 

giving unusual coordination, with oxygen atoms at 0.25, 0.30 (twice), 

0.34 (twice), 0.40 (twice), and 0.41 nm respectively. 	However, the 

actual number of cations near the 8-ring is uncertain. There are 

three sets of four equivalent cation positions per unit cell (since 

each octagonal window is shared by two a cages). 	Each set is probably 

randomly occupied by one Na cation since electrostatic repulsion should 

prevent multiple occupancy of a single set of sites. 	If this is the 

case then one Na
+ 
cation per unit cell is unlocated, and is probably to 

be found on the inner surface of the large cavity. Present X-ray 
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techniques cannot tell whether multiple occupancy of these sites occurs 

or not. 

Further evidence for the existence of two types of cation site in 

NaA is furnished by electrical conductivity data,(32) and studies of 

the thermodynamics of ion-exchange.(33) The molecular sieve behaviour 

of A zeolite is necely explained by the existence of two types of cation 

site. NaA always exhibits a smaller sieve size than CaA in the same 

circumstances. Furthermore only 30 - 35% exchange of Na+  for Ca++  

results in the sieve size of CaA. This may be attributed to depopulation 

of 8-ring cation positions as the number of cations per unit cell 

decreases. 	Similarly 20% or more exchange with K+  ions closes NaA to 

sorption of 02, the larger K
+ 
 ions preferentially occupying octagonal 

windows and thus reducing their effective diameter. The molecular 

sieve properties of ZK4 zeolite(34)  are more akin to CaA than NaA 

(ZK4 has essentially the same aluminosilicate framework structure as NaA 

zeolite but has three fewer Na cations, the unit cell being Na
9
(A10

2
)
9 

(Si0
2
)
15
.27H

2
0). 

Finally NaA is often found to have some Na+  cations replaced by 

+ i 	 + i H
30 ions, usually up to one H30 on per unit cell being present. 

1.3.3. Distribution of Cations in Mixed CaNaA Zeolites  

Na+  ions, 	
++ 

ons, like Ca ions, preferentially occupy hexagonal window 

sites in A zeolite. However, since there are only eight such positions 

per unit cell, pure NaA also contains Na+  ions in octagonal windows. 

We will assume that in pure NaA each octagonal window has one associated 

Na
+ 
cation and that each a cage contains one unlocated Na+ cation. 

We will further assume that the latter cation is the first one to be 

exchanged on treatment with Ca
++ 
 ions. The order of stability of sites 

is thus Ca++(hex) > Na+(hex) > Na+(oct) > Na+(unlocated). 	We may now 

draw up a simple table showing the cation distribution in an a cage as 
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as a function of the degree of exchange of Na by Ca
++
. This is 

shown in Table 1.2. 

TABLE 1.2. 

Na, Ca
++ 
 distributions in the a cages of mixed CaNaA zeolites  

Exchange Ca
++
(oct) Ca

++(hex) Na
+
(hex) Na

+
(oct) 

Free 
 

Oct. Windows 

O(NaA) 0 0 8 6 0 

1/6 0 1 7 6 0 

2/6 0 2 6 4 2 

3/6 0 3 5 2 4 

4/6 0 4 4 0 6 

5/6 0 5 2 0 6 

5/6(CaA) 0 6 0 0 6 

Wolf et a(35) have drawn up a similar table, obtained using additional 

symmetry assumptions, but their data contain some apparent discrepancies, 

making comparison difficult. 

The free octagonal windows in Table 1.2. refer to octagonal windows 

with no associated (Na
+
) cation. The rate of sorption of n-alkanes in 

mixed CaNaA zeolites is determined by the number and spacial distribution 

of these free 8-ring windows. This will be discussed in Chapter 5. 

The data of Table 1.2. refer to an "ideal" zeolite where a uniform 

distribution is preserved throughout the crystal lattice. Real zeolites 

will contain crystal domains characterised by their own individual 

cation distributions. 

1.3.4. Structure of Sorption Complexes  

The aluminosilicate structure of A zeolite is rigid and does not 

relax to any appreciable extent on formation of sorption complexes. 

The complexes of 12(31), Br2
(36), SO2, Kr and Xe,

(37) 
and NH3(38)  with 
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A zeolites have been studied by X-ray powder diffraction. 	Smith(39) 

concluded that although there is a large degree of uncertainty in 

powder work of this type, nevertheless sorbed molecules occupy 

definite sites in a cages for extended periods of time. For example 

the Br
2 complex of A zeolite has twelve concentrations of electron 

density at the vertices of a rectangular cuboctahedron in the unit cell 

(which sorbs 6 molecules of Br
2
). 

Gramlich and Meier
(28)

, in a single crystal study of hydrated NaA, 

found 5.5 water molecules in the 0 cage and 22.9 water molecules in 

the a cage. 	They postulate the following ideal structure. 

1) Four water molecules form a distorted tetrahedron in each a cage. 

2) Twenty water molecules form a pentagonal dodecahedron in each a cage. 

3) Three water molecules occupy positions in the octagonal windows, 

ie. one water molecule and one Na+  cation occupy each 8-ring. 
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1.4. Diffusion in Zeolites  

Sorption of molecules in zeolites, unlike adsorption on surfaces 

freely exposed to the gas or vapour phase, requires diffusive transport 

in the intracrystalline channels. 	This is an activated process(40,41) 

in which a molecule passes, via an activated transition state, from 

one sorption site to another. The structures of both the sorbate 

and the zeolite (including cations) are important in determining the 

rate of sorption, which may be characterised by a diffusion coefficient 

(D) and an activation energy (E). 	Some typical data are shown in 

Table 1.3. 

TABLE 1.3. 

Sorbate 
Critical 

Ft Diameter  o 
Zeolite T°C 

D 
-

E 
Reference 

2 	
-1  

m 	s 1 cal mol -1 kJ mol 

H
2 

N2 

Xe 

H2 

N2 

C
3
H
8 

n-C
4
H
10 

(CH
3
)
2
NH 

n-C
14
H30 

2.4 

3.0 

4.3 

2.4 

3.0 

4.9 

4.9 

- 

4.9 

KA 

KA 

KA 

K-Mord. 

K-Mord. 

Chab. 

Chab. 

Chab. 

CaA 

20 

20 

20 

-78 

-78 

150 

150 

100 

205 

2 x 10-17 

9.8 x 10-22 

6.7 x 10-25 

2.7 x 10
-17 

9.2 x 10
-2 

1.8 x 10
16 

9.5 x 10
-17 

3.4 x 10 18 

6 x 10
18 

9.9 

16.2 

19.2 

2.5 

4.8 

3.1 

7.3 

19.0 

16.1 

41.4 

67.7 

80.3 

10.5 

20.1 

13.0 

30.5 

79.4 

67.3 

42 

42 

42 

43 

43 

43 

43 

43 

44 

Experimentally, diffusion coefficients are obtained from the overall 

rate of uptake of sorbate by an aggregate of zeolite crystals. The 

sorption process may be complicated by concentration dependence of the 

diffusivity and in such cases the experimental technique must be chosen 

carefully to give meaningful results. The theory of diffusion is 

discussed in Chapter 2. 
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Diffusion of large organic molecules in zeolites is important 

from an industrial standpoint and has received some attention in 

the literature. 

Barrer and Ibbotson
(45) 

showed that diffusion rates of n-alkanes 

in chabazite decreased with increasing chain length, and Eberly(46) 

noted the same effect in erionite. However, the latter author found 

that n-alkane diffusion rates at 93°C in CaA were relatively independent 

of chain length but noted that desorption rates of longer chain (C7, C
8
) 

n-alkanes could be orders of magnitude less than the corresponding 

sorption rates. Ruthven and Loughlin(47)  found that sorption and 

desorption rates of C1  to C4  n-alkanes in CaA were essentially the 

same but Satterfield and Frabetti(48)  showed that desorption rates for 

these n-alkanes in synthetic mordenite were many times smaller than 

sorption rates. 

Barrer and Brook(43) found that the mean diffusion coefficient of 

n-C
4
H
10 in chabazite was relatively constant at low sorbate concentrations 

but decreased at higher sorbate concentrations. 	Habgood
(49) 

found 

that the diffusion coefficient of CH
4 
in NaA increased with concentration. 

Ruthven and Loughlin
(47)

, for C
1 
to C4  n-alkanes in CaA, and Barrer and 

Davies(9), for 
n-C4H10 

at 150°C in H-chabazite, also found positive 

concentration dependence of diffusion coefficients, whereas Schirmer 

et a.
(44) 

found that the diffusion coefficient of nC
14
H
30 

in Zeosorb 5A 

increased with concentration at 205°C but decreased with concentration 

at 307°C. 	The theoretical treatment of concentration dependent 

diffusion is given in Chapter 2. 

Other studies of n-alkane diffusion in zeolites include those of 

Brandt and Rudloff(50' 51, 52), Philips(58), Kehat and Heineman(54), 

Nelson and Walker
(55)

, Eagan et al.(56), Kondis and Dranoff(57), 

Wolf et ca.
(35), and Clarke(58). 
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No self diffusion study of n-alkanes in zeolites has been reported 

in the literature but Barrer and Fender(59) have measured self 

diffusion coefficients of water in chabazite, heulandite, and gmelinite. 

One interesting study of counter diffusion of large organic molecules 

in type Y zeolite has been made
(60) 

and the authors concluded that 

molecule-molecule interactions between counterdiffusing species have 

a pronounced effect upon the diffusion rate. 

Finally the work of Barrer and Rees
(61) 

and Rees and Berry(62) 

has demonstrated how the diffusion coefficients of non-polar molecules 

in zeolites can be changed greatly by the prior addition of controlled 

amounts of small polar molecules. 
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CHAPTER  

THEORY 

2.1. Theory of Diffusion  

2.1.1. Fick's Laws  

Diffusion is the process by which matter is transported from one 

part of a system to another as a result of random molecular motions. 

Transfer of heat by conduction is also due to random molecular motions. 

Fick(63)  realised this analogy and adopted Fourier's equations of heat 

conduction(64)  to describe diffusion. 	Thus Fick's first law states 

that in an isotropic medium the rate of transfer (J) of diffusing' 

substance through unit area of a section is proportional to the 

concentration gradient measured normal to the section 

ie. 	J = -D 
ac 	

2.1. 

where C is the concentration of diffusing substance, x is the space 

coordinate measured normal to the section, and D is called the diffusion 

coefficient. 

It is easy to show that 

DC DJ
x 
 DJ BJ

z 
Dt Dx Dy az 

= 0 	2.2. 

where t is time and J x  , J y  , Jz  are given by equation 2.1. 

DC 	a2C 	a2c 	a2c  

at 	

) 
Hence 	= D 	+ Ty-2- + "y2-  

which reduces in the one dimensional case to 

ac_ n  32C 
at 	-5X7  

Equation 2.4. is Fick's second law of diffusion. 

In general D will be a function of x, y, z and C and equation 

2.2. then becomes 

2.3. 

2.4. 
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BC 	a 	fp  21cd 4 af p ac 	4. af p aci' 
at - ax ( ax j 	Dy ( 	Dy j 	az ( 	az j 	2.5. 

In spherical polar coordinates r, 6, ¢ this equation becomes 

DC 	 101 
Dr 	

) 	1 — D sine 	+  D2  
a 	2 

a c --74 2.6. at 	r2 Dr 	sine ae 	sin 2e 

Equations 2.3. to 2.6. can be generalised in terms of vector analysis as 

DC — = div (D grad C) 
at 

2.1.2. Diffusion in Anisotropic Media  

In isotropic media the direction of diffusive flow at any point is 

normal to the surface of constant concentration through the point. 

This need not be so in the case of anisotropic media. 	In general 

equation 2.1. must be replaced by 

	

ac 	ac 	ac -J = D — + D 	+ D13 — 

	

x 11 ax 	D12 ay 	3z 

	

DC 	ac 	ac -J = D 	+ D 	+ D 

	

y 21 ax 	D22 ay 	23 3z 

	

ac 	3C ac -J = D 	+ D 	+ D 

	

z 31 ax 	32 ay 	33 az 

A transformation to rectangular coordinates a, $, y can be found 

such that 

a2c 	a2c ac 	a2c + D2 Ti--32- + 
D3 

= 	-a-c-z4 	j ay at 2.9. 

The new axes may be called the principal axes of diffusion and D
1, 

D2, D3, 

the principal diffusion coefficients. Further transformations 

u= al-675-1 	v= f31576; 	w= 0575; 

where D is chosen arbitrarily, convert equation 2.9. to 

2.7. 

2.8. 
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2.10 

which has the same form as equation 2.3. 	Carslaw and Jaeger
(65) 

have 

discussed the physical significance of a, 6, and y. 

2.1.3. Diffusion in Mixed Media  

So far in the discussion of diffusion it has been tacitly assumed 

that the "medium" which supports a concentration gradient is "inert". 

In general this is not true. Considering the simplest case of a two 

component system containing species A and B, five interelated diffusion 

coefficients may be defined:- 

a) D
AB 	

- interdiffusion (mutual) diffusion coefficient of A and B. 

b) DA, D
B 
- intrinsic diffusion coefficients of A and B respectively. 

c) DA, DB - self diffusion coefficients of A and B respectively. 

Rigorous definition of these coefficients requires specific frames 

of reference. These frames of reference and the resulting relationships 

between DA, DB, q, Dt, and DAB, are discussed at length by Crank.
(66) 

However, in the case of a single sorbate (A) diffusing in a non-

swelling zeolite (B), DB  and 91 are effectively zero and DAB  = DA. 

In this sense the zeolite is "inert", and provides a very convenient 

frame of reference from which to measure the intrinsic and self-diffusion 

coefficients of the sorbate. 

2.1.4. Self Diffusion Coefficients  

By using isotopically labelled molecules it is possible to monitor 

the "tracer-exchange" of labelled and unlabelled molecules in a system where 

no net mass flow occurs (ie. at constant overall composition). Provided 

the labelled molecules perturb the system very little, the tracer-exchange 

process will approximate to true self-exchange and in this way one may 

measure self-diffusion coefficients. 

— D 	+ 	+ awe
D, _ ( ,2, 	D2c 	,2, 
at 



d In aA D = 
DP. A d In C

A 
2.13. 
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Consider a system containing n*
A 
 labelled A molecules, n

A 

unlabelled A molecules, and nB  unlabelled B molecules, in a mixture of 

uniform composition but with a gradient of labelled molecules. 

	

an
B 	a(n

A 
n*) 

Then -- - 0 - 

	

ax 	ax A  

an' 
However

ax  0 and there is a pure diffusive flux of labelled molecules 

per unit cross section normal to x given by 

ac* A 

where D*
A  is the self diffusion coefficient of the molecule A. 

Ash and Barrer
(67) 

have shown that 

D = D* 	 1 
d In aA 	CA  LAA*  .. -1  

A 	A d In C
A 
	

CA L AA 
2.12. 

where aA  = PA  is the activity of the sorbate, and LAA, LAA*  are the 

respective straight and cross phenomenological coefficients of the 

irreversible thermodynamic formulation of diffusion. 	If L
AA* 

= 0 

then we obtain Darken's original relation(68)  

J* = - D* A 	A ax 2.11. 

Studies of self-diffusion in terms of "random walk" have been made 

by Einstein,(69)  Kramers,(70) Chandrasekhar,(71) and Le Claire.(72) 

Le Claire has shown that the average net flow of labelled particles per 

unit area across a reference plane is expressible as 

-)?  j* ( 	aC*- 
2t 	ax 2.14. 

where C* is the concentration of labelled particles, t is time, and 

2 
x is the average of the square of the net displacements of the particles. 



This equation corresponds to Fick's first law with 

2 

D = — 2t 2.15. 
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This relation was first given by Einstein.
(69) 

2.1.5. Solutions of Fick's Second Law of Diffusion  

"Steady state" diffusion experiments afford direct measurement of 

concentration gradients. 	If J is also measured then application of Fick's 

first Law yields D directly. However, this method is restricted to 

materials which can be moulded into plugs or thin membranes. 

Zeolites are usually only available in the form of fine powders. 

Experimentally one measures the total uptake of sorbate as a function of 

time. Fick's second Law must therefore be solved to give a mathematical 

relationship between D, t, and C(t) where C(t) is the total uptake of 

sorbate by the zeolite at time t. Experimentally two types of boundary 

conditions may be used:- 

1) Sorption or desorption is measured keeping the sorbate pressure 

constant. 

2) Sorption or desorption is measured in a constant volume, variable 

pressure vessel. 

In addition to these conditions the solution also depends on 

a) the shape of the zeolite crystals. 

b) the size distribution of the crystals. 

c) the concentration dependence of D. 

Constant Pressure Boundary Conditions  

Here C = C o  just within the surface of a crystallite for t > 0 

C = C
0 
 throughout the crystallite at t = 0. 

If D is independent of concentration and the zeolite is composed of 

uniform spheres of radius r then the solution of equation 2.7. is 
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Qt 	Q0 	v. L 	1 	( 	Dn
2
IT
2
t 
) 

- 1 --z 	--z exp 	2.16. n  
9. - 	n=1 	r2 

where Qt, Q0, and Q., are the amounts sorbed at time t, at zero time, 

and infinite time respectively, and n is a positive integer taking all 

values from 1 to co. 

For small t this reduces to a ft.  law:- 

Qt -Q 
	r 

 Q0 = 6 [Dt )2  = 2A Dt
7  )

2  
n 	V 

w 0 
2.17. 

Barrer
(73) 

has discussed the deviations of equation 2.17. from the full 

solution 2.16. for various crystallite shapes. 

Constant Volume Boundary Conditions  

Here C = C0  throughout a crystallite at t = 0 

and C = f(Qt) just within the surface of the crystallite for t > 0. 

Exact analytical solutions are only available for two cases:- 

1) The sorption isotherm is rectangular, ie. the concentration of 

sorbate at the in going surface of the zeolite is independent of the 

external pressure. This case is therefore analagous to the constant 

pressure boundary conditions. 

2) The sorption isotherm obeys Henry's Law (with constant = k). 

For uniform spheres of radius r (and D independent of concentration), the 

solution(41' 66, 74)  is 

Qt - Q0 - 1  
x  6a(a+1)  

7 z exp(-tql2  ) 	2.18. 
Qco  Q0 	n=1 9+9a+qii a 	1  

where T = Dt/r
2 and qn  is the nth positive root of 

3qn  
tan q - 	 2 3 + aqn 
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Here a denotes the equilibrium ratio of sorbate in the gas phase and 

in the crystals. If (%)g  and (Q.)g  are amounts of gas initially 

and finally in the gas phase then 

a  = 	(Q0)g  - (Q. - Q0) 

Q.„ 

For small enough times a Tt law again results:- 

Qt  - Q0 	6 (a+1) [Dt )2  
Q co  - Q0  r 	a 	7 

2.19. 

An alternative solution, given by Carman and Haul,(78) is 

-  	3y 	1 
1 2:_t 2  - (1+a) [1 

Y1

1
'I'Y2 	r2 

	

Q

t 
 - Q

0 	
. eerfc( —

a  0  

	

(- Y 	t 2 t D )2) -  2 

	

a 	r2 
YYll-Y2 . eerfc 

 

	

+ higher terms 	2.20. 

where y1 2 = — [(1 + — a)-  + 1) , y2 = y1 
- 1 

	

1 	
3 
4 

and eerfc(x) = exp(x2) erfc(x) = exp(x2) {1 - erf(x)} 

Equation 2.20. has been compared with equation 2.18 in this 

laboratory.(76) For values of a in the range 0.1 to 1.0 (the experimental 
- Q 

range of interest) very good agreement was found up to Qt n0  > 0.9 
- '0 

2 1  Fig. 2.1. shows (Qt  - Q0)/(Q. - Q0) v (Dt/r )2  for various values 

of a, plotted according to equation 2.20. 

2.1.6. Effect of Finite Size Distribution of Crystallites  

Equation 2.16. may readily be corrected for a range of particle 

sizes. Consider a single sphere of radius x in which no material is 

sorbed at t = 0 (for convenience in notation only). Then from equation 

2.16. we may write 



a=0.25 

a=0.452 

a=1.00 90 
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( Dt ) 
7 x 103  

FIGURE 2.1. 

The rate of uptake of a sorbate (in a constant volume 

vessel) by a spherical particle (or particles) of radius r, 

accordin• to e uation 2.20. 



31 

t )x 	6 	co r 17 exp {-n 2,2Dtlx2}  L  ( t 
dx 	n 	n=1 n •  

where (o.)x  and (qco  )x  are the amounts sorbed at time t and infinite -t  

time respectively by this sphere of radius x. All particles may be 

treated independently and if P
x  is the number of particles of radius x 

then it follows that 

n2n:Dt ) 
co 	co 

C px{(cox  (qt)x} = y px(„)x.4., 	exp 
x=0 - 	x=0 	IT 	n=1 n2  

Dividing through by Q.  (the total amount sorbed by all particles in the 

sorption system) and reversing the order of summation we obtain 

co 	 co 	
c°  Px(c1c0)x 	2 2 1 	_ 6 	1 	 —11 Dt

) TIP{(qco) 	(qt)x} 	Q 
	exp{ 

00 x=0 	 n=1 n x=0 	co 	x
2 

P
X

Q 
(q.)

X  Now 	- volume fraction of particles having radius x. 

co 	P (q ) 
• • 	y 	xn 	x = 	f(x) dx 

x=0 	s<00 
0 

where f(x) is the size distribution function (by volume or weight) and 

f(x) dx is the volume fraction of spheres with radius in the range x to 

x + dx. 

co 
Also 	X 	P

x 
 {(q 

00  )x 
 - (qt)x}  = 

x=0 

Qt 	6 	
co 

	

1 - — = 	y 	n22
2
Dt f(x)exp{ 	}dx 	2.21. Q 	IT 	n=1 n 

For a system in which the particle size is normally distributed 

(by volume) 

1  

	

 
f(x) - 	 1 

2 (
x 	p 

 )
2
1 

v V2Tr 
exp{ 	

av 

CO 

Qc. 	Qt 
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where p and a
v 
are the mean and standard deviation of the dimension x 

on a volume basis. 	Hence equation 2.21. becomes 

00 
Qt 	. 	2 2 

6 	1 
1 - 	= 	/ 	f exp{ 	

1 (x u)2 n u
2
Dt
} dx 

Q 	2 i---- 
cur v271.  n=1 n

2 	2 a
v 
 ' x2 

v 	0 

Substituting y = x/p, s = p/av, and T = p2/D we obtain 

0, 

1 - 
Qt 

= 	
6s 	v 1 

Q0, 	ir2  V2Tr 	
L 	2 

n=1 n2  

( 2 
 2 	2 	n 

2 
71- 
 2 

t 
J   exp{ - 	s (y-1) - 	7r- I dy 	2.22. 

