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Abstract  

An apparatus has been built to study, gravi-

metrically, the sorption of gases at temperatures 

between 100°C and 290°C and was used to study the 

sorption of ammonia on nine ion-exchanged forms of 

faujasite (LiX, NaX, KX, RbX, CsX, SrX, BaX and CoX) 

between these temperatures. A volumetric system 

was employed to study the sorption of ammonia on NaX 

between 0°C and 70°C. 

All forms gave reproducible isotherms for 

ammonia sorption except CoX. From the reproducible 

isotherms the isosteric heats and partial molar 

entropies were obtained. 	The heat data showed that 

all forms, except CsX, were heterogeneous. 	The 

changes in the free energies and enthalpies of LiX, KX, 

and SrX, with respect to a standard state, were com-

pared; in all cases these free energy and enthalpy 

changes were small. 

Attempts have been made to estimate the 

saturation capacities of the crystals for various 

temperatures; the thermal expansions of the sorbed 

fluid were obtained from these estimates and compared 

with that of liquid ammonia. 

Heterogeneity of the sorbents complicated 

the interpretation of the data, except for CsX, which 

was nearly homogeneous. No satisfactory isotherm 
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equation was found for any of the heterogeneous systems. 

The data for ammonia on CsX was interpreted in terms of 

a localised model over a wide range of A ; the data 

also indicated that the rotations of the ammonia were 

hindered. 

The dispersion and repulsion energies of 

ammonia with NaX were calculated using a summation 

over all the relevant atoms. 	The field at a series 

of points in NaX was obtained and used to determine 

the field-dipole energy, and the polarisation energy. 

The calculations showed that the field-dipole energy 

term was predominant but predicted unduly large polar- 

isation energies. 	Some elementary calculations have 

been made for the interaction of two idealised ammonia 

molecules. 

The data for CoX showed hysteresis, accom-

panied by colour changes. Subsequent X-ray examination 

showed that the lattice had collapsed. 
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LIST OF THERMODYNAMIC SYMBOLS  

Throughout: 

Subscript i  refers to sorbate. 

Subscript 2 refers to sorbent. 

Subscript g refers to gas. 

a partial derivative w.r.t, n, the number oflmoIe( Gc 
the species present. 

X 	= integral quantities per grm. mole. 
ni  

ratan of cones. of sorbate to sorbent 	n2  " 
X° = integral quantity in a standard state 

(i.e., at standard T and P). 

X02 = property of pure sorbent. 

In addition, various functions peculiar to Hill's and 

Tykodi's systems are defined in Sections 1.3.1.3 and 

1.3.1.4. 

AX° = difference in a property of a gas between its 
equilibrium state and a chosen standard 
state. 

4:1 
	

112 - 1102 = the difference in chemical potential 

of the sorbent in isolation and at sorption 
equilibriVan. 

see Section 1.3.1.3. 



SYMBOLS used in Section 1.3.2. 

• partition function of system. 

a = partition function of a single molecule. 

A = surface area. 

Af • free surface area. 

partition function of the internal degrees of 

freedom (i.e. rotational and vibrational). 

Uo • potential energy at minimum of sorbate. 

qx 	partition function of a molecule for motion in 

the x direction. 

• no. of sites on sorbent. 

N 	= 	no. of gas molecules sorbed. 

E. = the interaction energy between sorbed molecules. 

• coordination no. of sites. 

Noo = no. of pairs of sites unoccupied. 

Nol  = no. of pairs of sites with one site occupied. 

Nil  = no. of pairs of sites with both sites occupied. 

potential energy of a pair of isolated molecules 

r apart. 

• interaction energy between two sorbed molecules. 

r 	= 	van der Waals radius of a molecule. 

• molar configurational entropy. 

Sc  = partial molar configurational entropy. 



SYMBOLS used in 1.4. 

dispersion constant 

constant 

repulsion constant 

ionisation potential of species x 

a characteristic frequency of x 

• velocity of light 

• mass of an electron 

• polarisability of a molecule (atom) 

)( = magnetic susceptibility of a molecule 

• no. of electrons in the outer shell of 

Ut 	total interaction energy of a molecule 

xi 

Ci  = 

02  = 

04  = 

Ex 

Vx = 

a molecule 

with a 
sorbent 

p • mass of lattice points / unit volume 

ro  • equilibrium distance for a molecule sorbed to a 
surface 
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1.1.1. 	The Sorbents: Structure and Properties 

Silicates arise from the coordination of SiOr 

groups; depending on the number of other like groups to 

which any one Si044  group is attached, the resulting 

structure is fibrous, lamellar or a three-dimensional 

network (1). Aluminium may be introduced in place of 

silicon in the Si044  groups giving rise to aluminosilicates. 

This produces a charge deficiency, since Al is trivalent 

and Si tetravalent, which is balanced by the addition of 

an equivalent of univalent or divalent ion (normally of a 

metal but organic cations can be used also). Apart from 

the introduction of the cations the substitution of 

aluminium for silicon causes little change; the two 

are too similar to be distinguished by X-rays, and the 

A1044  tetrahedron is only slightly larger than the Si0-44  

tetrahedron. 	Loewenstein (2), however, has shown that 

two A1044  groups cannot share an oxygen atom and this 

introduces some ordering of the aluminium and silicon 

atoms, limiting the lowest possible silicon/aluminium 

ratio to 1:1, when there would be rigorous alternation 

of the aluminium and silicon atoms. 

In this study attention is confined to the 

zeolites, three-dimensional aluminosilicates, in which 

each SiO4
4 
 group is coordinated with four other such 

groups giving rise to a variety of structures. Before 
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proceeding to discuss the particular zeolite used, faujasite, 

some physical properties of the zeolites will be noted. 

The zeolites have a high water content and are 

in general stable to high temperatures; there is very 

little swelling or shrinking on removal of the water mole- 

cules. However, exposure to water vapour at high temper- 

ature often will cause decomposition through hydrolytic 

action (3). 	A given type of structure can sometimes be 

obtained with various ratios of Al/Si and with various 

types of cations present. 	Their open structure gives 

rise to their sorption properties and 'molecular sieve,  

action (14). 	The channels throughout the crystal give 

rise to a large intracrystalline volume which is able to 

accommodate guest molecules. 	The molecular sieve action 

arises from the definite and periodic minimum width of 

the channels which can only admit molecules small enough 

to pass these narrow points. 	Barrer (4) has classified 

the zeolites in terms of the largest molecules which they 

can admit. 	It should be noted that the size of gaseous 

species able to be occluded can be modified by presorption 

of polar molecules, as was shown by Barrer and Rees (5) 

for mordenite and chabazite. 	In the presence of suffic-

ient ammonia they were able to separate 02  from N2 and A. 

Partial separation of gases may be effected 

where the gases have different rates of diffusion 

through a zeolite. 
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The ion present can also modify the diffusion 

and sorption equilibrium properties of the zeolite. One 

ion may sometimes block channels when another would not 

(e.g. NaA and CaA in which the internal volume of CaA 

only is available to 12  (6)). 	In the same way the ion 

present may affect the rate of diffusion through the 

crystal by altering potential energy barriers in the 

crystal. 

In some cases of sorption the guest molecule 

attacks and breaks down the lattice. Examples of this 

have been given by Barrer and Bratt (3) who studied 

sorption of water at high temperatures on ion exchanged 

faujasites . 	Other examples have been reported by 

Barrer (.7) and Brook, for sorption of CHF3  and CC1F2H 

on chabazite, and Bratt and Reucroft (8) for sorption 

of perfluorocyclobutene on NaX. 

In the present studies sorption of ammonia on 

CoX resulted in decomposition (shown by X-rays), 

accompanied by colour changes of the sorbent; presumably 

colour change and perhaps the decomposition are assoc-

iated with the formation of a cobaltaimine accompanied 

by a breakdown in the lattice. 
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1.1.2. 	Fau asite 

The basic unit in faujasite is the sodalite 

cage (sec :figure 1) (9,10). 	This is a cubooctahedron 
- with eight six-membered rings of Si0.714  and A104
4 
 tetra-

hedra and six four-membered rings of like tetrahedra. 

The sodalite cages can coordinate, through oxygen atoms 

projecting from the six membered rings, with other 

sodalite cages. 	In faujasite four tetrahedrally situated 

rings are used to link the sodalite cages by sharing 

projecting oxygen atoms of the rings (6-rings). 	The 

two 6-rings and bridge oxygen atoms form a small connect- 

ing cage. 	This tetrahedral stacking also introduces a 

new type of cage of considerable dimensions (seeftgure 

2). 	These "supercages" are linked, tetrahedrally, by 

twelve-membered rings to four other such cages; the free 

diameters of the 12-rings and the supercages are 8-91 and 

12-131 respectively. The structure resembles the diamond 

structure with the sodalite cages playing the part of 

carbon atoms. 

The formulae of the unit cell is Nab 2821'102. 

110Si.240-260H20 (9 ) for the sample used in these studies. 

Each unit cell contains eight sodalite cages or eight 

supercages; either way accounts for all the atoms. 

The dimensions of the unit cell obtained from X-rays 

and the cages calculated values) are given in Table 1. 



Figure 1 — Sodalite O. e 

Figure 2 — Model of Fauja site 

5. 
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The position of the various atoms in a hydrated 

sample of NaX have been determined by Shoemaker and 

Broussard (13). Their sample had a slightly different 

Al/Si ratio from the sample used in these studies, con-

taining 80 sodium atoms per unit cell against 82 in the 

sample used in these studies. 	They obtained the positions 

of all the silicon, aluminium and oxygen atoms but were 

only able to locate 48 out of 80 sodium atoms. 	Those 

located were found to be at the centres of the six-

membered rings of the sodalite cages facing on to the 

supercages, and in the small connecting cages, giving 

a total of 6 cations per sodalite cage. 

Exchange of the Na ions in NaX proceeds readily 

for all ions small enough to have access to the cationic 

sites. 	This results in a decrease in ease and extent 

of exchange with increase in the size of the exchanging 

ion. 	Some of the largest cations are too large to 

exchange at all, e.g. N(Et)4 which is unable to pass 

through the 12-rings. 	The sites need not be the same 

in all cases. For divalent ions the sites obviously 

must be different. For larger monovalent ions steric 

factors may cause slight shifts in position, e.g. Cs 

and Rb are too large to fit into the 6-ring of the 

sodalite cage and hence would project out from it. 

The unit cell size also depends slightly on the ion 

present and on the extent of hydration. 
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Breck et al (11), in a similar zeolite, the A 

mineral, were able to exchange, by indirect methods, 

hydrogen for the cation. They were able to obtain 35% 

exchange without collapsing the lattice; above this 

concentration the lattice collapsed. No direct exchange 

was possible as the zeolite was unstable in acid solution. 

Similar effects should be possible in faujasite. 

1.2. 	Structure and Properties of Ammonia 

Ammonia is a non-planar molecule with hydrogen 

atoms situated at three of the four corners of a tetra-

hedron and a lone pair of electrons on the nitrogen atom 

pointing towards the fourth vertex. There are two equiv-

alent positions of the nitrogen atom on either side of the 

plane containing the three hydrogen atoms, and a potential 

energy barrier to interconversion between the two positions 

which gives rise to the inversion spectra; the size of 

the barrier has been reported by Kaplan (15) as ,6Kcal/mole. 

General information about ammonia may be obtained in 

Mellor (20). 

Ammonia is a symmetrical top molecule with a 

symmetry number of 3. The heat capacity of the gas has 

been calculated by statistical mechanical methods from a 

knowledge of the vibration frequencies, motions of inertia, 

etc. by Fowler and Guggenheim (19). 
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Some properties of interest in this study are 

cited in Table 2. 	Spencer (21) has given a formula for 

calculating C (molar) of NI-13  in the range 291.6°K to 

1000°K which is 

C = 6.189 + 7.887.10 
3 

- 7.28.10-7T2  

This, in conjunction with the entropy at 2500 and 1 atm. 

pressure enables the entropy to be calculated at any 

temperature and 1 atm. pressure. 

Previous Sorption Studies of Ammonia on Zeolites  

Very little study has been made of systems of 

ammonia and zeolites. 	Ammonia, of course, has been studied 

widely as a sorbate on many other types of sorbent. 

Since 1943 ammonia sorption has been studied only by 

Barrer and co-workers briefly in the zeolites, 

chabazite and analcite (18), and in a synthetic 

species (17). 	Barrer and Bratt have previously studied 

ammonia on NaX (24). 
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Table 1. 
Constants of Faujasite 

AJ -Jidth A.---' 	Volume 

Unit cell 24.8 - 

Supercarie 12• 	13 822.8(12) 

Sodalite 
case 8 0 119 	(12) 

Connecting 
cage - 27 

Table 2. 

Properties of NH3  

132."°C. 	0 0 1 1 1.5Atm. (23) 

Th . . 0 0 0 	-33.1°. 	Lv  at Tb  0 . 5.,'-Kcal/mol (16) 

Susceptibility 

Dipole . 	 0. 

Quadrupole, 	0 

0 

0 

, 

0 

0 

0 

. 

0 

0 

0 

. 

. 

0 

0 

. 

0 

0 

0 

. 

. 

0 

0 

0 

. 

0 

. 

2.14. m 
a0/ 2,28.10-  c./molecule molecule 

31.10
_ 
c.
3o  
[:..s./ 

IS 1.7.10-  e.s.u. 	(23) 

1.3 	- 0.66.10-
2.6  
e.s.u. (22) 

(Rotational state is not indicated for these values) 

Entropy/(25°C.) (lAtm.) 	.16.01 cal.A,ol/deL.-$  

Ionisation Potential 0 	0 11.2 volts. (23) 

radius 0 0 0 0 0 1,7A° (24) 
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1.3.1.1. THERMODYNAMICS OF SORPTION OF GASES ON SOLIDS  

General: 

The various approaches to the thermodynamics of 

sorption have been reviewed extensively in recent years by 

Hill (25,26,27), Everett (28,29), and Drain (30); in 

addition Tykodi (31) has developed an alternative and 

equivalent treatment. Details of the development of each 

approach are given in Sections 1.3.1.2'°4. 

The most general approach is to regard the con-

densed phase as a solution and treat it as an ordinary 

binary mixture (see ref. 25). 	This leads to the equations 

of solution thermodynamics involving partial molar, 

quantities. Tykodi gives an equivalent treatment, based 

on Gibbs' approach, which gives mean molar quantities and 

is only slightly less exact (see Section 1.3.1.4). 

All other alternative treatments assume that the 

sorbent is not perturbed; i.e. that only surface properties 

are affected, leaving the bulk of the sorbent unchanged. 

'Adsorption' thermodynamics subtracts the properties of 

the pure sorbent from the total properties of the mixture 

of sorbed gas and sorbent (i.e. the condensed phase) giving 

expressions involving what are termed integral molar 

quantities for the sorbed species, which will of course 

contain the results of any perturbations that have occurred. 

An advantage in this method is that the integral quantities 
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obtained can be compared with those calculated by statist-

ical mechanics for the sorbed phase. However this is not 

important because partial molar quantities are also obtain-

able using statistical mechanics. 

The change in the thermodynamic functions of the 

sorbent can be obtained in the case of solution thermo-

dynamics via the Gibbs Duhem relationship, as has been 

pointed out by Barrer (32). The corresponding changes in 

terms of 'adsorption' thermodynamics are given in Section 

1.3.1.3. 

Calorimetric Heats: 

The relationships of the calorimetric heats of 

sorption to the isosteric heat have been discussed by Hill 

(25), Kington and Aston (33), Everett (28), and Drain and 

Morrison (34). 	Hill relates the isothermal cases (i.e. 
with and without an external work term), while Kington and 

Aston have related the adiabatic case, to the isosteric 

heat. 
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1.3.1.2. SOLUTION THERMODYNAMICS 

The starting point is the standard equation for 

a solution: 

1. dE = TdS - PdV + µldni  + µ2dn2  

or 

2. dG = -SdT + VdP + µidni  + µ2dn2. 

Since µi  is a function of temperature, pressure and concen- 

tration for constant n2, then 

3. dµi = 	 ( (6:Li)  A  M 	( i41:  t  ap9 A  ,P + Z:ixj)  dx ''T,x 	Tpx 	T,P 
• 

4. Also, (;)/-- 	= -Ni 	 ) = Vi  (see 35) 11/P,x 	"L' T ex 
and therefore 

5. Wi = -SIdT + VidP +(.1 -:) dx bxj 

At equilibrium -alli  = 4.g : and for constant x: 

6. -NidT + VidP = -Sj 
g 
 dT + V

g 
 dP 

7. rg - Si  
g 	= (Vg  - Vi) ii 

Using the usual approximations of (1) a perfect gas, (2) 

Vg 	Vs, the isosteric heat is obtained. 

gst = AH p)- 

R R (1/2)_ 
8.  
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Entropy of the sorbed phase: 

At equilibrium between the gas and sorbed phase 

Aµ = 0. 	Therefore, 

9. rgg  - 	
= AH 

or in terms of a standard entropy, V  

Sgt  - Rim P/po 
_ gs 

T 10. §1  = 	
t 
• 

obtain the integral entropy: 

This can be obtained graphically from plots of 

v x. 	In practise the lack of information at very low 

coverages makes this procedure very inaccurate. Mathematic-

ally this corresponds to the definition for S1  for example : 

1 no 
11. S1  = Sldnl  , where no = total amount sorbed. 

Similarly other integral quantities can be obtained. 

Thermodynamic properties of sorbent: 

These may be obtained from the isotherms. At 

constant T, from the Gibbs Duhem relationship: 

12. nidµi  + n2d112 = V dP 

nl n2  
N2 = ni+n2  

Nx = mole fraction 

VM  = vol. of mixed mole 

  

• Ni+N2 

Define Ni  = ni+n2 
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Substitute these quantities in equation 12 above, and one 

obtains: 

Nidµi + (D-Ni)d112  = VMdP 

On rearranging 

VMdP Nidµi  
13. dµ2  - 	 

1 - Ni  

14. At equilibrium dµi  = 	. 	Substituting this in 

equation 13 leads to 

VMdP - Nidµg  
15. d112 	

 

1- N,1  
On integrating this and substituting for dµg  one obtains 

15a. Qµ2 = 112 	= 
P  Vm 	1P Ni 

	

1-Ni dP - / 1-N 	R - RT b(n P) A0 • 

The first term on the right hand side is usually negligible 

compared to the second term. 	Also: 

16.  

  

1p 

=  aP  T 

17. A1102 

e afiue 
where gt =Apfessure ef—an-i-ne-rt 	gas necessary to produce 

the same change in chemical potential of the pure sorbent 

as is produced by the sorbed gas. 
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1.3.1.3. ADSORPTION THERMODYNAMICS 

Adsorption thermodynamics has been given in 

several forms (25,27,29). 	The following is the most 

general from which more restricted forms can be obtained. 

The starting point is again the standard equation for a 

solution. 

I. 	dE = TdS - PdV + µ1dn1  + µ2dn2  . 

For the pure sorbent 

2. dE02  = TdS9 7 PdVoa* ll02dn2. 

Subtract (2) from (1) and define: 

3. dE - dE02  = dEs; dS dSoif dSs  dVs  = dV - dVoa, 

= µ2 - 1/02• 	Then 

4. dEs  = TdSs PdVs + pidni  + On2  . 

From this equation Es,Gs  may be defined. From equation 40  

by integrating w.r.t. the extensive variables with constant 

intensive properties, one obtains 
oa 

5. Es  = 	- PVS  + µlni + P2n2. 

Obtaining the total differential of this gives rise to the 

Gibbs Duhem relationship, on subtracting (4) from the total 

differential of (5) 

6. nidpi  + n24 = 17sdP - TsdT 

At equilibrium dp1  = dpg  and if 41 = 0, then the following 

equation results on substituting for dpi  and dpg. 

7. -ggdT + g lTsdP 

Via the usual approximations this leads to 
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dP 	
g s 
	DH 	[a Gem P  

dT - Vg-Vs 	
9. R7 (1/T) ni,§11,12.  

It is possible to obtain but this is tedious 

and normally inaccurate owing to experimental uncertainty 

at low pressures. Nevertheless, equation 9 has been used 

by various American workers (36). 

To obtain  

can be obtained from equation 6; on substitut-

ing dµg  for dµ1  and holding the temperature Constant 

9. n2d§ = ni(Vg  Vs)dP 

If now Vg >> s 
10. n241 = njgdP = nikT ( p) 

11. On integrating (10), knowing § = 0 at p = 0, one 

obtains r13  
12. = kT I El Xin p) 	(T = constant) • 

to n2  

This is identical to Tykodits equation for his µ
f (see 

Section 1.3.1.4). 

Relationship of and Cf: 

Q 
	

Two-dimensional pressure of the sorbed phase. 

If there are no perturbations of the solid, there 

are no changes in 112  save for the surface properties. 

Then 

13. 11n2  = q11. , i.e. 	= (42 
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14. y - ys  = (I) 

y = surface tension without sorbed species 

ys  = surface tension with sorbed species. 

In this case the basic thermodynamic relationship for the 

system is 

15. dEs = TdSs - PdVs + µidni  + (OA . 
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TYKODI'S SYSTEM 

Tykodi (31) has developed Gibb's approach remov-

ing the restriction of thin layers, thus making it applic- 

able generally to sorption (37). 	It is considered that 

the total volume of the system, the- gas and the sorbate 

. are known. 	The properties of the pure components are 

taken to be well defined functions of T and P. 	(The 

pressure dependence of the properties of fine powders may 

be difficult to define (because there is no truly inert 

gas) but this dependence is slight anyway). 	The start-

ing point is the usual equation for a solution, this time 

of the whole system. 

1. dE = TdS - PdV + µ
g 
 dn
g 
 + µ2dn2. 

Define 

la. fl = surface excess = n - n°  

ng  = total amount of gas in the system 

n° = total amount of gas in the gas phase. 

lb. 	X = n°X
g 
 + n 24 

g
)2 	Xf  where X is any extensive 

quantity, e.g. E,S. 

lc. Also dX = n°
g
dX
g 
 + n2 ,2  + dXf, 

total volume being constant. 

Equation 1 may be integrated to give 

2. E = TS - PV + µ
g  ng 

 + µ2n2. 

For the pure components 

and Vf = 0' the 

3. E
g 

= Tsg  - PV + µg
g   

4. io 2 = T'6)02 	1) 02 	1102. 
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Substitute forE,S, V, ng, as defined, by equations la and 

lb into equation 2, then 

5. gg + n
2Ejo2  + Ef 	g 

= T(n(pS
g 
 + n2S02  + Sf) - 

, 
P(n

g  Vg 
 + n2V02) + ngg  + n2112. 

Cancelling those quantities which are equal because of 

equations 3 and Li., one obtains 

6. Ef = TSf  + (ng  - n°g )!1.g  + n2(112 - 1102) 

which, using la and defining 112 - 1102 = µfp yields 

7. Ef  = TSf  + 	+ n2µf. 

Similarly substituting for dS, dE, and dV in equation 1, 

via equation lc and the differential forms of 3 and L1., 

one obtains 

8. dEf  = TdSf  + µgdF + µidn2. 

This in conjunction with the total differential of 7 

yields 

9. 0 = SfdT + raµg  + n2dµf. 

Defining now integral quantities X by 

10. (a) X = X, and also (b) x = 
n2 

across equations 9 and 7 by r one obtains 
f 

11. 0 = SfdT + dµg  + 
dµ  
x 	and 

12. Ef = f  + µ g 	x + 1:14.1 • 

Differentiating 12, in view of equation 11, gives 

13. f = Tdg - 	dx f 	2 x 	• 

on dividing 
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Heats of sorption at constant µf: 

Because there is no pressure dependence in the 
rs1 

excess functions Ef = HP then 

14. AH = Ef - Hg 
Substituting for Ef  from equation 12 

15. AH = TSf  - TSE  + 11  

From equation 11 with µf  constant 

	

16. fdT = dµg  = 	dT + VgdP 

which on rearrangement gives 

- 	= V LIE 
17. g 'f gdT 

Substituting equation 17 into 15 and assuming the gas is 

ideal, 
[d(/n p) 

AH = 1'1= d(14) 

From equation 11, dµf  is given by 

18. dpf  = -x(dµE  + 

Substituting for dµE  and assuming a perfect gas one obtains 

for a constant temperature, 

19. dµf  = -xRT41,11 p , or 

20. µf  = -RT 

Using equation 20 in conjunction with 17, the 

entropy changes can be obtained, and hence all the other 

functions for the system. This is open to the same 
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objections as adsorption thermodynamics, but it does show 

the effect of changes in the thermodynamic functions of 

the sorbent on the quantities measured. 

N.B. 	This system is almost exact and quite general; 

it is not confined to thin layers as was Gibbs original 

system. 
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1.3.2.1. PHYSICAL MODELS OF THE SORBED STATE 

General: 

The statistical mechanics of sorption on uniform 

surfaces has been discussed recently by Garden, Kington and 

Laing (38) and Hill (39,40,41) in a series of papers. 

Earlier Fowler and Guggenheim (42) had derived isotherms 

for most of the simple cases. 	In the following section 

the partition functions for various models are given and 

the isotherm and configurational entropy are derived from 

them. Critical examination of the models is discussed in 

relation to experimental isotherms in a later section. 

The entropy, which can be obtained from the isosteric heat 

(see Section 1.3.3.2) in conjunction with the configurational 

entropy can be of great use in deciding between the various 

possible models. 

Throughout the following description it is 

assumed that the sorbent is unperturbed by the sorbate. 

Whether this is true or not depends on the system considered. 

For argon in zeolites it is probably a reasonable approx- 

imation but for chemisorption it is most unreal. 	Sorption 

of substances such as water or ammonia in zeolites lie in 

between these two cases and this assumption may or may not 

be true. Also it is assumed that j, the internal partit-

ion function of the sorbed molecule, is independent of 

coverage. 
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The sorbed phase may be localised or mobile, 

depending on the ability of the sorbed molecules to pass 

freely over the surface. There are two possible causes 

of localisation: the first being that the sorbed mole-

cules lack sufficient thermal energy to overcome surface 

energy barriers. This has been shown by Hill (40) to be 

possible only at very low temperatures. The second 

cause is the mutual caging effect of the sorbed molecules 

on each other. Then the situation is somewhat similar to 

a dense gas or a fluid, with the molecule confined to its 

cell by its neighbours, though occasionally able to escape 

from it. 

In the following sections the models for homo-

geneous surfaces are divided into localised and mobile, 

each considered first as an ideal case without any inter-

actions between the sorbed molecules, and then with various 

approximations to allow for the mutual interactions of the 

sorbed molecules. 	In each case the partition function 

is set up and from it are derived the isotherm equation, 

the entropies (molar and differential) and the equation 

of state for the sorbed phase. 	Heterogeneous surfaces 

will be discussed in a later section. 
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1.3.2.2.1. LOCALISED MODELS: (a) IDEAL CASE. 

The following assumptions are made (42): 

(1) Sorption occurs at M independent and equivalent sites. 

(2) The sorbed molecules are localised on these sites. 

(3) There are no interactions between the sorbed molecules. 

The partition function is given by 

aN 	MI  
1.  

(m-N)1111 

(The combinatorial term comes from the number of distinguish- 

able ways of arranging N molecules on M sites). 

The chemical potential is given by 

2. ;(k1Q)  
kT 	"?N 

Equating this with µg  leads to the Langmuir isotherm: 

3. p 	K 	or e L 1-0 

Entropy: 

The entropy is given by 

4. 	S = khnQ + kT ()4r1(/)  ZiT 

 

KL+p 

Separating out the terms which depend on the configuration 

only leads to Sc  

5. 
. R(14.1 1-ein  1-e) 

`El 8 	8 	8 ' 

Differentiating this w.r.t. to N gives 

6. Sc  = 	lee 
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Finally the equation of state is given by 

7.  
kT 	a M 

1.3.2.2.26 LOCALISED MODEL WITH INTERACTIONS (b). 

No exact treatment of interaction between sorbed 

molecules is possible at present. 	Restricting inter-

actions to nearest neighbours, approximate methods are 

available. 	Two such approximations are (43): 

(i) Bragg Williams: 	this assumes random distribution of 

the molecules. 

(ii) Quasi Chemical: 	this takes account of the variation 

in energy of the sites due to interactions with the mole-

cules sorbed on neighbouring sites. 

In both cases it is assumed that the interaction 

energy is additive and constant. 

(i) Bragg-Williams approximation: 

The partition function is given by: 

_Nilw 

8. aN 	MJ 	e  kT 
(M-N)111-1 

Assuming a random distribution of N molecules on M sites, 

9. N1i - _ 2 
N 
 M  
CN Substituting this in equation 2 

CN2w 

	 e
2MkT 10. gives 	aN  „ 
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In the usual wa y µ (411Q)  kT  - 
	, and equating this with µ 

an isotherm is obtained. 

11.  
ACw 
k K 	eT  

Bwi-e 

The entropy (38) can be obtained from equation 

10, and on separating the configurational terms 

12. s' 	kN(Ln 1-e-e itn  (le-e).; 

nJ 
Differentiating Sc  with respect to N gives 

A = -Nkin le 13. Sc  
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.1.3.2.2.3. ggAsi CHEMICAL APPROXIMATION (43)  

The first problem is to calculate the maximum 

possible number of distinguishable pairs of sites formed 

by N molecules distributed on M sites, each of coordinat- 

ion number C. 	There are four types of distinguishable 

pairs of sites, each related to M, N, and N01, as below.1  

Nii: 
	

CN = 2N11 + Nol. 

N00 : 	C(M-N) = 2N00  + Nol, i.e. two adjacent sites, both 

unoccupied. 
N01 

no. of pairs of sites which have one site occupied 

and one unoccupied. 

These give rise to two distinguishable configurations, 

N01  and N10. 

Then the total number of distinguishable ways 

of arranging these pairs of sites, assuming that they are 

independent, is 

14. 	w(M,N,N01) _ 
CM 

( 2 ) 

NilJN00:[(P):12  

This overestimates the actual number of configurations 

possible. 	To correct for this sum both sides over all 

N01  = no. of sites with one adjacent site occupied. 

N11 7 no. of pairs of sites with both sites occupied. 

N00  = no. of pairs of sites with both sites unoccupied. 

2 



a)(1 -  a  -. e) 
a2 

14  
21. a 	

wr01 
 

Cw 
= ekT 
	

where 

N 

20. 
 (e - 

Noi, this gives 

15.  e_ w(m,N,Noi) — 	ml  
1 

(M-N)1N1 - C(NM) 
of NO 	 No 

The sum for w is replaced by the largest term in 47,n w 

(obtained from 'a(i'llw)  1- 	- /3).  01   

16. This gives 

(a) C(N,M) 
/M1 ra  
,(M-N ) (b) Noi 

CN (M-N) 
N 

The par+ition function is now given by 

28. 

_NCw 
17. ( 	 \(M-N 1N1 

(.91-)3(tti ekT)N e23W-2. 

(2E_ NoiN atm  
	 2 kT 

2 	2.11( 2
-N

\ 	Nol )1( N 	
2e 

i  2 	0111 
2 61 

The sum in equation 17 is replaced by the maximum term, 

obtained as below. 

_Uo 	 wNol  

18. =vne! ekT gk T) +)tn t(N01,N,N,T) ekT2  

t(41,M,N,T)  
19.  

ZN01  

This results in: 

0 for the maximum term, Nol. 

CM 

On solving equation 20 

	

1 	29(1-0) 

	

22. - 	where 

	

a 	1-113 



\IC/2 

-a/ 

e 	e-a  1/2  

\1-9) 1-9-a 

-C 

= KQC 

Po 
	

( 8 
U cw 

1 kT kT a e 	e 	1- 

24. p 

The sign for p is determined from the case of w.O. 

The chemical potential is obtained as usual. 

U0  _Ow 

- 23. 	11 	N''nQ)  - ,QekT ekT + (1-C)/n(A) kT - 6N  

_ gh.  (7-   N-10-2i) 

At equilibrium, µ = µg  = kTJn P 
po 

The isotherm equation is then given, on substituting a 

and e for M, N,1, etc., by 

29. 

+ -C4n  2 
C(M-N)  2 	

Noi 
2 

Substituting for a from equation 22 

26.. P = K(9)(((%A-
3V2:))(e1-9 9C/2 

QC 11 -19  

The entropy can be obtained from equation 17 

and is given by 

27. Sc  = 	1e0 	(1 ORin 2(1-
92-8)  
) 
 + 

w 
T 
 (S-1

p
+219) 

The difference between this entropy and the ideal case 

where lee  -RLn --- has been considered for argon in - 
chabazite and was found to be slight (38). 
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1.3.2.2.4. 	B.E.T. Isotherm 

Brunauer, Emmett and Teller (45) developed 

Langmuir's approach to include multilayer formation. 

They assumed in addition to Langmuir's assumptions that 

(1) molecules are sorbed directly above first layer 

molecules; 

(2) the heat of sorption is the same in all layers 

other than the first and is equal to the latent 

heat of evaporation; 

(3) there are no lateral interactions between molecules 

in the same layer. 

On the basis of these assumptions they derived 

the following isotherm by a kinetic argument: 

C 
1. 	Po 

e _ 	 

   

   

(2.--a-)(1 — po 
P +  CP) 
Po Po 

where C is the B.E.T. constant. 	Hill (39) later gave a 

statistical derivation. 	Halsey (106) later still develop-

ed the isotherm for multilayers differently by assuming 

that sorption of higher layers occurs only when there 

are groups of three molecules together in the first layer 

and that the energy of molecules in higher layers is 

EL  

2 
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The B.E.T. picture is a highly unrealistic 

model which cannot be expected to give a rigorous inter-

pretation of thermodynamic properties of the sorbed 

phase. Aston and ICington (96) have shown that this 

model does not predict reasonable entropies at coverages 

less than a monolayer. However, it is the only approach 

which can, with suitable modifications, represent all 

five types of isotherms (as classified by Brunauer) 

which occur in sorption. It is therefore a useful 

qualitative approach. 
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1.3.2.3.1. MOBILE MODELS WITHOUT INTERACTIONS (38)  

The following assumptions are made: 

(1) The molecules can move freely over the surface. 

(2) Each molecule excludes a fixed volume from its fellows. 

The cases of one and two degrees of translational 

freedom are very similar, differing only in the constants 

involved. 

Two-dimensional translational freedom: 

The partition function is 

N 

N 	

Uo 

aJ  
1. 	Q = 	2. 	a = qxqyqzj ekT 

(29tmkT) 
3° 	qxqy 	

h2 
	 A

f 

qx  and qy  are partition functions for translational motion 

along the surface. Af  is the free area and is given by 

4. Af  = P(Ns  — N) where p is the area of cross 

section of a molecule and Ns the saturation value for N 

at a given temperature. The chemical potential is given 

by 
µ XinQ)  d 	Z(Lna) AIN  

5. = An a+ N 
kT 	bN 

By equating this with µg  the isotherm is obtained: 

e  
6. p=  K le

e 
-- el-e 
v- 

This is a Volmer type equation. 



Entropy of the sorbed phase: 

The entropy is given by 

7. S = kT (111Q)  + kinQ 

Separating all terms that depend on known or measured 

quantities 

8. ;SjT = RILnNTf3  - /in1- e 6  + 2 + 	N h2) o  

Differentiating w. r. t. N gives 

if (2--v"-1—q 9. 2 	RLI,nMT13 - itn 1-e  8 	119 + + n \Noh 

Finally the equation of state is given by 

b4nQ) 	NkT  kT 
dA 	P(Ns-N) 

(A - (N) = RT . 

330 

10.  

11.  
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1.3.2.3.2. ONE-DIMENSIONAL TRANSLATIONAL FREEDOM 

In this case there is translational motion in 

one direction only, i.e. 

(27rmkT)t, 
bf 

where If  is the fro length available to each molecule. 

As the dependence on N and T is the same for the partition 

function in this case and the previous one, one obtains 

the same isotherm. 	The molar entropy is: 

12. 1ST 411T 	+ 	+ A (27k  10 2 n\Nh2/ 

The differential entropy is given by 

P 13. 1ST = lifin(MT).kt+ 
(
No
27c
h2 	Nn lee 120 	• 

1.3.2.3.3. MOBILE MODEL WITH MOLECULAR INTERACTIONS  

In deriving the isotherm below, the following 

assumptions are made. 

(1) The molecules are confined to a monolayer. 

(2) A hard sphere model is appropriate for the sorbed 

molecules. 

The partition function is given by 

_Uo  Ei 
/27ckTN 	. kT ekT  

14. = 2— 
N a = qzk-Tim-) Av  e  

NJ 

15. Af  = A - NP 

16. E = m- A 

clx 



Substituting these values into 14 above leads to 
a -%1T  

Z(A-NO) 

NJ 
17. Q 

35. 

a and p are the two-dimensional van der Waals constants. 

where Z is the remainder of a in 14 on taking out 
aN 

[(A NP)ekT  

The isotherm is obtained by equating µ obtained from this 

with µg, giving 

e 	me 

18. 	PkT
Kvdw 1-8 

Entropy: 

The entropy is identical with that of the mobile 

two dimensional case in Section 1.3.2.3.1, the temperature 

coefficient being eliminated. 

Equation of State: 

This is obtained by differentiating Xing w.r.t. A 

giving 

,ang 	 aN2 12. kT  = aA 	(A - Na) kTA2  

On rearrangement this gives 

20. 	[(f? + 	- N(i) = NkT, 

the van der Waals equation for the monolayer. 
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Relationship of a and  p to the three-dimensional van der 

Waals constants, a and b. 

In the case of a mobile monolayer and a hard 

sphere model 

2 12
21. (a) p = 5 	while (b) b = 5  7r s  

If in addition it is assumed that the inter-

action is between non polar molecules and is additive 

22. (a) a = 4- 	while (b) a  = 27c 3 r13 

Combining equations 

23.  a 	a 
213 
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1.3.tm4. Changes of Phase 

All the models so far considered which take 

interactions in account predict first order phase changes 

in monolayer sorption. The critical amount sorbed 

corresponds to B =-g.; the critical temperature is 

obtained from 

0 

Tc depends, inter alia, on c the co-ordination number 

for a particular model. 	In the past there has been 

little evidence to show that changes of phase occur in 

gases sorbed on solids, though it is well established 

for sorption on liquids. Previous to 1950 Harkins and 

Jura were the only experimenters who reported evidence 

on this point. 	Since then changes of phase have been 

found for sorption on several solids. For the change 

to be observable the sorbent must be energetically 

homogeneous; the lack of truly homogeneous sorbents 

has been the main reason why this phenomenon had not 

been confirmed earlier. Recently Graham (74) obtained 

definite evidence of two dimensional condensation in a 

monolayer for sorption of C2H6  and CC14  on P.33, a homo-

geneous carbon. Very accurate studies have been made 

by Fisher and MacMillan (72,73) for Kr and N2  on NaBr 



38. 

crystals, which were examined repeatedly after successive 

heat treatments of the crystals. 	The heat treatment 

eliminated any heterogeneity in the crystals. Very 

well defined phase changes were observable once the 

sorbents were truly homogeneous for A and Kr; N2  showed 

no phase change and no doubt the presence of a quadrupole 

in N2  and the field near the crystal are partly respons-

ible for this. 

The values of Tc predicted by the Bragg 

Williams and Quasi Chemical equations are in varying 

degrees in error. The transition condition for a mono-

layer on a square lattice has been obtained exactly and 
cw is given by kT 	-7.05 (43); the values predicted by 
c 

the Bragg Williams and Quasi Chemical equations for a 

square lattice (with c=4) are -4 and -5.5 respectively. 

In view of the simplicity of the equations the agree-

ment is surprisingly good. 
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1.3.2.5, Heterogeneous Surfaces  

The theory of sorption on heterogeneous surfaces 

is very much less advanced than that for homogeneous 

surfaces. Tompkins (75,76) has discussed various limit-

ing cases which lead to approximate isotherms. Halsey 

and Taylor (99) applied Langmuir's model to sorption on 

a series of sites of equal energy of sorption and obtained 

the following equation: 

TASE-E NEdE 	kT KE where KE e 
1 + 

p  

To take the argument any further assumptions must be made 

concerning (i) the limits of the integration, (ii) the 

form of NE, the site distribution, and (iii) the depend-

ence of KE  on E. Originally Halsey and Taylor assumed 

q independent of E but later Halsey (100) modified the 

approach to allow an empirical linear variation of ASE  

with E: ASE = ASo + rE. 
	The limits of the integration 

were chosen as +c-) and -00 for mathematical convenience. 

This has been criticised by Hill whc maintained it 

implied sorption on sites with a repulsive energy; 

however, Hepler (101) showed, mathematically, that the 

negative region contributes a negligible amount to the 

total integral. 
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The distribution function chosen was: 
E 

2. NE = e 
Em 

On Carrying but the integration the Freundlich isotherm 

results: 

kT,  

3. e 	(.1..)Em(1-r),E  
106 	

m 

Sips (102) and Honig (52) have given methods 

of inverting equation 1 to obtain the energy site distri-

bution, assuming localised sorption; an interpolation 

formula which can represent the isotherm data accurately 

is required before this approach may be applied. 
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1.3.3.1.1. 	Alternative Approaches: Equations of State  

There are two types of "equations of state" used 

in sorption studies. 	The first is a relationship of the 

form f(jp,x,T) for the sorbed phase. 	(Alternatively 4 

may replace in M,x,T). This type of equation arises 

from the Gibbs Duhem relationship, and has been discussed 

in Sections 1.3.1.3 and 1.3.2.2-3. 	The second approach 

is to assume an equation of state for the gas and the 

sorbed phase and assume that the change in free energy of 

the gas on sorption is given by the work done in compress-

ing the gas plus the decrease in the potential energy of 

the gas (the sorbent being assumed inert). 

Ps 

f 
1. i.e. AG = U + 	VdP 

pressure developed in the intracrystalline 
volume 

Pg  = equilibrium gas pressure. 

At equilibrium AG = 0, so 

oP 
2. U = -I -VdP 

p g  

where U is the decrease in potential energy of the sorbate 

on sorption. 

An equation of state is now introduced relating 

P to V and the integration carried out. 	This has been 

p 
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done for several equations of state (44,48,49). 	In the 

following section the approach using a modified van der 

Waals equation is developed. 	However, none of these 

treatments can be expected to give better results in the 

sorbed phase than they do in the gas phase at comparable 

concentrations. Van der Waals type equation is chosen 

because it is accurate up to the critical region and hence 

is the most promising (50), and has virial coefficients 

which have a physical meaning. 