0 

Equation 2.22. shows that the rate of uptake of sorbent is a function 
t, 

of dimensionless time "I and the parameter s which characterizes the size 

distribution. Ruthven and Loughlin
(77) 

have evaluated this expression 

numerically for several values of s (including s = 00, ie. uniform 

particle size). 

At small times the particles of a sorbent behave as semi-infinite 

media. The total area of the sample controls the rate of sorption in 

this region and particle shape is unimportant. 	Equation 2.22 reduces 

to equation 2.17 in this region. 	However, by introducing a non-uniform 

size distribution, the total area of the sorbent is increased, and the 

rate of sorption predicted by equation 2.22 increases as the value of S 

decreases. 

Similarly, as equilibrium is approached there is a pronounced fall in 

sorption rate due to the presence of large particles. Again this effect 

is greatest for smallest values of S. 

2.1.7. Effect of Size Distribution of Crystallites in Constant Volume -  

Variable Pressure Sorption  

In this case the crystallites cannot be treated independently. 

We may associate a volume (Vxg)  of the gas phase with each zeolite 

particle of volume Vx chosen such that 
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Vx.Vg  Vxg =Vz for all x, where Vg and Vz are the total volumes of the 

gas and zeolite phases respectively, so that 

1PV=V and 1 P
x
V
xg 

= V 
X=0 	

g X X 	z 
X=0 

where Px is the number of particles of volume Vx 

If k is the Henry law constant for the sorption process then 

V 	V 	(Q ) 
a = 2-1-c  = 	=aconstant, for all x. x kVx kVz 

Thus with the subdivision of the gas phase outlined above a may be 

considered constant and retains the value it would assume if the particles 

were uniform. The effect of non-uniformity may now be envisaged as 

follows: 

1) Direct Effect. 	Individual crystallites will proceed Towards 

equilibrium at their own rates given by equation 2.18. 

2) Indirect Effect. 	Because of (1) the pressure at any instant will 

not, in general, be the same as the corresponding pressure had the crystals 

been uniform in size. 	Hence grad C at the surface of the zeolite will 

change continuously not only due to the normal process of diffusion in 

uniform particles but will also change as a consequence of the non-

uniformity of the crystallites. Furthermore, grad C will change in such 

a manner as to counteract the effect (1). 

An exact analytical solution is not possible but one might expect (2) 

to be a second order effect. Accordingly a first order approximate 

solution may be obtained by analogy with equation 2.22. 

Hence assuming spherical particles, concentration independent D, 

and a normal distribution of particle size by volume, we obtain 

	

co 	2 Qt- Q0  6a(a+1) 	1 2 	2 qnt 
n  = 1- v271-  L 	exp{ - 	(y-1) 	--2— )dy 	2.23. 2 2 Qco-  '0 	n=1 9+9atoina 0 	y T 

where all symbols have the same meaning as previously. Note that this 
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equation is exact for the hypothetical case where the volumes V
xg 

are 

interconnected as far as the pressure measuring device is concerned, 

but are unconnected with respect to the pressures experienced by individual 

crystallites. 

A computer program was developed to evaluate equation 2.23. 

numerically 	(see Appendix II). 	Figure 2.2. shows the effect of a 

particle size distribution on the sorption kinetics. 

At small times the rate of sorption is greater than that for uniform 

particles, this being greatest for the smallest values of s. As equilibrium 

is approached the situation is reversed and relaxation towards the final 

uptake of sorbate is slowest for smallest values of s. 

The data for s = 4.51 (given in Appendix I, p.182) show little 

difference from those for s = co and demonstrate that with s 4.5 particle 

size distribution does not significantly affect sorption kinetics. 
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The Effect of Particle Size Distribution on the Sorption 
Kinetics in a Sorbate according to Equation 2.23. 
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2.1.8. Concentration Dependent Diffusion Coefficients  

Experimental Aspects  

In many experimental systems the diffusion coefficient is observed 

to be a function of concentration. Formal solutions of the diffusion 

equation exist in certain special cases but, in general, approximate 

methods of analysis have to be used. 	Crank
(66) 

has discussed this at 

length. 

It has been noted
(13) 

that linear 	plots may be obtained even in 

systems where the diffusion coefficient is strongly concentration 

dependent. 	The integral diffusion coefficient (B)so obtained is some 

mean value characteristic of the initial (Q0) and final (Q 
co
) amounts 

sorbed. D may be approximated to the differential diffusion 

coefficient D by 

D = 	
1 	

D(Q0)dQ 

Qc0- Q0 Q0  

2.24. 

If Q is kept constant during a series of experiments then by 

differentiating equation 2.24. w.r.t. Q
0 
 we obtain 

a 
@Q 

{DQ - DQ
0
} = - D(Q0) 

ie. D - (Qco  - Q0) 2 	- D(Q0) 	2.25. 0   

Thus a plot of it/ versus Q0  will allow calculation of differential 

diffusion coefficients. 	Clarke(58) has discussed this approach at 

some length. Barrer and Brook
(43) 

have described a method which 

eliminates errors due to the degree of approximation of equation 2.24 

but their method requires many determinations of integral diffusion 

coefficients to obtain one differential coefficient. 

Some workers use the following method:- 



viz. 
1.8 

D = 
15.85 	(Qo- Q)

0.85 
DdQ 2.27. 
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a sample, originally with amount Q0  of sorbate sorbed, is allowed to 

sorb a further small amount AQ0  so that Q.  = Q0  t AQ0. 	Thus equation 

2.25 becomes 

ti  
DD 

D — AQ0. aQ  = D(Q
o
) 

1 

and if AQ0. a 
DD 
n  is small enough then 

D(Q0) ti  D 

This method is therefore at its best when D is not a sensitive function 

of Q0.  

2.1.9. Weighted Mean Diffusion Coefficients  

. 
Crank and Park

(78) 
and Crank and Henry(79) have shown that the 

equation 
C 

(%, 
D = — DdC 

co 

is a reasonable first approximation for the integral diffusion coefficient 

D when D is concentration dependent. 

However, Crank
(66) 

has calculated more recently that D is more 

accurately reflected by a weighted mean value such that, in the case of 

sorption, 
Q. 

D = 3Q 
	

Q
2/3 

DdQ 
. 5
5/3  

0 

2.26. 

In the case of desorption a different weighted mean must be used, 

Equations 2.26 and 2.27 are successful in a wide variety of 

diffusion coefficient-concentration relationships. 	They are empirical 

relations, however, since there is, as yet, no theoretical basis for 

their validity. 
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2.1.10. Concentration Dependent Diffusion' Coefficients. 

Theoretical Aspects  

In a sorbed fluid one may consider the driving force per molecule 

for flow in the x-direction to be proportional to -dp/dx where p is 

the chemical potential of a sorbate molecule. 	Then,from irreversible 

thermodynamics we may write 

dp 
J = - L 

dx 

= - B.C. 
 dx 
	 2.28. 

where J is the flux per unit area normal to x, 

L is the phenomenological coefficient 

B is the intrinsic mobility of the sorbate, and 

C is the concentration of sorbate. 

Now dp = RT dln a where a is the activity of the sorbate. 

Therefore equation 2.28. becomes 

J = - RT.B.C. d In a 
dx 

d = - RT.B. 	
In a dC  d in C • dx 

Comparing equation 2.29. with Fick's first law we obtain 

d ln a 	d ln a D= RT.B. 	- RT.B. 
d In C 	d In 

where 9 is the fractional degree of coverage. 

2.29. 

2.30. 

Thus the intrinsic diffusion coefficient D will be concentration 

dependent if d In a  or B is concentration dependent. The activity a 
d ln C 

can be equated to the equilibrium pressure P, if the gas phase behaves 

d ln a d ln P 
ideally, and therefore d In C d In C will depend 	on the equation 

of the sorption isotherm. 

Barrer and Jost
(80) 

considered the mobility coefficient B,having 

in mind localised sorption. For a single jump which could occur with 



equal probability in any one of m directions, 

B1 	m 
= 	. d2. (1-0).exp(- E

1
/RT) Y- 

 
2.31. 
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where v is the vibration frequency, E1  is the activation energy, and 

d the distance jumped in a unit diffusion process. 	If the activation 

energy persists long enough for an n-fold jump in a straight line, then 

Bn 	m = 	. (nd)2(1-8)n  exp(- E
n
/RT) 
	

2.32. 

and so, allowing for all jumps (n = 1, 2, 3....) 

2 	co 
vd D = 	. RT. d In 

d ln a 	
n
2
(1-8)n  exp(- E

n
/RT) 	2.33. 

n=1 

Unless E
n 

increases strongly with n, multiple jumps for small 8 

could contribute appreciably to D. 	However, En  for multiple jumps must 

be relatively large due to rapid dissipation of this energy by vibrational 

collisions. 	Practically then, the cases where n = 1 and perhaps n = 2, 

will contribute most to D. 	Thus the factors (1-9) d In a, and to a 
din e '  

lesser extent (1-9)
2 d ln a  
d In 8 , will determine the concentration dependence 

of D. 

Barrer
(73) 

has evaluated these terms for various isotherms, though 

the treatment applies strictly only to localised sorption. 	It is shown 

that D may remain constant, increase, decrease, or show maxima or 

minima as C increases, each type of behaviour being influenced strongly 

by the isotherm equation followed and the concentration dependence of B. 

2.1.11. Temperature Dependence of Diffusion Coefficients  

In zeolite systems diffusion is an activated process and Arrhenius 

equations may be written thus; 

D = D e
-E/RT 

0 

E/RT 
D*= D* e 

* 
0 

2.34. 

2.35. 

where E, E* are activation energies, R is the gas-constant, T the 

absolute temperature, and D0, D8, are pre-exponential factors which are 

constant. 
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A priori, E and E' may be functions of both temperature and 

concentration. 	Generally, however, activation energies are found to be 

temperature independent. For concentration dependent diffusion, 

coefficients are generally extrapolated to zero concentration before 

applying equations 2.34. or 2.35. 	If this is not done then activation 

energies obtained are apparent values only. 

2.1.12. Absolute Rate Theory of Diffusion  

The passage of a molecule through a window in a zeolite may be 

identified with the activated transition state of the absolute rate 

theory.(81) The theory postulates that an equilibrium exists 

between molecules sorbed in a cage and those in the windows. One degree 

of translational motion permits the molecule to pass through the window. 

An equilibrium constant Kt may be written such that 

K = 	e 
Kt Qt  -E

0  /RT 2.36. 

where Q
t 
 is the partition function for an activated molecule excluding 

the contribution due to translation through the window. 	Q is the 

partition function for the molecule sorbed in a cage and E
0 
 is the zero-

level internal energy difference between the activated and sorbed 

states (per mole). 	Because of this definition of Qt the jump rate (r) 

from an activated to a sorbed state may be written as 

r  _ kT vt 
h -  

kT Qt 	E
o 

h Q exp 
( RT  ) 

2.37. 

2.38 

Equation 2.38. shows that the jump rate is the product of thermodynamic 

functions (all of which in principle can be evaluated) and a universal 

constant (kT/h) which has the dimensions of a frequency. 

The experimental activation energy (E) of equation 2.34. may be 

included by the following means. 
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- AGt  = RT in Kt 
	

2.39. 

where AGt  is the (Gibbs) free energy of activation for the process. 

t kT 	AG 
T 

.*. r -- exp ( — ) 
R 2.40. 

Now it can be shown (eg. ref. 81 p. 197), in a process such as 

diffusion where no change in the number of molecules occurs on going 

from the activated to final state, that 

AG' = AHt  - TASt  = E - RT - TASt  

where AHt  is the activation enthalpy, ASt the activation entropy, and 

E is the experimentally measured activation energy. 	Substituting 

this relation in 2.40. we obtain 

ASt  kT 
r = 2.72 — exp ( ---) exp 	— ) RT 

d2 and since D = — . r, where m is the number of crystallographic direct- or 

ions in which a molecule may move, we obtain 

2.72d
2 

kT ASt  D = 	. 	. exp ( 	) . exp (
-E 
) m 	h  RT 2.41. 

• This equation may be compared with that of the statistical kinetic 

theory(83):- 

2.72d
2 

kT (N-n) 	E f-1 
D = 	• 	• 	• ( 

RT  ) 
	1 	-E

m 	h 	N 	 (f_1):  exp (-FT) 2.42. • 

2.72d2 kT 	(N-N) 	f-1 	1  so that D
o 

= 	• ( 	) RT 	• (f-1): 
2.113. 

where the energy of activation may be accumulated in f degrees of 

freedom. N and n are the total number of sites and number of 

occupied sites respectively. 
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When all sites are occupied intrinsic diffusion of a single sorbate 

in a zeolite must cease but self diffusion can occur. 	In a saturated 

zeolite (N=n) self diffusion must occur by cooperative movement of a 

number of atoms in a zone of activation. The process will approximate 

to a place exchange mechanism and if p molecules are involved then 

-1 E* \f 	1 	E* 1  2 kT 1 P 
D* = 2.72d . 7  (ll.) . ( RT i 	• (f-1): • exp ( 

\- RT ' 

P

0 	h m 	
f-1 	I  

RT ) and D* = 2.72d2. 
h  

. — (--
1 
 ) 	( K • 	• (f-1): 

2.44. 

2.45. 

where E* now refers to the self diffusion process. 

Recently Ruthven and Derrah(84) have applied absolute rate theory 

to the diffusion of CH4 and CF4 in 5A zeolite. 	In the ideal Henry Law 

region of sorption they derived the equation 

. 	exp { 	
kT 

D = d
2 	

1 	(1.1.--f-9-) 
6h • K 	

f  
0 

2.46. 

where u is the difference in potential energy between a molecule in the 

activated state in the zeolite and in the gas phase respectively, and 

f*, fg  are the corresponding molecular partition functions. z  

constant K is given by K = KO  exp (q/kT). 

Equation 2.46. was found to be consistent with a non-rotating 

transition state for methane diffusion and a freely rotating state for 

CF
4 

diffusion. 

2.2. Physical Adsorption 

2.2.1. General Introduction  

When a gas or vapour is brought in to contact with an evacuated 

solid surface the concentration of gas in the neighbourhood of the 

interface increases above the average gas phase concentration and the gas 

is said to be adsorbed. The gas or vapour is called the adsorbate and 

The Henry 
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the solid the adsorbent. The interaction between a gas molecule and 

a surface may be purely physical or it may involve electron transfer 

between gas and solid atoms (ie. chemical bonds formed). 

The former process is called physical adsorption and is akin to 

liquid condensation. 	It is to be distinguished from chemical adsorption 

(chemisorption) which has characteristics of chemical reactions. 

A molecule in the surface of a solid (or liquid) experiences an 

imbalance of forces towards the bulk of the solid. This manifests 

itself in the surface tension and surface free energy which characterise 

an interface. Furthermore, the surface tension tends to minimise 

the surface area (and therefore, the surface free energy) and any process 

which decreases the surface free energy will occur spontaneously. 

A gas molecule in the vicinity of a solid surface experiences an 

attractive force due to the unsaturated force field of the surface and 

adsorption occurs. The process is not unlike condensation of a liquid, 

and conversion of a solid surface to a liquid-like surface occurs 

together with a corresponding decrease of (surface) free energy. 

The adsorbed molecules are either held rigidly to the surface or 

they can move over the surface freely in two dimensions. 	Since prior 

to adsorption the gas molecules moved freely in three dimensions, the 

adsorption process is accompanied by a decrease in entropy. 	Now 

AH = AG + TAS 

and since AG and AS are both negative AH must also be negative. 	This 

means that all adsorption processes are exothermic. Furthermore, by 

applying Le Chatelier's principle raising the temperature of a solid 

reduces the amount of physically adsorbed vapours. 	Similarly raising 

the pressure of gas increases the amount sorbed. 

Although all adsorption processes occur spontaneously (ie. without 

any external driving force) the rate of sorption is dependent on AG
t 
, 
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the free energy of activation. In general this is small for physical 

absorption processes where all adsorption sites are directly accessible 

from the gas phase, and the adsorption is immeasurably fast. 	However, 

in zeolites almost all adsorption sites are only indirectly accessible 

from the gas phase. The rate of adsorption is limited by the transport 

of molecules into the interior of the crystal. 	AG
t 
for this process 

may be appreciable and consequently the rate of adsorption may be slow. 

Zeolites represent a limiting case of porous solids in which the 

pore dimensions are of atomic or molecular size. 	In porous solids with 

larger pore dimensions transport of molecules to adsorption sites may 

occur by gaseous diffusion or by surface diffusion. The rate of 

adsorption in this case reflects the relative magnitudes of the individual 

diffusion mechanisms and is dependent on the actual pore dimensions and 

pore distribution of the specimen. 

Whatever the nature of the solid, its equilibrium adsorption 

properties may be catalogued by measuring the amount sorbed at constant 

temperature (and constant weight of adsorbent) as a function of the 

equilibrium gas phase pressure. 	Such plots, for various temperatures, 

are called adsorption isotherms. Alternatively the data may be 

represented as adsorption isoteres (constant amount sorbed) or adsorption 

isobars (constant equilibrium pressure). Any adequate theory of 

adsorption should account for the shape of the isotherm and its temperature 

dependence (in effect isoteres and isobars). 

2.2.2. Adsorption Isotherms  

Brunauer
(85) 

has classified physical adsorption isotherms into 

five types. 	In general the distinctions between each type arise from 

differences in sorbate-sorbent interaction energy and the pore structure 

of the adsorbent. There is no isotherm equation which will satisfactorily 

account for all types of adsorption isotherms and their temperature 

• dependence. 
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2.2.2.(a). The Freundlich Isotherm Equation  

This, the "classical" isotherm equation, is an empirical equation. 

If v is the volume adsorbed at pressure P then 

v = kP
l/n 	

2.47. 

where k and n are constants.. 

. . log v = log k 	
1
log P 	 2.48. 

A plog of log v against log P serves to test the validity of the equation, 

1 7,1:  the slope of the graph being . Generally n is a function of the amount 

adsorbed. 	It is found in many cases that at low amounts sorbed 

Henry's Law is obeyed ('v = kP) and this corresponds to n = 1. 	Again 

at high amounts sorbed v may be independent of pressure (n = co). 	The 

intermediate range corresponds to n > 1. 

2.2.2.(b). Langmuir Isotherm Equation  

Langmuir(86)  derived an isotherm equation for monomolecular 

localised sorption from kinetic considerations. 	It has since been 

derived thermodynamically
(87) 

statistically(88) and by absolute rate 

theory(89). 	The kinetic and statistical derivations are based on the 

following assumptions : - 

1) the molecules of the gas are adsorbed on the surface without 

dissociation, on sites which are independent of each other and are 

energetically equivalent. 

2) there are no mutual interactions between adjacent molecules. 

3) each sorbed molecule is localised, ie. confined to a fixed site 

on the surface. 

If v is the amount sorbed and v
m 

corresponds to monolayer coverage 

then 
v
m 
bP 

v 

	

	 2.49. 1 + bP 

where P is the equilibrium pressure and b is a constant (b = A eQ/RT 

where A is a constant and Q is the molar heat of adsorption). 



Equation 2.49 may be written as 
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1 
+ v vb v 

m 	m 
2.50. 

 

and thus a graph of P/v versus P should be a straight line of slope l/vm  

and intercept l/vmb if the isotherm is obeyed. 	Furthermore, on this 

model vm should be independent of temperature. 

Langmuir isotherms are type I in Brunauer's classification. 

2.2.2.(c). The B.E.T. Isotherm  

Brunau4,  Emmett, and Teller
(90) 

developed Langmuir's approach to 

include multilayer formation. They assumed, in addition to Langmuir's 

original assumptions, that 

1) each molecule adsorbed in the first layer on the surface serves as 

a site for the adsorption of a molecule in the second layer. 

2) the heat of adsorption is the same in all layers other than the 

first and is equal to the heat of liquefaction of the gas. 

If adsorption takes place in a limited space then only a finite 

number (n) of layers of adsorbate will build up on the surface of the 

adsorbent. 	If v is the volume sorbed then it can be shown that 

v cx 
l-(n+1)x

n 
+ nx

n+1 
v = 	. 

1-x 1+(c-1)x - cxn+1 
2.51. 

where x = P/P0' P
0 
 = sat. vap. pressure of adsorbate. 

If Q and q are the heats of adsorption of the first layer and all 

subsequent layers respectively then d = exp (R:a ). 
RT 

be the heat of liquefaction of the gas. 

If n = 1 equation 2.51 reduces to Langmuir's equation with b = c/Po  

If n = co we obtain the well known form of the B.E.T. equation for 

adsorption on a free surface, viz. 

v
m 
 cP 

v = 	 2.52. (P
0 
 -P)(1+(c-1)(P/P

0 
 )) 

q is assumed to 



which may be written as 
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1 c-1 P 
v(P -P) 	v

m
c v

m
c 	PO  

0 
2.53. 

 

for the purpose of testing the equation. The application of this 

equation to external surface area measurements in zeolites will be 

discussed in detail in 3.6.1. 

When x = P/P0 
 is small and n is at least 4 or 5 equation 2.53. is 

a good approximation to equation 2.51. 	Thus in practice equation 2.53. 

can be used to measure monolayer coverages (vm) by using an upper limit 

of P/P0  = 0.35. 	No knowledge of the value of n is then required. 

When n > 1 equation 2.51. gives Brunauer Type II or Type III 

isotherms depending on the value of the constant c. 	If the attractive 

forces between adsorbent and adsorbed gas are greater than the attractive 

forces between the molecules of the adsorbate in the liquid state, 

Q > q, we obtain S shaped Type II isotherms. 	If Q < q then we 

obtain Type III isotherms. 

Types IV and V isotherms involve capillary condensation. The 

multilayer theory accounts for this on the basis that the last adsorbed 

layer in a capillary is attracted on both sides and so its heat of 

evaporation must be greater than that of the other layers (excluding 

the first layer). Incorporation of this in the multilayer theory 

results in several equations which are reasonably successful in 

describing the isotherms. 	Brunauer(85) has discussed this topic at 

length. 

2.2.2.(d) Applicability of Isotherms  

Generally, the simple isotherms discussed above describe experimental 

isotherms well in some cases and badly in others. The equations may 

fit the data over a limited range of pressure only and the temperature 

dependence of the isotherms may or may not be well accounted for. 

• 
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More sophisticated isotherm equations which attempt to take into 

account sorbate-sorbate interactions are generally subject to the same 

criticisms. 	Schirmer et al 
(44) 

 have discussed the applicability of 

various isotherm equations for medium chain length n-alkanes in zeolites. 

2.2.2.(e). Polanyi Potential Theory  

A theory of multimolecular adsorption which does not offer any 

explicit isotherm equation but does successfully account for the 

temperature dependence of many isotherms is due to Polanyi.(91)  

The forces that attract a molecule to a surface decay with distance 

and a multimolecular adsorbed phase must lie in an intermolecular 

potential gradient. The potential theory equates the adsorption 

potential e, whith is a measure of the forces of attraction, to the work 

done by adsorption forces in bringing an adsorbate molecule from its 

state in the gas phase to its state in the sorbed phase. This is 

conceived as a work of compression and is defined at a point i by 

P 
f0 

e. = 	VdP 	 2.54. 

P 
g 

where Pg  is the pressure in the gas phase at equilibrium and Po  is the 

saturated vapour pressure of the liquid at the experimental temperature. 

Each equipotential surface ei  encloses between its boundary and the 

adsorbentavolumeV.
1 
 anditisassumedthate.is independent of 

temperature. 	If the fluid is assumed to be below its critical temperature 

and to behave like an ideal gas, then provided that the sorbed phase is 

incompressible we have 

f 0 
e.
1 
 = 	dP = RT In (P

0
/P
g
) 	2.55. 

P 
g 

The volume V. corresponding to e. is given by V. = Xi/dT  where X. is the 
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weight of gas adsorbed and d is the density of the liquid (sorbed) 

phase at the experimental temperature T. 

The temperature dependence of the adsorption isotherm can be 

predicted from a knowledge of one isotherm and the variation of d
T 

with temperature. A "characteristic curve" is drawn by taking pairs 

of values of X. and Pg  from the experimental isotherm and calculating 

corresponding pairs of values Vi  and e.. A plot of c. versus Vi  is 

the characteristic curve and should be independent of temperature. 

Reversal of the procedure will give isotherms at other temperatures. 

Refinements in the calculation of characteristic curves have been 

reviewed by Brunauer(85). This theory can successfully account for the 

temperature dependence of physical adsorption isotherms.- It may be 

applied to mono- or multimolecalar sorption and to sorption on 

heterogeneous surfaces. 

2.3. Forces in Physical Adsorption  

The forces responsible for physical adsorption are intermolecular 

in nature and may be divided into dispersion, repulsion, and electro- 

static forces. 	Barrer
(92) 

and Kiselev
(93) 

have reviewed the application 

of intermolecular forces to zeolitic sorption. A short review of the 

nature of these forces is given below. The reader is referred to the 

40th Discussion of the Faraday Society (1965) for more detailed information. 

Dispersion Forces  

Atoms and molecules possess instantaneous dipole and multipole 

moments as a result of the motion of their electrons. 	These instantaneous 

moments induce in any neighbouring atom or molecule resonant moments 

which are in phase with those of the first atom or molecule and result 

in a force of attraction. Dispersion of light is caused by the same 

electronic oscillations and hence these attractive forces are called 
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dispersion forces. 	The dispersion energy ¢D  is given by 

4.  3 
- X(  ( 6 ) 	

A2  
8 	10 
r r 

2.56. 

where A
1, 
 A2, and A

3 
are constants and r is the distance between 

interacting atoms. 	The first term arises from fluctuating dipole/ 

dipole coupling, the second term from fluctuating dipole/quadrupole 

coupling, and the third term from fluctuating quadrupole/quadrupole 

coupling. 	The first term generally contributes at least 90% of the 

total dispersion energy. 

Various expressions exist for the constant Al, none of which are 

entirely satisfactory. 	The Kirkwood-Muller(94) expression is 

2 
(a
1
+ a

2
) 

A
l 

= 6 me 
a
1 

a
2 

+ -- 
Xi  X2  

2.57. 

where m = mass of electron, c = velocity of light, a = molecular 

polarizability, and x = magnetic susceptibility of the two interacting 

atoms. This expression leads to high values for the dispersion energy. 

Repulsion Forces  

These arise from the overlapping of the electron clouds of 

neighbouring molecules, when these, for any reason, are forced into 

close proximity. Pauli's exclusion principle dictates that electrons 

will tend to be excited from one energy level to a higher level. 	The 

energy increase appears as repulsion energy and may be expressed as 

(1) R  = Br-n 	 2.58. 

Values of n used in the literature vary from 9 to 13, but 12 is the 

commonly accepted value. Repulsive energy therefore decreases 

exceedingly rapidly with distance. 
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The Lennard-Jones 6:12 potential arises from the previous discussion 

in the following manner: dispersion and repulsion forces are approx-

imately additive and temperature independent so that 

Al  

DR = - 

	

r
6 	

r
12 

At equilibrium r = r0 
	

d¢ 
and — = 0 so that 

dr 

1 6 B 7 Airo  

and equation 2.59. becomes 

6 
r0 

	

+ =-A { 	} D R 1 	2r 

2.59. 

2.60. 

2.61. 

Electrostatic Forces  

If the charge distribution of a molecule in an electric field is 

described by a charge density p, and the electric field is characterised 

by a potential function P, then the electrostatic interaction energy 

¢E  of the molecule with the field is given by 

E 
= fp P dv + ¢

Ap 
	 2.62. 

where the integration is performed over the volume of the molecule
(95) 

and ¢
Ap 

is the work required to induce any change in p when the molecule 

is placed in the electric field. 	¢E  is the instantaneous interaction 

energy of the molecule with the electric field. The thermodynamic 

interaction energy is obtained by correctly averaging ¢E  over all 

possible configurations of the molecule in the field. 

Explicit forms of equation 2.62. can be written in special cases. 

For example, if a dipole of moment pi  is induced in a non-polar molecule 

when placed in a small uniform electric field of strength F then 

uI  = aF 
	

2.63. 

where a is the polarizability of the molecule. 	The interaction energy 
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of this induced dipole with the electric field is - aF2 but 
(I)Ap 

is 

21aF 2  and therefore 

1  2 
h = 2CIF  2.64. 

If the charge distribution is described by a permanent dipole of 

moment p and this does not change (¢
Ap = 0) when the molecule is placed 

in an electric field potential P which varies only slowly over the 

volume of the molecule then equation 2.62. becomes 

¢E  = - p F cos A 	 2.65. 

where F is the external field strength and 0 is the angle between the 

dipolar axis and the electric field. 	Thus when the dipole is in the 

direction and sense of the field, the potential energy is a minimum. 

Thermal agitation of molecules will tend to oppose the alignment of 

their dipoles in the orientation of minimum potential energy. 

Summary 

The interaction energy (¢) of a molecule with an adsorbent can be 

written as 

2.66. 

The total interaction energy (¢T) includes any energy of interaction 

(¢SS) between sorbed molecules and thus 

= 4)E, 	e R 	h 	(PSS 
	 2.67. 

Calculation of the components of equation 2.67. requires a knowledge 

of the equilibrium distance between sorbate and sorbent, the charge 

distributions of sorbate and sorbent, and the polarizability of the 

sorbate. 

A recent study(96) of the systems CO
2
7/4aA and CO

2
-CaA has demonstrated 

the application and limitations of intermolecular force calculations in 

zeolite cavities. 
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2.4. Thermodynamics of Adsorption  

The system of one gaseous component in equilibrium with a sorbed 

phase in a zeolite can be described by the independent variables 

temperature (T), pressure (P), number of moles in the gas phase (n g), 

and the mass of the zeolite (m
z). 	The volume (V) of the system, its 

enthalpy (H), and entropy (S), as well as the chemical potentials of 

the gas phase (u g) and of the sorbed phase (us) and the number of moles 

in the sorbed phase (ns) are then dependent variables. 

This system may be treated by the method of solution thermodynamics 

(97,98,99)
; the sorbed phase is regarded as a solid solution of sorbate 

in an otherwise inert sorbent; and the phase boundary constituting the 

transition from the gaseous phase to the sorbed phase is regarded as 

sufficiently thin to be ignored. The phase boundary is therefore 

completely characterised by a surface area A and a corresponding 

thermodynamic intensity factor 4  (usually called the spreading pressure). 

The area A is the total area of the zeolite and it is noted here that 

the constraint of constant A is equivalent to the constraint of constant 

mz. 

For the system we may write the total differential of the internal 

energy as 

dE = TdS - PdV - 	+ 
psdns + pg

dn
g 	2.68. 

We may also define the free energy of the system as 

G = H - TS 	 2.69. 

so that dG = - SdT + VdP - 	+ 
psdns 

+ p
g
dn
g 	2.70. 

(I) may therefore be defined as 

DG, 
= 	(TOS,V,n ,n 	

= - 
aA T,P,n

s
,n
g s g 

2.71. 
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The condition for equilibrium is 

11s 	Pg 

aG 	,ao ie. 	(—
an 

) 	) 
an
g T,P,A,n g

s T,P,A,n 

2.72. 

2.73. 

since us and ug  are defined as such by equation 2.70. 	Substituting 

equation 2.69. in equation 2.73. we obtain 

) 
ans T,P,A,n 

g 

- T 	) 	= (-- ) 	- 
T( 

	) ans T,P,A,n 	ang T,P,A,ns 	
an  T,P,A,ns 

2.74. 

The partial derivatives in this equation are the partial molar enthalpies 

(Rs, Hg) and entropies (Ss, g) of the sorbed and gas phases respectively. 

Thus we may write 

Rs - T§s = Hg  - TSg 	 2.75. 

If we now consider a change dT of T along the equilibrium line P(T) 

at constant composition of the sorbed phase (constant ns  and A), 

the equilibrium condition is 

(dus)n
s,ng,

A= (dpg)n
s'ng'A  

since n must also remain constant 
g 

ie. 	(d
s
)p 	,A = (d G) 
5
,n g 
	

g n
s
,n
g
,A 

2.76. 

2.77. 

where 6s and Gg  are the partial molar free energies of the sorbed and 

gaseous phases respectively. 	Now, by writing equation 2.70. in its 

partial molar form for each phase separately, it is easy to show that 

(c16s)nn,A 	SsdT + Vs dP s' g' 

and 	(da
g
)
ns,ng,A = - S dT + V dP 

so that 

- S dT 	= - S dT + V dP 

2.78. 

2.79. 

2.80. 
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If we assume no swelling or contraction of the solid phase takes place 

upon sorption, and that the gas obeys the ideal gas law then 

V
s 
= 0 and= 	) 

g 	an g T,P,A,n
s 

so that equation 2.80. becomes 

=RT/P 

 

-SsdT = 	dT + 	dP 

 

2.81. 

- 
(
d In P 	Sg Ss _ a ie. 	) 	- dT n

s
,h,A RT 	RT 
g 

 
2.82. 

The differential molar entropy of sorption (a) may, therefore, be 

determined from experimental sorption isotherms. 	Knowing g 2 
the 

partial molar entropy of the sorbed phase may be calculated. 

Experimental Ss  values may be compared with the results of statistical 

calculations for model sorbed phases.
(100) 

From equations 2.75. and 2.82. we obtain 

- 
,d In P, 

1 
	 - Hs  

dT n ,n ,A 
s g 	RT

2 2.83. 

 

- — 
RT
2 2.814. 

gst 

 

2.85. 

 

RT
2 

 

where ATI is the differential molar enthalpy (heat) of sorption and 

q
st 

is the isosteric heat of sorption. Again H
s obtained experimentally 

(from ATI and Hg) may be compared with theoretical values obtained from 

intermolecular force calculations.
(101,12) 

The integral enthalpy (I s) and integral entropy ( s) of the sorbed 

phase are defined as 



n 
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HH = 	I 	(n )dn s 1 
ns 

 S 
 s s 

0 

n
s 

S 

• 

= 

	

	S- (n )dn SS 1 n
s s s s 

0 

2.86. 

2.87. 

 

ti 
Hs = Hs 

 only if
s does not vary with amount sorbed, and similarly 

Hs = s 
onlyif

s is invariant. Finally the integral enthalpy (a) 

and entropy (AS) of sorption are defined as 

a = s -H g 
	 2.88. 

S and 	AS = S
s 
-

g 
	 2.89. 

since for a pure gaseous phase Hg  = Hg  and Sg  = . 
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CHAPTER 3 

EXPERIMENTAL 

3.1. Materials  

3.1.1. N-alkanes  

N-alkanes were supplied (99.9% pure) by the National Physical 

Laboratory, in sealed tubes suitable for direct glassblowing onto the 

gas line. 	Later samples were obtained from Koch-Light Laboratories 

and were tested for impurities by gas chromatography. The impurity 

level was less than 0.5% in all samples. 	Diffusion coefficients 

derived from experiments done under identical conditions gave the same 

results for both sources of alkane. 

3.1.2. Deuterated Alkanes  

These were produced by the Ryvan Chemical Company, Southampton, 

from the corresponding alkyl chlorides, via a Grignard intermediate: 

Ether 	D20 
R-Cl 	R-Mg-Cl 	R-D 

Mg 

All samples had one deuterium atom incorporated in the "1" position. 

Gas chromatography indicated less than 0.5% impurity in all samples. 

The n-alkane content of the deuterated alkanes was determined using 

an AEI MS 20 mass spectrometer. 	Within the limits of the analysis 

(± 5%) all samples were free from n-alkanes. 

3.1.3. Treatment of Alkanes  

All alkane samples were frozen at 77K and pumped out. After slowly 

warming to room temperature the sample was again frozen at 77K and 

pumped out. 	This process was repeated until the pressure above the 

solid alkane was less than 10
-5 

mm. Hg. (1.33 x 10
-3 

N m
2
). 

The samples were dried by passing the vapour over a column of 

dehydrated S 10 zeolite (manufactured by Bayer A G) immediately prior to 

0 
	being used in an experiment. 



3.1.4. Preparation of Ion-Exchanged Forms of Zeolite A  

Linde molecular sieve A was supplied by the Union Carbide Corporation 

in powder form without binder. Approximately 20 g of this was sieved - 

the fraction passing through 106 micron mesh being used. 	This was 

stirred with strong sodium chloride solution for one day. 	The powder 

was then washed with hot distilled water until no Cl ion was observed 

in the washings. 	It was then dried at 110°C and stored in a vacuum 

desiccator over saturated magnesium nitrate solution. 

++ . 
Ca lon was introduced by taking an accurate weight of hydrated 

NaA (ca. 2g) and adding a calculated amount of standard CaC12  solution 

from a burette; 100 ml. distilled water was added and the slurry stirred 

for one week. 	The powder was then washed as above and the washings 

analysed for Ca
++ 

ion using E.D.T.A. (102) 	In the calculations the 

following criteria were assumed; 

(1) lg of hydrated NaA contains 2.70 x 1020  unit cells(62)  

(2) each unit cell contains 12 exchangeable Na cations(62) 

The calcium contents of the samples prepared are shown in Table 3.1. 

TABLE 3.1. 

Sample No. % Ca 

1 34.80  

2 33.8
3 

3 32.8
5 

4 31.8
5 

5 30.00  

6 20.00  

7 100.00 
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After washing the samples were dried at 110°C and again stored in 

a vacuum desiccator over saturated magnesium nitrate solution. 

Activation of these hydrated samples was carried out in the following 

manner. 	The sample was evacuated at room temperature for one day. 

The temperature was then raised to 110°C over a period of 8 hours. The 

sample was then evacuated at 110°C for 16 hours. 	The temperature was 

then raised to 360°C over a period which depended on the rate of 

outgassing (the pressure was never allowed to increase above 10-2 mm. Hg. 

{1.33 N m
-2
}). 	Finally the sample was heated at 360°C for 16 hours. 

The final pressure was always less than 10-5  mm. Hg. (1.33 x 10
-3 

N m
-2

). 

Removal of adsorbed alkanes was carried out using the above outgassing 

conditions. 

3.2. The Mass Spectrometer  

The mass spectrometer used in this research was an Associated 

Electrical Industries M.S.10. 	The salient features of this spectrometer 

are:- 

(1) Permanent magnet (1840 gauss). 

(2) Voltage scanning of mass range. 

(3) Resolution of 65 - 115 (see 3.2.2.). 

(4) Mass range 2 - 200. 

(5) Bakeable to 400°C. 

(6) 180°  Deflection type. 	Ion path radius = 2". 

3.2.1. Principle of Operation of 180°  Deflection Mass Spectrometers  

Samples are analysed by introducing them as vapour into the analyser 

tube where the constituent molecules are ionised within the "ion source 

cage" by bombardment with a controlled beam of electrons originating 

from a hot wire filament (see Fig. 3.1.) 

• 
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The ions are then accelerated by the "accelerating voltage" applied 

to the cage, and describe circular orbits due to the influence of the 

uniform magnetic field. 

The radius of the orbit varies for each particular type of ion and 

is determined by its mass and charge and the accelerating voltage. 

Thus the total ion beam is separated by the action of the magnetic field 

into individual beams containing ions corresponding to one particular 

mass to charge ratio. 

By varying the value of the accelerating voltage individual beams 

can be brought to focus on the collector, where the ions give up their 

charge, the ion current so produced being detected by an electrometer 

amplifier whose output is displayed on a meter. 

3 e 	2V 3.1.  

where V = accelerating voltage 

m = mass of ion 	R = radius of ion path 

e = charge on ion 	H = strength of magnetic field 

Amplifier Unit  

This simply amplifies the signal from the electrometer. 

Accelerating Voltage Unit  

This applies a stable voltage (D.C.) to the cage. 	It is variable 

from 20V up to 2000V. 

Electron Beam Control Unit  

(1) Produces an electron current from a heated thoriated tungsten wire 

filament. 

(2) Stabilizes this current by monitoring the "trap" current. 

(3) Varies the energy of the electron current by varying the voltage of 

the filament with respect to the cage. 

It can readily be shown that 

m R
2
H
2 
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Ion Source Parameters  

For any given cage voltage there are three electronic variables. 

These are: 

(1) Electron accelerating voltage, variable from 5 to 105V (w.r.t. cage). 

(2) Electron trap current, variable in steps, 10, 50, 100, 150,.300 

micro-amp. 

(3) Ion repeller voltage, variable from -20 to +10V (w.r.t. cage). 

Alteration of any one of these changes the source characteristics; 

figure 3.2. shows general trends which are discussed below. 

Figure 3.2.a exhibits a stable plateau region. 	In this work 

70 e.V. was used. 	This is well within the stable region. 

In Fig. 3.2.b it is shown that ion current increases steadily with 

trap current. 	10 uA was used in this work simply to cut down the rate 

of deposition of carbon in the analyser (the carbon deposit reduces the 

insulation of the source and must be removed when the leakage current 

becomes deleterious). 

Figure 3.2.c exhibits two peaks labelled (1) and (2). 	Position (2) 

is less intense and less well resolved than position (1), but it is 

considerably more stable. 	For this reason it was always used in 

this work and corresponds to an ion-repeller voltage of ca. +7V 

w.r.t. cage for alkanes. 

3.2.2. Resolution  

In any mass spectrometer a section of the spectrum will be as shown 

in Fig. 3.3.b rather than the ideal step function of Fig. 3.3.a. 	This 

arises because there is a finite range of ion path radii which will 

result in collection of the ions. 	It can be shown that 

(W
1 
+ W) 

AM - 	. M 	 3.2. 
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FIGURE 3.2. 

Variation of Ion Current with Ion Source Parameters. 



FIGURE 3.3. 

Ideal and Practical Mass Spectra. 
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where M = mass of peak 

AM = width of mass peak 

R = ion path radius 

W
1, 

W
2 

= widths of two beam defining slits. 

and Resolution - AM W
1 
+ W

2 
	3.3. 

The spectrum recorded in practice can approach but never actually 

achieve the performance promised by equation 3.3. 	Various second 

order errors are: 

(1) misalignment of the slits. 

(2) misalignment of the magnet. 

(3) non-uniformity of the magnetic field. 

(4) non-uniformity of the ion beam energy. 

All cause peak broadening and a general "rounding off" as shown in 

Fig. 3.3.c. 

Because of these second order effects it is necessary to have 

an arbitrary, but generally agreed, standard by which to define the 

performance of any instrument. 	This is illustrated in Fig. 3.3.c 

where resolution is defined as the mass at which two adjacent peaks 

(ie. 1 A.M.U. apart) of the same intensity give rise to a 10% valley 

midway between them. 

Using this definition the resolution of the M.S.10 used in this 

work was ca. 65. 	However, the ion currents (1
43 

and I
44

) of interest 

in this work were at m/e = 43 and m/e = 44 respectively. 	The performance 

of the M.S.10 in this region is illustrated below (ion-currents in 

arbitrary units):- 

I
43 

= 6.42 x 250 	I
44 = 3.95 x 250 

"Valley"
' 143.5 = 1.61 x 10 

This valley corresponds to 1.63% of the smaller (144) peak. 
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3.3. Gas Sampling Technique  

There are many devices for leaking samples of vapours into mass 

spectrometers.(103) Sintered silicon carbide (Metrosil - stock reference 

no. 297733, AEI technical information sheet V.48) was found suitable 

for this work. 	This material is made in rod form and can be glass- 

blown directly on to Pyrex glass. 	The design adopted is shown in 

Fig. 3.4. 

"Closing" the greaseless tap raises the mercury level and, when 

this is above the rod, no gas is admitted to the mass spectrometer. 

3.3.1. Leak Rate  

The leak rate of an inlet device is defined as the quantity of 

gas (Q) passing through the leak in unit time when the pressure 

differential is one atmosphere. 

Units of Leak Rate  

(1) Litre torr per second (= 0.133 N m s-1) 

(2) Lusec = 1 litre micron per second (= 1.33 x 10-2  N m s-l). 