1.3.3.1.2. Modified van der Waals Equation (44)  

This equation of state is 

3. 	 2  (P a  4. 21)(v b - 121  = 	) RT V V2 	V  

The constant a' is introduced to allow the internal energy 

to vary linearly with the temperature and quadratically 

with the density as is the actual experimental case. The 

term T  is introduced to allow the virial form of van der 

Waals equation (with a = 0) to follow closely the rigor-

ously established virial equation for gases. 

dP is obtained from equation 3 

{ 
dP = RT 	V2+b' 	2a 2..1 

(V2-bV+13')2  - 	
- 2,  

V2 	V4  

Substitution of this into equation 1, and changing the 
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limits of integration to Vs and Vg  gives, on taking logs 

on both sides 

2a 	bVs-b' 
2 	 RTV 2RTV RT Vg-bVio-bt 

5. Vg  (V s  -V sb+b,  )i
exp s s  

 

r  1 	1 Lit'-b2 4.  1 (4bf-b2)2  

1
.2Vs-b 3 2Vs-b 	5 	2Vs-b 

At sufficiently low pressures this reduces to 

-I 

6. V = Vs 
e RT 

(6a) 
where V is related to Pg  by P

g  Vg 
 = RT. On taking logs 

on both sides of 6 , and substituting from &a, on differ- 

entiating w.r.t. T one obtains 

(InPa) ianRT 0 
7. - - 	___ = 	or 

RT2 	RT2  

8. RT + 	0 (see Section 1.3.1), 

where AHL is the limiting value of LH at low coverage. 

Using equation 6 for various vdlues of Vs, 0 may be 

calculated and compared to the value obtained from 8 . 

There is a difference, which is attributed to there being 

an entropy change on sorption greater than that predicted 

by equation 5 . This is attributed to a loss of thermal 

entropy of the sorbate in the restricted intracrystalline 

environment. 	This is corrected by introducing a term 

ASet calculated from the difference between the two values, 



calculated from eqs. 8 and 5, for a particular temperature 

and pressure. Equation 6 now reads 
(ASe _ 0 ) 

V s exp 
R 	RT 

In addition it was found necessary to introduce 

a correction for the smaller coordination number possible 

for a sorbed molecule with its next neighbours in the 

restricted intracrystalline environment. This introduces 

a modification in the interaction energy terms so that 

eq. 3 is modified to 

9. 3  )] (V - b + /2-v  ) 	RT [
P + 1

n
2
(
V
_1..
2 

where n is the coordination number of the sorbed molecule 

in the crystal, twelve being the coordination number of a 

molecule in the gas phase (approx.). 	This correction 

alters the predicted entropy change by a negligible amount. 

Equation 5 now reads 

( 2a +....11L,s 	
s 

bVebt  
RTVs  2RTVs'12 RT V2-bV lot 

g 
10. V 	(V2-V b+b,)exp 	 s+ 

s s 

      

1 
0 0 0 0 0 0 0 0 • 

ASe  

  

1 	1 Li.b'-b2  

   

2Vs-b 3 2Vs-b 

       

This equation may now be used to calculate the isotherm, 

Pg  being obtained from Vg  assuming the gas to be ideal. 

It gave good agreement with the experimental isotherms in 

the cases considered for densities up to the critical 
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density (A in Na and Ba-near faujasite and N2 in K-near 

faujasite). 

X.3.3.2.1. Polanyi Potential Theory 

The Polanyi potential (45) theory equates the 

adsorption potential with the work done in compressing 

the gas from its state in the gas phase to its state in 

the sorbed phase, 
P 
g 

1. i.e. e. = 	VdP 

where Pg  and Po are the pressure at equilibrium and the 

saturated vapour pressure of the liquid at the temperature 

of the experiment. Each potential value encloses between 

its boundary and the sor bent a volume Vi; if now it is 

assumed that C. is independent of temperature, then so 

isVI  . and the variation of 	throughout the adsorption 

space is also temperature independent. 

Assuming also that the gas is below its critical 

temperature, that the vapour behaves as a perfect gas, and 

the liquid in the sorbed phase is incompressible, then ei  

is given by 

2. 	C. 1 

0 

dP = RTZn 12 
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neglecting the work done in creating a liquid surface. 

Thevolumelr.is given by 

3. V.F4 = xi  

where 6T is the density of the liquid at the experimental 

temperature. A plot of Vi  against ei  may then be made, 

called a characteristic curve, which should be temperature 

independent. 	This enables the temperature dependence of 

sorption to be predicted from one isotherm and a knowledge 

of the liquid density in the temperature range considered. 

Its application and accuracy has been discussed extensively 

by Brunauer (45). 	It has also been applied to sorption 

of several alkyl halides on zeolites, by Barrer and Brook 

(7) who found that the more polar the sorbate the greater 

the deviation from the values predicted by the theory, as 

would be expected when polar forces, which are temperature 

dependent, are involved. 

Corrections for non-ideality of the gas and 

compressibility of the liquid can be made but they do not 

alter the results very much. 

In passing it should be noted that the Polanyi 

potential is approximately equal to the difference in free 

energy of the sorbate in the liquid phase and in the 

sorbed phase. Constant ei  may be thought of as a constant 

free energy difference. 	In the following section the 

variation of the amount sorbed with temperature at constant 
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free energy difference, or i, is obtained in terms of 

the coefficient of expansion of the intracrystalline 

fluid. 

1.3.3.2.2. 	Thermal Expansion of the Sorbed Phase  

The thermal expansion of the sorbed phase at 

constant C.1_  is obtained as follows for intracrystalline 

sorbed phase (L16). 	i  The amount sorbed, 	, x  is related 

to the density C) by 

3.xi  . = .v.S 

For intracrystalline fluids, near saturation Vi  is the 

total intracrystalline volume. Differentiating eq. 3 

w.r.t. T only gives 

/aco 	dVi\  
4. +V. 7-)T E

a. + 
iko . 6T /6i  
•  

Dividing across equation 4 by Vii one obtains 

1  (aqi) 
V. i 

The expansivities, a and ai, of the intracrystalline fluid 

and the interstitial volume are defined by 

6. 	(a) a  = - 1{.a11.\ 	; 	
(b) 	_ 
' 	

1 (dVi) 
i = Vi  dT /E.'  cS dT 

/Ci 

, being assumed incompressible, is dependent only on the 
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temperature, and one can write 

7. 	— dT 

xi also depends solely on the temperature at constant eiP 
SO 

8. 

However,. VI  is f(x T 

ZVi 	(dvi) 9. so 
lei 	dT El  . 

• 

Accordingly equation 5 becomes 
1 (dx) 	1 

10. = 	v*-7" 
x dT e 	T 

In general the coefficient of expansion is close 

to but below the value for that of the liquid as would 

be expected from equation 10. 
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.3.3.. Everett's Isotherm 

Everett (29) has proposed a general isotherm, 

based on the d ifference of free energy of the sorbate in 

the crystal and in a standard state in the gas phase. At 

equilibrium 

1. 
A10 
	 AH°  - TLS°  . 

Assuming a perfect gas, as usual 

2. Aµ°  = RTYJn P/ 
P 
 , AH°  = AH 
o 

Substituting these values into equation 1, and taking 

antilogs on both sides 
AH AS° 

3. 
+— po eRT R 

o If now it is assumed that AS°  contains a -Rpn G  --- term, 10 
AS°  may be written as 

4. 
As0 = 	lee + AS°  

where AgI  is the remainder of the entropy which may also 

be a function of G. 

Equation 3 becomes, on subsituting for AS°  from 4, 

AH-AS°I  
p po eRT R 	8 

5. 1-0 

If now AH and AS
olf 
 are independent of e, or 

vary with 8 in opposite senses so that their difference 
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remains constant, then (5) reduces to the Langmuir iso-

therm. 

For localised models on homogeneous surfaces 

(4) corresponds to separating the entropy into config- 

urational and thermal entropy terms. 	(With or without 

molecular interactions -Ian ---1e is a good approximation 

to the configurational entropy (see Section 1.3.2) in 

this case). 	In addition Everett proposes that any sorption 

data may be conveniently examined in terms of the ideal 

localised model and excess functions. 	In the case of 

heterogeneous surfaces the difficulty of obtaining, 

theoretically, a separable -14n 1-g0  term is noted; 

in this case it is interesting to note that heterogeneous 

systems have been quite successfully analysed in terms of 

equation 5 (e.g. iodine on NaX (47)). 



1.4.1. 

General  

Intermolecular Forces. 

51. 

   

Intermolecular forces between molecules arise 

from the motion and alignment of electrons. However, 

because the forces are so complex, it is convenient to 

divide them up into dispersion, repulsion and electrostatic 

forces (the latter includes polarisation effects as well 

as electrical multipole interactions). 	The same forces 

which occur between sorbate molecules are responsible for 

the attraction between the sorbate molecules and the 

sorbent. 	In the following sections the causes of, and 

formulae to represent, the interactions between molecules 

are indicated; the limitations of the formulae are dis-

cussed. These are then applied to obtain the total inter-

action of a probe molecule with a massive sorbent. 

Dispersion forces  

These arise from the motion of electrons in the 

molecules which give rise to fluctuating multipoles. The 

coupling of these multipoles in adjacent molecules produces 

an attraction between them, the energy of which is given 

by an expression of the form (52): 

1. U(r) 

	

Ci 	C2 

	

r6 	8 	ri0 

	

(i) 	(ii) 	(iii) 
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(the terms are in order of decreasing magnitude) 

(i) arises from fluctuating dipole/dipole coupling 

(ii) arises from fluctuating dipole/quadrupole coupling 

(iii) arises from fluctuating quadrupole/quadrupole coupling. 

The first term is usually the only one considered in 

calculating the dispersion energy, and the other two being 

ignored. However the second term has been estimated to 

be, at the equilibrium distance, as much as 15-30% of the 

first term (de Boer (51)); Kiselev (56) estimates it at 

10% of the first term. 	In all that follows C2 and C3 

are assumed to be zero. 

Repulsion forces  

From wave mechanics these should vary exponent-,  

ially with a high power of the distance. 	It is more 

convenient, and hardly less accurate, except for very 

short distances, to use a high inverse power of r, usually 

r-12. 

C4 
2. — Ur 	+ r

12 
Ci  

Combining this with the dispersion energy expression, — 
r6  

and using the fact that at the equilibrium distance 
dU = 0, the following relationship is obtained: dr  

3. 	204  = Greg . 

The dispersion and repulsion energy expressions may be 
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combined to give a modified Lennard Jones 6-12 potential 

for the total interaction of the two types of forces. 

1 	re  4. U(r) = oil 
re. 	2r12 

Two important properties of the dispersion and repulsion 

forces are that they are nearly additive and temperature 

independent. 

Approximate forms of Ci  

London (55) derived a formula for Ci  from con-

sidering the interaction of two electrons, oscillating 

quantally with different frequencies. The formulae are 

3 	h 
5. Ci = a1a2 

2 	h))1+114. 
or 

3 	E1E2  
6. 	ci  = — aim2 

2 	Ei + E2 

where in the second formula the ionisation energy replaces 

the characteristic frequency in equation 5. 	This assumes 

that the attraction between molecules arises from the 

optical electron only; as other electrons are present, 

and do contribute, the values obtained using this formula 

give energies which are too small generally. 

Kirkwood and Muller (58) have derived a formula 

for Cl  which is 
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a1a2  
7. Ci  = 6mc2  

This in general gives values for the energy which are too 

large and has been shown by Salem (54) to be an upper 

limit for the dispersion energy; this is because it ignores 

electron correlation which arises from the repulsion 

between electrons. 

The third approximate form for Ci, obtained by 

Slater and Kirkwood (57) is 

3 eh aia2 8. C i  

  

4% m2  gi 
n2) 

In using this formula n1  and n2, which are the number of 

electrons in the outermost shells, are often uncertain 

for molecules. 

ai a2 

1 )(2 
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1.4.2. 	Electrostatic Forces 

A neutral distribution of positive and negative 

charges gives rise to an electrostatic potential which at 

any point is given by 

1. 	0 
e. 

ri  (59) 

where ri is the distance of the ith charge from the point 

considered. 	This expression is not convenient to use as 

it requires a ,knowledge of ri  (for all i) for each position 

	

1 	 1u.h2re is  
chosen. 	It is usual to expand -- in terms of 	the 

	

ri 	 rP 
distance of the point considered from an arbitrary origin 

and s1 the distance of the ith charge from this origin. 

Expanding —L intermsofrands.in a Taylor series (59a) ri  

1 2. + 	.(,;) 	1N 	z ri 	46-37 	i 
a a 
r 

+ x2 _La 	2,2 (a. 
6x2 

i
r
o  
) 	

yixi z147.  r) 	....... 

On substituting this into equation 1 

L 
	

/ 	t1N 	 3. 0 = L— + xie, _ k / 
ox T 

e x2  —6--(1) + 	x.y.e. 	' 
?Ix2  r 	.6xay r 

0 • 

The coefficients of the differentials are the electrical 

1k 	7- 4 	
-•• 'DC 	`L 	7- cp, L 	3, 
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moments of the system. 	Considering second order terms, 

in cases where there is axial symmetry all the second 

order cross terms are eliminated and the remaining second 

order terms (for symmetry about the z axis say) are 

related by 

2 
e.z. i 1. 

= -1  
2 

In general these moments are not independent of the 

choice of origin; this is true only of the first non 

zero moment. 

The interaction of a system of charges with an 

external field is given by 2inter = 2; ei Oi 
where . is the potential at the ith charge. 	Choosing 

an arbitrary origin and expanding Oi  about the origin in 

a like manner to .1- in the previous paragraph the inter- ri 

action can be represented as that between a series of 

point multipoles at the origin and the potential gradient 

(dipole), field gradient (quadrupole) and so on for 

higher order multipoles. 

In this section the dipole and quadrupole of 

axially symmetric molecules will be the only multipoles 

to be discussed. 	In molecules both these may be 

calculated from quantum mechanics; for the dipoles good 

agreement between experimental results and theoretical 

calculations has been obtained. For the quadrupole 
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unambiguous measurements have yet to be made and the 

various theoretical estimates for any one molecule vary 

widely. 	The dipole and quadrupole will now be discussed 

in more detail, ignoring for the moment the polaris-

ability. 

Dipole Interactions  

The dipoles of molecules are not the point 

dipoles considered in the previous section, and to obtain 

their interaction with ,afield accurately the dipole 

should be replaced by an expansion similar to that in 

the previous section; however, this refinement will not 

be made here as other approximations would make it a 

futile labour. An ideal dipole may be defined by 

s. 
m 	(n . —1) limit ei n  

n 

i.e. an ideal dipole is obtained by increasing the charges 
,si. 

(ne.)and decreasing the distance C.--) between the charges 

keeping their product constant. The limit as the charges 

coincide is an ideal dipole. 

The dipoles in the previous section were assumed 

to be static; any molecule will possess thermal motion 

and in evaluating the interaction of a dipole with a field 

it is necessary to obtain the weighted average of the 
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interaction over all the possible orientations of the 

molecule w.r.t. the field. 	If the z axis is chosen to 

lie in the direction of the field the interaction of a 

dipole is given by equation 3 as 

5. Einter 
IMO 

e.ri  

r2 cos $9.-P-0 

m = - — cos e 
r2 

where m is the dipole moment. 	Keesom (59) averaged this 

interaction over all orientations introducing a Boltzmann 

factor to allow for the greater proability of the favourable 

orientations and obtained 

5a. Einter = L(UE) kT 

where L is a Langevin function, which has been tabulated 

for various values of the exponent. Note that this aver-

age is temperature dependent. 

Interaction of two dipoles  

This interaction depends markedly on the orient- 

ations of the dipoles. 	The field due to a dipole at any 

point, P, is given by (59a): 

mi.r 
6. IP = grad 

ra 
mi  

r6 	r3 
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The work done in bringing a second dipole to P is 

3(5,1.T9(m2:i1) Tei.EZ  7. W = 4;5-1'2  - • 
r 	r3  

When7511, m2  and are in the same direction this becomes 

8. W = 
	2m1m2 

r 

if Fd42 is parallel and opposed to 	becomes 

2mim2  
9.  W = + 

 

r3 

Keesom averages may be obtained for the average inter-

action of two dipoles when Einter-finter kT. 

1.4.3. 	Quadru-poles 

Quadrupole moments have recently been discussed 

by Buckingham (22). There are various definitions of 

the quadrupole in use. The definition arising from 

equation 3, for axially symmetric charges, i•e• 

r_ 2 e.z. i I QZ Z 

will normally be dependent on the choice of origin, if there 

is a dipole present also, and so it is more general to 

define it as a traceless tensor, thus making it independent 

of the choice of origin as is done by Hirschfelder et al (60), 
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who define a quadrupole as 

C7 
10. 	Q = z-- ( 

	
s.2U) i 	I 

where U is a unit tensor. 	In cases of axial symmetry 

this reduces to three axial quadrupoles which for symmetry 

about the z axis are related by 

11. QXX = QYY = -Q  2 ZZ 

The quadrupole is then represented by the scalar Q .  

For an axially symmetric molecule equation 10 becomes 

12. Ze.s..2(3cos2e - 1) zz 	1 1 a. 

An alternative definition introduces a factor of a 1  
2 

in (12) (61). 	If the molecule is rotating the quadrupole 

is effectively reduced to about a half its value for the 

non-rotating state (60a). A Keesom temperature average 

may be obtained, as in the case of a dipole, for its 

interaction with a field. 

The role of the quadrupole in sorption has 

received much attention of late. 	Drain (62) has calcul-

ated the interaction of a quadrupole at planes of ions in 

KC1 where he was Able to obtain an analytic expression for 

the field gradient. Barrer and Stuart (63) explained the 

preferred sorption of N2 to A in faujasite in terms of a 

quadrupole interaction, while Kington and McLeod (64) have 



61. 

demonstrated the influence of the quadrupole on the heat 

of sorption for a series of small molecules in chabazite. 

Polarisation 

When a polarisable molecule is placed in an 

electric field dipoles are induced, which for small 

fields are given by:mind = a.'(the substance is 

assumed to be isotropic). 	The nett interaction of mind  

with the field, after allowing for the work done in its 

creation, is 

	

J. 	2 aF- Eind 	- 
2 

This linear relationship of mind  with the field may not 

persist to high strengths of the field. Barrer and Bratt 

(24) have suggested that there may be a limiting value for 

mind at high fields. 

The polarisability of molecules affects the 

interaction between molecules markedly at small distances. 

For the interaction of two polarisable dipoles the result-

ing dipoles are 

.41 
-3 	t-ILLL2.0 -1- Z.+. 	M2 

r5 	r3 

Similarly for .1!. 

Two limiting cases will be considered. 
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(1) Ii = M2, * 	-* -.0. -4 
al  = a2; mi, m2, _4 in the same direction 

m 

  

2a 1 - -- r3  

The energy of interaction is given by 

2(mI)2  (mI-m)2  
Di 	+ nter 	r3 	a 

(ii) As in (i) with 	parallel and perpenaicular 

to 
m 

m 

 

1 + a  

The energy of interaction is given by 

(mt) (ml-m)2  
Einter = + 	+ T3 	a 



1.4.t. 	Relationship of Intermolecular Forces to the  

Isosteric Heat  

The isosteric heat, qst, is related to the 

energy of the sorbed phase by 

ry 	,J 

1. last  = Eg  - El  - n1E1  + RT 

At 0°K where E1  = 0-00  where 0 is the interaction of 

the sorbed molecule with the sorbent and 00  is the zero 

point energy (normally about 	Kcal/mole ). The 

isosteric heat at 0°K q°st,  is given by 

2. last = 	- 0 - n1 di,11(0 - 00) 

At any temperature 

3.cist = last - or(Cp  - UlddT 

To relate qst  rigorously to the intermolecular forces 

requires a knowledge of 	and Cp. 

Orr (65), using an empirical formula to 

represent the heat capacity of the sorbate, was able 

to show that between 0°K and 80°K there would be a 

negligible change in the heat of sorption (.04 Kcal/gm 

mole). 	In view of this any change in qst  with temper-

aturel even at these high temperatures, should be within 

the experimental error. If the second term in 
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equation 2 is small, the calculated intermolecular 

energies may be equated directly with the heat. 

1.4.5.1. Calculation of Intermolecular Forces in 
Sorption. 

The total interaction of a polarisable molecule 

possessing a dipole, and quadrupole with a sorbent which 

has an electrostatic field and field gradient is given by 

1. 	UT = UD + UR + UPF + UQ + UI 

(i) (ii) (iii) (iv) (v) 

In order to calculate these energies it is 

necessary to know ro, the equilibrium distance of the 

molecule from the surface, this must be obtained indir-

ectly as it cannot be measured. For hard sphere models 

r is taken as either the sum of the radii of a probe 

molecule and a sorbent atom or from the radius of the 

guest molecule and the dimensions of the lattice spacing 

of the sorbent atoms. Using a Lennard Jones potential 

function, having assumed an re  for the probe molecule 

and a sorbent atom it is probably best, where polar 

forces are involved, to obtain r graphically from a 

plot of UT v r0, the distance from the surface. 	It 

should be noted, as has been pointed out by de Boer (51), 

that good agreement for experimental and theoretical 
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results can be obtained by small adjustments in r0, the 

equilibrium distance from the sorbent; agreement between 

observed and calculated results must therefore be treated 

with some reserve. 

In the calculation of (i) and (ii) in equation 

1 a sum of the form 

2. 	UD + UR = Ci L 1 	re6  

must be carried out. This assumes that the dispersion 

and repulsion terms are pairwise and additive. The 

constant 01,-approximately obtained from equations ih 

Section 1.4.1, can be made further indefinite by a lack 

of knowledge of the state of the atoms of the sorbent. 

For the alkali halides, ions seem a reasonable suppos-

ition; the real state of oxygen atoms in the zeolites 

is far less certain. 

The si,mmation in equation 2 is very laborious, 

and it is often replaced by an integration over the 

solid. 	This assumes that the sorbent can be treated as 

a continuum; the result will not show any periodic 

variation of the interaction energy with position of 

the probe molecule. The integration is of the form 

\ri  6 	2rt2/ 

UD  + U. 
re 

\I 
pdxdydz 

214 2/ 
/ 



This integration has been carried out for plane surfaces 

(e.g.. London) (52) and for cavities in faujasite (63). 

The magnitude of the total interaction depends on the 

number density of the sorbent atoms, as has been pointed 

out by Barrer (68), not on whether the molecule is sorbed 

in an intracrystalline space or at a surface. 

The most extensive summations have been carried 

out for alkali halides by Orr (65) and have been extended 

by Young (66) to include the (111) plane. 	These covered 

virtually all the atoms which contribute to the dispersion 

energy for a representative range of positions of the 

probe molecule. 

Extensive calculations have also been carried 

out for sorption on carbon; Barrer (69) has made calcul-

ations for the interaction e nergy of the permanent 

gases using several Jonas for Ci; the Kirkwood Muller 

formula gave the best agreement with the heat data. 

Recently Kiselev (70) has made calculations for a wide 

variety of sorbates on carbon using the Kirkwood Muller 

expression for Ci; his repulsion constants were calcul-

ated from the compressibility of the solid. 

Barrer and Wasilewski (71) have carried out a 

summation for the oxygen atoms of a supercage of faujasite 

for a series of positions on a line approaching the centre 

of a 6 ring. Using these summations and the Slater 
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Kirkwood expression for CI , they obtained the interaction 

energy of iodine and the lattice oxygen atoms which gave 

suite good agreement with the residual heat of sorption, 

ie. after initial heterogeneity had died away. 

Electrostatic Forces in Sorption  

The main difficulty in obtaining the electro- 

static interaction is in obtaining an accurate value for 

the field and field gradient. 	Lennard Jones and Dent (67) 

calculated the field for a simple cubic system for various 

positions on the lattice cell edge; Orr (65) applied 

this to the (100) plane of potassium chloride and also 

obtained the field at some other positions by a direct 

summation over the nearest 90 atoms or so, combined with 

an integration over the rest of the crystal. 	Orr also 

showed that for the rare gases the electrostatic energy 

was negligible. 	Crawford and Tompkins (98) used Orr's 

calcultions to obtain the dispersion and electrostatic 

interaction energies for 002, N113, and S020  sorbed on 

BaFa2 and obtained reasonable agreement with the heat 

d7ta. 	Drain (62) extended Orr's calculations to include 

the field gradient and war able: to explain the high (1st 

for Nain terms of the nuadru 	 the field 

gradient. 
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Section _2.1 Experimental Apparutus  

In this study of sorption the sorption equilibria 

were measured in the range .10000 to 290°C using a modified 

McBain sorption balance (78) which was a simpler version of 

the apparatus designed by Dr. Wasilewski ( 77). A standard 

volumetric system was employed in the region 0°  to 70°  

although most measurements were made with the McBain balance. 

In sections 2.2 and 4 the apparatus used to obtain a good 

vacuum and high purity of the sorbate will be described. 

In the range 100° to 290°C a furnace was used 

as a high temperature thermostat (sections 2.5 and 7), 

the temperature being measured by a platinum resistance 

thermometer, made and calibrated for that purpose (section 

.2.6). 	The mode of thermostatting is discussed in a 

later section (section 2.7). 	In addition to temperature 

control at sorption equilibria, the amount sorbed and the 

pressure have to be measured. The instruments used for 

this and their calibration are discussed in section 2.2.. 

and 8. Finally the purity and the composition of the 

solid must be determined and this is discussed in section 

2.9. 

The standard volumetric system and its temper-

ature control is described in section 2.12. We now 

turn to a detailed description of each section of the 

apparatus. 
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2.2.1. 	Pumping System 

The pumping system is shour,  schematically in 

figure 3. The vacuum is obtained using an oil rotary 

pump backed by a mercury diffusion pump (4). The essential 

features of the pumping system are 

The oil trap (6) which prevents the oil from 

suckint7 into the system in the event of a mishap to the 

pump. 

2. The reservoir (3) (appro:c. 5-litre capacity) 

which permits the mercury pump to run unbacked for up to 

about 12 hours. 

u. The cold tap (3) which is cooled with liquid 

o:7-_:c1 prevents any condensable substance from contam-

inatinp. the mercury pump. 

4. The bypass (8) which enables the initial evac-

uation to be carried out '!;ithout using the mercury pump. 

5. The taps as shown to permit isolation of any 

desired part. 

All taps in the pumping system were large (8mm. 

bore) to ensure a good pumping rate. the vacuum lines 

were also made of 2cm. diameter tubing to facilitate this 

end. 	this system vacua of better that 10cm. jg 

can be produced. 

The pressure was measured using a mercury mano- 

meter and a cathetometer for pressures down to .3cm. below 
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this a McLeod gauge was used. The calibration of the 

McLeod gauge is described below. The manometer and gauge 

were connected as shown to the low and high vacuum lines 

and to the sorption balance. The manometer was made of 

1 cm. wide tubing to render negligible any thermomolecular 

effects at low pressures and to reduce meniscus depression 

effects. 	The pressure was read using a cathetometer. 

2.2.2. C:libr- tio_n of  the McLeod gauge  

The gauge was calibrated, before it was attached 

to its reservoir, in the form shown in the diagram 4. 
Six marks were etched on the tube ABC, three on AB and 

three on BC. This was done by coating the tube ABC with 

paraffin wax, cutting the coat with a razor blade, and 

then allowing the tube to stand in conc. HF for ^Ji hour 

in a fumecupboard. 

The volume between each mark and A is found by 

filling the tube with mercury up to each mark. To fill 

sections of the capillary tube AB the whole system must 

be evacuated; this is done by attaching pressure tubing 

at E and pumping the air out. Mercury is placed in the 

large bulb before evacuating and is tapped down to fill 

the capillary to the required mark. It is then removed 

and weighed. Finally the large bulb is filled to D and 

the mercury weighed. 

A correction is required to allow for the 
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curvature of the meniscus when calibrating the volumes; 

this is because the meniscus in calibration is facing the 

opposite way to the meniscus in an actual reading. The 

correction, which is small, was made using the formulae 

derived by Jnanananda (79) which are: 

y = .023a where a is the radius of the tube, and y the 
volume correction 

or 

y = .057m where m is the height of the meniscus, assuming 
a contact angle for Hg/glass is 135°. 

In using the McLeod gauge the gas is assumed to 

be ideal. 	It gives measurements accurate to 1% down to 

pressures of .10-4  cm. provided no condensable gases are 

present. 

2. 	Purification and Storage System for Ammonia 

The system is shown schematically in figure 5. 

The ammonia is stored in cold traps cooled with liquid 

oxygen to prevent any possible decomposition of the 

ammonia. The taps of the cold traps are left open so 

that the bulb (7 in figure 5) is accessible to the ammonia. 

This prevents any blow outs. 

Purification of ammonia 

The apparatus is connected by (10) )figure 5) 

to the ammonia cylinder and evacuated as much as possible; 

the vacuum is determined by the air tightness of the poly- 
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-thene joints which are sealed with picene. 	The system in 

figure 5 is then isolated from the rest of the vacuum 

system by closing tap T8. Ammonia is now admitted from 

the cylinder, the flow being controlled by a brass pin 

needle valve and the pressure change being followed on 

the manometer ((1) in figure 5). The main impurity being 

water, the ammonia is passed through columns of ignited 

calcium oxide and sodium hydroxide pellets. When enough 

ammonia has been admitted tap Tl is closed, and the gas 

condensed in a cold trap, 	T2 is now closed and on open- 

ing T8 the system is pumped down to a hard vacuum. 

The purification is completed by three bulb to 

bulb distillations retaining the middle fraction each 

time (80). 	The two-way tap T3 which has a B10 socket 

attached is used to attach the gas cell employed in the 

infra red analysis of the gas. This checks the purity of 

the gas, detecting any water present but not showing the 

absence of permanent gas. These should be removed by 

pumping. 

In order to minimise the effect of any water that 

might still be present excess ammonia is put in so that 

some liquid ammonia is always in the cold trap; then any 

water present will be frozen in too. 
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Sorption Balance 

The balance is shown diagrammatically in figure 

6a, with its dimensions indicated. 	The only modification 

in this balance is the insealing of a platinum resistance 

thermometer into the balance case near the bucket so that 

the temperature may be read as close to the bucket as 

possible; this is essential because of the thermal 

gradients in the furnace, 	The other point is that there 

are strong thermal gradients in the exit tube at C (in 

figure 6a) where it leaves the furnace to go to the 

manometer. 	In order to eliminate thermomolecular effects 

at low pressures it•is necessary to have the exit tube 

1 cm. in diameter (82), 

The other points are of a practical nature: 

(1) The hooks of the'spring must be viewed clearly, so 

it is essential to have (a) hook D (in 6a) clear of the 

junction to the wide part of the tube;  (b) a length of 

,o30 cm. from A. to B free of joints. 

(2) The spring must be kept in the centre of the tube to 

ensure the bucket is free from the wrIlls. 

(3) The tube C (figure 6a) is connected to the rest of 

the vacuum line through a glass spiral to mitigate the 

effects of any vibrations on moving the furnace. 

(4) The balance case is held in the support tube by a 

ring of stainless steel (see figure 6b) at F in figure 6a. 
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A strip of silica cloth is held between it and the glass 

tube. 	The screws (S), which project, slip into slots at 

the top of the support tube. A similar ring, without 

screws, is placed at G to act as a centring device; this 

fits inside the support tube. 

2.5.1 Furnace  

The measurements of the central steel tube and 

the outer asbestos case are given in figure 8. 

The heating elements are wound around the central 

steel tube. First of all silica glass windows are 

cemented into the slots in the steel tube with pyruma 

cement and left for the cement to dry overnight. Two 

turns of asbestos paper are then wound on to the cylinder 

and openings are cut out for the windows. Then one turn 

of silica cloth is wound around, and holes are cut for the 

windows. 	(It is necessary to sew the cloth temporarily). 

The nickel alloy wire (R = 7.16-n. /yd) is wound 

around to give a total resistance of 30011. 	The spacing 

is varied so that at the ends the spacings are 3 \ - / average 

and A >average in the middle of the tube. Then the whole 3 

is covered with alumina cement and allowed to dry over- 

night. 	The windows are then cut out. 

When the cement is dry another turn of silica 

cloth is put on, sewn to keep in place, and the windows 
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cut out. The heavy current wire is now wound on (R 

1.151Vyd), sufficient to give a total resistance of ,̂60 , 

with spacing adjusted as with the other winding. 	It is 

then covered with alumina cement and, when dry, with 

silica cloth. 	The windows are then cut out. 

The ends of both windings are placed ^/3 cm. from 

the ends of the tube. 	The nickel alloy wire is held by 

doubling and twisting a stretch of wire and then looping 

a loop round the tube and twisting the ends of the loop 

till it grips the tube tightly. 	Then one end is connected 

to the terminal in the asbestos case, the other end is 

wound around the tube. The heavy current wire is clamped 

by stainless steel rings; these are then connected to the 

terminals in the outer tube. 

The lagging consisted of asbestos wool which is 

pushed between the outer asbestos case and the central 

steel tube. The windows are kept free by metal frames 

which run from the central tube to the outer case. Pyrex 

windows are put in the openings of the asbestos case. 

The ends of the furnace were asbestos plates 

which were held in place by stainless steel rods running 

the length of the furnace and were bolted to the end plates. 

This is to allow for the expansion of the stainless steel 

tube with heating. 

The furnace is held in a vertical position by 
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two brackets which are able to move on sliders up and 

down greased rods. To facilitate movement a counter-

weight is attached by wires passed over a pulley to one 

of the brackets holding the furnace. Clamps are provided 

on the sliders to prevent any undesired movement of the 

furnace. 

2.5.2. The Support Tube 

The support is shown in the diagram 9 with the 

sorption balance inside it. The dotted lines ADCB 

indicate the position of the furnace when in use. 	The 

dimensions are indicated. Though shown as a complete 

cylinder, in fact large windows (dimensions 30x4 cm.) 

were cut at GF and JI in order that the spring may be 

seen. Also below KI large sections were cut out. This 

is necessary at M where glassblowing has to be done; 

this is where the exit tube is joined to the vac. line. 

The support tube is attached to a plate which ' 

is levelled by three screws (N.O.P). 	The tube must be 

adjusted so that the furnace can move up and down without 

touching the support tube. This is done by adjusting 

N,0 and P. 	When the furnace is in position it may be 

necessary to alter the position of the support tube so 

that the hooks may be seen clearly; _this is done by re- 

adjusting the screws N, 0 and P. Thy furnace, support tube 
anci balance are shown assembled in figure 7. 
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2;6.1. Thermojneters  

Plathum resistance thermometers were made, 

Calibrated and used for all temperature measurements. 

The platinum was supplied thermally pure by Johnson 

Matthey and Co. 	;02" diameter wire was used for the 

resistance, the leads being made from wire .14  in 

diameter. 

First some resistance wire was wound on a steel 

spoke (diameter ^0.05") as uniformly as possible, suffic-

ient to give a resistance of ',Jilly at room temperature. 

This was then spot welded on to two 2' lengths of the 

lead wire. The dummy leads were made from two other 21  

foots of lead wire spot welded on to a very short piece 

of resistance wire. 

These were then placed in the glass case (see 

figure 10), from an opening in the glass case of the 

resistance (B in figure 10). 	The dummy leads were put 

in through C and sealed to the glass at A. 	The opening 

at B is then sealed as is the pinch seal at C. 	The whole 

thermometer is then evacuated and a third of an atmosphere 

of helium admitted. The evacuation is effected through 

the side arm DE and the sealing off is done at a con-

striction at D. 

The thermometer is then annealed at 450°C for 

several days. 
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2.6.2. Calibration 

The thermometers were calibrated at the ice, 

steam and sulphur points. 	The resistance was measured 

using a Callendar Griffiths bridge accurate to .0005S1. — 

The calibration of the platinum resistance thermometer (81) 

at the boiling points of sulphur and water was carried out 

using the apparatus shown in figure 11. 	It consisted of 

two concentric tubes of the dimensions shown. The inner 

tube does not extend down the entire length of the outer 

tube and has a pad of glass wool at 5 in figure 11 to 

prevent splashing. Holes are made through it at the top 

(see 1 in figure 11). 	The resistance winding (2 in figure 

11) around the outer tube is used as a heating jacket. 

The procedure is to put some of the substance 

(water or sulphur) in the outer tube and place the platinum 

resistance thermometer in the inner tube to the position 

shown (3 in figure 11); the opening at the top of the 

inner tube is then packed with glass wool. 	The whole of 

the resistance element of the thermometer must be well 

inside the inner tube in the length wound round by the 

resistance wire. 	The thermometer is then connected to 

a Callendar-Griffiths bridge. 

A bunsen or, in the case of sulphur, a meker 

burner is used to vaporise the liquid. The voltage through 

the windings is now adjusted till the level of the vapour 
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is just below the exit (4 in figure 11). 	Sulphur 

vapour tends to oxidise in air; to reduce this to a mini- 

mum the exiiikt is blocked with glass wool. 	After some 

fludtuation the resistance reaches a steady value which 

was recorded as the equilibrium value. Each reading was 

repeated and the two readings found to be in very good 

agreement. 

Calibration at the Ice Point  

The calibration was carried out using the 

apparatus in figure 12. 	It consisted of two concentric 

tubes, the inside tube being held in a cork at the top 

(1 in diagram 12). 	The bottom of this tube is sealed. 

The thermometer is introduced to the position shown as 

2 in figure 12, i.e. with the resistance element entirely 

below the water level. The top of the inner tube is now 

stuffed with cotton wool to reduce any convection currents. 

The outer tube is now filled, with a mixture of 

distilled water and ice made from distilled water, to the 

level shown. The system is then surrounded by a crude 

ice bath made up in a large Dewar to prevent the ice in 

the outer tube from melting too quickly. 

The system is then allowed to come to equili-

brium and the resistance of the thermometer measured 

using a Callendar Griffiths bridge. This was repeated; 

the two readings gave very good agreement. 
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2.6.3. Corrections  

The boiling point varies with the atmospheric 

pressure; the variation is given by the following formulae 

(taken from Johnson and Matthey's Handbook of Platinum 

Resistance Thermometry) (81). 

For water: 

1. t = 100 + .0367 (p-760) + .000023 (p-760)2  

For sulphur: 

2. t - W01.6 + .0909 (p-760) - .00048 (p-760)2  

(p in mm. of mercury). 

The pressure was measured on a Fortin barometer in the 

same building, accurate to .001 cm. 

Formula for using resistance thermometer  

The formula used in the International Temperature 

Scale for Platinum resistance thermometers is 

3. Rt = Ro(1 + At + Bt2). 

To avoid the arithmetical labour involved in using this, 

the following adaptation by Callendar is used: 

R - R 
4. t = R

to  100 + g(t - 100)t . 
goo 0  

g may be obtained from the resistance readings at the 

three calibration points. 	Tables are available for 
, once 

various values of 6; /this is known the temperature can 

be obtained from these tables and tpt, which is just the 
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first term in equation 4. 
The International Temperature Scale requires 

the following conditions to be satisfied: 

Rioo 
(i) ) 1.3910 

Ro  

R - R 
(ii) 4.216 K.' 	s 	° <

R100-R0  
< 4.218 

The thermometers made conformed very closely to these 

values. 

A large scale graph was made of temperature 

versus resistance to enable temperatures measured during 

the calibration of the spring to be read off. For 

temperatures of actual sorption experiments, the appro-

priate resistance was calculated using equation 4. 

2.7.1. Temperature Control: 	Electrical Circuit 

Of the two windings of the furnace one carries 

a large current and provides most of the heating effect, 

the other a much smaller current and acts as a fine control 

governed by a platinum thermometer placed in the top of 

the furnace. The winding carrying the large current is 

run off a Variac which must be set appropriately to obtain 

any temperature required. 

Fine control  

The circuit for this is shown in figure 13. The 
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modified Roberts control is such that when the decade box 

has a resistance less than the platinum resistance thermo-

meter, current flows and there is a heating effect and 

vice versa. 	In practice a shunt resistance is put in 

so that the current is altered less and thus the control 

is finer (see dotted part of figure 13). 	(N.B. 	The 

controlling thermometer is placed in the top of the 

furnace near the wall, see figure 14). 

2.7.2. Temperature Control: 	Convection Current  
Control 

. 	Convection currents inside the furnace affect 

the temperature. To minimise these the bottom opening 

is packed with asbestos wool and the top is covered by 

the apparatus shown in diagram 14. This consists of two 

asbestos plates held together by steel rods with a gap of 

/NJ 10-15 cm. between them. 	Holes are left in the plates 

for the regulating thermometer and for the leads of the 

measuring thermometer (not shown). 	The space between 

the two plates is filled with asbestos wool which cuts 

down the convection currents. This then fits into the 

top of the furnace, resting on the end plate. 
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2.8. 	Springs 

Springs were supplied by Thermal Syndicate Ltd. 

They had sensitivities of -J35-40 cm/gm. and maximum load 

of 1 gm. 	They showed hysteresis above 350°C and some-

times above 300°C. 

The springs were first annealed by being taken 

on several cycles up to 350°C and back to room temperature 

with a median weight ( .7 gm.)  attached. 	Readings were 

then taken every 30°C up to ,J320°C and every 30°C from 

-0305 to room temperature. This gives readings every 

15°C for each weight. 	The process is repeated for four 

weights in all. Graphs of length v. temperature were 

plotted for each weight. From these graphs, using the 

method of least squares, the weight for any length of 

spring at any temperature in the range can be obtained. 

The constants a and b (see equation below) were worked 

out for the temperatures at which the isotherms were to 

be taken, from the formulae in referencew(83; 

/6 = a + bm for a given temperature. 

Accuracy of calibration 

The maximum deviation increased with temperature 

Below 230° the maximum deviation is 	mgm, the average 

4f .1 mgm. Above 230°C the maximum deviation is 4:.4 
mgm, the average <1.2 mgm. 
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This is the biggest single error in the whole of 

the experiment and means that for amounts sorbed of < 50 

mgm. there is an error between 4 and 8% depending on the 

temperature: 

249. 	PreDaration of Materials 

Sorbents 

The sorbents used were all ion-exchanged 

faujasites, all prepared from the same batch provided by 

the Linde Air Products Co. Before use, all forms were 

washed thoroughly with distilled water at ,./95°C, to 

remove any excess alkali present, and sieved through a 

200-mesh sieve. To make the ion-exchanged forms two 

methods were used. 