Thus the quantity of gas (Q
1
) passing through a leak under a 

pressure differential P1  (torr) is 

Q
1 QP

1  

3.3.2. Calculation of Leak Rate  

For a given grade of Metrosil the leak rate is dependent on the 

physical dimensions of the leak. 	It may be estimated from a simple 

experiment:- 

760 3.4. 

• 
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FIGURE 3.4. 

The Metros-it Leak. 
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Q = 	 100 
3 x 10-5 x 1 x 760  
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With the leak used in this research typical results Were:- 

P = 100 torr P
s 

= 3 x 10
-5 

torr S = 1 litre per second 

Q 
Now 	- P

i 
x S 760

P 
 

= 0.23 x 10
-3 
 litre torr s

-1 

= 0.23 lusec 

3.3.3. Sample Loss  

Rate of sample loss = 3 x 10-5  litre torr s-1 

3 x 10-5 x 10
3 
x 3.6 x 10

3 
cm
3
(STP)hr-1 760 

= 0.i4 cm3(STP)hr-1  

Typical Sample Volume 20 cm3(STP) 

Rate of sample loss RI 0.7% hr-1  

• 



as independent. 
R1 Fy + RD(1 	F)8 

Hence RN 	 Fy + (1 - F) 8 
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3.4. Calibration of Mass Spectrometer 

The M.S.10 acts as a partial pressure gauge. 	It is required to 

measure the composition of CnH2n+2' 
C
n
H
2n+1

D mixtures. 	This can be 

accomplished by measuring ion currents at m/e = z and m/e = z + 1 where 

z is a suitable choice for a given alkane. 

Let I
z 

denote the ion current at m/e = z 

	

I 	x z . 
For C

n
H
2n+2 z+1 

= —= 	 a constant 

I
z 

For C 
n  H 
	D 	= — = R

D' 
a constant 2n+1 

I
z+1 0 

Also at constant source pressure Y = RR, a constant. 
0 

If F is the mole fraction of 
CnH2n+2 

in the mixture then 

	

I
z 	

_ Fx + (1 - F) e  
R - 	 
M 	

I
z+1 	Fy + (1 	F) 0 

This equation is valid because ions produced in the source traverse 

a path to the collector which is shorter than the mean free path 

(p < 10-4  torr). 	Thus molecules in the spectrometer may be treated 

R
N
.F 	RD.(1 - F) 

(1 - F)
+ 

[(1 - F) t F.RRJ R
R j 

3.5. 

RN  characterises the mixture since it depends on the single variable 

F. 

F is the mole fraction of 
CnH2n+2 in the analyser. 	However, 

fractionation of the sample occurs on passing through the inlet device. 

t4etrosil leaks exhibit molecular flow up to pressures close to 

atmospheric. 	In this case the rate of flow of a compound is proportional 

• 
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to 1/1/ff where M is the molecular weight of the compound. 	Thus the 

actual mole fraction (F') of 
CnH2n+2 

in the sample is given by 

F 	
F' (14n+2) 2  

{F'(14n+2) 2+(l-F9(14n+3) 2} 

14n+3  2  
14n+2 

3.6. 

RN, RD' 
R
R 

were measured for the pure components and graphs of 

R
M 
versus F' drawn using the equations above. 

Several mixtures were made up and RM  measured for these. 	In all 

cases the experimental results were within ± 1% of the "theoretical" 

curves. 	These calibration graphs are shown in Figures 3.5 to 3.8 

inclusively. 

R
N 
and R

D 
were subject to a fluctuation of ± 2% over long periods 

of time. 	This is equivalent to an error of ± 4% in the value of F'. 

To overcome this difficulty RN, RD, and RR  were measured prior 

to every experiment and individual calibration graphs constructed for 

each experiment according to equations 3.5 and 3.6. 

RN,  RD, and R
R 
are affected by the M.S.10 instrument settings. 

These were kept constant (and checked periodically) as shown below:- 

(1) ion repeller voltage - see page 62. 

(2) electron beam energy - 70 eV. 

(3) trap current 	- 10 pA 

In addition to these parameters the mass spectrum of a compound can 

be affected by the pressure in the analyser. 	There is an upper limit 

to the working pressure, above which space charge effects become 

important. 	This limit depends on the design and physical dimensions 

of the spectrometer. 	For the M.S.10 it is about 10-4 torr. 

In no case was the pressure in the analyser allowed to rise above 

about 5 x 10
-5 

torr while experimental measurements were being taken. 

FT 
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Figure 3.5. 

Calibration of n-05H12, n-05H11 D Mixtures. 

A 	Experimental Points 

— Calculated from Equations 3.5. and 3.6. with 

R
N 

= 30.4, RD = 1.62, RR = 0.066. 

R
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Figure 3.6. 

Calibration of n-0014, n-C6F113D Mixtures 

A 	Experimental Points 

— Calculated from Equations 3.5. and 3.6. with 

R = 29.6, RD = 2.69, RR = 0.098 
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Figure 3.7. 

Calibration of n—C7 H
16 
 n—C7H15D Mixtures 

A 	Experimental Points 

Calculated from Equations 3.5. and 3.6. with 

R
N 
= 29.3, RD  = 2.09, R

R 
= 0.098 
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Figure 3.8. 

Calibration of n-C9H20, n-C9H19D Mixtures 

A 	Experimental Points 

— Calculated from Equations 3.5. and 3.6. with 

R = 28.9, RD  = 3.10, R
R 

= 0.120 
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Background spectra were recorded before, during, and after 

experiments and all readings were corrected where necessary. 	This 

correction was usually negligible. 

Equation 3.5 is only valid for completely resolved "step-function" 

spectra. 	Rigorously one should measure peak areas and take account of 

any contribution of I
z 
to I

z+1 
and vice versa. 	In practice, with 

z = 43, the valley between adjacent peaks was ca. 2% and could be 

neglected as is evidenced by the calibration graphs (see also 3.2.2.). 

3.5. Diffusion, Sorption, and Gas Handling Systems 

3.5.1. General Vacuum System  

This was a conventional high vacuum line for handling gases and 

vapours. 	Alkanes dissolve in tap grease and therefore all taps on the 

gas line were of the greaseless type (supplied by J. Young and Company, 

London). 	A schematic diagram is shown in Figure 3,9. 

3.5.2. Sorption Isotherm Apparatus  

Sorption isotherms of n-pentane and n-hexane were measured 

volumetrically using the apparatus shown in Figure 3.10. 	A is a 

manometer made of precision bore tubing. A fine scratch at L
1 

served 

as a reference point for volume calibration. 	B is a gas burette and 

C the sample cell; 	This cell was immersed to L
2 
in a liquid paraffin 

bath whose temperature was controlled to ± 0.1°C. 

The volume of the sample cell to the mark L2  was measured by 

filling with mercury before blowing onto the apparatus. 	Subtraction of 

the volume (weight/density) of the zeolite gave the free volume of this 

cell below L2. All other volumes were easily estimated using helium 

expansion in conjunction with the calibrated gas burette and applying 

Boyle's Law to the data. 

• 
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FIGURE 3.10. 

Sorption Isotherr► Apparatus. 

To High Vac. 	To Gas Line 
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A glass wool plug, D, prevented the zeolite from "flying" during 

dehydration or desorption of alkanes. 

Sorption isotherms of n-heptane and n-nonane were measured in the 

self-diffusion apparatus (see 3.5.3.). 

3.5.3. Self-diffusion Apparatus (Pentane and Hexane) 

• 

	

	
The apparatus used for measurement of self-diffusion of n-hexane 

and n-pentane is shown in Figure 3.11. 

A - Pressure Transducer  

This was a Bell & Howell, Type 4-326-L101, pressure transducer. 

It was calibrated against a mercury manometer, and was operable up to 1000C. 

B - Calibrated Volume  

• This bulb was calibrated by filling with distilled water and 

weighing prior to glassblowing onto the apparatus. 	It was used to 

determine the volumes of the other parts of the system, using the helium 

expansion technique and applying Boyle's Law. 

C - Metrosil Leak  

This leak was used to admit doses of vapour to the mass spectrometer. 

See 3.3. for more details. 

D - Sample Cell  

The design of the sample cell is shown in Fig. 3.12.a. 	A thin 

walled glass tube was embedded in the zeolite powder to allow insertion 

of a chromel-alumel thermocouple for temperature measurement of the 

zeolite sample. 

E - Circulating Pump 

Alkane vapour was circulated through the zeolite bed in the sample 

cell using the apparatus shown in detail in Fig. 3.12.b. 
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The mercury reservoir was raised and lowered (32 r.p.m.) by an 

electric motor and eccentric drive. 	This caused the mercury piston, 

in conjunction with the ground glass valves, to act as a simple pump. 

The volume swept out by the mercury column was ca. 3 - 4 cm3 per 

stroke, giving an overall pumping rate of 90 - 120 cm
3 
per minute. 

The total volume of the system was ca. 200 cm3 and thus the vapour phase 

was completely recycled once every two minutes. 

' The mercury reservoir and its drive unit could be raised or 

lowered and the level of the piston with respect to the reservoir 

was controlled by adjusting the rough vacuum over the latter. 

All calibration experiments were carried out with the piston 

raised so that the ball bearing sealed against the ground glass safety 

seal shown in Figure 3.12.b and care was taken in such experiments to 

"flick" the lower valve to allow gas to flow past this obstruction. 

Maintenance of Temperature  

The self-diffusion apparatus, including the vapour circulation 

system, could be immersed in a water bath which was thermostatically 

controlled to ± 0.1°C using a mercury contact thermometer, heater, and 

relay. 	However, for experiments above 60°C, the sample cell was 

immersed in a furnace which was controlled to ± 0.5°C by a platinum 

resistance thermometer. 	In this case the rest of the apparatus 

was left at room temperature. 

3.5.4. Self-Diffusion Apparatus (Heptane and Nonane)  

This was an apparatus, of similar design to that outlined in 

3.5.3., which was capable of handling these less volatile alkanes. 

The mixing chamber (Fig. 3.11.) was immersed in a liquid paraffin bath. 

(This volume constitutes most of the vapour phase and thus the quantity 

of vapour is known reasonably accurately.) The rest of the apparatus 
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was wound with asbestos covered heater wire and chromel-alumel 

thermocouples were inserted at several points. 	This "wire-wrapped" 

part of the apparatus was always kept a few degrees above the temperature 

of the mixing chamber. 	In this way the apparatus was capable of 

handling pressures up to the saturated vapour pressure of the alkane 

at the temperature of the mixing chamber. 

3.5.5. Experimental Procedure Measurement of Self Diffusion  

After dehydration of the zeolite sample, a known amount of n-alkane 

vapour was presorbed using the circulating system as a doser volume. 

If sorption at the intended temperature of a self-diffusion run was 

slow, then the zeolite was heated initially, and lowered to the 

temperature of the run towards the end of the presorption process. 

• The system was then left until equilibrium was reached. 	Most experiments 

were carried out with 3 - 10 cm Hg pressure in the vapour phase. 

When the vapour phase pressure was constant (Pe) taps Ta  and Tb  

(Fig. 3.11.) were closed and the rest of the system pumped out. 

Deuterated alkane was then admitted to the circulating system to pressure 

P
e
. 	Self-diffusion was initiated by starting the pump E, opening taps 

T
a 
and Tb, and finally closing tap T. 	The extent of the self-exchange 

was monitored by measuring Rm  (see 3.4.) as a function of time. 

• For short runs the metrosil leak was left open throughout the 

experiment. 	For longer runs the leak was opened, a reading taken, and 

closed again. 	In no case was the leak open for more than three hours 

altogether. 	Thus sample losses were always less than 2% of the vapour 

phase. 

3.5.6. Measurement of Intrinsic Diffusion  

Intrinsic diffusion coefficients were measured for pentane and hexane 

using the self diffusion apparatus. 	Thus self diffusion and intrinsic 

• 
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diffusion coefficients were obtained for the same samples. 	While the 

experiments were performed in a constant volume, variable pressure 

system, the final equilibrium pressure was always on the plateau region 

of the rectangular isotherms. 	In this case the concentration of sorbate 

at the ingoing surface of the zeolites remains constant (or nearly so) 

and the solution of the diffusion equation for infinite volume conditions 

may be used. 

The diffusion coefficients so obtained are integral diffusion 

coefficients (D) over the range Co (initial amount sorbed) to C 

(final amount sorbed). 

3.6. Measurement of Crystallite Size  

3.6.1. The Krypton Sorption Method  

The surface areas of the zeolite samples were calculated by 

measuring the adsorption of krypton at liquid nitrogen temperature and 

interpreting the results using the Brunauer, Emmett and Teller (B.E.T.) 

theory. (104,105) 

The apparatus used is shown in Fig. 3.13. 	It consists of a 

McLeod Gauge of a special design,
(106)

enabling the measurement of gas 

pressure in the bulb against high vacuum, a doser volume, a krypton 

reservoir, and a sorption cell. 

The doser volume is boundedby taps T2, T4, and T5, and includes 

the McLeod Gauge. 	This having been calibrated to the cut-off point, 

and the sorption cell to mark A, the doser volume was calculated by 

confining a known volume of gas at a known pressure in the McLeod Gauge, 

expanding it into the entire doser volume, and redetermining the pressure. 

The total volume, including the McLeod gauge, was then evaluated using 

Boyle's law. 	This process was carried out twice, with tap T5  first 

closed and then open, to determine the volumes of the doser region to T5, 

• 
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and of the entire system including the sorption cell. 	The doser 

volume to mark A was then calculated by difference, knowing the volume 

of the sorption cell to mark A. 

Samples of NaCaA of about 0.5 g were used. 	Knowing the densities 

of the samples, the volumes were also known. As the krypton adsorption 

had to be limited to the external surfaces of the particles, it was 

necessary to ensure that the intracrystalline channels were filled 

with water, to avoid any occlusion of krypton atoms during the process. 

The system was therefore set up with the sample surrounded by a solid 

CO
2-acetone bath to mark A for one hour, then outgassing for 5 minutes 

followed with this bath in place. 	The bath was then removed and 

replaced immediately by a liquid nitrogen bath. A second liquid 

nitrogen bath, drawn from the same source was placed around the side 

arm, of the krypton reservoir at the same time. 

After a delay of one hour to allow the system to reach thermal 

equilibrium, a dose of krypton was introduced into the system via T4  

with T
2 
and T

5 
closed, and its pressure measured. 	This pressure 

represented the vapour pressure of solid krypton at the temperature of 

the liquid nitrogen bath, and this temperature was then estimated by 

interpolation on a graph of the vapour pressure of solid krypton versus 

temperature, constructed from the data of Neihuizen and Crommelin. (107) 

Tap T5  was then opened and the system left for one hour to reach equilibrium. 

T5 
was then closed and the gas pressure in the doser volume measured. 

A second dose of krypton was admitted, the pressure measured, T5  

opened and the system left for 30 minutes to reach equilibrium. 	For 

the third and subsequent doses 15 minutes were allowed for equilibrium 

to be attained in each case. 

The calculations and their interpretation were as follows:- 

(I) The measured equilibrium pressure P
e 

mm Hg existing over the sorbent 
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were corrected for thermal transpiration, the true pressure P being 

given by (108) 

     

P = P
e 

 

0.490 

 

3.7. 

 

(37.2d
2
P.
2 
+ 14.45dP

e 
+ 1) 

  

     

     

where d is the diameter in mm of the tubing over which the thermal 

gradient occurs, that is the diameter at mark A. 	This value was 3 mm 

for the tubing used. 

Equation 3.7. is valid when 

dP
e 	

0.07 mm Hg. 

th (II) The volume of krypton sorbed during equilibration of the j 	dose, 

V., is given in ml. at S.T.P. by 

V 	V 273.16  Vd V. - 	 1- (P.- Pi.) + (--1  j 	760.0 	T
R 	

j 	J 	T
n 	TR  

)(Pi )(P - PI)} 	3.8. 
j 

where P., 13! are the initial and corrected equilibrium pressures of 
] 

krypton for dose j; subscript i represents dose i, where j = i + 1; 

Vd, V
n' 

and V
x 
are the volumes in cm

3 
of the doser, cell up to mark A 

(exclusive of sample volume), and the dead space between mark A and T5, 

respectively; T
R 
and T

n 
are the temperatures in degrees Kelvin of the 

system (that is, room temperature) and the liquid nitrogen bath 

respectively. 

The total volume sorbed at an equilibrium pressure of P!, is given 

by the summation of the individual doses sorbed at each dose up to and 

th. including the D 	dose. 

(III) The B.E.T. theory gives rise to the equation 

P 	_ 1 	C - 1 P 
(
Po
)  (P0- P)V CV 	CV 3.9. 

where P is the equilibrium pressure of sorbate over the sorbent, V is 

the volume of sorbate adsorbed (cm3 at S.T.P.), Vm  is the volume of sorbate 
• 
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required to form a monolayer, C is a constant and Po  is the saturated 

vapour pressure of the supercooled liquid krypton at liquid nitrogen 

temperature T
n
, given 

(107)in 
 atmospheres by: 

Log P
o 	

899 .979 
- 	12.554 

log10 
T
n 

+ 31.50311 T
n 

+ 0.0175105 T
n 

3.10. 

A plot of
(P P)V 	P 

versus — should be a straight line, whose 
o 
	

0 
slope is 

CV 
	1  and whose intercept is T1AT] . Hence V

m 
is given by 

, 
V
m 

= (slope + intercept)
-1 
 3.11. 

(IV) The number of sorbate molecules required to form a monolayer, nm, 

may be expressed as 

N. V
m n

m 	
22.414 x 10

3 
	 3.12. 

where N is Avogadro's Number. 	If the cross-sectional area of a krypton 

molecule is a, and the weight of the sorbent is Wg, then the surface area 

of the sorbent per gram, A, is given by 

A - 	 
n
m
. a 

cm2 -1 g 3.13. 

The value of a used in this work was 1 .95 x 10
-15 

cm
2
, which was 

suggested by Beebe et aZ (109)from comparative studies of nitrogen and 

krypton on the same surface. 

For one gram of particles, the following expression may be written: 

V _ r 
K - 3 3.14. 

assuming spherical particles of radius r. 	Hence 

3V 	3 r = K--- = 
A.p 	 3.15. 

where p is the density of the particles. 

The average particle radius obtained by this method is an "area-

average" radius. 
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Equation 3.15 is correct for cubic particles if r is taken as the 

half-side. 

3.6.2. Electron Micrograph Method  

A series of electron micrographs were obtained for one sample 

(No. 3, Table 3.2.). 	The magnification of the final prints was 3800 

and the crystallites were predominantly cubic, the size ranging from 

0.5mm to 15 mm on the print scale. These photographs afforded not only 

a measurement of the (weight) average edge of a crystallite, but also 

an estimation of the size distribution of the particles. 

One might anticipate a normal distribution of particle size in 

synthetic zeolites since this distribution is chiefly found among the 

particulate substances produced by chemical processes such as precipitation 

and condensation. 

The normal distribution of particle size is given by 

1 	(p - 
2
x)
2 

f(x) 	
a /21r 	

exp f   1 
2a 

 3.16. 

where f(x) is the probability density, x is the diameter of a particle 

(length of edge for cubic particles), p is the arithmetic mean, and a the 

number standard deviation. 

The normal distribution by volume (or weight) is given by (110)  

fv  = 	exp f 	
(p 	

2) 	 } dx 
v 	2a

v  

1 	 - x 
b 	

2 

a 

	 8.17. 

where f is the volume fraction of particles having diameters between 

a and b, and a is the volume standard deviation. 	If a = 0 then f 
 

becomes the cumulative volume fraction, fc. 

c  
If f

v is plotted against x on arithmetic (normal) probability 

graph paper (11O)then a straight line is obtained which has the following 

properties: 

• 



1) x = p 

2) x = p 	al,  

3) x = p - ay  

when f
c 

= 0.5 (50%) v 

when f
v = 0.84 (84%) 

when f
c 

= 0.16 (16%) 
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Now the cumulative volume fraction can readily be obtained from 

measurements of electron micrographs since 

b 
f
v 

= E n. x.3 / E n. x.
3 

1 	1 1 0 	 0 
3.18. 

Thus a plot of the right hand side of equation 3.18. versus 

x. (on probability graph paper) serves as a test for normal distribution 

and estimates p and a
v. 	The average particle diameter obtained is a 

volume (or weight) average diameter. 

Practically ni  is the number of particles in the range 

(i-1) mm < x. :5 i mm (on the final print scale) and i = 1, 2, 3, 4 ... mm. 

3 
Values of x. are calculated using the upper limit of the range and r

v
c  

is plotted (on arithmetic probability paper) against this upper limit. 
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CHAPTER 4 

RESULTS 

4.1. Particle Shape, Size, and Size Distribution  

The external surface areas of the sorbents used in this study 

(Table 3.1.) were measured by the Krypton sorption technique as described 

in 3.6.1. 	In Fig. 4.1. a typical plot of equation 3.9. is shown; using 

a mean value of 1.99 x 10
3 
kg m-3 for the density of the fully hydrated 

sorbents, the surface areas obtained by this method are given in Table 

4.1. 

	

	It is appropriate to add here that all sorbent weights given in this 

thesis refer to the fully hydrated species. 

Table 4.1. 

Sorbent Sample 
Number 

Surface Area Mean Radius 

10
3 
m
2 
kg  
-1 

10-7 m 

1 1.90 7.94 

2 1.77 8.51 

3 1.78 8.45 

4 1.98 7.63 

5 1.79 8.42 

The third column of Table 4.1. lists the mean value of particle 

dimension, which is the radius for sheres and the half-side for cubes. 

Figs. 4.2.(a), (b), and (c), are electron micrographs of sample 3; they 

demonstrate that the zeolite crystals are predominantly cubic, and show 

little evidence of the twinning which arises when attempts are made to 

produce large (ca. 10-4 m) crystals.(111)  

Eight electron micrographs of sample 3 similar to Figs. 4.2.(a) and (b) 

afforded 227 individual measurements of crystal edge. Each cube was 

• 
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Figure 4.1. 

Adsorption of Krypton at 77.7K on 

the external surface of 0.4303 g 

of 32.8% CaNaA, plotted according to 

Equation 3.9. 

0.1 
	

0.2 
	

0.3 
P1 Po  



Figure 4.2(a) 

Transmission Electron Micrograph of 

32.8% CaNaA. 