The first method (84) consisted of allowing 

AJ5 gm. of the sodium faujasite supplied to equilibrate 

with a 20% solution of the exchanging ion, using an auto-

matic shaker. This is repeated three times using about 

50 c.c. of solution each time. About three days are 

allowed for equilibration. 

The faujasite is then transferred to A in 

diagram 15, where it rests on a cotton wool pad above a 

constriction. 	The large tube BC acts as a steam 'Jacket, 

supplied with steam from a steam generator (not shown). 
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One litre of 10% solution of the exchanging ion is placed 

in the reservoir D and is drawn through the zeolite by the 

water pump.in  —36 hours. The exchange of the last traces 

occurs more readily at the temperature of steam. 	The 

sorbent is then prepared for use, as described above. 

The second method is to put the zeolite ( 

gm.) in a glass tube with nd10-20 cc. of 20% solution of 

the exchanging ion. The tube is then sealed and placed 

in a thermostatted oven on a rotator. 	The temperature 

is set at ,J 95°C and the system left to equilibrate for 

2 days. 	This is repeated six times after which the 

zeolite is prepared for use, as described above. 

X-ray photographs were taken of each sample 

before use and of the outgassed forms. 

N.B. 	The materials used were of the highest possible 

purity; whenever possible AnalaR reagents were used. 
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2.10.1. 	Analysis of the Silicates  

The Li, K, Rb, Cs, Ca, Sr, Ba and Co faujasite 

forms have been prepared. A gravimetric analysis was 

necessary to establish the extent of ion-exchange which 

had occurred. The procedure followed was taken from 

Meier's thesis for the silicate analysis (84). 	Two or 

three analyses were necessary to establish the extent of 

exchange reliably. 

A sample was weighed in a platinum crucible 

(with lid); it was then ignited to constant weight. 

This gave the water content. 

The Si02/0 was obtained by filling the platinum 

crucible with conc. HC1 and leaving for 12 hr. The 

HC1 was then evaporated off on a water bath. This process 

was repeated. After evaporating HCl off a second time 

conc. HC1 was added and, after 5 minutes, dissolved as 

much as possible in cold water. 	Si02  was precipitated 

and filtered off. The filtrate was evaporated to dryness 

and dissolved in HC1; this then dissolved in cold water 

giving a little more Si02. 	The precipitate was washed 

with hot water, ignited in a silica crucible and weighed. 

The filtrate was treated as below: 

(1) Conc. HCl was added to filtrate. 

(2) 1:1 NH3  soln was added to the boiling soln until 

it was just alkaline to methyl red. 
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(3) The precipitate was filtered and washed with hot 2% 

soln and ignited in a pl.atinum crucible and 

weighed. 	This gave. the A1200). 

For alkali metals the percentage of each was obtained from 

the weight of the residue of the filtrates from the 

previous steps after igniting the filtrate. 

CaX was analysed in the same way as the alkali 

metals for the percentages of A1203  and Si02. 	The 

amount of Ca++ present was determined by ppt.'from the 

residue as calcium oxalate. It was then dried at 110°C 

and weighed as the monohydrate. 

Radioactive Tracer Method: 

Solutions were made up of known concentrations 

of SrC120  BaC12, and Csel which were rendered radioactive 

by the addition of negligible weights of radioactive 

1 	- 	\ isotopes (Sre5  Sr89  Ba4o  us owl  ) which gave the solution 

a count of ,N)20,000 perkilosecond. 	15 ml. of solution 

were then equilibrated with a known quantity of zeolite, 

placed in a sealed tube on a rotator and allowed to come 
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to equilibrium for three days; the amount of zeolite 

was that calculated to reduce the count by approximately 

half. The zeolite was then removed from the equilibrated 

solution by centrifuging and then extent of exchange 

established as below. 

2.10.2. 	Calculation of Percent Exchange  

The water content of each form .iLs first of 

all determined by igniting some of the sample. The 

amount of anhydrous material equilibrating with the 

solution As then established from a knowledge of the 
c  at  Cc it 

weight of hydrated sample. 	The amount of 41.,94-1.1t4 present 

in the crystal is obtained from the following formula: 

decrease activity (count/sec)  
c - equilibrium activity (count/sec) 

where m is the amount of the ion in the crystal, and c 

is the total amount of the ion in the solution, which 

stays constant and is equal to the concentration of the 

solution as made up. 	A correction was applied to this 

to allow for the dead time of the instrument using the 

standard formula 

N -N  T 	1 - NT1- 

where ris the dead time of the instrument in micro- 
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minutes and NT and N are the true and observed number 

of counts per minute. 	The correction introduces very 

little change in the calculated percentage of ion 

exchange. 	Knowing the Si02/A1203  ratio the percentage 

of exchange is easily obtained from successive approx-

imations. 

2.11. 	Experimental Procedure  

Isotherms were obtained at temperatIres between 

290° and 100')C, starting at the highest temperature in 

each case. 	Pressure control is obtained easily; the 

ammonia is stored as a solid, frozen in cold traps cooled 

with liquid oxygen. To increase the pressure this is 

allowed to melt and a slow pressure increase results. 

To decrease the pressure the ammonia is frozen out, the 

rate being controlled by taps. 	In between isotherms, 

the sorption balance was left open to the cold trap, which 

resulted in a negligible gas pressure, indicating that no 

permanent gases had formed. 

Accuracy of isotherms: 

For each point on the isotherm there are three 

measurements to be made: 
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1, 	temperature - this is accurate to T.2°C ,0:025% 

2. weight sorbed - this is accurate to T.2 to .4 g. 
according to temperature 

3. pressure - this is accurate to T.005 cm. 

1. 	The temperature was set for each isotherm by 

setting the Variac controlling the main heating current 
0 

so that a temperature ,N,20 C below the desired temperature 

was obtained from this alone. The auxiliary heating 

current, controlled by the Roberts controller, supplied 

the rest of the heating. 	A plot of Variac Voltage v. 

temperature was obtained and used to predict settings of 

the Variac thereafter. It was found that the temperature 

drifts with the room temperature; this is corrected by 

altering the decade box on the Roberts controller to 

maintain the temperature steady. 	(The drift was not 

serious - r,J1.20C over a day). 	The temperature was 

found to be reproducible and could be measured accurately. 

Errors in the temperature measurement could 

also be caused by strong temperature gradients in the 

furnace; the temperature would then be quite reproducible 

but would not be accurately measurable. A separate 

experiment was carried out to determine the importance 

of possible temperature gradients, using a chromeValunal 

thermocouple to measure the temperature at a series of 

points throughout the furnace. These measurements showed 
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a maximum variation of 30-35°C over the length, 90 cm., 

of the furnace. The temperature reading obtained was 

an average over the length of the thermometer and is 

probably within 1°C of the temperature of the bucket;. 

the constancy of the temperature would be much better, 

constant to 

2. Weight sorbed: 

This was measured by the extension of the 

calibrated spring. Corrections for the buoyancy of the 

spring and bucket were found to be negligible and accord-

ingly were not made. 

3. The pressure measurment has three possible 

corrections: 

(a) change of density of mercury with temperature; 

(b) expansion of cathetometer scale with temperature; 

(c) meniscus depression. 

The first two are very slight and the corrections were 

not made. The third is also very small and was made 

using the tables of Gould and Vickers (104)for tubes 1 cm. 

in diameter. 	The maximum correction was -.J.02 cm, and 

this at high pressure (,050 cm.). 	In addition this 

assumes: 

(a) clean contact between the glass and mercury; 

(b) the surface tension is the same on both sides of 

the manometer. 
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The variation of these factors introduce 

error into the pressure measurement only, as the assoc-

iated error, in the amount sorbed is always very much 

less than the error due to the spring reading. 

In conclusion the main error is in the cali-

bration of the spring and ttlet the results depend on 

the accuracy of this calibration., and on the accuracy 

of the temperature measurement. 

2.12. 	Volumetric Apparatus  

2.12.1. 

The system was as shown in figure 16. It 

consisted essentially of a sorption bulb (10) with some 

sorbent in it, attached to calibrated volumes (specified 

below). 	These, in conjunction with the pressure, read 

on the manometer (8) using a cathetometer, enable the 

mass of the gas in the gas phase to be determined if the 

ideal gas laws are assumed. The amount .sorbed can be 

determined as the difference between the tota1amount 

admitted (measured in a volume from which the sorbent is 

isolated) and the amount of gas in the gas phase when in 

equilibrium with the sorbent. The temperature of the 

sorbent must be known; its measurement and control are 

discussed in a later section. 
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Figure 16 Volumetric System 
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2,12,2, 	Calibration of Volumes 

There were four volumes to be determined: 

The volumes between the marks on the capillaries 

of the gas burette, 

The doser volume, delimited by T,T273 T,_and 14, 

The doser volume plusthe volume of the sorbent 

attachment, delimited by T,T,T514 and 10, 

The volume between 10 aid 12, a mark on the sorbent 

vessel, Volumes (1) and (4) were obtained by filling 

them with mercury before attaching them to their 

respective systems, and then weighing the mercury; an 

average of three readings was taken for each volume, 

A correction was made fdr the temperature of the gas 

in volume (4)..i  in actual experiments,' 

The other two volumes were obtained using 

helium, assuming the ideal gas laws, by measuring the 

pressures with the various bulbstf the _burette access- 

ible to helium, In fact the volumes were not measured 

to the mark 14 on the manometer. The cross-sectional 

area of the manometer tube was found by weighing the 

mercury required to fill a known length of the tube, cut 

off before joining the manometer tol the rest of the system, 

This was then used to calculate the volume occupied by 

the . gas 	at the equilibrium pressure between the meniscus 

and the mark, It is probably more accurate to obtain all 
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the volumes by weighing the mercury required to fill them; 

however the helium calibration was found to be accurate 
and use 

to .5%. 	Details of the calibration/bay be found in (85) 

Temperature control and measurement: 

Temperature control was obtained using a 5-litre 

Dewar vessel as a water thermostat. 	The temperature 

control was obtained using a Sunvic T.S.7 bimetallic 

strip in conjunction with a 500-watt Robertson heating 

lamp, 	Temperature control was better than .1°C. 	The 

water was stirred vigorously to eliminate temperature 

gradients, and a constant level head device kept the water 

level constant (see 15 in figure 16)in the thermostat. 

Temperature measurement was made with a mercury in glass 

thermometer which was calibrated against a platinum 

resistance thermometer in the actual water thermostat. 

2.12.3. 	Accuracy of the Volumetric Isotherms  

The quantities to be determined in order to 

establish the isotherms accurately in the volumetric 

system are: 

(1) The volumes of the burette bulbs, the doser volume 

and the sorbent bulb attachment and the diameter of 

the manometer tube. 

(2) The pressure, initial and equilibrium. 

(3) The temperature. 



I-  Volume in c. c. 
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Doser I 3ulb 1 Balt, 2' Bulb 5 
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The volumes v'ere determined with the following 

inaccuri,%cics: 

Gaa burettei negligible. 

(s), Doser Volume to the mar]: on the manometer +.3c. c. 

8, of the dozer volume. 

(3) Doser Tolume plus volume of sorbent bulb attachment 

In practice gas was admitted and re:loved with the gas 

bilatette available to the gas, the error thus being 

reduced to .21,:;. The pressures were read on a cathe-

tometer and were accurate to .005 cm.; corrections were 

applied for the unerual menisci depressions, there 

necessary)using the tables of Vickers and Gould. 

Finally it should be noted that the errors 

made in this system are cumulative, thug the later 

readings may be in substantial error; it is in order to 

minimise this that the maximum volume possible is made 

available to the gas on admission. The ideal gas laws 

are assumed throughout, which a brief e:. periment shored 

to be a good 'approximation, accurate to 	. 
the 

The sizes of /volumes are shown in table 3. 

_ABLL 3. 
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3.1 RESULTS  

Isotherms were obtained at intervals of 20°C 

or 30°C between 100°C and 290°C for ammonia sorbed on 

each of the nine forms examined (LiX, NaX, KX, RbX, 

CsX, COX, SrX, BaX, CoX) using the McBain balance; in 

addition isotherms were obtained for ammonia on NaX 

between 0°C and 70°C using the volumetric apparatus. 

There was a small difference in the isotherms obtained 

for NaX from the two experimental systems; this 

difference will be discussed in a later section. 

Accurate, reversible isotherms were obtained in all 

cases except for sorption on CoX which showed hysteresis; 

hence the CoX data are excluded from comparison and will 

be discussed separately in a later section. Equilibrium 

was established quickly and readily, most of the ammonia 

being sorbed within minutes of exposing it to the crystal, 

followed by a slow process accounting for 	of the 

sorption; equilibrium was fully established within an 

hour. Between an hour and an half and two hours was 

allowed between readings. The accuracy of the isotherms 

has been discussed previously. Examples of the families 

of isotherms obtained for NaX, CsX and SrX are shown in 

graphs 1, 2 and 3; these and all the others are all 

type 1 (of Bruna 
	

's classification) which thus excludes 

multilayer formation. Layers have no obvious meaning in 
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such intracrystalline sorption. 

In section 3.1 - 3.3 quantities which can be 

obtained without reference to any reasoning other than 

general thermodynamic arguments will be the only ones 

to be discussed; in section 3.4.1 an attempt'is 

made to interpret changes in the properties of the 

sorbent in terms of a statistical model. 	In section 

4.1 methods of obtaining values for the saturation 

capacities and thermal expansion of ammonia sorbed in 

the various crystals will be discussed. An attempt 

to interpret the data in terms of statistical mechanical 

models for the sorbate will be made in section 5.1-3; 

this involves specific assumptions concerning the 

sorbent as well as sorbate. Though partial molar 

quantities are used in the discussion they do not arise 

from solution thermodynamics as such because in assuming 

that the sorbent is unperturbed the so-called 'solution' 

thermodynamics is now reduced to 'adsorption' thermo-

dynamics. 

3.1.2. 	Percent Ion Exchange  

The percentage of ion exchange was determined 

by gravimetric analysis in the cases of NaX, LiX, KX, 

RbX and CaX; in the cases of CsX, SrX and BaX it was 

determined using a radioactive tracer technique. 	The 
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extent of exchange in each case is shown in Table 4 in 

which the accuracy of the determinations is also 

indicated. 

TABLE 4 

% Cation % Na 
Estimated 

error 

Method 
of 

analysis 

% H2O 
hydrated 
sample 

LiX 

NaX 

KX 

RbX 

CsX 

CaX 

SrX 

BaX 

100% 

100% 

100% 

Op% 

57% 

98% 

96% 

66% 

- 

- 

- 

405 

43% 

2% 

4% 

34% 

-1- 	2% 

2% 

3%  

T 3% 

+ 2% 

+ 3% 

+ 3$ 

gray. 

tf  

It 

IT 

radio-
active 

gray. 
radio- 
active 

radio- 
active 

28.4 

26.4 

23.4 

20.6 

18.1 

28.6 

26.1 

22.8 

The forms containing Rb and Cs and Ba might 

more accurately be referred to as RbNaX etc.; for 

convenience they will be referred to as RbX etc. but 

this should not be understood to imply complete exchange. 

All the data are expressed in terms of amount 

sorbed per N unit cells unless otherwise stated (N unit 

cells is the number of unit cells per gram of anhydrous 
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NaX). 	In order to express readings on other zeolites 

in these terms it is necessary to know the extent of 

ion exchange and the percentage of Al and Si in the 

faujasite. 	Once these are known conversion factors 

are easily obtained, which are listed in Appendix 2. 

3.2. 	Thermodynamic Properties of Sorbate  

3.2.1. 	Isosteric Heats  

Isosteric heats were determined for NH3  on all 

forms of faujasite which were examined, except for CoX 

where there was irreversible sorption. 	The heats were 

obtained from plots of the experimental data in the form 

in p versus x at each temperature, using the integrated 

Clausius Clapeyron equation: 

1. 	/en P1/P2 
S 	 ) 

4.60 T1 

This was used to obtain the isosteric heat from pairs of 

isotherms, the result being averaged over all combinations 

of pairs for a given amount sorbed. This method is 

thought to be more accurate than plots of ,,n p v y at 
constant amount sorbed, and also indicates the average 

deviation in the heats. 	There appeared, in most cases, 

to be some evidence of a temperature coefficient but as 

it was within the experimental error nothing can be said 

T2 



of it. The average deviation in each case was <3%, 
the maximum error being _.‹,5%, i.e. ,,, .5 Kcal/g.mole. 

The results are shown in graph 4 for forms 

of faujasite containing monovalent ions and in graph 

5 for faujasites containing divalent ions. 	In each 

case the isosteric heat is plotted in Kcal/g.mole as 

functions of amount sorbed, measured in mg/N no. of 

unit cells. Alternative plots in terms of 9 at 100°C 

or 110°C are shown in graphs 6 and 7. 	The heats 

obtained from the volumetric data are not as accurate 

as those obtained frel:-. the gravimetric system as in 

most cases they were evaluated from only three isotherms. 

The integral as distinct from the differential 

heat of sorption may be compared to the latent heat of 

evaporation. The integral heat may be obtained by 

graphical integration of curves of the isosteric heat 

vs. amount sorbed from zero to the total coverage 

measured; an extrapolation of the isosteric heats to 

zero coverage is required for this integration to be 

carried out. Alternatively the integral heat may be 

derived at constant Vor 0). Other things being 

equal, the integral heat should be between one and two 

times the latent heat of vaporization, because a liquid 

regains about half the heat required to remove one mole-

cule by the collapse of the hole made by the removal of 
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one molecule. This assumes that the type of forces 

responsible for the interaction energy in the sorbed 

and liquid states are the same. The integral heat 

of sorption corresponds to taking all the clusters 

of molecules from the sorbate into the gas phase and 

dispersing them therein. The values of the integral 

heats for NaX and SrX are shown in graph 8 for 

various coverages. 	In each case the values for two 

estimates of the initial heats are shown; the final 

value of the integral heat is not very dependent on 

this choice. 	These then are lower limits to the 

integral heats as the initial heats probably rise 

above the values chosen. 

It is seen that the heats are very much 

higher than twice the latent heat and this may be 

interpreted to mean that there are substantial forces 

present in the crystal which have no counterpart in 

the liquid. 	Hirschfelder et al (87) apportion the 

energy of cohesion between two isolated ammonia 

molecules as follows: 

Dispersion: 	 49.7% 
Electrostatic: 1. Dipole/Dipole 45.0% 

2. Polarisation 	5.3% 

In the liquid the reaction field will increase the 

contribution from the electrostatic components. 



e LiX 
z Na X 
9 K X 
9R bX 
(CsX 

16- 
kcql./g.mo 

14- 
".... 

.-.. 

12- 

1•• 

113 

GRAPH 4: cis ' x/ N unit cells 

,.,..,..,.  
mgm.rN unit cells 100 

- GRAPH 4a:Volumetric Data 
NaX 

••• 

  

12- 

  

   

10.  

kcal/g.mol. 

I 120 	I  150 I t  180 
mgm/N units cells 



114 

)C) 

-2 	-4 9 -6 	-8 

21- GRAPH5 cyx/N untcells 

kcal/g. mol. 
SrX 

17- 

13- 

40 mgm/N 80 unit ce11120 
_ GRAPH6 cisty 

-0- LiX(110°  
6 NaX(10 
9 KX, 
• Cs A 
9- RbX If 



20- 
kcal.-/ 
gmal. 

cist - 
Rm. 

15- 
III 

NM 

2&- 

kcalygmol. 

NaX 
two 

15- 
_Initial 

ci5t.:(1) 21 kcal. 
. 	cla 23 .. 

(3) tB 
i 	pi.) 17 u  

Lv= 5.5 Kccd.h.i7)ol ;  .... 	II, 	i 	1  

115 
GRAPH7 cis ,/19 Divalent Ions 

at110°C 

oCaX 
9 SrX 
4• BaX 

I 

GRAPH 8: Inte's al Heats 

30 	x/N 70 	110 
unit cells 



116. 

In view of the ionic nature of the crystal, 

and the likelihood of strong electric fields being 

associated with this, one may tentatively ascribe the 

high heat of sorption to increased electrostatic inter-

action above that encountered in the liquid. This 

view is further supported by the substantial difference 

in the integral heats of ammonia on NaX and SrX, where 

much more intense fields are likely' to occur. 

3.2.2. 	Influence of the Cations 

It is evident from the plots of AH,v x that 

the cation influences the heats quite markedly at low 

coverages. At higher coverages the isosteric heats 

for all forms appear to converge towards values which 

may be the same to within about ±1 Kcal. The variation 

with coverage for NH3  on the monovalent ion forms 

decreases with increase in the size of the ion present 

so that CsX is almost homogeneous while LiX is extremely 

heterogeneous. An attempt to explain this in terms of 

intermolecular forces will be made in a later section. 

As may be seen in graph 6, at higher coverages 

the situation is more complex with the curves of 

AH1 vs x for the various forms sometimes crossing each 

other. There does not appear to be any simple explan-

ation of this. One might expect the electrostatic 
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forces to predominate at the lowest coverages and that 

in this region the forms with the smallest cations would 

have the highest heats, as is found experimentally in 

nearly all cases, while at higher coverages, where 

dispersion energies would be important, that the forms 

with the largest cations would have higher heats. Hence 

some intersection of the plots of Alli vs x is to be 

expected. 

However there are exceptions to this picture. 

The NaX plot lies above the KX plot for all coverages. 

Also the plots for the divalent ions Ca, Sr and Ba show 

that CaX lies below the other two for most of the cover-

age examined. The isosteric heats of NH3  on SrX exceed 

those on the BaX and CaX, though the curve of Alli vs x 

appears to be intersecting that for CaX at the lowest 

coverages. All three forms are strongly heterogeneous, 

the isosteric heat falling continuously from r,i20 Kcal/ 

mole at e = .2 to ,\)13 Kcal/mole at 6 = .6. 

3.3.1. 	Entropy of the Sorbed Phase  

The differential molar entropies for ammonia 

sorbed on the various forms of faujasite were obtained 

from the isosteric heats, using the formula 

Po '1st 1. 	= ig;T R  

all entronies are ouoted in cal.bnol.deg.(e.u.) 
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where p is in cm. of Hg and qst  is in calories per g.mole. 

The entropy of gaseous ammonia at 1 atmosphere and any 

required temperature was obtained using the formula given 

by Spencer for the heat capacity of ammonia (21). 

The differential molar entropies were obtained 

for the /arious forms of faujasite which were examined 

and are shown as full lines in graphs 9, 10, 11, 12 and 

13 for monovalent ion forms at various temperatures. 

di  for the divalent ion forms is shown in graphs 14, 15 

and 16, also at various temperatures. 	The dotted 

sections are discussed in the next section. 

Half Standard Entropy of Sorption 

This is not the differential entropy of the 

sorbed phase but is the difference in entropy between 

that of the ammonia in a standard state in the gas phase 

(chosen as 1 atm. pressure) and in equilibrium in the 

crystal. 	This entropy, AS°, is shown in Table 5 for 

NaX, CaX and CsX and as can be seen from the table for a 

given amount sorbed AS°  is independent of temperature. 

This was found to be true quite generally and has been 

shown by Barrer and Sutherland (46) to have the follow-

ing basis: 

2. 	Aµ7 = AH° - TAW)! . 



TABLE 5 

CaX I290°C 260°C 230°C 200°C 170°C 140°C 110°C 

x = 60 mgm/gm 

S° 
-g 49.79 49.42 49.03 48.63 48.22 47.79 47.35 
Si  21.32 20.99 20.56 20.18 
AS° 28.47 28.43 28.47 28.45 

x = 80 mgm/gm 

Ni  21.42 20.99 20.62 20.23 19.75 
AS° 27.61 27.64 27.60 27.56 27.6 

x = 100 mgm/gm 

Si  20.18 19.66 19.23 18.89 
Aso 28.45 28.56 28.56 28.46 

CsX 230°C 200°C 180°C 160°C 140°C 120°C 100°C 

x = 30 mgm/gm 

Si  27.21 26.98 26.47 25.97 25.76 25.65 
Aso 21.82 21.65 21.88 22.11 22.03 21.85 

x = 50 mgm/gm 
. 21.07 20.81 20.48 20.35 

Aso 27.01 26.98 27.02 26.85 

NaX 290°C 260°C 230°C 200°C 180°C 160°C 140°C 

x = 40 mgm/gm 
L.  25.64 25.9 24.80 24.33 24.13 23.93 
AS° 24.15 24.52 24.23 24.30 24.22 , 24.15 

x = 80 mgm/gm 
Si  23.22 22.73 22.42 22.12 21.84 
AS°  25.81 125.90 25.93 25.96 25.95 
x = 100 mgm/gm 
Si. 20.69 20.38 20.08 
Aso 27.39 27.41 27.42 
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3. But (a) Aµq = RT,tn P/p0, and (b) AH° = AH 

for an ideal gas. On rearranging (2) 

4. 0° 
	

1-11-11+ RLn pipo 

Differentiating this w.r.t. T for a constant amount 

sorbed the R.H.S. is identically zero, because of the 

Clausius Clapeyron equation for the isosteric heat of 

sorption. 

This relationship may therefore be used to 

obtain the differential entropy of the sorbate at any 

temperature once the half standard entropy of sorption 

and the entropy of the gas in a standard state in the 

gas phase at that temperature are known since 

5. AS° = §0T _ 

Si  values have been obtained in this way and are plotted 

in the dotted portions of graphs 9 - 16. Further, if 
the heat is assumed to be independent of temperature 

the pressure may be calculated for the particular amount 

sorbed whose entropy is known. This latter use of the 

relationship is the same as extrapolating the itin p vs .36-

plot and hence is lesE'gn using the relationship to 

obtain the differential molar entropy at any temperature, 

though the error is within that of the experiment. 

As may be seen from figures 9 and 13 the 
differential molar entropy of ammonia on the energetically 
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heterogeneous monovalent ion forms of faujasite (i.e. 

NaX, LiX) passes through a maximum at an intermediate 

coverage and then decreases with coverage. The partial 

molar entropy of NH3  on the more homogeneous forms (i.e. 

KX, RbX, CsX) does not pass through a maximum (see graphs 

10, 11 for KX and CsX) but decreases continually with 

increasing coverage. The partial molar entropy of 

ammonia on LiX is anomalous in that it shows a minimum 

as well as a maximum. The differential entropy of 

ammonia on the divalent ion forms also shows the 

maximum, followed by a decrease with increasing cover-

age, though the entropy on SrX appears to have two 

maxima (see graph 15). 

3.3.2. 	Comparison with Entropy of Liquid Ammonia  

The integral molar entropy may be obtained 

from plots of S1  vs. amount sorbed by use of the relation- 

ship 

ry 	1 

S1 	 -didn 
ni-n2  

n2  

The integral molar entropy has been obtained for ammonia 

on several of the sorbents at several temperatures using 

this equation performing the integration graphically. 

The results are listed in Table 6. 

jni 
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In comparing these quantities it should be noted that 

they were not all obtained in 'corresponding states'. 

In order to do this they should all be obtained at the 

same e and for comparison with the entropy of liquid 

it would be best to obtain this for e = .5, where any 
configurational term (or the translational tern) would 

be a minimum or at least more comparable for the several 

forms. This is net the case in Table 6 where the 

entropy has been obtained between these amounts sorbed 

indicated. 	The quantities listed in Table 6 are not 

the 'integral' quantities of adsorption thermodynamics 

which would require an extrapolation of L. to zero x; 

however this should not alter the final result very 

much, as was also the case when obtaining the integral 

heats. 	On the more homogeneous faujasites (CsX, RbX, 

KX) the extrapolation of Si  to zero coverage would cause 

some increase in L. but in these cases the extrapolations 

are for very small ranges of x. For the heterogeneous 

forms (NaX, CaX, BaX, SrX) S1  is decreasing at low 

coverages and extrapolation to zero would decrease S. 

The integral molar entropies of ammonia at 

100° or 110° in the various sorbents are all smaller 

than the entropy of the liquid at the sane temperatures. 

The entropies of the liquid and of the sorbate are made 

up of configurational, vibrational, librational 
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rotational and interaction terms, In the crystal the 

configurational term would probably be greater as the 

density is smaller; however the interaction energy term 

would be smaller in the sorbed phase, The smaller 

entropy of the sorbed phase is what would be expected 

if there are permtnent electric fields in the crystal 

which would tend to orientate a dipole. In view of 

this it is to be expected that the divalent forms, 

possessing the stronger fields, would cause the entropy 

of ammonia to be smaller in those systems, as is 

actually the case, The difference between the integral 

molar entropies of liauid ammonia and of ammonia sorbed 

in icax at 100°C, between the coverages indicated in 

Table 6 is 2,7e,u, while in the divalent forms the 

differences arc between 4,00,u, (for BaX) and 5.2 (for 

SrX) at 110°C, In KX the integral molar entropy is 

slightly larger than the entropy of the liquid at 100°C, 

by ,5c,u, The integral molar entropy of ammonia 

in CsX is very close to that of ammonia in NaX at 

all temperatures examined, which may partly be accounted 

for by the fact that CsX is only 57 exchanged, 



TABLE 6
IV'

81 (e.u.)

LiX NaX EX CsX caX SrX BaX SL TOC

2l.39 24.62 2l.76 '24. ~)'1 loooe

23.13 19.7l l8.92 20.28 S4023 llooe

24.23 22.81 26.ll 23.03 20.99 2l.34 2l.57 200°C

25.47 23.99 27.32 24.20 22.15 22.54 22.35 290°C

n:a 27 20 lO lO 40 40 4-0 f<lf;m/,'J " un I t- ----
n1. llO liO lOO 90 llO 135 l..lQ cells
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3.4. 	Thermodynamic Properties of the Sorbents  

36411141 Free Energy Changes of the Sorbent  

  

The thermodynamic properties of the sorbents may 

be obtained from the Isotherm data via the argument out-

lined in section 1.3.1.2. This leads to the following 

equation for 41.1.2  in which the molar unit of the sorbent, 

following Barrer (32), will be taken to be 192  part of a 

unit cell. 

1. A112 
RTM VP — m dP . 

This assumes that the gaseous sorbate behaves as an ideal 

gas and that the sorbent does not swell on sorption; 

the latter assumption is not important as the second 

term in equation (1) is much larger than the first at 

all times. The integration may be carried out graph- 

ically. Because x/ becomes very large for small p, 

it is necessary to choose a reference standard state 

other than the empty sorbent. 	The Chosen state was 

one in which the sorbent contained s m N unit cells 

for the three forms (LiXo  lap  SrX) which were examined. 

Equation (1) now reads: 

,T2 
2. 	A112 = 112-4 = V 	2 (P -1)1 	p 

) - iznix „ 
--- U-E "11  
Pi  

s = 63.3 mgmAT unit cells. 
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where P1  is the equilibrium P at s mgm/N unit cells. At 

the lowest temperatures it was necessary, in one or two 

instances, to obtain the equilibrium pressure for s mgm/ 

sorbed per N unit cells from the relationship outlined 

in section 3.3.1 using the temperature invariance of AS° 

and assuming 611 to be independent of temperature. 	This 

is an approximate procedure, but the error involved in 

it should be within the experimental error. The contri- 

bution to the total integral of 	2-c- dp from those parts 
P 

of the integral which involve temperature extrapolated 

values of p is small at the coverages for which the 

integrals were obtained and which are shown in graphs 

17, 19, 21, except for one or two of the lowest coverages. 

The results are shown in graphs 17, 19 and 21, showing 

that the changes are small in all cases and are never 

more than two kilocalories. 

The partial molar entropy of the sorbent may 

be obtained from the following standard relationship: 

3.   = -.632  
-6T 

Plotting A4 against T, the slope is ASL Plots are 

shown of A1.4 against the temperature in graphs 18, 20 

and 22, which show the slopes to be very small; the 

determination of the entropy of the sorbent by this 

method is too inaccurate to be worth evaluating. 
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3.4.2. 	Enthalpy Changes of the Sorbent  

The enthalpy change of the sorbent may be 

obtained via the Gibbs Helmholtz relationship, 

-6, (p2-14)  
a(i) 

s  by plotting 	against 1. 
T' 

R2 - inAH2 
-s 

the slope of this plot is 

the enthalpy change, assuming that this is independent 

of temperature. The results are shown in graphs 24,25 

which show that in the two cases examined (KX, SrX) the 

changes are not very large and are positive in sign, 

that is the opposite to the change in enthalpy of the 

sorbate. 

3.4.3. 	Interpretation of Changes in Sorbent  

In order to discuss changes in the thermo-

dynamic properties if the sorbents further it is 

necessary to give a molecular interpretation to these 

changes; to do this the statistical thermodynamic treat- 

ment developed for clathrates (88) will be used. 	The 

situation of guest molecules in clathrates is not exactly 

analogous to the situation of guest molecules in faujasite. 

In the former case one, and only one, guest molecule 

occupies, and is localised in, one cavity. 	These 
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cavities are then sites of an ideal Langmuir type. 

Making the usual assumptions for Langmuir type sorption 

which are probably very accurate in this case, the change 

in chemical potential in going from the empty sorbent 

to the equilibrium state, for inclusion of guest mole-

cules in sites (cavities) of one type only, 

lo 	A112 = 112 = 	0 bn(1-0) 

where . n is the ratio of the number of structural units 

to that of cavities (sites) (e is here the fraction of 

cavities occupied). 

The sorption of ammonia is assumed tc be confined 

to the supercages in faujasite, where not one but a 

clusier of ammonia molecules may be sorbed and may have 

contact with clusters in neighbouring cavities. How- 

ever if the volumes of the faujasite cavities can be 

arbitrarily divided into sites for one guest molecule 

only, then the same treatment can be applied to sorption 

in faujasite; it should be noted that in doing this 

molecular interactions between the sorbate molecules 

are ignored, which is very reasonable for the clathrate 

systems but is probably not realistic for sorption in 

faujasite. 

The change in chemical potential of the sorbent 

in going from the pure sorbent to the equilibrium state 

is now given by 
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neat RTA  o / nk1-70 
24 

where m 	; nsat = no. of molecules sorbed per 

cage at saturation. nsat  is taken to vary with temper-

ature and need not be a whole number; the temperature 

variation of nsat  violates one of the original Langmuir 

assumptions. Following from equation (2) a plot of 

against 8 should yield a universal curve Tnsat 

independent of the sorbent. As4µ1 was not obtainable)  

Au@ plots of 	against 8 were obtained and are shown 
TIAsat 

in graphs 25 and 26 for SrX and XX from which at once 

it is obvious that this model will not hold for sorption 

of ammonia on SrX and KX. In fact for A4 the change 

in chemical potential of the sorbent is given by 

n2 RTUTI(1-8) -fin(1-9s)) 

where 8s is the value of 8 at s mgm/N unit cells, 

which will be temperature dependent because the satur-

ation values are. However the variation of e
s with 

temperature is not very large (e.g. for SrX between 

20000 and 11000 it varies from .3891 to .2916, a change 

of .100 or of log .13). 	Another possible cause of the 

discrepancy could be that sorption is occurring in the 

sodalite cages as well as the supercages; the 

2. 	Ap32.  
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calculation of the change in chemical potential of the 

sorbent would then be given by a different expression, 

involving separately the degree of filling in both 

types of cages, quantities which could not be obtained 

from the experimental data. 

Finally one should note that these changes in 

the thermodynamic properties of the sorbent cannot be 

related directly with perturbations of the sorbent; 

all that may be said is that any changes which require 

much energy cannot occur', if the changes in the thermo—

dynamic properties are small. 
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441. 	Thermal Expansion of the Sorbate at Constant £ 

As was shown in section 1.3.3the thermal 

expansion of the sorbed fluid at constant enear satur-

ation is given 

2- --.(!Lc) 	
1 
- 1(21Z) 

x ZIT € 	V 	6 

where e is the free energy change on sorption in going 

from the liquid to the sorbate, i.e. e = RT,en 
P
-222' 

where pv.2.  is the saturated vapour pressure of the 

liquid at that temperature. Hence this relationship 

can only be used at temperatures below the critical, 

which effectively confines discussion to the volumetric 

data obtained for ammonia on NaX in the temperature 

range 0°-70°C. The equilibrium pressures for various 

arbitrary free energy changes were calculated at the 

various temperatures; from the amount sorbed at these 

equilibrium pressures the coefficient of thermal 

expansion was calculated, equating (-46-pEd  with (ciPe  

The results are shown in Table 7 as ac  

where the coefficient of expansion of the bulk liquid, 

aL, is also shown for the various temperatures. The 

values of a fluctuate considerably, as would be 

expected since the determination of ae  involves Ax, 

a small quantity which cannot be obtained with accuracy. 
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In general ac  is smaller than al,  by about a third; 

this is similar to results obtained for the hydrocarbons 

and fluorohydrocarbons in faujasite (8,9), though in the 

latter two cases ac  approaches al,  more closely. 

TABLE 7 
0 at constant E 

Kcal./g. 
mole 0°C 30°C 50°C 70°C 

x at 
e = 4000 153.9 144.9 138.1 135.4 
me4  

x at 

.0016 .0025 .0012 

C = 3500 166.3 157 149.7 144.4 
a,

3 5 ••••  

x at 

.0012 .0026 .0018 

C = 3000 187 173.4 165 155 

ac3  .0027 .0026 .0017 

aL .0025 .0030 .0036 

x =mgm./gm. sorbent. 
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4.2. 	Saturation Values  

For the temperature range in these studies it 

was not possible to obtain an experimental value for the 

saturation capacities of NH3  on the crystals. 	Three 

methods were used to estimate these quantities: 

(1) the limiting slopes of P/x  v. p plots, or by assum-

ing the sorbate has the same co-volume as the liquid 

and calculating the intracrystalline volume from 

(2) the dimensions of the sorbent 

(3) the volume of liquid water, equated with the water 

content of the crystal. 

All values quoted in this section are in terms of 

mgm/gm. of outgassed sorbent. 

The plots of P/x  v. p were in general curves; 

the apparent saturation values, xs, obtained from the 

limiting slopes are shown in graph 28, cases of ‘.58 

being ignored. 	If the data obey, Langmuir's isotherm, 

this method has some theoretical significance; other-

wise the plots are empirical. xs, in nearly all cases, 

shows a good linear relationship with the temperature 

from which as, the coefficient of thermal expansion, may 

be obtained. 	In general as  is very close to al,  of the 

liquid (table 9) at temperatures below the critical. 

Sorption of NH3  on NaX will now be discussed in some 
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detail as data was obtained for it from 0°C to 290°C 

employing a volumetric system from 0-70°C and the NcBain 

balance between 100-290°C. 

xs for NaX at all the temperatures examined 

are shown in graph 27 from which it is obvious that there 

is a discrepancy between the results from the two methods 

of measurement. However, it is not great, being ,,5 

mgi/N unit cells, which is approximately 3%, the size 

of the experimental error and not therefore of great 

significance. 	as was obtained at various temperatures 

from the slopes of the lines in graph 27 and these are 

tabulated in table 8; as from the two sets of data are 

very similar to one another and to 

The results calculated from the co-volume of 

liquid NH3  and the calculated volume of the super cages 

only are shown in table 8 where the values obtained 

assuming sorption occurs in the sodalite cages too are 

also shown. 	The latter case is seen to be in quite 

good agreement with the previous method for obtaining 

xs at temperatures not too close to the critical temper-

ature. The results calculated on equating the intra-

crystalline free volume with the volume of liquid water 

in the hydrated crystal are shown in table 8 and graph 27 

and agree quite well with those calculated assuming 

sorption in the sodalite cages and supercages. All 
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the saturation capacities based on the co-volUme of 

liquid NH3  give values which are too low for temperatures 

dlose to the critical since the law of rectilinear 

diameters resifts in a rapid decreabe in the density 

of the liquid as the critical temperature is apprOadhedi 

a Comparable decrease is not to be expected in the sorbed 

phase on approaching the three dimensional critical 

temperature: 

The data seems to point to sorption occurring 

in the sodalite dageth and a sample of sodalite was 

exposed to NH3  to see whether sodalite was adcessible 

to NH3. No sorption occurred in two days at room 

temperature but on heating the sample to r,J130°C a 

considerable quantity (rO2O mgm/gm. anhydrous sodalite) 

was sorbed, equilibrium being established finally after 

ry 5-6 hours. There are differences between the soda-

lite cages in faujasite and those in a sodalite crystal. 

The former, being surrounded by wide channels, are all 

immediately accessible to a sorbate whereas in soda-

lite itself, diffusion through a succession of cages is 

necessary for a molecule to penetrate to the interior 

cages. Also in sodalite not all the 6 rings are blocked 

by Na ions, which is the case in faujasite. 	If NH3  does 

enter the sodalite cages then this implies cationic move-

ments inside the crystal as a result of sorption. 
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for  
The xs  /various crystals show no simple relation 

to the water content which is not to be expected as 

Bratt (103) showed that water has different molar volumes 

in the various crystals; equating the intracrystalline 

volume with the water content is therefore an approxim- 

ation. 	There is also some intersection of x
s v. T plots 

for the various forms (e.g. SrX, with CaX, LiX) but in 

general the data is consistent with a picture of a fluid 

filling a container as has previously been found by 

Barrer and Reucroft for SF6  and CF4  in NaX (8) and Barrer 

et al (9), for hydrocarbons in 	Though the methods 

of obtaining the saturation capacities Mtenot entirely 

satisfactory, it is not unreasonable to suppose that the 

values estimated are accurate to ,45%. 

TABLE 8 

T°C xs as aL xs
5E xs 71 xa 

0°C 238 .0029 .0025 190 217 229 
30°C 219 .0031 .0030 177 203 214 
50°C 201 .0031 .0036 167 192 202 
70°C 188 .0036 ,0039 156 179 188 

100°C 174 .0038 '000 136 156 164 
120°C 164 .0038 115 131 138 
140°C 150 .0044 
160°C 137 .0048 
180°C 120 .0055 

I supercages.  only. 	71  supercages + sodalite cages. 
from water content. 