Magnification = 4500 

Figure 4.2(W 

Transmission Electron Micrograph of 

32.6% CaNaA. 

Magnification = 3800 

• Figure 4.2(c) 

Scanning Electron Micrograph of 

32.3% CaNaA. 

Magnification = 6000 



• 
• 	

• 	
• 



Figure 4.3. 

The Particle Size Distribution of 32.8% CaNaA 

plotted according to the method of 3.6.2. 
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assumed to be lying flat on its support so that the measured crystal edge 

was uncorrected for orientation except that any crystals which were 

obviously not in the desired orientation were not measured. The data 

was analysed by the method outlined in 3.6.2. and Fig. 4.3. shows that the 

particle size distribution may be regarded as Gaussian. The mean crystal 

half-side (p/2 = 8.25 x 10-7m) obtained from Fig. 4.3. agrees well with the 

Krypton sorption result for sample 3. Furthermore, the standard 

deviation (av 
= 3.66 x 10-7 m) gives s = p/a

v 
= 4.51 which indicates that 

the crystallites are reasonably uniform in size. 

4.2. Sorption Isotherms  

The sorption isotherms of n-pentane and n-hexane in sample 3 (32.8% 

CaNaA) are shown in Fig. 4.4. and Fig. 4.5. respectively. 	The hexane 

isotherms are extremely rectangular. The shape of the pentane isotherm 

at 32°C suggests that the measured points do not represent true equilibrium. 

Differential heats of occlusion (AR) were obtained from these 

isotherms using equation 2.84. 	Differential entropies of occlusion 

evaluated at 298K (A§298) were obtained from the relation a298  = AR/298. 

These parameters are given in Table 4.2. 

Table 4.2. 

Sorbent Sample 
Number Sorbate 

Amount Sorbed -AR -5298  
-1 cm3 STP g -1 

kJ mol J mol
-1 

K
1 

3 

3 

C
5H12 

C6
H
14 

21.0 

20.0 

64.8 

69.0 

217.5 

231.5 

No extensive isotherms for n-heptane or n-nonane were measured but 

Fig. 4.6. shows that these are rectangular in the temperature range 

used in the kinetic studies. 

• 



Figure 4.4. 

Sorption Isotherms of N-Pentane on Type A Zeotites 

CaA (Sample 7); 0 298K. 

32.3% CaNaA (Sample 3); 0 305K, a 321K, X 342K, 

A 372K, + 408K. 
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Figure 4.5. 

Sorption Isotherms of N-Hexane on Type A Zeolites 

CaA (Sar.lple 7);.0 305K. 

32: 8% CaNaA (Samp le 3); 0 305K, B 343K, 

X 373K, A 408K. 
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Figure 4.6. 

Sorption IsotherQs of N-Heptane and N-Nonane on 

Sar.lp le 3 (32.8% CaUaA) 

o N-Heptane, 373 K 

8 N-Nonane, 458K 
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4.3. Intrinsic Diffusion Studies 

Intrinsic diffusion of n-pentane, n-hexane, and n-nonane was studied 

in sample 3 (32.8% CaNaA) by the method outlined in 3.5.6. 	In these 

experiments the sample was completely empty of sorbate at t = 0. The 

results are shown in Figs. 4.7 to 4.9. 	Application of equation 2.17 to 

these straight line plots (using the Krypton sorption area) gave integral 

diffusion coefficients 65) in the range Q0  = 0 to Q. 

In addition, a limited investigation of the concentration dependence 

ti 
(Q0  0) of D for n-hexane at 106°C and n-nonane at 102°C was carried out. 

Linear 	plots similar to Figs. 4.7 to 4.9 were obtained. 	Fig. 4.10 

shows the concentration dependence of 1'5  for these 	and the differential 

diffusion coefficients obtained by applying the approximate equation 2.25. 

All results are tabulated in Table 4.3. 

Table 4.3. 

Sorbate T 
oc 

Qo Q., )" 

cm
3 
STP g-1 cm

3 
STP g-1 10-18 m2 s

-1 

C5H12 41.75 0 25.8 0.112 
it 68 0 24.9 1.11 
u 105 0 24.1 14.0 

C
6H14 

43.5 0 25.0 0.101 
ti 72 0 24.6 1.34 
II 106 0 22.9 9.74 
ti 106 12.5 22.9 11.4 
It 106 18.58 22.9 9.43 

C9H20 102 0 16.7. 3.80 
It 102 4.9 16.7 3.85 
it 102 10.1 16.7 3.97 
It  102 14.4 16.7 6.39 
11 151 0 15.8 41.8 

• 



Intrinsic Diffusion of N-Pentane in 32.8% CaNaA 

CL, 379K, Qo 
= 0, 	= 24.1 cm

3 
S.T.P. g-1; W = 1.4x10-

17m2s-1 

A , 341K, Qo = 0, 	= 24.9 cm
3 S.T.P. g-1 D = 1.11x10

-18
m
2
s
-1 

, 314.75K, Qo
= 0, Q= 25.8cm

3 
S.T.P. g

-1 
 ; D = 1.12x10

-19
m
2
s
-1 

8 

Figure 4.7. 
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Figure 4.8. 

Intrinsic Diffusion of N-Hexane in 32.8% CaNaA 

A , 345K, Q = 0, Q = 24.6 cm
3 
,VP g

-1 A,  
;,Cs = 1.34x10

18
m
2
s

1 

316.5K,°Q
o
= 0,'"Q = 25.0 cm' STP g I; 3 = 1.01x10-19m2s-1  a 
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Figure 4.9. 

Intrinsic Diffusion of N-Alkanes in 32.8% CaNaA 

A . N-Hexane, 379K, Q
o
= 0, Qom-= 22.9 cm3 STP g-1  ; 

D = 9.74x10-18  m2s-1  
+ , N-Nonane, 375K, Q

o
= 0, Q = 16.7 cm3  STP g-1  

D = 3.80x10-18  m's-1 
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Fi[Jure 4.10 

concentration Dependence of Intrinsic Diffusion 
Coefficients, of N-Hexane at 379K and 
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4.4. Self-Diffusion Studies 

Equations 2.18, 2.20, and 2.22, apply only if a sorbate-sorbent system 

obeys Henry's Law. For intrinsic diffusion of n-alkanes in zeolites 

this applies only at very low sorbate pressures. 

However, in the self diffusion experiments described here, Henry's 

Law effectively applies at all pressures; the sorptive properties of 

C
n
H
2n+2 

and 
 CnH2n+1D 

 are identical to a good approximation; and at 

equilibrium the mole fractions of CnH2ni1D in the vapour phase and sorbed 

phase respectively, are equal. 

At the beginning of a self diffusion experiment the sorbed phase 

contains quantities q
s 
and q* of 

CnH2n+2 and  CnH2n+1D 
 respectively. 

Similarly the gas phase originally contains quantities qg  and q* of the 

respective isotopes. During the course of an experiment the total amounts 

of sorbate in the gas phase (Q ) and in the sorbed phase (Q
s
) remain 

constant. We have 

Qg  

and 
	

Qs 
= n 	net' 

The final equilibrium mole fraction of n-alkane in either phase is given by 

F' 
	q

g 
+ q

s 

n
g 	' 
n n

s 
 n* 

'  

and the parameter a of equations 2.18, 2.20, and 2.22, is given by 

(e)(1 - FI )Q 	Q 
a - 	g 	

g  

(qp. 	(1 - FL)Qs 	Qs 

Most experiments were carried out with q* = 0, q g /(qgg q*) = 0.1, and 

0.5 < FI  < 0.75. 	A few experiments were performed with 0 < q: Qs. 

Theoretical and experimentally measured values of Fl (determined by 

leaving the diffusion to proceed to t 	02) never differed by more than 

± 1.5%, but the experimental values were used whenever possible to calculate 

• 
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the kinetics curves. For very slow exchanges it was impractical to 

measure Fl by experiment and in these cases the theoretical values were 

used. 

Self-Diffusion coefficients were obtained from the experimental 

kinetic data in the following manner. A master curve of T v (Qt-Q0)/ 

(Q.-Q
0 
 ) was obtained for equation 2.20. using a computer programme, with 

the appropriate value of a inserted. The experimental curve of 

(Qt-Q0)k-Q0 )vtwas converted to a T v t plot using this master curve. 

The best straight line through the data of this plot (estimated visually) 

has a gradient of D*/r
2 
and thus, knowing r, D* may be calculated. 

Equation 2.23 was used in a similar way. 

Both equation 2.20 and equation 2.23 assume spherical crystallites 

but the latter takes account of size distribution as determined from 

• Fig. 4.3. The electron micrographs show that the crystallites are 

certainly not spherical but we are not aware of a solution of the diffusion 

equation for cubic particles with constant volume conditions. 

Fig. 4.11 compares T v t plots (for pentane in # 3 at 30.0°C) obtained 

by using equations 2.20 and 2.23. 	The size distribution of sample 3 is 

sufficiently narrow that the self diffusion coefficients obtained from 

these equations differ only by a few per cent. 	In view of this, and the 

fact that the solution of equation 2.23 entails a disprOportionate amount 

• 	 of computer time, equation 2.20 was used throughout to obtain self diffusion 

coefficients, using the mean radii listed in Table 4.1. 

Fig. 4.12 compares the experimental exchange curve with the fitted 

curve equivalent to the straight line' 	(equation 2.20) of Fig. 4.11. 

The fit is good only in the region of approximately 30 - 70% of final 

equilibrium, and this is generally true for all the self diffusion 

experiments. 	The cause of the initial curved part of the T v t plots, 

which was quite pronounced in some cases, is discussed in Chapter 5. 

• 
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FIG.4.11. 

SELF DIFFUSION OF N-PENTANE 
IN SAMPLE 3 AT 30.0°C 

D'=1.75x10-19  m 2s -1  

5.00 	10.00 	15.00 
I 

TIME / (HRS. 
0 	Calculated from Equation 2.20. 
0 	Calculated from Equation 2.23. with S = 4.51 

93.00 2'0.00 25.00 
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Figure 4.12. 

Kinetics of Self Diffusion of N—Pentane in 32.8% CaNaA 
at 30.0°C. 

Experimental points are equivalent to the squares 
of Fig. 4.11; the solid curved line corresponds to 
the straight line of Fig. 4.11. 
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Figs. 4.13 to 4.27 show typical T v t plots obtained in this work. 

Table 4.4. lists all the self-diffusion experiments performed. 

Fig. 4.13. demonstrates the good agreement obtained between 

experiments performed under identical conditions except that in one case 

a) q: = 0 (qs  = Qs), and in the other case, b) q: = Qs  (qs  = 0), ie. tracer 

molecule a) in gas phase, and b) in sorbent at t = 0 respectively. 

Errors in T v t Plots  

The mole fractions of the components in the gas phase during an 

exchange reaction have an associated error AF' = ± 0.01 (see 3.4.) The 

corresponding error A(FAE) in the fractional attainment of equilibrium 

(Qt-Q04Q.Q0) depends on the initial conditions, but typically 

A(FAE) = ± 0.02 

The error AT in T is given by 

AT = A(FAE). dT  
d(FAE) 

where 
dT 
d(FAE) is the slope of the T v FAE plot. This slope varies with 

the actual value of FAE and the parameter a. Therefore AT is a function 

of FAE and a. 	Typical values of AT are shown in Fig. 4.24. 

Measurement of the two ion currents necessary to evaluate Rr  (and 

hence F') took approximately 30 s. 	The time error associated with T v t 

plots is therefore ± 15 s for all experimental readings. 
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Table 4.4. 

Sorbate Sample 
No. 

a P/cm Hg T/°C D* 
2 	-1 
m 	s 

C
5
H
12 

3 1.145 12.40 25.8 8.5 x 10
-20  

It 3 0.452 4.85 30.0 1.75 x 10
-19 

It 3 0.958 11.86 31.9 1.41 x 10
19 

” 3 0.411 4.56 40.7 3.98 x 10
19 

II  3 0.777 9.63 51.0 1.74 x 10
-18 

11 3 0.515 5.51 58.5 2.55 x 10
-18 

ir 3 0.420 4.35 70.0 4.93 x 10
18 

IT 3 0.803 9.34 80.0 7.99 x 10
-18 

IT 3 0.866 10.00 94.0 1.34 x 10
17 

C
6
H
14 

1 0.557 5.95 33.2 3.76 x 10
-18 

II  2 0.490 5.75 33.2 8.51 x 10-19 

11 3 0.813 7.40 25.8 7.32 x 10
-21 

It 3 0.852 7.31 27.2 8.19 x 10
-21 

it 3 0.866 8.60 31.9 1.48 x 10
-20  

H 3 0.672 6.60 39.5 2.51 x 10
-20 
 

ft  3 0.890 8.50 45.6 3.31 x 10
-20  

ti 3 0.250 2.50 44.7 3.17 x 10
-20  

it 3 0.625 5.89 52.5 1.37 x 10
-19 

it 3 0.499 4.86 71.0 6.26 x 10
-19 

11 3 0.496 4.84 85.0 3.66 x 10
-18 

It  3 0.427 4.21 94.0 7.50 x 10
18 

II  3 0.544 5.00 107.0 2.44 x 10
-17 

t, 4 0.499 4.54 33.2 1.23 x 10
-20  

II  5 1.023 6.64 171.0 1.29 x 10
-17 

C7H 16 3 0.460 4.54 60.0 1.53 x 10
-19 

il 3 0.324 3.14 77.5 1.09 x 10
18 

IT  3 0.555 5.61 91.0 5.46 x 10
-18 

It  3 0.493 4.68 100.0 1.10 x 10
-17 

CH 3 0.436 3.98 138.0 5.83 x 10
-20  

920 
u 3 0.356 3.32 139.0 

- 
6.04 x 10 20 

II  3 0.407 3.68 161.0 1.24 x 10
-18 

II  3 0.436 3.97 180.0 8.59 x 10
-18 

• 
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FIG.4 .13. 

SELF DIFFUSION OF N--PENTANE 
IN SAMPLE 3 AT 51.0°C 

0"7-1.74x10-18  m 2s -1  

m 	D-PENTANE INITIALLY IN GAS PHASE 
A 	N-PENTANE INITIALLY IN GAS PHASE 
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SELF DIFFUSION OF N--PENTANE 
IN SAMPLE 3 AT 94.0°C 

D'=1.34x10-17  m2s -1  
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FIG.4.15. 

SELF DIFFUSION OF N—HEXANE 

IN SAMPLE 1 AT 33.2°C 

D'=4.26x10-18  m 2 6 -1  
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FIG.4 -16. 

SELF DIFFUSION OF N-HEXRNE 
IN SAMPLE 2 AT 33.20 C 

D'=4.76x10-19  m28 -1  
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FIG.4J7. 

SELF DIFFUSION OF N—HEXANE 
IN SAMPLE 3 AT 31.90 C 

D'=1.48x10-2a  m 2 s-1  
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FIG.4.18. 

SELF DIFFUSION OF N—HEXANE 
IN SAMPLE 3 AT 71.0°C 

D'=6.26x10-19  m 2 s -1  
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FIG.4.19. 

SELF DIFFUSION OF N-HEXANE 
IN SAMPLE 3 AT 107.0 C 

D E =2.44x10-17  m 2 s-1  

 

lb . 00 	3'0.00 	45.00 	60.00 
TIME/(MINS.) 

75.00 

• 



2.5 - 

1.5 

0.5- 

116 

FIGURE 4.20 

Self Diffusion of N-Hexane in Sample 4 (31.8% CaUaA) at 33.2°C. 
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FIGURE 4.21. 

Self Diffusion of N-Hexane in Sample 5 (30% CaNaA) at 171°C. 
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FIG.4.22. 

SELF DIFFUSION OF N-HEPTANE 
IN SAMPLE 3 AT 77.50 C 

D'=1.09x10-18  m2 5 -1  
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FIG.4 .23. 

SELF DIFFUSION OF N—HEPTRNE 
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FIG.4 24. 

SELF DIFFUSION OF N—HEPTRNE 
IN SAMPLE 3 AT 100.°C 

D1 =1.10X10-17  M 2 S -1  
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FIG.4 .25. 

SELF DIFFUSION OF N—NONRNE 
IN SAMPLE 3 AT 138 °C 

D'=5.83x10-20  m 2s-1  
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FIG.4.26. 

SELF DIFFUSION OF N—NONANE 
IN SAMPLE 3 AT 161 °C 

D'=1.24x10-18  m 2s -1  
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FIG.4 .27. 

SELF DIFFUSION OF N—NONANE 
IN SAMPLE 3 AT 180 °C 

D'=8.59x10-18  m 2s -1  
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4.5. Temperature Dependence of Diffusion Coefficients  

The temperature dependence of integral and self diffusion coefficients 

in #3 was well represented by Arrhenius plots (Figs. 4.28 to 4.31), except 

for the n-pentane self diffusion data where a better fit was a gentle 

curve concave to the reciprocal temperature axis. 

Activation energies (E, E*) and pre-exponential factors (D0, D) 

obtained from these plots are given in Table 4.5. 

Table 4.5. 

Sorbate 
Sample 

Number 

D0  (=D0) D*
0  

E E* 
1 

kJ mol kJ mol
-1 2 	-1 

m 	s 
2 	-1 
m 	s 

 

C5H12 

C6H14 

C7H16 

C9H20 

3 

3 

3 

3 

2.60 x 10-7 

1.29 x 10 7 

- 

3.84 x 10-9 

2.47 x 10-6 

1.05 x 10 3 

2.05 x 10-1 

1.73 x 104 

74 

72.7 

- 

64.4 

76.5 

99 

115 

183.9 

Fig. 4.32 shows how D0  and D8 vary with chain length of the n-alkane, 

and Fig. 4.33 shows the variation of the self diffusion coefficient of 

n-hexane at 33.2°C with Ca
++ 

content of the zeolite. 

Entropy of Activation  

From equations 2.34. and 2.41., with m = 6 (cubic symmetry) we 

obtain 

2.72 ,2 kT ,ASt 
D 	. u . 

	
ex V- J 0 	6 

Similarly 

D* = 
2.72 

d
2 kT 

ex p 
(ASt* 

 ) 
0 6 R 

Using equations 4.1. and 4.2. entropies of activation for intrinsic 

diffusion (ASt) and self diffusion (ASt*) may be evaluated. 	The results 

4.1. 

4.2. 
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listed in Table 4.6. are evaluated at 298 K assuming 

a) the jump distance d = 1.23 nm, ie. the unit cell dimension of type 

A zeolite. 

b) d = 0.6 nm. 

c) d = 0.154 nm, ie. the carbon-carbon bond length in alkanes. 

TABLE 4.6. 

Sorbate 

Sorbent 

Sample 

St A : 
ASS' 

J mol-1K
1  J mol-1K

1  

Number 1.23 nm 0.6 nm 0.154 nm 1.23 nm 0.6 nm 0.154 nm 

C
5H12 3 -23.2 -11.3 +11.2 - 4.5 + 7.4 + 29.9 

C6H14 3 -28.9 -17.0 + 5.5 +45.6 +57.5 + 80.0 

C
7
H
16 

3 - - - +89.2 +101.1 +123.6 

C
9H20 

3 -58.0 -46.1 -23.6 +183.2 +195.1 +217.6 
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FIGURE 4.28. 

Temperature Variation of D* and ii for N-Pentane in 
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FIGURE 4.29. 

Temperature Variation of D* and () for N—Hexane 

in 32.8% CaNaA. 
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FIGURE 4.30. 

Temperature Variation of D* for N—Heptane in 32.8% CaNaA. 
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FIGURE 4.31. 

Temperature Variation of D* for N-Nonane in 32.8% CaNaA. 
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FIGURE 4.32. 

The Variation of D*
0
1 D

o 
 with N-Alkane Chain Length 

for 32.8% CaNaA. 
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FIGURE 4.33. 

Variation of D* and D with Ca++  Content of CaNaA Zeolites 

, D* for N-Hexane at 33.2°C 

A 	D* for N-Hexane at 33.2°i extrapolated from 171°C 
assuming E* = 99 kJ mol 

, Clarke s(5°) values of D (at 0 = 0) for N-Hexane 
at 26°C. 
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CHAPTER 5 

DISCUSSION  

5.1. The Octagonal Window of Type A Zeolites  

Diffusion of n-alkanes in type A zeolites can only occur by passage 

through the octagonal windows which interconnect a cages. 	In A 

zeolite this 8-ring of oxygen atoms is planar although this is not generally 

the case for this type of window, eg. the 8-rings of chabazite, erionite, 

gmelinite, and levynite are not planar
-.(112) 

Figure 5.1. shows a diagram of the octagonal window in dehydrated 

NaA constructed from the X-ray data of Smith and Dowell.
(27) 

The 

nomenclature used for the oxygen positions in this diagram is that generally 

accepted in the literature (though Smith and Dowell use a different 

nomenclature). 	For type A zeolite:- 

(1) 0
1 

oxygens form part of 8-ring and 4-ring windows. 

(2) 0
2 

oxygens form part of 8-ring and 6-ring windows. 

(3) 0
3 
oxygens form part of 6-ring and 4-ring windows. 

Table 5.1. shows how the free dimensions of this octagonal window 

change on ion-exchange and on introduction of sorbates. 	These free 

dimensions are the distances between diametrically opposite oxygen 

atoms minus the average oxygen diameter (0.27 nm). 

Several points emerge from Table 5.1.:- 

(a) small changes in unit cell edge may mask quite large changes in 

internal positional coordinates. 

(b) the aperture of the octagonal window (discounting any ion present) 

is circular only if the minimum diameter is considered. 

(c) ion-exchange and introduction of sorbates may alter the 8-ring 

aperture appreciably. 

• 
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FIGURE 5.1. 

The Octagonal (8-ring) Window of Dehydrated UaA Zeolite. 

0
1 
and02  oxygen atoms are in the plane of the paper. 

07  oxygen atoms are 1.52 cm (0.137 nn) above the plane of 
tie paper. 
The Ma+  ion is shown in one of four equivalent positions. 
The co-ordinates of the latter are rather uncertain but, 
as shown, the Na+ ion is 0.56 cm (0.05 nm) above the plane 

of the paper. 

nm 

• 
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(d) the widely quoted free diameter (0.42 nm) of the octagonal window 

must be regarded as a nominal value only. 

TABLE 5.1. 

Octagonal Window Dimensions in Type A Zeolites. 

Zeolite-Sorbate System 
Unit Cell Edge 

nm 

0
1 
- 0

1 
nm 

0
2 
- 0 

 
nm 

NaA, dehydrated
(27) 

NaA, hydrated
(28) 

NaA, NH3
(38) 

66%Ca,NaA, dehydrated
(31) 

66%CaNaA, hydrated
(26) 

66%CaNaA, 12(31)  

T1A, dehydrated
(113) 

T1A, hydrated
(113) 

1.228 

1.230 

1.229 

1.242 

1.231 

1.229 

1.217 

1.232 

0.385 

0.412 

0.413 

0.442 

0.400 

0.419 

0.450 

0.419 

0.419 

0.447 

0.446 

0.501 

0.469 

0.501 

0.398 

0.451 

If no blocking cation resides in an octagonal window it will allow 

passage of n-alkanes (critical diameter = 0.49 nm) but not branched chain 

alkanes (critical diameter = 0.58 nm). 	Barrer and Peterson(114) 

have estimated the energy of interaction of three methylene groups in 

an n-alkane with the octagonal window of type 5A zeolite assuming:- 

(1) oxygen atoms form a regular 8-ring, 0.436 nm free diameter. 

(2) the saddle point in the interaction occurs when a methylene group 

is in the centre of the 8-ring. 

(3) the equilibrium separation of an oxygen atom and methylene group 

is 0.355 nm. 

With these assumptions they found 

(a) the interaction energy cp = -14.64 kJ mo1-1 
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(b) qS is insensitive to a small increase in the free diameter of the 

8-ring. 

(c) = 0 when the free diameter of the 8-ring decreases uniformly 

to 0.39 nm. 

It is clear then that small changes in the 8-ring aperture could 

have quite large effects on the kinetics of n-alkane sorption in 5A 

zeolites. 	However, the most dramatic kinetic effect occurs during the 

transition 4A 	5A zeolite. 

Pure NaA contains one Na
+ 
 ion in each of the six octagonal windows 

associated with an a cage. Any octagonal window containing an Na+  ion 

is effectively reduced in free diameter and n-alkane molecules cannot 

pass through. 	Figure 5.2. (taken from Table 1.2.) shows that when 

1/6 of the exchangeable Na
+ 
 ions are exchanged for Ca

++ 
 ions all 

• octagonal windows are still blocked. 	When the degree of exchange is 

1.5 
6 (25%) then there is one unblocked octagonal window per a cage 

(1 an unblocked octagonal window per unit cell). 	However, the zeolite 

is still not able to sorb n-alkanes because each a cage is connected 

to only one neighbour. 	When the degree of exchange is 
2
- there are 2 

unblocked octagonal windows per a cage and the zeolite becomes largely 

permeable to n-alkane molecules but some closed "loops" (of variable length) 

will exist. 	The a cages associated with such "loops" will not be 

• available for sorption and cannot sustain any flux of molecules into the 

2.
6
5 interior of the zeolite crystal. 	When the degree of exchange is  

(42%) there are 3 unblocked octagonal windows per a cage. 	Closed 

"loops" are now exceedingly unlikely and the sorbate must now be almost 

completely available for sorption. 

This argument predicts that in the range 25 - 42% exchange of Nat  

++  
for Ca in NaA zeolite the sorption capacity (for n-alkanes) will increase 

from zero to its maximum value. 	However, even at 42% exchange molecules 

• 
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FIGURE S.Z. 

The Number of "Free" 8-ring Windows in 

• Nixed-Ion CaNaA Zeolites. 
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will be restricted in the routes they are able to take into the interior 

of the crystal and the rate of permeation of an n-alkane will only reach 

its maximum value at 67% exchange when all octagonal windows are open; 

below 25% exchange the permeability will be zero. 

The preceding argument applies only in the ideal case where every 

a cage has the same number of unblocked cavities. 	In reality crystal 

domains will occur which are characterised by their own cation distributions. 

Thus at 42% exchange the sorption capacity will not quite be a maximum 

and some sorption will occur at exchanges slightly below 25%. 

In an exactly analogous problem, Hammersley(115) employed a computer 

program to allow for a random distribution of the variable property 

(in our case, unblocked 8-rings) and calculated the dependent property 

(in our case the volume available for sorption). 	His results are 

• 	 compared with the experimental results of Breck et al
(15) 

and those of 

this work in Figure 5.3. 	There is only qualitative agreement between 

theory and experiment, but the following points should be noted:- 

(1) Hammersley's treatment of the problem assumes that a random 

distribution of free octagonal windows exists in the real case. 	This 

is not necessarily true; the agents (cations) which control the blocking 

of 8-rings are electrically charged: and it is not inconceivable that 

considerations of electric charge distribution may create a non-random 

• 	distribution of free 8-rings. 	There is no evidence for or against this 

postulation. 

(2) Hammersley's treatment assumes that all cations are fixed, ie. the 

distribution of free 8-ring windows is not time dependent. Although 

cations are mobile in hydrated zeolites, this mobility must be severely 

restricted in the dehydrated state at the temperatures normally employed 

in sorption experiments. 	Sorption of n-alkanes (which have low dielectric 

constants) should not increase this mobility significantly, though 

• 
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again this is an open question. 	However, bearing in mind that NaA does 

not sorb n-alkanes, this factor is much less likely to cause deviations 

from Hammersleyts treatment than the former consideration(1). 

No theoretical treatment of the variation of diffusivities in 

mixed CaNaA zeolites has been attempted but Figure 4.33. shows that 

experimental differential diffusion coefficients (at 9 = 0) and self 

diffusion coefficients (at e = 1) increase rapidly in the range 30 - 35% 

exchange, the latter being more sensitive to this factor. 	The work 

of Wolf et aZ
(35) 

suggests that diffusivities increase to a maximum 

at = 60% exchange and thereafter remain sensibly constant. 	This behaviour 

parallels the rapid increase in routes able to sustain a flux of diffusant 

into the interior of the sorbate. 	Rigorously such an increase in the 

available diffusion paths simply implies an increase in permeability 

of the sorbent. 	Unblocking of 8-rings per se, should not increase the 

mobility of the sorbate. 	In 5.3.4. this question is discussed in terms 

of possible changes in the initial sorbed state or the activated state 

of the unit diffusion process. 

A factor which might be important in this context is as follows:-

"blind" pores, ie. areas of a crystal containing relatively few entry 

and exit windows, will occur in CaNaA to a greater and greater extent 

as the Ca
2+ 

content is decreased below = 60% exchange. 	Sorption of 

molecules will occur in these areas and thus contribute to the experimentally 

measured value of Q.  although these areas will not contribute significantly 

to the total flux. 	Thus the true value of Q.  controlling the sorption 

kinetics should be somewhat less than the value actually used. 	Diffusion 

coefficients would therefore be apparent and less than the true values. 

The importance of this factor can only be assessed by formidable theoretical 

calculations. 

• 
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Finally an interesting study by Aleksandrov et al
(116).

demonstrates 

how blocking of 8-ring windows at a liquid zeolite interface alone can 

influence sorption rates, and provides some support for the previous 

contention. 	These workers measured rates of sorption of n-duodecane 

in CaA from liquid solutions of this alkane containing various small 

amounts of benzoyl alcohol, which is too large to penetrate into the 

zeolite channels but is sorbed strongly on the external surface, blocking 

surface 8-ring windows. 	From the sorption isotherms of this process 

(under the conditions of the kinetics experiments) they observed that 

n-duodecane sorption rates increased rapidly as the percentage of 

unblocked external 8-rings increased from 20 to 30% and thereafter were 

relatively unaffected as more windows were unblocked. 

5.2. Rotational Isomerism of N-Alkanes  

Ubbelohde and McCoubrey
(117,118) 

have reviewed the evidence for the 

existence of rotational isomers (conformers) in the liquid and vapour 

phases of n-alkanes. 	In the solid state, X-ray analysis has shown that 

n-alkanes exist only in the completely staggered planar conformation. 

However, the Raman spectra of liquid n-alkanes contain more lines than 

can be interpreted on the basis of this single conformation. 	More 

indirect evidence from comparisons of the properties (eg. molar volumes) 

of n- and iso-alkanes also leads to the conclusion that several rotational 

conformers of a given n-alkane may co-exist in the liquid and vapour 

phases. 	Thus n-butane may exist in one trans form or two equivalent 

gauche forms. 

Pitzer(119),  and more recently Heatley,
(120) have discussed the 

calculation of the partition functions of n-alkanes in the vapour phase. 

The fraction (F.) of molecules in a particular conformation i is given by 

r 



141 

Ei  
gi  exp (- KT ) 

F = 
. 
g. exp (- 	) RT 

i 

where E. is the energy of the conformer above that of the staggered 

planar isomer and g. is a statistical weight factor equal to the number 

of distinguishable conformers of the same energy Ei. 	Equation 5.1. 

assumes that the vibrational and (external) rotational partition functions 

are identical for all conformers. 	E. may be regarded as a contribution 

to the electronic partition function of a molecule and as such treats 

hindered rotation as arising from steric repulsion of electronic 

orbitals - on neighbouring groups. 

In principle all possible interactions should be included in the 

evaluation of E. for each individual isomer (it is known that interactions 

exist between substituents up to four carbon atoms apart in poly-methylene 

chains) but it is usual only to consider the interactions of substituents 

directly attached to the atoms about whose bond rotation occurs. 

Thus for n-alkanes E. = n.E where E is the energy difference between 

gauche and trans conformations, and n. is the number of gauche conformations 

(taking carbon atoms four at a time) which occur in the overall conformer. 

E is = 3.3 kJ mol
-1 

and the energy barrier to the rotational transition 

trans 	gauche is 15-17 kJ mol
-1
. 	Table 5.2. (taken from Pitzer 

(119)
) 

gives values of g. as a function of E. for several n-alkanes; the bracketed 

figures are Fi  values for n-hexane, calculated at 298 K using equation 5.1. 

TABLE 5.2. 

Compound Values of gi  with Ei  equal to: 

0 E 2E.  3E 4E 

n-C4H10 
1 2 0 0 0 

n-C
5
H
12 

1 4 2 0 0 

nC6
H
14 

1(0.3) 6(0.5) 8(0.19) . 	2(0.01) 0 

nC
7
H
16 

1 8 18 12 2 

nC8H18  1 10 32 38 16 

5.1. 
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When we consider the molecular configurations of an n-alkane molecule 

sorbed on a plane surface it is generally believed that the molecule 

orients itself so as to attain maximum interaction with the surface, 

ie. it assumes a planar zig-zag conformation. 	This conformer contributes 

most to the molecular partition function and conversion to other rotational 

isomers is more restricted than in the liquid or vapour phases. 

However, in the three dimensional interstitial channels of zeolites, 

maximisation of zeolite--sorbate interactions (and sorbate-sorbate inter-

actions at high sorbate concentrations) may favour sorbate conformations 

other than the planar isomer, especially for longer n-alkanes.
(44) 

From the kinetics point of view, at least that part of an n-alkane 

molecule which is immediately engaged in passage through an octagonal 

window (in A zeolite) must be in the planar, trans conformation. 	The 

rate of conversion to this conformation from the rotational conformer 

associated with the initial sorbed state may,therefore, be an important 

factor in transport processes. 	One might expect this interconversion 

to become increasingly difficult as the n-alkane chain length increases 

and as the sorbate concentration increases. 	Such effects must be given 

due consideration in interpreting kinetics data. 

5.3. The Characteristics of Transport Coefficients of n-Alkanes in CaNaA  

• Zeolites  

5.3.1. Dependence on Chain Length  

Table 5.3. shows that both integral diffusion coefficients, in the 

range Q0  = 0 to Q.  = saturation capacity, and self diffusion coefficients 

for sample 3, taken directly from the straight lines of Arrhenius plots, 

decrease with increasing n-alkane chain length in the temperature range 

25-100°C. 	This increase in resistance to diffusive transport for longer 

molecules has been observed by other workers.
(45,46,58) 

• 
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TABLE 5.3. 

n-Alkane 

Chain 

Length 

25°C 100°C 

D D* D D* 

nm 
2 	-1 
m 	s 

2 	-1 
m 	s 

2 	-1 
m 	s 

2 	-1 
m 	s 

C
5
H
12 

C6 
 H
14 

 

C7 
 H
16 

 

C9 
 
H2O 

 

0.904 

1.030 

1.156 

1.408 

2.36 x 10
-20  

2.02 x 10
-20  

- 

1.45 x 10
-20  

8.51 x 10
-20 
 

3.76 x 10-21 

1.15 x 10-21 

7.22 x 10
-29 

1.26 x 10
-17 

7.59 x 10
-18 

- 

3.16 x 10
-18 

4.17 x 10-17 

1.23 x 10
-17 

1.22 x 10-17 

2.40 x 10
-22 

Self diffusion coefficients (at A = 1) decrease more rapidly with 

increase in chain length than intrinsic diffusion coefficients (at 8 = 0). 

But the most striking observation is the very rapid decrease in D* on going 

from n-C7H16  to n-C9H20. 	It is of interest that the periodic potential 

barriers afforded by the 8-ring windows in type A zeolite occur at 

straight line separations of 1.23 nm, which lies between the planar 

conformation chain lengths of these two n-alkanes. 	It is therefore, 

tempting to propose that n-nonane engages two 8-ring windows in the unit 

diffusion_ process. 	However:- 

(a) intrinsic diffusion (at 8 = 0) does not show this marked behaviour, 

(b) as noted in 5.2. there is evidence that n-alkane molecules do not 

assume the planar configuration in zeolite channels, and 

(c) the chance of finding two diametrically opposed free 8-ring windows 

in sample 3 (32.8% CaNaA) is only ca. 0.2. 	Therefore, if n-nonane 

molecules were fixed in the completely staggered, planar conformation 

large regions of the zeolite structure would be inaccessible. 	This is 

clearly not so. 
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5.3.2. Dependence on Concentration  

There is experimental evidence (see 1.4.) for intrinsic diffusion 

coefficients of n-alkanes in zeolites which increase, decrease, or remain 

constant as the sorbate concentration in the zeolite increases. 

Clarke
(58) 

studied the concentration dependence of intrinsic 

diffusion of n-C4H10, n-C6H14, and n-C9H20  in sorbents similar to those 

used in this study. 	He employed a constant pressure method to obtain 

ti 
integral diffusion coefficients (D) in the range Q0  to Q.  where Q0  was 

varied and Q.  kept constant. 	Differential diffusion coefficients (D) 

were then obtained by using the approximate equation 2.55. 

In the range investigated (0 0 ca. 0.75) D was not greatly 

dependent on concentration but the following trends were observed:- 

(a) at "high" temperatures D decreased with increasing 0. 

(b) at intermediate temperatures D was approximately independent of 0. 

(c) at "low" temperatures D increased with increasing 0. 

Only very limited experimental studies of the concentration dependence 

of the mobility coefficient (B) of equation 2.30 are available in the 

literature.
(9
'
7
'
58) In the n-alkane-zeolite systems studied B generally 

decreases rapidly up to 0 = 0.6 and thereafter is relatively independent 

of sorbate concentration. 	If this trend is general then we may write 

,313 
N < 0 

	

a() 	s'  
T 

and for all n-alkane zeolite systems 

	

, a 	dlna  
38 • dine 

) 	0 	(Type I isotherms) 
T 

The decrease in B with increasing concentration may be identified 

with a decrease in the mean free path of the diffusant between sorbate- 

sorbate collisions. 	It is less easy to attach a physical meaning to 

the activity term: quantitatively it reflects the preferential diffusion 

of molecules down (or up) a concentration gradient due to the non ideality 

of the sorbed phase. 	Interstitial solutions may exhibit non-ideal 

• 
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behaviour by disobeying Henry's Law and/or exhibiting sorbate-sorbate 

dlna 
interactions. 	Both effects are accounted for by the term 

dln9 

Barrer has discussed the behaviour expected for various isotherm systems 

using a simple model (Bcc(1-8)) for the concentration dependence of B 

(see 2.1.10.). 	Clarke's results are the respective cases of 

i E 3B 	dina
I De 	dine

r I (a) greater than, (b) equal to, (c) less than 

I BE  a . dlna, 
38 • d1n8

.1 I ; at high temperatures the mobility coefficient dominates 

the concentration dependence of D, whereas at lower temperatures the 

activity term dominates. As temperature increases, non-ideal behaviour 

of the sorbed phase becomes relatively unimportant and the effect of 

sorbate-sorbate collisions influences molecular transport more and more. 

Clarke considered that qualitatively the concentration dependence of D 

observed was in agreement with an isotherm model of localised sorption 

with interaction in the range 0 	8 .5. 0.5. 

A very limited study of the concentration dependence of diffusion 

coefficients was attempted in this work. 	Figure 4.10. shows that for 

n-nonane at 102°C the differential diffusion coefficient D is relatively 

independent of 8, in agreement with Clarke's study. 	However, for n-hexane 

at 106°C, D passes through a pronounced maximum at 9 = 0.5, whereas Clarke's 

runs at lower temperatures predict that D should decrease with increasing 

at 106°C. 	A possible explanation of this discrepancy may lie in the 

fact that although the constant pressure VT law was used to evaluate W 

the measuring system was of the constant volume type and thus the pressure 

of sorbate vapour above the sorbent was allowed to decay. Although 

it is generally believed that this technique is sound for systems exhibiting 

rectangular isotherms, Clarke
(58) 

has obtained some experimental evidence 

that the sorbate pressure must be kept constant for the constant pressure 

equation to be truly valid. 
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In Figure 4.10. the curve DvQ0 
 for n-hexane has a large error 

associated with it especially at low values of Q0. 	Many more points on 

the curve DvQ
0 
 ought to be determined to estimate DvQ

0  accurately. The 

intrinsic error in DvQ0  for n-nonane is much less at low values of Q0  

because D varies only slightly with concentration. 

The self diffusivity (D*) of a molecular species is related to the 

differential diffusion coefficient (D) by 

CALAA*  -1 
D = D* 

dlna El 

	

dln8 	C
A*
L
AA 

where all the symbols have the same meaning as in equation 2.12. and 

subscripts have been dropped where no ambiguity exists. 	Experimental 

evidence
(59,67) 

suggests that as 8 1 then CALAA*/C01,28:A  1 and as 

6 0 then CALAA*/CA*LAA O. 	Thus the above equation predicts that 

since 
 dine 

s 

	

D0.0 = D0.0 	dine 

ex, 	ti 
If we assume that D

0=0 = D, where D is the integral diffusion 

coefficient measured from Q0  = 0 to Q.  = saturation capacity, then an 

assessment of the concentration dependence of D* can be made, although 

no studies of this were made directly. 	Obviously the latter assumption 

is crude (for n-hexane at 106°C at least) but time did not permit 

ti 
measurements of the extensive DvQ plots necessary to estimate D8-0 

8=0 

accurately. 

Bearing this in mind, Table 5.3. shows that in the range 25-100°C 

(provided no maxima or minima occur):- 

(a) D* for n-pentane increases with sorbate concentration, 

(b) D* for n-hexane decreases as concentration increases at low temperatures 

but increases with concentration at higher temperatures, 

(c) D* for n-nonane decreases with increasing sorbate concentration. 

= 1 
6=0 

• 
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The concentration dependence of D* includes contributions from that 

of B and those of the coefficients LAA'LAA* 
since 

CALAA*  
D* = RTB [1 CA*LAA 

Little is known about the concentration dependence of the latter terms 

(see 5.4.1.) and in view of the assumption used to obtain the results 

(a) to (c) above speculation on this point would be rather pointless, 

although it does seem that for low temperatures and longer alkanes the 

effect of molecule-molecule collisions tends to dominate the concentration 

dependence of D*. 

5.3.3. Dependence on Temperature  

In systems where differential diffusion coefficients are concentration 

dependent it is customary to report the activation energy obtained from 

plots of D0=0, ie. any effect of sorbate-sorbate interactions are 

excluded from the activation energy. 	However, in Table 4.5. the reported 

activation energies (E) for n-alkanes in sample 3(32.8% Ca++) have been 

obtained from measurements of D in the range Q0= 0 to Q.= saturation 

capacity, and are therefore apparent values only. 	The apparent activation 

energy decreases as n-alkane chain length increases. 	For a similar 

sorbent (32.5% Ca
++

), Clarke
(58) 

has obtained values of 45.6, 54.4, and 

66.7 kJ mot-1  for n-C4H10, nC6H14 and  n-C9H20 Arrhenius plots of D
e=0 

% 
=0 

It must be stressed that differences between D 	and D
0=0 

are not likely 

to account fully for the difference between these results. 	Furthermore, 

comparison is made difficult because Clarke's diffusion coefficients for 

n-hexane are much greater than those reported in this work (compare 

Table 5.3. and Figure 4.33.) suggesting that there is some discrepancy 

(2 or 3% would be sufficient) between the Ca++  contents of our respective 

samples. 	Nevertheless, Clarke's data show the expected trend of increasing 

E with increasing chain length (4.2 kJ mo1-1  per methylene group); 

M 
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comparison with Schirmer's(44)  data for heats of occlusion of n-alkanes 

in CaA (linear increments of 6.5 kJ mol
-1 per methylene group) suggests 

this is largely attributable to changes in sorbate-sorbent dispersion 

forces in the initial sorbed state of the unit diffusion process, the 

activated state being relatively unaffected by chain length of the alkane. 

Under the conditions of high sorbate concentration (9 = 1) used in 

the measurements of D* reported in this study, sorbate-sorbate interactions 

are likely to be important. 	In addition to the energy (E) associated 

with motion of a sorbate molecule across an energy barrier, a vacancy 

in the sorbed fluid must be created for the sorbate molecule to jump 

into once it has overcome the barrier. Accordingly E* may be resolved 

into two components:- 

E* = E E
v 

where E
v 
represents the portion of the activation energy associated with 

creation of a vacancy in the sorbed fluid. 	Similarly the entropy of activat- 

ion for the self-diffusion process (AS
t* 

 ) may be resolved into 

AS
t* = ASt  + AS 

 

where AS' is the entropy of motion across the energy barrier in the 

absence of other sorbed molecules, and ASv  is the entropy of formation 

of a vacancy, Thus one might expect that 

E
v 

= - AH + RT 

and 
	

ASv 
= - AS 

where AH and AS are the differential molar heat of sorption and differential 

molar entropy of sorption, respectively, at saturation. 