TABLE 9

110 0C 140 dC ! 170°0 200°0I
., I

paX
190 163 I iU3 118xs

a. .0042 J0049 i ~OC.54 .0067s
BaX 129 116 104 90-x·s

Q.
s .0033 .0037 .0041 .0048

I
SrX x 181 164 146 129s

o.,s .0033 ~0037 .0041 .0046
Lilt x I 177.5 1$8 138.5 119s

a. .0037 .0041 .0047 .0055s
I
I 100°0 120°0 I 140°0 160°0 180°C

g x 151 140.5 130 120 110s
o.,s .0034 .0037 .0040 .0043 .0047

~x 112 103.5 95 87s
a. .0038 .0040 .0044 .0048s

Q~
84Xs 110 1035 97 90.5

a. .0029 .0031 .0034 .0036 .0039s

N.B. All values cited as mgm. per go. of anhydrous
zeolite.
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5.1. Statistical Models for the Sorbate

In this section an attempt will be made to

interpret the isotherm data in terms of the equilibrium

equations predicted by various statistical models for

limiting cases for sorption on energetically homogeneous

sorbents. As NH3 on CsX was the only energetically homo-

geneous system examined the interpretation is, rigorously,

restricted to this system. However as a first approx-

imation this approach was applied to the heterogeneous

systems also with a view to establishing the direction

and extent of the deviations. The isotherm equations

predicted by the various statistical models and the methods

of testing them are shown in Table 10. In each case the

isotherm quotients should be independent of e and the

isotherm should be reproduced using the appropriate

e~uations. The tests are those recommended by Garden,

Kin~ton and Laing (89) except that used for equation 4.

Previously this equation has been tested using an arbitrary

value of a, presumably because it was feared that the

complicated expression in e for Kv would make a plot of

log K va an insensitive test; while this may be so, itv

was found to be quite adequate in these studies.

The form of the isotherm is a test of the free

energy predicted by a statistical model. Recalculation

of the isotherm using one value for each quotient or



TABLE 100

Tests of Isothern Equations

149.

Isotherm equation Plot against e Result
_.._-

I. e I p(l-e}
~ independentp=KL 1-8 e of e

2. e -be 1 p(l-e) Straight line,p=KBW1-8 e og e
intercept !S3w'
slope -b

8 e

3. 8 l-e pel-e) -1-8 KV independentp=Kv 1=8 e e e
of e

I

4.
e (l~e -0.8) . [n(l-e) -(l~e1straight linep=Kvw 1-8 e log 8 e

intercept KVW'slope -a
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constant then constitutes a test between the equilibria

observed experimentally and that predicted by a particular

statistical model. A more sensitive test may be applied

using the entropies predicted by the various limiting

models on homogeneous sorbents for simple monatomic or

even diatomic molecules. However, in more complicated

molecules with large amounts of entropy associated with

internal vibrations (usually not important at experimental

temperatures) and rotations, this test loses a lot of its

sensitivity. In many cases there is sufficient entropy

to correspond with several different distributions of the

entropy among the various degrees of freedom. This is

only true if the vibrational entropy is very similar in

magnitude to the translational entropy. In the NH3/CsX

system the vibrational and translational entropies are

very different o

Restricting any discussion to homogeneous

sorbents, the entropies 81 predicted by the various models

may in certain circumstances~ be factorised as below:

1. S~ = Sc + cSth

2. S~ = iST + 1Sth

3. Si = 2ST + 2Sth

~ These are that the configurational entropy can be
defined. Only true in homogeneous systems.
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The quan~ities Sc' 1ST' 2ST are the partial molar config­

urational and translational entropies associated with a

localised model or a model with one or two free trans-

lations.

The thermal entropies obtained from these

equations must be positive; for simple monatomic sorbates

they must also be independent of 8, though this is not

necessary for more complicated molecules. Finally the

thermal entropy must lead to a reasonable value of the

frequency of vibration.

Garden, Kington and Laing originally proposed

estimating the frequency of vibration from the value

I xlO:1.2 computed by Orr for A on KCl by use of the

following equation due to Hill (40):

)
~

:1.2 LiE 2 rnA
V2 = r x io (-­

LiEA m2

where the subscript 2 refers to any sorbate 'molecule

for which /.) E*is known. This assumes simple harmonic

vibrations and that the frequency of vibration is pro­

portional to (~)~; liE is obtainable from LiR. Hill (40)

had sho~qn there are theoretical reasons for expecting this

to be true; however there is some experimental evidence

which indicates that V is proportional to liE rather than
.:1.

(LiE)2 (86). The entropy associatod with this frequency

can then be calculated treating the system as one composed

*.AE~ = 1. 5 Kcal/mol. for A on KC1.
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of Einstein oscillators for which the entropy is

=

where u = hv
kT •

This is obviously a highly approximate procedure

but no direct experimental methods are available for

measuring v . Apart from the approximations mentioned

previously it is assumed that the vibrations are mono-

chromatic, which is probably unrealistic, particularly

so in the case of localised sorption where the two

vibrations parallel to the surface will be very different

from that of the vibration at right angles to the surface.

Ifowever, as the frequency calculated is a mean frequency

it is not incompatible with a range of frequencies and

probably gives a fair indication of the vibrational

entropy.

In the original treatment Garden, Kington and

Laing found 8t h to be independent of e and therefore

could equate:

6. = =

In this stUdy 8t h varies with e and therefore could not
N

be equated with 8t h; however neglecting interactions

between vibrations and rotations St~;may be factorised

as below:

7.
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TABLE 11

Test of Entropies predicted by Models

Plot against el Desired result

------------!----------1----------+
1. - ~__ 8S ::;:-RMl -c 1-8 Positive

Predict reasonable~

S -R [p 27tkT a (1-8 )
2. 2 T- Nn h2 e

+ 1 - iJ1-8

Positive
Predict reasonable~

Positive
Predict reasonable~
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where Sv' SR and 81 are the partial molar vibrational

rotational and internal entropies. In view of the

heat data 8V may be equated with Sv and the vibrational

entropy calculated, even though Sth varies with 8.

The variation in 8t h may then be explained in terms of

SR_ which is physically reasonable.

5 l.l~ Entropy of Ammonia

In the temperature range of interest the entropy

of gaseous ammonia may be expressed as below

1.

N ~

where ST is the translational contribution, SR the
,-v

rotational contribution, and 81 the internal vibrational
AI

contribution. Calculations show that SI contributes a

very small amount to the total e~tropy. Unless there

is a large shift in the internal vibrational frequencies,

which is unlikely, these modes will make a negligible

contribution to the entropy of the ammonia in the sorbed

phase. Accordingly the entropy of the sorbate will be

examined in terns of the configurational or translational,

rotational and external vibrational entropies (i.e.

entropies associated with vibrations against the crystal).

The molar ontropy of ammonia was calculated

for 1 atmosphere pressure at 100°C. asslli1ing that the

only contributions to the entropy arose from translational



and rotational motion (97). The value calculated was

47.13 e.u. compared with the value of 47.20 obtained

using Spencer's formula (21). The difference can be

attributed to the internal vibrational entropy. This

shows that the internal degrees of freedom may be

ignored. The rotational entropy was ~lso calculated

at 10000 and 18000, the values being 10.5 eou. and 10.8

e.u. respectivelyo

Analysis of ABmonia on OsX

The equations predicted by the various statist­

ical models of the sorbate were tested by the methods

shown in Table 10 at three representative temperatures.

The various plots are shown in graphs 29-34 at 10000,

14000, and 1800C. The Langmuir quotient, KL, increases

with coverage while the Volmer quotient, KV i passes

through a broad D~xiDum and then declines to negligible

values at higher coverages. The plot of log KL v e
gives a straight line at each of the temperatures exam­

ined; the slope of the line is positive and the equation

which produces this plot is of the form

1. e be
p = K I-a e

The intercept of this line at a = 0 gives K while b is



obtained fro@ the slope.
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This has the same form as the

Bragg Williru~s equntion(2 ·in Table 10) but the exponent-

ial term is positiveo If this isotherm was the Bragg

Williams equation, then this positive exponential tern

would indicate repulsion between the sorbate molecules;

however there is no decrease in the heat terms to support

this view. Therefore the change was attributed to

entropy changes in the sorbate and the equation has the

form:

Ie ef(e) - ~; e
p=~- l-e

This type of equation had previously been found to

describe the isothern data for SFs and CF4 sorption on

NUX by Barrer and Reucroft (8).

The equation was further tested by recalculating

the isotherm from equation 1 using the constants K and b

derived from the slopes and intercepts of the plotsof

log KL v 8. As may be seen from graph 36 this simple

In all calculations the values were

equation predicts the isotherm with considerable accuracy.

It night be noted that the agreenent of the calculated

with the experimental isotherm is qUite sensitive to

the value of x •s
taken from the graph of the 'apparent' x against temper­s
ature not the actual results of the pix v p plots. The

constants K and b were not so sensitive to the choice of
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xs. In graph 36 calculated points are shown at 180°C 

for two cases, one xs  = 84 from the graph of xs  v T0  

the other xs = 90 from the actual result of plotting 

p/x v p. The agreement is seen to be much better with 

the former. In view of the uncertainty of the values 

of xs it is suggested that there may be several combin-

ations of the three parameters xs  K and b which could 

reproduce the experimental isotherm equally well. 

5.2.2. 	Entropy of Ammonia in CsX 

The isotherms predicted by mobile models do 

not produce agreement with the isotherm data except 

possibly at the lowest coverages; this may be due to 

the naive equations of state (8) chosen to represent 

free translation. To examine the entropy predicted 

by these models is more sensitive than testing the free 

energy data 

The partial molar entropies at each of the 

three temperatures were factorised as below for the 

various limiting cases: 

1. S1  - Sc 	cth 

2. nth = jjv  + SR  

3. S1  - 1ST  = 	+ SR 
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Plots of the thermal entropies for equations 1-3 are 

shown in graphs 36, 31;jth is positive and strongly 

dependent on 0 while for a considerable range in A 

jUth  and 2Sth  are positive and independent of A, though 

they rise somewhat at higher coverages, after passing 

through a shallow minimum at ,a.35 A. 

In order to take the analysis further the 

partial molar vibrational entropy was assumed equal to 

the integral molar vibrational entropy; justification 

for this may be that heat is independent of coverage 

(although the total thermal entropy, which includes 

the rotational term, may not be). 	This is reasonable 

since the vibrational frequency has been assumed (89) 

to depend on (AE)2. 

The frequency of vibration was then estimated 

from the procedure outlined in Section 5.1, and the 

entropy associated with this frequency at each temper- 

ature obtained using the tables in reference (90). 	The 

results are listed in Table 12. 

TABLE 12 

Integral Vibrational Entropies 

T°C AT 25V 3e1T 

100°C 3.235 6.47 9.705 

140°C 3.42 6.84 10.26 

180°C 3.59 7.18 10.77 
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The remainder of the thermal entropy after sub-

tracting the calculated vibrational entropy is shown in 

Table 13 for the three cases at 10000 and for the two 

coverages indicated, the residual entropy being that 

associated with rotation. As a molecule with two 

degrees of translation would also be expected to be a 

free rotator the model predicting two degrees of trans-

lational freedom may be eliminated because the predicted 

rotational entropy is too small for this model. 

TABLE 13. 

e jth 3; 8th 28V 28t11-18V 

.1 13 e.u. 10.1 6.8 

.6 10 e.u. 9.1 5.2 

On the other hand the rotational entropy at e = .1 

predicted by a localised model is greater than can be 

accounted for by even a free rotator while at e = .6 

the rotational entropy predicted by this model would 

still be effectively free. For localised sorption 

hindered rotations, with a consequent decrease in 

entropy, are to be expected; Hill (105)has estimated 
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the barrier to rotation to be AB ' which in this case is 3 
f‘J)-1- Kcal compared to RT = 0.7 Kcal. 	In the cases of 

dipoles in strong fields the potential energy barriers 

AE to rotation may be even greater than T  
It is possible that the vibrational entropy 

has been underestimated. In calculating the vibrational, 

entropy the vibrations were assumed to be three fold 

degenerate. The estimate may be reasonable for the 

vibration perpendicular to the surface but much too high 

for vibrations parallel to the surface, where the. 

potential energy barriers will be very much smaller. 

The entropy at 100°C has been calculated for three 

arbitrary values of AE using equation 5 in Section 5.1 

to obtain )) . It should be noted that in assuming 

the vibrations parallel to the surface to be different 

from the vibration perpendicular to the surface, the 

original reason for equating Elv  = Sv  (i.e. the invariance 

of AH1) is no longer applicable. However the integral 

and differential vibrational entropies are assumed to 

be equal as a first approximation since the frequencies 

of the vibrations parallel to the surface should not 

vary very much with coverage. 

The values of the rotational entropies in 

columns 4 and 5 of Table 14(b) are calculated by sub-

tracting from the thermal entropy the entropies obtained 
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for two vibrations parallel to the surface for the 

potential energy barriers indicated plus one vibration 

perpendicular to the surface, as calculated previously. 

It is seen that if the sorbate is localised, in'order 

to predict a reasonable value of the rotational 

entropy, the potential energy barriers for motion 

along the crystal must be very small (of the order of 

iNJ1 Kcal). 	The distinction between translational 

motion and vibrational in terms of the entropy (and 

indeed physically) becomes very slight (1ST  at 10000 

for NH3  = ,NJ6.6 e.u.; see Table 14 for ibalf). 	In 

Table 14(b) the entropy for rotation is given, assuming 

one degree of translational freedom and calculating 

the vibrational entropy for one vibration parallelj for 

the potential energy barriers indicatedl and one 

vibration perpendicular to the surface as calculated 

Previously. This gives values for the rotational 

entropy very similar to those calculated for the 

localised model. However the isotherm data indicates 

that the thermal entropy of the sorbate is changing 

markedly with coverage. The localised model predicts 

this while the model with one translation does not (see 

graphs 36 and 37); the localised model is therefore to 

be preferred, though for such low potential barriers to 

translations the distinction between the two cases is 

somewhat blurred. The variation of SR with coverage 



TABLE 14. 
(a) 
	

(b) 
T = 100°C 6 = .1 	I 	8 = .6 0 = .1 	1 A = .6 

I AE :c 2;" C S  th 3  SIT cStb.--;4 15th 24 lith-  AT'  

1 3500 Kcal 6.26 12.52 6.9 3.9 7.1 5.1 

2 1.5 	Kcal 5.16 10.32 9.14 6.14 8.4 7.4 

3 6 	Kcal 3.85 7.9 11.56 8.56 9.5 8.5 
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then accounts for the variation of §th with G. 

It should be noted that the values of the 

rotational entropies are differential quantities while 

the calculated value of 10.6 e.u. at 100°C is an integral 

quantity; the two cannot be compared directly unless the 
ti 

dependence of SR  on e is known explicitly. It should 

also be noted that at higher coverages the vibrations 

parallel to the surface may increase in frequency thus 

decreasing the entropy, which may mean that the values 

of b"'It suggested in Table 14 are too low; in this case, 

strictly, the partial molar vibrational entropy should 

be obtained and used in calculating NR. 
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5.3. Analyses of Ammonia on KX, NaX. Bax  

Isotherm data: 

Various isotherms were examined for each of 

these three systems. 	In addition to those of Table 10 

various other more approximate or empirical isotherms 

were tested; these isotherm equations and the methods 

of testing them are shown in Table 15. 

As can be seen from graphs 36-53 nonaof the 
isotherm equations give any reasonable agreement with 

the experimental isotherms„ Qualitatively the plots of 

K1,  and Ky  v e are similar to the plots of those for the 

CsX/NH3  but there is no simple equation such as that 
which describes the CsX/NH3  equilibria. An equation 

of the form 
2 

e 

(AH-TAS0) 
RT 

P 1-e 

gave good agreement with terms of the experimental 

isotherm for NaX at 100°C; 
2 

06. 
RT 

H-TAV _ 	N 
J can be represented by `  

K was obtained from the experimental data at one pressure. 

At the other temperatures examined the variation of 

(AH-TAS°‘)  with coverage was not linear and the equation ` RT 
is then of no practical use. 	In view of the divergence 

of K
I, 

and K with increasing coverage an equation with V 

at this temperature 

-AH+TAS°  
RT = -6.44+5.188. 
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an exponential term which varies somewhat less than 
e  

e 1-0 with 0 should be able to represent the isotherm 

data. However it is to be doubted if anything very 

useful would follow from this approach. 

Entropy of ammonia sorbed on NaX, KX and BaX: 

These three sorbents, NaX, KX„ and BaX are all, 

in varying degrees, heterogeneous. Any factorisation 

of the entropy would therefore be arbitrary since there 

is no expression which rigorously represents the entropy 

of a sorbate on a heterogeneous sorbent. Accordingly 

the entropy cannot be examined in terms of the entropy 

predicted by the various statistical models for the 

motion of the sorbate. 

Qualitatively it can be said that the statist-

ical model for the sorbate which gives the best agree- here 

ment with the experimental data for CsX would also apply; 

the heterogeneity of the sorbent makes it extremely 

difficult to take the argument any further. 



TABLE 15 

Equation Test Plot Desired Result Basis 

1. 8 = kph 

Freuraich 

2  

log p v log A 

log K1,  v 82  

log K 	v e8  

log p v 1-8 

Obtain  a,b from 
AH 

Straight line, 
slope h 

Straight line, 
slope b 

Straight line, 
slope K' 

Straight line, 
slope a, 

intercept K 

Recalculate iso- 
therm, obtaining 
K from one experi-
mental point 

Localised model 
heterogeneous sorbent 

Empirical 

Empirical 

Mobile model on a 
heterogeneous 
surface 

General thermo- 
dynamics 

2. p - 188 Keq-b8 

3. log P(1-8)  _e8  8 

4. p = Kea(1-8)  

Bruna 	Temkin 

9 	Ke-a+be 

5. p = 1-9 
AS° v 9; T 

straight line 
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6. 	Intermolecular Forces. 

Calculations have been made for the dispersion, 

repulsion, field dipole and polarisation energies of a 

probe ammonia molecule with the oxygen atoms and sodium 

ions of two adjacent supercages of NaX. 	In the dis-

persion and repulsion calculations ammonia was assumed 

to be a spherical particle of 1.7A radius, the inter-

action being assumed to be the result of centro-symmetric 

forces. 1.71 is the radius of a freely rotating ammonia 

molecule. 	The field-dipole interaction was calculated 

for an ideal dipole situated at the centre of the ammonia 

molecule. This model is a highly idealised one but the 

other approximations in the calculations would make any 

other sophistifications futile. 

6.1. 	Sorbate-Sorbate Interactions 

Interaction energies have been obtained for two 

isolated ammonia molecules using a Lennard Jones potential 

to represent the dispersion energy and assuming the mole- 

cules to possess a point dipole and quadrupole. 	The 

average energies of interaction of two dipoles and also 

of two quadrupoles were obtained at re, the equilibrium 

distance for two ammonia molecules (re = 2r 3  )/ and at NH 

2r e' • the interaction energy of two dipoles for three 
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relative orientations are also shown in table 17 (the 

three orientations of the dipoles are shown in figUres 

(1), (ii) and (iii) of table 16), 	The interaction 

energies were obtained for polarisable and non-polarisable 

molecules. 	In addition the effect on two polarisable 

dipoles in an external field of the strength calculated 

for the field at a position inside a cage of NaX has been 

exnnined, 

The formulae used to calculate the various 

interactions are shown in table16. 	The results are shown 

in table 17: The dispersion energy was obtained from 

two values for the c onstant A,from the London formula 

and also from the Kirkwood Muller equation. The London 

formula gives values which appear to be too small and will 

not be discussed further; 	all values for the dis- 

persion energies refer to those obtained from the Kirkwood 

Muller value of A. 

The average dipole/dipole interaction at 10000 

(table 17b) is seen to be somewhat smaller than the 

dispersion energy (0.6 v. 0.8 Kcal/gm.mole). The maximum 

negative (attractive) interaction for two dipoles (obtained 

in position (i))is 1.6 Kcal/gm. mole while the maximum 

repulsion energy for two dipoles is 0.8 Kcal/gm.mole for 

the position shown in figure -iii/ of table 16. The 

repulsive counterpart of figure (i) is thought not to 
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occur in sorption and will not be considered here. The 

effect of polarisation on the dipole/dipole interaction 

of two isolated molecules is seen to be small (table 17b). 

While the non-polarisable case is the lower limit for 

attraction; it is an upper limit for the repulsion 

energies between isolated molecules. 	It is seen from 

table 17 that two non-polarisable molecules will not 

develop a nett repulsion potential even though the dipoles 

are orientated in the most unfavourable position (as in 

figure (iii)), the attraction of the dispersion forces 

almost exactly counterbalancing the repulsion between 

the dipoles in this case. 

The interaction energy of the two quadrupoles 

for two ammonia atoms was found to be completely neglig-

ible (the value of Q was taken as 1.3 x 10-26  e.s.u. to 

obtain an upper limit for this interaction). The maxi-

mum value of the interaction of the dipole/quadrupole 

term was found to be large enough to contribute lightly 

to the total interaction energy (0.08 Kcal/gm.mole against 

0.8 Kcal. for the dispersion forces). 

The effect of an external field was examined 

by assuming the field to polarise the molecules but also 

assuming that the dipoles do not depolarise each other. 