Table 5.4. compares values of E , AS with Schirmer's(44) data for 
v 	v 

AR, AS at zero concentration in CaA, since no data are available for 

these quantities at saturation. 	Entropies are referred to 298 K. 

Graphs of E, E*, Ev 
and AST, ASt  , AS are shown in Figs. 5.4. and 

5.5. respectively. 	These graphs also include values of Ev  and ASv  

calculated from Clarke's data for E and ASP. 
• 
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FIGURE 5.4. 

The Energy of Vacancy Formation (E
v
) and Activation Energies 

(E*,E) for self and intrinsic diffusion of n-alkanes in 32.8% CaNaA 

as a function of chain length. 

Circles are the data of this work. Open squares are the data of 

Clarke
(58) 

and filled squares are values of E
v obtained from the latter. 

Number of Carbon Atoms in n-Alkane 

• 
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FIGURE 5.5. 

The Entropy of Vacancy Formation (AS 
v 
 ) and Entropies of Activation 

(ASt*, AS
t 
 ) for self and intrinsic diffusion of n-alkanes in 32.8% CaNaA 

as a function of chain length. 

Circles are the data of this work. Open squares are the data of 

Clarke
(58) 

and filled squares are values of AS
v 
obtained from the latter. 
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TABLE 5.4. 

n-alkane 
E 
v 

-All AS 
v  

-AS 

kJ mol
-1  

J mol-1K
1  

kJ mol
-1  J mol_ 

,-1,-1 
A 

C5I- 
H
i2  

C
6
H
14 

C
7
H
16 

C
9
H
20 

2.5 

26.3 

45.4 

119.5 

55.1 

61.6 

67.7 

81.9 

18.7 

74.5 

127.7 

241.2 

185 

207 

227 

275 

The simple model of the necessity for vacancy formation in the 

mechanism of the self diffusion process is obviously rather poor. 

It predicts a value of Ev  which is too high for n-05H12  and too low 

for n-C9H20. Nevertheless the results clearly indicate that high 

sorbate concentrations in the zeolite channels introduce a mutual 

caging effect which may become the dominant factor in the diffusion 

mechanism for large molecules. 

In this context it is interesting to note that, at the average 

temperature of the range in which self-diffusion studies were'performed 

the number of -CH
2
- plus CH

3
- groups sorbed at saturation (per a cage 

in sample 3) is relatively constant and independent of the sorbate 

(see Table 5.5.). 

TABLE 5.5- 

n-alkane 
<T> No. of molecules 

per a cage 

No. of carbon atoms 

per a cage 	• oC 

C
5
H
12 

60 > 2.80 > 14.0 

C
6
H
14 

60 2.70 16.2 

C7H16 60 2.16 15.1 

C
9
H
20 

160 1.70 15.3 

151 
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Thus movement of one diffusing entity represents only = 35% of 

the contents of an a cage in the case of n-pentane but increases to 59.3% 

for n-nonane. 	These figures qualitatively support the observed trends 

of E* and E
v 
with increase in n-alkane chain length. 

The magnitudes of AS and AS
t*  obtained from D

o 
(assumed equal to 

D
o 

in 4.5.) and D* depend on the jump distance (d) assumed for the unit 

diffusion step. 	This may be a function of (I) temperature, (II) 

concentration, (III) chain length of the n-alkane. 	Unless counteracted 

by opposing changes in activation energy, (I) leads to curved Arrhenius 

plots. 	Only the n-pentane self diffusion data showed any pronounced 

curvature in this work. 	Factor (II) is eliminated in the case of intrinsic 

diffusion by employing Do  referring to zero concentration of sorbate, 

but the jump distance for the self diffusion process may well be 

different from that chosen for the intrinsic process. Little can be 

done about (III). 	The choice of d for a particular system is rather 

arbitrary but tempered by common sense, eg. the distance between lattice 

points in solid diffusion, or the linear dimension of a constituent 

molecule in liquid diffusion. 	There is not at present any experimental 

technique which will yield d directly. 	Table 4.6. shows how ASt  and 

* 
AS
t  vary with reasonable values of d. The magnitude of AS 

v
, however, is 

unaffected by the choice of jump distance, as long as one assumes that 

it is the same for both intrinsic and self diffusion. 

Absolute values of AS
t 

depend on differences in the characteristic 

temperatures of the normal modes of motion of a molecule in the initial 

sorbed state and activated state respectively. 	If the latter is 

regarded as an n-alkane molecule midway through an unblocked 8-ring 

window, then the influence of this window decreases from a maximum for 

methylene groups at the centre of the alkane chain to a minimum for the 

methyl groups at the termination of the chain. 	Vibration,  frequencies 

• 
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involving the former in motions perpendicular to the plane of the 8-ring 

should increase relative to the initial state, producing a negative 

contribution to ASP. 	However, the methyl groups will have more freedom 

in the activated state and consequently will contribute a positive 

quantity to AS
t
. 	Thus, qualitatively one might expect ASt  to be negative 

for small n-alkanes, becoming more positive as chain length increases. 

Figure 5.5. shows that Clarke's data do indeed show this behaviour. 

The data reported in this work are apparent values only because of the 

41, 
assumption that D = D

o 
at zero concentration. 

0 

Although the vacancy mechanism proposed for Self-diffusion does not 

account well for the observed range of AS
v 
with change in chain length, 

values of AS
t* 

 are consistently more positive than ASt  , indicating that 

some loosening of the local environment of a molecule must occur before 

that molecule can diffuse in a saturated phase. 

5.3.4. Dependence on Ca
++ 

content  

The increase in D and ID* with increasing Ca
2+ 

content for n-alkanes 

in mixed CaNaA sorbents has already been discussed in 5.1. No parallel 

study of energies of activation were performed in this work, but Clarke
(58) 

has obtained some values for n-alkane intrinsic diffusion (at B = 0). 

His results are reproduced in Table 5.6. 	These may be compared with a 

value of 14 - 17 kJ mol-1 for n-butane in CaA obtained by a conventional 

analysis of the drag coefficient data of Ruthven and Loughlin.(47)  

TABLE 5.6. 

Sorbate E/kJ mol 1 

30.55% CaNaA 32.54% CaNaA 34.10% CaNaA 35.48% CaNaA 

n-C
4
H
10 

55.0 45.6 38.5 - 

n-C
B
H
14 

63.4 54.4 47.9 39.3 

n-C
9  H

2O 
 

75.1 66.7 60.3 52.5 

• 
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These data cannot be explained on the basis of Changes in heats of 

occlusion, since the results of Eberly
(125) 

suggest that changes in 

AH must be small in the transition from 30 - 36% Ca
2+ 

content. 	However, 

Table 5.1. demonstrates that in the dehydrated forms of the zeolite the 

minimum free diameter of the 8-ring window increases from 0.385 nm to 

0.442 nm on 66% exchange of Na
+ 
by Ca

2+
. 	The calculations of Barrer and 

Peterson (see 5.1.) show that such a.change could cause an exothermal 

decrease of at least 15 kJ mol-1  in the interaction energy of an alkane 

with the window. 	Barrer's calculations assumed all 8-ring oxygen atoms 

to be in equivalent positions; the data of Table 5.1. show that 

the minimum free diameter is bounded by only four 0
1 
oxygens. 	Correction 

for this factor leads to an estimate of -7.5 kJ mol-1 for the change in 

interaction energy of an n-alkane molecule with an 8-ring window on 

going from NaA to 66% CaNaA. Of course, this calculation assumes that 

the 8-ring window in NaA retains the same dimensions when its associated 

Na+  ion on is removed. 	This is almost certainly incorrect, but one might 

speculate that any initial relaxation of 01-01  distance on removal of 

this Na
+ 
 ion could be increased by progressive exchange of neighbouring 

6-ring Na" ions by Ca
2+ 
 ions. 

Thus no firm conclusions can be drawn concerning .the decrease of 

activation energy with increasing Ca
2+ 

content of CaNaA zeolites. 

It seems most unlikely that a change of only 5% in Ca
2+ 

content could 

produce a sufficiently large change in 8-ring diameter to account fully 

for the data of Table 5.6. 	One must also bear in' mind that, in the 

type of restricted diffusion exhibited by these mixed CaNaA zeolites, 

the effects of impurities and crystal defects in the sorbents could be 

magnified by "bottle-neck" effects. 
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5.4. Potpourri  

5.4.1. Self Diffusion Coefficients  

It is pertinent to remind the reader at this point that the quantity 

D* referred to throughout this thesis as a self diffusion coefficient 

is rigorously defined by 

A 
J
A 

= Dw 	Dx 	
(in the x-direction) 

and 
LAA 	LA:.A  

D* = D* = RT( 	
** 	* 

A 	CA* 	CA 

and is really a tracer diffusion coefficient. 

The phenomenological coefficients of irreversible thermodynamics 

admit the possibility of interactions (in the most general sense) 

between molecules which are physically distinguishable as in tracer 

experiments. However, no indication of the possible concentration 

dependence of these coefficients is implicit in the theory (see eg. 121). 

The scant experimental evidence that is available (eg. 122) suggests that, 

at the low concentrations normally used in radiotracer techniques, tracer 

diffusion coefficients approximate well to true self diffusion coefficients. 

In the technique used in this study tracer concentrations were high but 

in the few experiments where q* >. 0 no striking deviations from 

Arrhenius plots were observed. 	The name self diffusion coefficient has 

therefore been retained for D. 

Finally it is of interest to note that N.M.R. measurements of the 

self diffusion of water in chabazite are approximately a factor of 10
4 

less than tracer (D2
0) exchange coefficients.

(123) 

5.4.2. The Initial Curvature of T v t Plots  

It has already been noted (see 4.4.) that most T v t plots exhibit 

quite pronounced curvature in the initial (relatively rapid) stages of 

self exchange. Although this is undoubtedly due in part to inadequate 

pumping speeds in the case of very fast exchanges (eg. Figure 4.27), 

• 
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at low exchange rates (Fig. 4.12.) the curvature still persists and 

cannot be attributed to imperfect mixing of the vapour phase. 

It is tempting to propose that this curvature is due to the large 

concentrations of tracer molecules used in the present technique. 

However, Duffy
(76) 

and Miss Steele
(124), 

 in respective studies of 

Na
22
-Na

24 
and H

2
0-THO radio-tracer exchange in chabasite, have observed 

the same phenomenon, using very low concentrations of labelled molecules. 

No convincing explanation is therefore possible at present; it is 

plausible, but not proven, that the external surface structure of the 

sorbent may be important in this context. 

Figure 5.6. and Figure 5.7. are the respective / plots corresponding 

to the T v t plots of Figure 4.12 and Figure 4.27. 	Note that:- 

(a) V plots mask the initial curvature exhibited by T v t plots, 

(b) intercepts on the time axis are reduced in f plots, 

(c) diffusion coefficients derived from the initial straight line 

portions of It plots differ from those measured from T v t plots sirce 

the latter refer to the intermediate range (ca. 30 - 70%) of exchange. 

Values of DC obtained by both methods are compared in Table 5.7. 

TABLE 5.7. 

Self Diffusion System DC from T v t plots DC from / plots 
2 -1 
m s 

2 -1 
m s 

nC
5
H
12

/sample 3/30oC 

nC9H20
/sample 3/180

o
C 

1.75 x 10
-19 

8.59 x 10-18 

7.17 x 10
-20 
 

5.29 x 10
-18 

DC values observed from Vi plots for the majority of the self-exchange 

data were consistently low by a factor of about 2 when compared with 

values obtained from T v t plots. Activation energies were therefore 

unaffected. 

• 
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FIGURE 5.6. 

The "A-  Plot for Self Diffusion of N-Pentane in 32.8% 

CaNaA at 30.00C. 

D* = 7.17 x 10-20 m2s-1 
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FIGURE 5.7. 

The - Vi-  Plot for Self Diffusion of N-Nonane in 32.8% CaNaA 

at 180°C. 

D* = 5.29 x 10
-13 

m
2
s
-1
. 
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• 

It is clear from the preceding discussion that the intercepts on 

the time axis of T v t plots show a large range of values and this makes 

the interpretation of the physical significance of the initial curvature 

of these plots obscure. 

5.4.3. Possible Blockage of Sorbents by Carbon Deposits  

The large value of E* for n-nonane in sample 3 raised the possibility 

that breakdown of this alkane was occurring in the sorbent at the higher 

temperatures (140 - 180°C) used in these experiments. 	To check this, 

an n-hexane intrinsic diffusion run (with Q
o 

= 0) was repeated under the 

same conditions of pressure and temperature as a run which had been done 

before the n-nonane self diffusion experiments (which were the last runs 

performed on sample 3). 	Within experimental error, these experiments 

gave the same value of ID% indicating that no breakdown had occurred. 

Furthermore the equilibrium sorption capacity of sample 3 for n-hexane 

remained sensibly constant over a period of 21 months during which the 

experiments reported in this thesis were done. 	In this time the sample 

discoloured from white to a dull greyish-white. 

5.4.4. Experiments with Samples 6 (20% CaNaA) and 7 (100% CaA)  

Sample 6 (20% CaNaA) showed no observable sorption of n-pentane after 

7 days contact with this alkane at 10 cm Hg pressure and 80°C. 	This is 

in agreement with the absence of unblocked 8-ring windows in this sorbent 

as discussed in 5.1. 

Sample 7 was an almost entirely Ca
t+ 

form of A zeolite and sorbed 

n-pentane exceedingly rapidly. 	Self-exchange of n-pentane was also 

exceedingly rapid at 0°C, final equilibrium being attained in a few 

minutes. A very rough estimate of D* was made in the following manner. 

(a) The time (T) to reach equilibrium was estimated roughly (pumping 

speed probably controls this value and thus this estimate is too large). 

(b) The time to reach 50% of final equilibrium was considered to be T/2. 

The actual value will be less than T/2 even if T is correct. 
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(c) This single point was used in equation 2.20 to give a lower limit 

for D*. 

It was found that D* > 10-16  m2s-1  and it is probable that D* >>10-16 

m
2
s
-1
. Comparison of this value with the n-C

5
H
12 self diffusion data 

for sample 3 (Table 4.4.) demonstrates that, even though this latter 

sample exhibits 91.5% of the sorption capacity of CaA (Fig. 5.3.) diffusion 
• 

into its interior involves much higher energy barriers along the diffusion 

path. 

5.4.5. Desorptive Diffusion  

No estimates of intrinsic diffusion coefficients derived from 

desorption experiments were made in this work. 

However, it is of interest that values of D • measured by such 

S techniques
(46'48) 

can be very much (up to 70 times) lower than the values 

ti 
of D measured from sorption experiments for longer n-alkanes (whose 

sorption isotherms are extremely rectangular). 

Such behaviour is expected in systems where differential diffusion 

coefficients increase with concentration.(66)  Unfortunately the available 

data are not sufficient to test whether the magnitude of the observed effect 

could be explained entirely on this basis. 	Barrer(73)  thinks not. 

Nevertheless a study of desorption along the lines of Clarke's(58) 

• work, but perhaps using the weighted mean diffusion coefficients of 

equations 2.26 and 2.27 would be of considerable interest. 

If quantitative agreement between theory and experiment is not 

obtained, we must conclude, as already opined by Eberly(46),  that present 

theoretical treatments of diffusion are inadequate for non-ideal adsorbed 

phases. 

5.5. Conclusions  

The salient features of n-alkane mass transport in mixed CaNaA 

• 
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zeolites are:- 

(a) intrinsic diffusion coefficients, D, may increase, decrease, or 

remain constant as concentration increases depending on the temperature 

of the experiment; 

(b) energies of activation, E, for intrinsic diffusion (at A = 0) 

increase with increasing n-alkane chain length and decreasing Ca
+-I-

content of the sorbent; 

(c) energies of activation, E*, for self diffusion ( at 6 = 1) increase 

with increasing n-alkane chain length. 	This increase is greater than 

in (b) due to the special nature of the self diffusion process in a 

saturated phase. 	One supposes that E* will parallel E and increase 

with decreasing Ca content of the sorbent, though no data directly 

supporting this contention were obtained in this study. 

It is hoped that in the preceding discussion the author has shown 

how these phenomena may be explained in terms of present understanding of 

diffusive transport in the interstitial channels of zeolites; and where 

this is not so, that the reader is aware of the inadequacies of our 

understanding. 

The experimental technique described in this thesis has been shown 

to be viable. 	Its main drawback is the limitation pumping speed imposes 

upon the fastest exchange rates that can be measured. 	In this context, 

a recent design for a teflon-glass centrifugal pump(126) may be useful, 

perhaps in conjunction with pelletised zeolite powder. 

Counter diffusion of molecules A and B, which may have quite different 

sorption isotherms in the sorbent used, is well able to be studied by 

this technique since simultaneous measurements of pressure and mass 

spectrum should define the gas phase completely as a function of time. 

From the point of view of mass spectral analysis the only limitation 

imposed on the choice of A and B is that sufficiently well resolved peaks 
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exist in both molecules at m/e ,= x and m/e = y (not necessarily 1 A.M.U. 

apart) and that RA(= IA / IA) is sufficiently different from 

RB  (= IxB 	B 
/ IY) to obtain the required accuracy in the estimation of the 

mole fractions of A and B in a mixture of the two. 

Finally, in catalytic reactions involving alkane molecules and 

zeolitic channels, reactants have to diffuse to the catalytic site and 

products have to diffuse away from this site. These movements of 

reactant and product molecules along the zeolite channels must involve 

mechanisms which tend to resemble those which operate in our tracer 

diffusion studies. Thus, the thermodynamic parameters obtained from 

these tracer studies are probably the ones which should be used in 

any assessment of the factors controlling the rates of catalytic reactions 

in zeolites. 

• 
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P V 

0.20 14.4 

1.67 18.0 

4.12 18.4 

P V 

0.03 6.6 

0.37 	- 12.7 

3.19 15.5 

4.90 15.6 
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APPENDIX I 

A.Sorption Isotherm Data 

P = Pressure/103N m-2 

V = Volume Sorbed/cm3STP g-1 

N.B. V refers to 1 g of hydrated zeolite. 

Pentane,CaA, 25°C  

P V 

3.22 28.1 

12.37 29.8 

19.80 30.0 

Heptane, 32.8% CaNaA, 100°C  

Hexane, CaA, 32°C  

P• V 

1.99 27.5 

5.32 27.6 

7.81 27.6 

10.94 27.6 

Nonane, 32.8% CaNaA, 185°C  

• 



Pentane, 32.8% CaNaA  Hexane, 32.8% CaNaA  

170 

32 0.03 

0.99 
3.43 
7.73 

13.51 

49 0.02 
1.09 
3.62 

7.96 
13.63 

70 0.07 
0.19 

1.34 
3.79 
8.13 

13.72 

100 0.44 
0.53 
0.88 
2.46 
4.67 
8.96 

14.35 

T °C P V 

32 0.14 24.6 
0.55 25.2 
0.94 25.4 
3.37 26.0 
6.45 26.8 

12.31 27.6 

48 0.06 21.7 
0.13 24.6 
0.75 24.9 
1.33 25.1 
3.83 25.2 
7.06 25.7 

13.84 26.2 

69 0.20 21.4 
0.57 23.9 
1.11 24.3 
1.95 24.7 
4.21 24.7 
7.50 24.9 

14.65 25.4 

99 0.77 20.5 
0.98 21.0 
1.57 22.2 
2.17 22.5 
3.59 23.4 
4.92 23.4 
8.05 24.0 

15.54 24.6 

135 3.37 19.2 
2.23 17.9 
3.34 19.1 
3.90 19.5 
6.62 20.8 
9.59 21.4 

17.54 22.7 

T P V 

1.50 
2.26 
2.43 
4.48 
6.74 

10.68 
15.95 

20.0 

25.2 
25.2 
25.2 

25.2 

20.0 
25.0 
24.9 

25.0 
25.1 

19.9 
22.1 

24.7 
24.7 
24.7 
24.8 

19.4 
19.7 
20.9 
22.9 

23.3 
22.8 
23.2 

135 17.8 
18.5 
18.6 
19.7 
19.9 
20.0 
20.0 
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B. Intrinsic Diffusion Kinetic Data  

N-Pentane, 32.8% CaNaA  

41.75°C 68°C 105°C 

i 
/s2  

i 
t2  

100 Q
t t2/s2 

1 	1 100 Q
t 

1 	i 
t2/s2 

100 Q
t 

Q.. Q., Q.3  

17.3 1.6 3.9 2.2 7.8 14.3 

24.5 2.3 17.3 7.0 11.0 18.6 

30,0 3,k 24.5 9.9 13.4 21.9 

34.6 3.6 30.0 12.2 15.5 25.1 

38.7 4.1 34.6 14.1 17.3 27.7 

42.4 4.6 38.7 15.8 19.0 30.6 

45.8 5.0 42.4 17.1 20.5 32.5 

49.0 5.5 45.8 18.9 21.9 34.6 

52.0 5.9 49.0 20.2 23.2 36.7 

54.8 6.3 52.0 21.7 24.5 38.6 

57.4 6.6 54.8 22.7 

60.0 7.0 57.5 23.8 

64.8 7.6 60.0 25.0 

69.3 8.1 62.5 26.0 

73.5 8.8 67.1 28.3 

77.8 9.4 71.4 30.1 

81.6 10.0 75.5 31.9 

84.9 10.4 81.2 34.5 

90.0 11.1 86.6 36.8 

94.9 11.9 90.0 38.4 

99.5 12.6 
. 

0 
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N-Hexane, 32.8% CaNaA  

o 
43.5 C 

o 72C 106°C 
1 	1 
t2/s2  100 Qt  

1 	1 
t2/s2  .100 Q

t 

1 	1 
t2/s2  .100 Q

t 
Q. Q. Q. 

17.3 2.3 11.0 2.9 7.8 6.9 

24.5 3.5 15.5 4.6 11.0 10.0 

31.0 3.6 19.0 6.0 13.4 13.0 

37.2 4.3 21.9 7.2 15.5 15.5 

43.5 5.0 24.5 8.8 17.3 17.8 

49.0 5.6 26.8 9.4 19.0 19.9 

54.8 6.3 29.0 10.4 20.5 21.8 

60.3 7.0 31.0 11.3 21.9 23.7 

64.8 7.6 32.9 12.1 23.2 25.4 

69.9 8.2 34.6 13.0 24.5 26.9 

73.5 8.7 36.3 13.7 25.7 28.5 

79.4 9.4 38.0 14.5 26.7 29.9 

84.9 10.1 39.5 15.2 27.9 31.3 

90.0 10.7 41.6 16.1 29.0 32.6 

94.9 11.3 42.4 16.5 30.0 33.9 

103.9 12.5 43.8 17.2 31.0 35.1 

108.3 13.1 45.2 17.9 31.9 36.3 

112.3 13.5 46.5 18.5 32.9 37.5 

116.2 14.1 47.8 19.1 33.8 38.6 

120.0 14.6 49.0 19.7 34.6 39.6 

123.7 15.0 50.2 20.2 35.5 40.7 

127.7 15.5 52.5 21.8 36.3 41.7 

130.8 15.9 54.8 23.2 37.2 42.7 

134.2 16.4 56.9 23.5 38.0 43.7 

59.0 24.5 38.7 44.6 

60.0 25.0 39.5 45.6 

40.3 46.5 

41.0 47.4 

41.7 48.2 

42.4 49.0 

43.1 49.9 

43.8 50.7 

44.5 51.8 

45.1 52.3 

45.8 53.0 



173 

N-Nonane, 32.8% CaNaA, 102°C  

... 

1 	1 
t2/s2   100 Q

t 
Q. 

9.5 . 	5.8 

12.3 7.8 

14.5 9.7 

16.4 11.2 

18.2 12.7 

19.8 13.9 

21.2 15.0 

22.6 16.1 

23.9 17.2 

25.1 18.2 

26.3 19.0 

27.4 19.8 

28.5 20.6 

29.5 21.3 

30.5 22.0 

31.5 22.8 

32.4 23.6 

33.3 24.2 

34.2 24.9 

35.1 25.4 

• 
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C. Self Diffusion Kinetics Data 

V = Volume Sorbed/cm
3STP g-1 	N-'Pentane, 32.8%CaNaA; 51:0oC, V=25.8. 

N-Pentane; 32.8%CaNaA, 30:0°C, V=23.1 '(D-Pentane initially'in gas phase)  

t/(hrs-mins) FAE x 102  T x 105 

0-15 10.3 10 

0-30 14.5 20 

0-45 17.5 34 

1-00 19.3 41 

1-20 24.1 70 

1-35 25.7 80 

2-01 30.9 126 

2-16 30.9 126 

2-32 33.2 152 

2-45 34.1 166 

3-01 35.7 183 

3-15 36.4 193 

3-35 38.6 226 

4-10 41.3 272 

5-25 46.1 372 

6-40 50.1 479 

9-15 56.7 712 

10-16 59.1 819 

11-15 60.7 900 

12-20 62.4 994 

13-20 63.8 1084 

14-10 65.3 1177 

15-23 66.6 1276 

16-12 68.4 1414 

17-15 69.7 1530 

18-12 70.9 1640 

19-30 72.3 1793 

20-55 73.1 1880 

23-00 73.9 1972 

t/(hrs-mins) FAE x 102  T x 105 

0-10 15.9 61 

0-20 24.2 131 

0-31 30.3 241 

0-40 35.1 326 

0-50 39.4 437 

1-00 43.0 550 

1-10 46.4 682 

1-20 48.9 793 

1-30 51.5 922 

1-45 54.9 1122 

2-00 57.2 1474 

2-15 60.4 1522 

2-30 62.8 1730 

2-51 65.8 2035 

3-00 67.2 2200 

3-15 68.8 2400 

3-30 70.9 2690 

3-45 70.8 2668 

4-00 72.6 2956 

4-15 73.9 3177 

4-30 75.5 3462 

4-47 76.6 3686 

5-00 77.5 3877 

5-17 78.7 4157 

5-30 79.4 4343 
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N-Pentane, 32.8%CaNaA, 94°C, V=25.2 	N-Hexane, 34.8%CaNaA, 33.2°C V=27.7. 

It/mins. 
2 

FAE x 10 .T .x 10
5 

5 24.2 147 

7.5 32.3 288 

10 38.4 458 

12.5 44.0 652 

15 49.4 900 

17.5 52.5 1081 

22.5 60.3 1655 

25 63.1 1920 

27.5 65.3 2167 

30 67.7 2453 

32.5 70.0 2786 

35 71.6 3033 

37.5 73.5 3357 

40 75.1 3662 

42.5 76.5 3968 

45 77.7 4250 

47.5 78.7 4471 

50 	. 79.9 4809 

52.5 80.9 5067 

55 81.8 5375 

t/(hrs-mins) FAE x 102  T X 105  

0-05 24.8 95 

0-10 35.8 238 

0-16 43.3 397 

0-21 48.1 537 

0-25 52.7 708 

0-30 56.3 875 

0-35 59.2 1035 

0-40 61.2 1187 

0-46 64.0 1361 

0-50 65.4 1476 

0-55 67.9 1700 

1-00 69.0 1810 

1-05 70.6 1982 

1-10 72.5 2213 

1-15 73.8 2416 

1-20 75.3 2600 

1-25 76.5 2800 

1-30 77.5 2982 

1-37 79.0 3271 

1-40 79.6 3421 

1-45 80.5 3598 

1-50 81.3 3784 

1-55 81.9 3933 

2-00 82.1 3983 

2-06 83.3 4302 

2-11 84.0 4515 

2-16 84.4 4649 

2-20 84.8 4779 

2-25 85.2 4909 

2-30 85.8 5120 

2-36 86.7 5305 

2-40 87.1 5625 

2-45 87.3 5703 

2-55 88.5 6255 

3-09 89.0 6500 

3-23 89.6 6795 

3-40 91.1 7684 

4-10 92.1 8382 
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N-Hexane, 33.8%CaNaA, 33.2°C, V=26.8 	Hexane, 32.8%CaNaA, 31.9°, V=24.5  

it/(hrs-rains) FAE .x 10
2  

t x.105. 
 

0-15 18.2 40 

0-30 24.6 82 

0-45 27.7 108 

1-00 32.2 158 

1-15 35.2 197 

1-30 38.1 242 

1-45 42.1 320 

2-00 45.1 397 

2-15 45.8 405 

2-30 45.5 481 

2-45 51.0 560 

3-00 51.7 584 

3-30 55.2 719 

4-00 58.6 877 

4-30 60.1 956 

5-00 62.5 1106 

5-30 64.0 1204 

6-00 65.1 1281 

6-30 66.9 1418 

7-00 68.8 1582 

7-30 70.0 1700 

8-00 71.0 1800 

.., 

t/(hrs-mins) FAE x 10
2 

T x 10
5 

6-00 14.1 36 

24-20 24.9 161 

29-20 28.3 221 

49-50 35.0 377 

195-00 58.2 1530 

340-30 66.6 2400 

Hexane, 32.8%CaNaA, 107°C, V=23.9  

t/mins FAE x 10
2 

T X 10
5 

5 31.3 150 

10 53.2 700 

15 67.4 1600 

21 76.2 2666 

25 80.7 3544 

30 84.9 4700 

35 87.5 5636 

40 89.7 6700 

45 91.7 7930 

50 92.6 8590 

70 95.9 1225 

a 

rip 
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Hexane, 32.8%CaNaA, 71°C, V=25.8  

,-- 

t/(hrs-mins) 
i 

 

FAE x.10
2 

T x,10 
 

0-05 14.3 26 

0-10 16.1 31 

0-18 20.1 52 

0-25 23.2 72 

0-30 24.2 80 

0-36 26.4 98 

0-45 29.0 120 

0-50 31.1 135 

1-05 34.3 176 

1-15 36.2 215 

1-33 40.2 386 

2-09 46.6 431 

2-30 50.2 537 

3-05 53.6 661 

3-37 58.1 865 

4-42 64.1 1218 

5-26 67.3 1478 

6-00 69.0 1620 

6-40 70.8 1810 

7-05 72.4 1980 

7-42 73.8 2150 

8-20 75.6 2415 

Hexane, 31.8%CaNaA, 33.2°C, V=23.0  

t/hrs FAE x 10
2 

T x 10
5 

0.5 3.0 1 

1.0 6.0 4 

1.5 8.0 7 

2 9.6 10 

3 10.6 16 

4 14.9 26 

5 16.5 33 

6 18.6 43 

7 19.5 47 

8 19.9 50 

9 21.8 62 

10 23.3 72 

11 24.4 80 

12 25.0 85 

25 34.1 184 

26 34.4 191 

27 35.5 204 

28 35.5 204 

29 36.7 224 

30 36.1 214 

31 37.2 231 



178 

Hexane, 30.09oCaNaA, 171°C, V=18.3 	Heptane, 32.8%CaNaA, 77.5°C, V=19.2)  

1 t/mins FAE x 10
2 

T x 10
5 

3 9.9 25 

5 26.2 210 

7.5 39.6 523 

10 46.2 915 

12.5 53.9 134. 

15 59.6 1824 

17.5 63.0 2181 

20 67.4 2744 

22.5 70.5 3100 

25 73.6 3803 

27.5 75.0 4079 

30 77.0 4561 

32.5 78.4 4923 

t/mins FAE x 10
2 

T X 10
5 

10 16.1 17 

15 23.3 40 

20 29.4 71 

25 35.0 112 

30 40.7 167 

35 44.2 213 

40 45.8 237 

45 48.9 290 

50 53.0 375 

55 53.4 384 

60 55.7 443 

65 56.8 473 

70 58.8 536 

75 59.8 571 

80 61.6 637 

85 62.6 678 

90 64.0 740 

95 64.8 775 

100 65.6 815 

105 66.1 837 

110 66.6 865 

116 67.1 894 

• 
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N-Heptane, 32.8%CaNaA, 91°C, V=19.4 . 	N-Heptane, 32.895CaNaA, 100°C, V=18.5  

.t/rains.. FAE x.10
2 

T x 10
5 

7 15.6 33 

10 23.4 88 

15 30.0 162 

20 34.7 220 

25 37.8 274 

30 50.6 623 

36 55.7 843 

40 58.6 994 

45 63.0 1282 

50 65.7 1499 

60 68.4 1747 

65 70.8 2000 

70 73.9 2395 

75 75.7 2670 

80 77.5 2975 

85 79.2 3309 

90 81.2 3757 

I t/mins FAE .x 102  T X 105 

5 9.5 10 

10 32.5 160 

15 .46.4 421 

17.5 50.8 550 

20 54.9 704 

22 59.0 990 

24 61.6 1047 

26 64.2 1216 

30 68.3 1542 

32 69.8 1687 

34 70.9 1800 

36 73.7 2126 

38 75.4 2355 

40 76.5 2523 

42 78.0 2768 

44 78.6 2866 

46 79.9 3116 

48 81.2 3393 

50 81.6 3481 

52 82.3 3658 
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N-Nonane,.32.8%0aNaA, 138°C, V=16.3 	N-Nonane, 32.8%CaNaA, 161°C, 7=15..:, 

t/(nrs-mins) FAE x 10
2  

T X 10
5 

0-15 1.8 - 

0-33 5.1 2 

0-49 10.4 10 

0-78 12.0 14 

1-48 16.5 18 

2-12 17.0 19 

2-49 20.8 46 

3-38 23.4 60 

4-36 27.1 87 

5-19 29.7 109 

6-02 32.2 134 

6-46 33.3 147 

7-35 36.2 181 

9-39 40.0 236 

• 

t/(hrs-mins) FAE .x 102  T x 10'  

0-10 10.9 10 

0-15 14.9 19 

0-20 20.1 40 

0-25 22.2 	50 

0-30 22.5 	70 

0-35 28.8 92 

0-40 30.6 110 

0-45 32.5 125 

0-50 34.1 143 

1-00 37.3 180 

1-10 39.9 217 

1-20 43.4 274 

1-30 46.8 341 

1-40 48.7 385 

1-50 51.3 452 

2-00 54.0 534 

2-11 56.2 611 

2-30 60.3 708 

2-40 62.2 875 

2-50 63.7 954 

3-00 65.5 1069 

3-11 67.9 1224 

3-20 69.5 1350 

3-30 70.2 1412 

3-40 70.6 1449 

3-50 71.9 1571 

4-00 72.9 1571 

4-10 74.0 1784 

4-20 75.0 1906 

4-30 76.0 2323 

4-40 77.0 2160 

4-50 77.8 2278 

5-00 78.8 2437 

• 
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N-Nonane, 32.8%CaNaA, 180°C, V=15.6  

t/mins FAE x 10
2 

1.  x 10
5 

6 18.1 34 

7 23.4 61 

8 28.8 102 

9 31.4 126 

10 35.0 166 

11 38.7 218 

12 42.0 273 

13 44.1 312 

14 47.2 382 

15 48.9 426 

17 53.4 559 

18 54.8 610 

19 56.9 682 

20 58.1 742 

21 59.5 805 

22 61.3 894 

23 62.5 962 

24 63.4 1016 

26 65.7 1164 

27 67.1 1266 

28 67.7 1311 

29 68.7 1391 

31 70.5 1545 

33 72.0 1695 

35 73.4 1850 

37 74.6 1989 

39 75.9 2151 

41 76.9 2303 

43 77.8 	2426 
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D. Solutions of Equation 2.23. 

, 
P2 Dt/ %FAE = 100(Qt  -Q0  )/Q0.' -Q0  ) 

S= co S= 4.51 S= 2 S 41.0 

0.00001 3.36 3.49 7.20 20.72 

0.00005 7.33 7.68 12.14 25.01 

0.00010 10.17 10.66 15.46 27.78 

0.00020 14.01 14.67 19.76 31.27 

0.00050 21.05 21.95 27.21 37.15 

0.00100 28.15 29.21 34.33 42.66 

0.00250 40.10 41.27 45.67 51.33 

0.00800 58.71 59.69 62.30 64.14 

0.02000 74.14 74.71 75.54 74.69 

0.10000 95.02 94.62 93.33 90.51 

a = 0.452 
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APPENDIX II 	Computer Programs 

The computer programs used to evaluate equations 2.18 and 2.20 

have been listed elsewhere (S.C.Duffy, Ph.D. Thesis, London University; 

1972, pp 169-172 and pp 154-168 respectively). 

The former program has been modified to include the effect of 

particle size distribution according to equation 2.23. The integration 

procedure is performed by SUBROUTINE GAUSS1; this is a CERN library 

routine (No. D102). The entire program and comments are listed overleaf. 

N.B. This listing uses equation 2.23 in the form obtained by 

substituting s = Wav  and y = x/P. 

• 
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PROGlr', M 	LI3F10 

PROGRAM LIDRININFUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 

C 
	

COMPLF- Tf: FOUA/ION FOR LTMIT7D VOLUM7 DIFFSTON 
C 
	

INCLUDING PAP.7ICLE SIZE DTSTRI3UTION 

THEMSION F(i';1),F06AR(51,),CBAR(2),TERM(57) 
COMMON ALPH,TO"),(iri),V 
97AD(5,3"))K 
FORMAT(I3) 
RTD(51 1 1.2) (TOP(1),I=1i!e) 

1 2 POPm4T(1JP7.5) 
".3.7A0(5,i) 'CASES 
FOiZmAT(I2) 
00 J':!J. I=1,ICASEE 
CALL SETUP 

11!ri CONTINU: 
STOP 
'ND 

C 
C 

SU3ROUTTNi;. SETUP 
C 
C SETUP CO7S IIL THE 4CRK. CALL IT AS OFTEN AS NEEDEJ,USING ICASLS 

DIM7MSION F(1r. )),FOUAR(501)10AR(2),TFRM(5QL) 
COMMON ALP9,T0?(iiu),K 
CUMMON/LUVOSOD,I 
EXTERNAL T 
R'7AD(511',) M 

if: FORMAT (?3) 
RTAD(5,1ll) ALPHIEIGLIMILFSLIM 

iti FOr!MAT(Fi‘.061F170 1- 1Fis6) 
C 
C 

PI=40 4'- ATAM(140) 
00 Fr2 N=1,M 
AHULT=N 
03AR(1)=PII'AMULT 
EDS=A3S(TAN(07AR(f))(3.4:08AP(i)/(3,+ALPW02AP(1)03A7(1)))) 
IF(FP3.L=s7PSLIM) GO TO 504 

C FIST GUESS OF N*I.  :rS NO GOOD 
PROCEED TO LINPAR FITTING 

C 
03AR(2)=ALTN(073ARA1)) 
SIG=ADS(W7AQ(2)•.0DAP(1))/(03A(2)+OAR(i)W2 0 ) 
IF(CIGeLEtSIGLTM) GO TO 5:1 
C'IAR(1)=AR(2) 
GO TO 
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P 71,CGW.M 	LT3FIO 

C 05AP, HAS NOW SEEN rOLNO TO THE ROUIRED ACCURACY 
C 

5Li r:09A -Z(N)=09A'.(2) 
5f2 CONTINU7 

C 
C RY-DASS LCCP TO GiNzFAT'7  FO3A",(14)=W'RI 
C 

GO TO 5)6 

C 	GUESS OKAY - GFNF'ZATE REMAINING r09A2 VALUES 

50+ FOBA(N)=ANULT'`PI 

L=M+1 
DO 55 N=Ls M 
AMULT=N 
DA7(N)=A1ULT'I 

51-5 CONTINU=1 
OONTTNUE 

C 
C SN1MATION 
C 

A= Qc::{JAC.TA:110i 
C 	A IS TWE LOWER LICIT OF THE INTEGRAL 

C 	B IS THE UPPER LPIT OF THE INTEGRAL (EFFECTIVc- LY INFINITY ) 

EPS=7•31jfloi 
LAIOA=0 )  

C 	LAMPA IS THE NUm9FR OF SUEDIV1SIONS IN THE INTGATION P7.O0=CUrE 

AA= (6.A*ALDH4(ALFH+1.y))4(1/(SORT(6.254) 4125)) 
33=9f1-(s'ALPH) 
OC=ALPW"- ALPH 
DO FA I=1,K 
TOT=:le 
00 5':77  N=1 iM 
Qs0n=PQ3A:“)-4FrI3IP(N) 
CALL GAUSSI(T,A, 3ILAMDA,Z,EP3) 
T7RM(N)=(AA'Z)/(9F4-(CC*OS00)) 
TOT=T0T+1-1:RN(N) 

fl7  CONTINUE 
F(I)=.(1.-TOT) 41Th 
WRITE (6,`3932) (E (I) ) 

5962 FORAT(iX 1 r763) 
F0- 8 CONTINUE 

C 	OUTPUT rIESULT 
W"),11-7(.1:92-1) 

6 
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PROGRAM 	LY3FIO 

2e1 FORMAT(//15X,1')HTCR VALUES) 
WRIT,2-2)(TOR(1),I=1,K) 

2r2 FORmAT(11(5X,r7i5)) 
WRITF(Sy2:5) 

2r'5 FO7MAT(//15XliiHO VALUES ) 
NRITE(5,2-5) (FO1AR(I),I=1,M) 

2r:6 FORMAT(1;(7X,F9o5)) 
NRIT7 (6,23) 

21:3 FORMAT(//15X,1AHM(T)/MINF ) 
WRIT? (5,2" 4) (F(I),I=1,K) 

C 	THESE ATI VALUES Cr F.A.F. 

2r4 FORMAT(ii(5X,r7.3)) 
RETURN 
rNEI 

FUNCTICN T (X) 
COMMON ALPH,TOR(1!),K 
COMMON/LAF/OSMI 
T=EXP((49471:-. - 2973C4,77. 4 X)*X - 	-(TOR(I)* 

1u.::inG..,Ar!686640S(0/(X4- X))) 

C 	T IS THE FUNCTION TO BE INTEGRATED 

'YETUaN 
rzNO 

FUNCTION ALIN(Z) 
DIMENSION F(10 1 103AR(5C 71 ) ) 05AR(2),TE,RM(5) 
COMMON ALFH,T07!(.1;;;),K 
TOP.T(60--ALRP'474:'3)/((3.+ALRWV'Z);'42)-TAN(7)+14 SEC0)vS7C(Z) 
9OTTOA=S1CCZ)S7C(Z)-(3.4- (3,-ALPHZ))/((:5.+ALPHI- Z4Z)t - 2) 
ALIN=TOP/F0TTO1 
RETURN 
7ND 

FUNCTION SEO(Y) 
DIMENSION (1,..;),FOBAR(5C;.),0FAR(2),T7(5) 

^T-411P1 ALFisTOR(1t0))11, 

S7.C=ii/O0S(Y) 

-71"UP,t1 

F_ND 

114 
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PP.OGAM 	LIRFTO 

SU3POUTINT GAUSS1(F I A I 9 I LA4B)A I RtSULT,:9S) 
THIS INT7-:GUTES TPE FUNCTION T 

DATA W 
W(12),X(12) 

1/1411122 85762.  %22235 1"344 53374. r:.31373 65eG3 77857, 
2 	1.36263 77333 78762/ t.!72715 24594 11754, f'0;6225 35279 73t44, 
3 	4:."4515 35116 52L93, 7/.12462 39712 555341  v.14959 59363 1577, 
4 j.16915 65193 95rU3, 0.1326^ 741tvi 449241  r1e945 :6114 55- 6-7/ 
DATA X 
1/1,923 9564 97S76, ±,r79666 64774 13627, .52553 2499 1672c, 
2 	je13343 6.6424 95(Ft_, ".e9594r !:9349 91651 1  ,,,94457 57:t'' 73237, 
7 	36563 121.23 375321  1 17554i! 441;83 r.61737 62444 :1264L, 
4 	.+. 459;:5 67775 57277, 355';.7 79259, 25;l98 37'337/ 
°.7SULT= +. 
7:PS="1s 
AU=A 
C=(9—A)/FLOAT(LA4FDA) 
00 1 I = 1 s LAM?n4 
FT=T 
A0=0-FI'C 
C1=1.5"(AU+AO) 
C2=Ci.-.AU 

S16=i3. 
90 2 J = 1 1 4 
U=X(J) 4(32 

2 S3=S9+W(j)4 (F(i1+1')+F(Ci•U)) 
00 3 J = 5,12 
U=X(J),2 

3 S15=615+W(J)'AF(C14-U)+F(C1...U)) 
SULT=?ESULT+r32F16 

EPS=7"..PS+AS(C2(S1E—S8)) 
1 AU=A0 

R7.TIIRN 

r_ND 

es 