The polarisation of the molecules by the field was 

assumed to be given by: 
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TABLE 16. 
Interaction Formulae 

Energy Term Formula 

Dispersion 	ED 

London 	AL  

Kirkwood Muller 	AKM 

- = A(--1 	-re
6
Ts) r6 	2r -' 

= - - 
3
a2E 

- ,3mc2aX  

Dipole/Dipole 
1. In position(i) 

. 	H 	it 	(iii) 

4. Dipole/Dipole 
Polarisable 
Position 	(ib) 

2n2 

r3 

m2 
- —7 r 

12- + 
r3 

_ 2.111 2 

j1) r3(1- r6  

5. Dipole/Dipole 	_ 
Average 

6. Dipole/Quadrupole 
Average 

7. Q/Q 
Average 

	

kT 	r8  

2 M2M2 	1 
e 	r6 	kT 

1 	m2Q2  

1_ 2_, _ 	_DI 
kT L10 rio 

Figure (i) 
1' 

Figure (ii) 

Figure (iii) 
T 
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TABLE 17 

Sorbate-Sorbate 

Energies (Kcal./g.mol.) 

re  2re  position 

(a) 
(L) 	ED(L) -.33 -.01 

(KW) ED  -.81 -.03 
0:0 Electrostatic 

Em/m  -1.58 -.20 1 

Em/m -.79 -.10 2 

Em/m  +.79 +.10 3 

Em/m  -1.79 1 

En/m  (ay.) -.56 .07 

P 
EQ,Q 0 0  
Eito  .08 0 

E mF 	(+1.00 3 
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m = 121 CIE 

This overestimates the polarisation effect but it will 

be used as a first approximation. 	The field strength 

assumed was that calculated for a point inside a NaX 

cage where F = am. 106  e.s.u./cm. (see section 6.3). 
The results are shown in table 17c, the dipole term is 

now seen to be much biggex' than the dispersion term at 

re. Repulsion energies between sorbed ammonia molecules 

would therefore be possible; however, as the polarisation 

effect is greatly overestimated by these calculations it 

appears that the repulsion between adjacent molecules 

will not be large. 

Finally the calculations show that all inter- 

actions between molecules at a distance of 2re apart are 

very small (see Table 17). This would indicate that 

only nearest neighbour interactions are important. 

6.2. Dispersion and Repulsion Forces  

  

The total dispersion and repulsion forces at 

any point between a probe molecule and a sorbent can be 

obtained from: 

ED + ER = 1 	re
8 

\ 
1 is 2rii2 

where re = r  -I- NH3 

or re =r 	+ rNa+  NH3 
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for interaction with the oxygen atoms and the sodium ions 

respectively, and ri  is the distance between the point 

considered and a sorbent atom, To evaluate ER + ED in 

equation (1) summations of rls andr12 must be made to 

include all relevant atoms of the sorbent. For points 

on a line joining the centres of two adjacent cages in 

NaX it is sufficient to obtain 
	 r --- for all the oxygen .

1
6  

atoms and cations that go to make up the two cages and 

12 
I r 	for those few atoms closer than 2r to the probe . 

molecule. 	This line continues from the centre of the 

supercage up to the centre of a 6-ring of oxygen atoms 

in the wall where a sodium ion is positioned. 	System-

atically the path is shown in figure 17. The positions 

on this line are fairly representative of all those that 

occur in the cage. When the centre of one cage is taken 

as origin the centre of one adjoining cage is (194,4) and 

the coordinates of any point on the line joining these 

two centres may be written as (ppp) where p is a variable 

parameter. 	This line, (ppp), is chosen because it is 

particularly easy to obtain rig and hence zly, for any 

point on it. The data for calculating rig were obtained 

from reference 13 with the assistance of Dr. Kerr. 	The 

actual summations for the oxygen atoms were made by Dr. 

Crawford (91). 
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TABLE 18 

Constants for dispersion energy calculations 

NH3/0 NH3/Na+  Units 

ro 3.1 2.65 I 

AL  1.886.10'5  .1355.10-45  Kcal/gm.mole 

Am 2.422.10-45 .3066 Kcal/gm.mole 

a 3.90.10-24  .19.10-24  cm3  per atom 

?‹, 20.9.10-3° 7.0 cm3  per atom 

E 13.55 47.06 volts 

Figurerl 

189. 
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7 
/ 1s and r 6 and " 12 were used to obtain the 
i i 	i 

dispersion energies from equation 1. A was obtained 

from the London and Kirkwood-Muller formulae; in general 

the London formula gave values which were too small and 

all the results shown are those calculated using the 

Kirkwood Muller formula unless otherwise stated. The 

equilibrium distances between the sorbate and the oxygen 

or cation were taken to be the sum of the radii; the 

radius of ammonia was taken as the van der Waals radius. 

This is a value for the freely rotating molecule which 

is unlikely to be the case here. The constants used in 

the calculation are shown in table 18. 

Graph 56 shows the dispersion interaction energy 

at points on (ppp) for the framework oxygen atoms only, 

ignoring the cations. At the equilibrium position, which 

was obtained graphically, the probe molecule is at a dist-

ance of re from each of the six oxygen atoms of the 6 ring. 

This is therefore a favourable nosition for dispersion 

interaction, the minimum potential energy being 6.1 Kcal/ 

gm.mole (the London formula gives 4.5 Kcal/gm.) 

In graph 57 the interaction of the cations is 

included. They contribute very little to the total 

dispersion e nergy but the introduction of a cation into 

the centre of the 6 ring moves the equilibrium position 
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away from the wall and hence reduces the interaction 

between the oxygen atoms and the probe molecule, The 

minimum potential energy is now 3.4 Kcal/gmbmole of 

vihich the cations cont/4ibUte 0,2 Kcal/gmimoie, 	ThUs 

the nett effect of the Cations is to redUce the inter" 

actions of the oxygen atoms at equilibriiim, 

Previously it has been tacitly assumed that 

the molecule may be represented by a centrosymmetric 

force field, which is unrealistic for a non-rotating 

molecule, since ammonia has four atoms in it; the 

dispersion forces may therefore be non-central, The 

true equilibrium position lies between the positions 

shown since the molecule would not be rotating freely; 

it is not possible to be more precise than this. 	These 

uncertainties together with those noted in section 1.4.1 

for evaluating A make it impossible to regard these 

energies as other than qualitative or semi-quantitative. 

6.3. 	Electrostatic Interaction Energies 

To evaluate the electrostatic interaction 

energies of a molecule with a dipole at points near a 

sorbent requires a knowledge of the electrostatic potential 

produced by the sorbent at a series of points near its 

surface; the potential gradient may then be obtained 



192. 

graphically. 	If the charge distribution in the sorbent 

is known then the electrostatic potential at any point 

may be calculated from 

e. 
1 `;  
ri  

where ri is the distance between the ith charge and the 

position considered, 	Using eq. 1 the electrostatic 

potential for a single supercage was evaluated for points 

along the line (ppp), chosen both because the field must 

lie along this line, from symmetry, and because ri  is 

particularly easy to compute for points on this line (ppp). 

Any variation in 0 other than along (ppp) is ignored; 

for a molecule of the size of ammonia it would be possible 

for it to interact with fields in several directions at 

once. 	Here it is assumed to be a point dipole. 	A 

particular, arbitrary, charge distribution was assumed. 

Details of the charge distribution are given in the next 

section. 	A simple calculation for the electrostatic 
by 

potential produced/the charges in each of the adjacent 

cages, treating the cages as a series of point multipoles, 

showed that they produced a negligible potential outside 

their own cage. 	The potential for a single cage should 

therefore be a reasonable representation of the potential 

in NaX. 

1, 	0 = 
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Charge distribution 

In each superoage there are 10 cations and 48 

oxygen atoms. 	The cationic charge is assumed- to be 

oarried on the 10 cations while the nett anionic charge 

is assumed to be shared equally among the oxygen atoms; 

Those atoms shared with other cages were assumed also to 

share their charges equally with the other cages so that 

the cages considered remained electrically neutral: The 

charge distribution adopted then is: 

10 24 oxygen atoms with 
48  
-- e-  each 

48 	" 	48 5— e-  each 

8 cations with 1 e each 

12 	If  e each. 

(Cations in the connecting cages, shared with five other 

cages). 

The charge distribution seems reasonable in 

view of the polar nature of Na+  bonds and the non-polar 

nature of Si-0 and A1-0 bonds. 

Apart from the approximation in the charge distri- 

bution the positions of 4 of the cations are unknown and 
2 their charges were placed symmetrically, 3 of an electronic 

charge at the centre of each of six 4 rings of oxygen 
atoms. It is thus seen that there are many approxim- 

e. ations in this calculation. 	ZI7.37. was obtained for all 
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the oxygen atoms and sodium ions for a series of points 

on (ppp): The results are shown in graph 58 which shows 

that there is a small positive potential along most of 

the line (ppp) in the cage which increases very rapidly 

as the wall is approached at the point occupied by the 

cation at the centre of the 6 ring of oxygen atoms: 

The field at each point was obtained from the 

slope of the graph of 0 v. distance along (ppp) and a 

plot of the field v, distance along (ppp) is shown in 

graph 59. This is not a very accurate procedure for 

obtaining the field but the error should be less than 

10%. The average interaction energy of an ideal dipole 

was then obtained at 10000 using equation 5a of section 

1.4.2 and tables for the Langevin function. The results 

are shown in graph 60. It is seen that there is a 

strong interaction near the centre of the cage as well 

as a very strong interaction near the wall immediately 

above a cation. Near the equilibrium point the average 

dipole energy is r4 9 Keal/gm.mole which is much larger 

than the dispersion energy contribution ( ,,J3 Kcal ; 1.3 

Kcal). The barrier to a complete rotation about an axis 

at right angles to the surface would involve the dipole 

in a repulsion with the field, leading to an energy barrier 

of the order of 19 Kcal/gu.nole (graph 60). 	It is thus 

apparent that two rotations for ammonia sorbed in these 

positions will be substantially hindered. 
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Also shown in graph 60 is the maximum energy 

of interaction of the dipole with the field for two points 
—100°C (the difference between EM 	and maximum Em is rv0.8 

Kcal/gm.mole). m at 290°C is also shown at two points 

in graph 60; the difference between E 90°  and  Em
100°  is 

Kcal/gm.mole at the positions indicated in graph 60. 

This change in Em  with temperature would produce a 

similar change inlast;  very approximately, in view of 

the relationship between qst  and the energy of the sorbate; 

2. 	°cist = am 

assuming the other interaction energies to be independent 

of temperature. The value of &1st  between 290°C and 

100°C is given as 0.L$. Kcal/gm.mole. 	Though this 

variation in qst  is quite large it was not measured, 

experimentally, since no value of qst  was obtained over 

the entire temperature range from 290°C to 100°C. 	Over 

a range of 100°C the variation would be ,J.2 Kcal, i.e. 

+0.1 Kcal/gm.mole and this is less than the experimental 

error in qst. As most heats were obtained over a temper—

ature range of 100°C it is therefore expected that the 

temperature coefficient of qst  was unobtainable from these 

experiments. 
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6.4. 	Electrostatic, Dispersion and Repulsion Energies 

The sun of the dispersion, repulsion and average 

of dipole interaction energies are plotted in graph 61 

which shows that the dipole affects the equilibrium 

position quite markedly shifting it 0.5a closer to the 
cation. This apparent shift may be due to the inadequacy 

of the repulsion term in the Lennard Jones potential. 

However, it only increases the total interaction energy 

by 1 Kcal, but it alters the relative contributions of 

the various forces as shown in table 19. 

TABLE 19 
Interaction Energies at re  

Equilibrium 

ro
sition 	, n  ppp ) A'  

ED  +ER E.111 Total 

-3.05 2.75 8.7 	(100°C) 11.45 
(8.38)(290°C) 

-3.55 1.92 10.9 (10000) 12.82 

(10.5)(290°C) 

In view of the undue shift of the equilibrium on including 

the dipole energy all that may be said from these figures 

is that the interaction energy from these forces amounts 

to rv12 Kcal and that the dipole interaction is predomin-

ant. This value is approximately equal to the residual 
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value for the heatsi and one concludes that the high 

initial heats are caused by the cations whose positions 

are unknown. These cations would be likely to lie in 

the channels and presUmably would be more exposed than 

the cations in the centres of 6 rings of oxygen atoms 

thus alldwing a more energetic interaction with a dipole: 

The pblarisation energy; which will be discussed in 

section 646 would raise the interaction energy markedly 

at the equilibrium position in graph 61 by 5.2 Kcal/gm. 

mole. This seems unduly high as it would indicate that 

there are eight sites per cage (i.e. 80 mgm. of NH3/N 

unit cells) with interaction energies of the order 

17.5 Kcal/gmgmole. The number of sites associated with 

the high initial heats in NaX would be much less than 8 

per cage since the heterogeneity dies away so quickly. 

In addition in CsX, which shows no heterogeneity_5 some of 

the sites in the 6 rings would be occupied by sodium ions. 

In view of this it is thought that the polarisation 

energies calculated are too large. 
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6.5. 	Calculations for other Cationic Forms  

No rigorous extension of the calculations of the 

electrostatic field can be made for any of the other 

cationic forms of faujasite since the positions of the 

cations are unknown. However, if it can be assumed for 

monovalent ions that the centres of the 6 rings of oxygen 

atoms are occupied by the exchanging ion then, qualitative-

ly, it is possible to make suggestions about the relative 

importance of the various types of forces. 	In the cases 

of partially exchanged forms (RbX, CsX) it is likely that 

the positions in the 6 rings are occupied by sodium ions 

as Freeman and Stamires (92) have recently adduced evidence 

showing that these are the most stable of the cationic 

sites in NaX and hence least likely to be exchanged. 	It 

is therefore likely that most of the exchange occurs with 

those cations whose positions were not established by 

Shoemaker and Broussard (13). Calculations have been 

made for LiX and la for the line (ppp), since it is 

likely that these cations will occupy the same sites as 

does sodium in the NaX form. LiX is assumed to differ 

only in the equilibrium position possible for ammonia 

since Id+  has a smaller radius, 0.6 as against .951 for 

Na+. 	because of its size, (r = 1.33 1), cannot fit 

in the middle of the 6 ring and projects out towards the 

centre of the cage; hence the equilibrium position of 
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ammonia shifts both because of the size of the cation and 

because the equilibrium position of 	is changed slightly. 

The values of the average dipole field inter-

actions at 100'0 have been calculated at the equilibrium 

positions on (ppp), assuming re  = rion  + ral3  for the two 

cases. The results are shown in table 19 where the 

values of the different energy terms are also listed. 

While this may not be the true equilibrium point, the 

final value of the interaction energy will not be very 

different, as was the case with NaX. Again the cations 

contribute very little to the total interaction energy 

but they control the dispersion interaction between the 

probe molecule and the oxygen atoms. The dipole-field 

term is seen to vary quite sharply with the cation present. 

TABLE 19. 

Oxygen 

ED+ER ED+ER 
R 

II, 

Ions Position 

2'Total on o 
A
ppp 

LiX 

KX 

4.35 
2.7 

.25 

.3 
10.7 
8.0 

14.67 
11.0 

- 3.5 
- 2.77 
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616414 Polarisation Energy 

  

The dipole induced by a field of not too high 

strength in a polarisable molecule may be represented by 

1. mind =. aF  

where a is the mean polarisability, ignoring any aniso-

tropy. However, at high field strengths it has been 

suggested that the induced dipole may be better 

represented by 

2.  mind = moF + pe 

where p is a constant. Coulson et al (93) have suggested 

P is positive which means that the induced dipole increases 

very rapidly at highP. Buckingham and Pople (90.-), for 

non polar uolecules have related p to the Kerr constant 

for the molecule concerned which would result in a 

maximum value formind induced if the Kerr constant, and 

hence P is negative. 	The Kerr constant is negative for 

ammonia and if the above argument holds for ammonia as 

well as non polar gases, then on differentiating equation 

2-w.r.t. F the maximum value of mind is obtained at 

ao  
3. F2  = """" m 	3P 

and the maximum polarisability by 

am  =ao • 3 
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The value of the induced dipole would then be qs0F. 

6. (7).2A Polarisation Energy (2)  

The polarisation energy for an ammonia molecule 

with the field in a cage in NaX was assumed to be given 

by 

4. E
p 	- 2-a0F2 

The values obtained using this formula for positions on 

(ppp) at various distances from the cation in the centre 

of the 6 ring are shown in table 20 where the polarisation 

energies at several distances from a cation are shown for 

a point particle of polarisability 2.28 x 10-24. 	It is 

seen that E on approaching a cation in a cage is very 

much smaller than for an isolated cation at all distances. 

In the cage by the time the probe molecule is at a position 
0 

,N.)3.5A from the cation the polarisation energy is very 

small. The nett effect of the cage then is to provide 

a small "background" potential which decreases the 

potential gradient markedly as a cation is approached. 

The actual magnitude of the polarisation energies 

at the equilibrium position seems somewhat large, being 

5.2 Kcal/gm.mole. Even allowing that the maximum value 

is 



20'1, 

E would still be 3.7 Kcal/gm.mole. 	Similar results were 

found by Barrer and Bratt (24) when they considered the 

interactions of water with various charge arrays. The 

results here are much more reasonable but are still too 

large. Attempts were made to allow for the actual size 

of the molecule by averaging the field over the whole 

molecule; this made E between 10 and 100 times as 

large as previously. 	It would be possible to modify 

TABLE 20 
E for a cage and a cation. 

Case 	(a) Isolated ion 	(b) 

Distance 
from cation, 

on (ppp) 

E 
P 

laal/gm.mole 

Position 

(from ion) 

E p 

Kcal/gm.mole 

1.9 
2.65 

3.25 
3.53 

11.67 

3.4 
1.5 
0.1 

21 

31 
4A 

23.6 

4.6 
1.48 

Equilibrium position = 2.22.. 	The equilibrium position 

between NH3  and the Na+  associated with a 6-ring is 
0  

,\)2.2A (graph 61). 

the polarisation energies by assuming that the induced 

dipole approaches a limit r.s Barrer and Bratt did in an 

empirical way. The only rigorous conclusion to be drawn 
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however is that the approximation 

mind = ctP  

breaks down at these high fields (i.e. fields of the 

order 1.106  e.s.u./cm). 	Until a rigorous theory is 

developed which predicts why and how the polarisation 

energy varies with the field strength it does not seem 

advantageous to pursue the matter further. 

An alternative explanation could be that the 

quadrupole in ammonia is aligned so that it has a 

positive interaction with the field gradient when the 

dipole is in equilibrium. This could then balance the 

polarisation; very approximate calculations of the 

field gradient show the quadrupole term to be smaller 

than the polarisation term by a factor of 2. 

6.6.3. 	Polarisation Energy (3) 

The polarisation energy in sorption is the 

result of interactions of the sorbent molecule with the 

electrostatic field at sites on the sorbent. 	The import-

ance of this form of energy of interaction depends on the 

fields at the sorbent, the radius of the molecules, which 

determines whether a molecule has access to any recessed 

sites of high electrostatic field, and on the polaris-

ability per unit volume of the sorbate. The intensity 
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of polarisation, rather than the total polarisability of 

a molecule, has been suggested by Barrer (95) as the best 
guide in judging the order of polarisation energies. The 

polarisations per unit volume for various molecules are 

shown in table 21 and their sorption data on NaX support 
the view of the importance of the intensity rather than 

the total polarisation. Thus 12  has a high intensity 

and it also has a very high initial heat on NaX (47) 
while CF.4  and SF6  (8) with the next largest polaris 
abilities show no initial heterogeneity; in these cases 

their sizes contribute also to the diminution of the 

polarisation by excluding them from any recessed sites 

with high fields. 

TABLE 21. 
Polarisabilityjunit vol. 

Vm 
liq 

am 
am T°C Vm 

NH2  17.9 1.373 .049 - 1000 
12 63.5 7.685 .121 +183 
SF6  76.5 3.74 .049 60 
OF4  44.9 2.21 .049 -184 
H2O 18.8 .89 .049 100 
A 28.3 .98 .035 -187 
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7. 	CoX Data. 

The CoX data are listed in Appendix 1. 

The sorption of ammonia on this system was irreversible 

and 1:-ralu e7amination after sorption established that 

the lattice had disintegrated. Colour changes of 

were noted both with the amount of i'rater in the crystal, 

during outgassing, and also with the amount of ammonia 

sorbed. 

The colour. of the outgassed CoX was royal 

blue and the first colour change, to grey, occurred- at 

50mgrm./2rm. sorption; the second change ;as to brown 

and occurred at -100mgrm.Arm. the first colour change 

was not reversed on decreasing the amount sorbed, but 

the second change was. These amounts sorbed are closely 

related to the number of ammonia molecules per cobalt ion. 

Since Co-. vas 80P e.:1-changed, these amounts sorbed 

correspond to 5 and 10 per supercage which would mean 

approximately 1 and 2 molecules per cobalt ion. The 

colour changes were therefore ascribed to ammine form-

ation by the cobalt ions. 

* Analysis showed that the CoX was 80% exchanged. 
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Suxrary of Results and Discussions,  

Isotherms have been obtained for ammonia 

sorbed on various ions-exchanged faulasites between 

10000, and 290°C.: in addition, isotherms have been 

obtained for ammonia on NaX between 0°0. and 7000, 

The various forms of faujasite have been analysed to 

determine the extent of exchange, From the revers-

ible isotherms the isosteric heats, the partial 

molar entropies and the half standard entropies 

have been calculated, 

The cations influenced the energetic 

heterogeneity of the sorbents at low coverages; at 

higher coverages, all the heats converge to approx-

imately the same value, The most heterogeneous 

forms were the forms containing divalent ions; the 

forms containing monovalent ions were increasingly 

homogeneous as the size of the ion increased, the 

data for CsX showing this sorbent to be homogeneous, 

The integral heats were obtained from the isosteric 

heats for ammonia on NaX and SrX and 	comparison 

with the latent heat showed them to be between 

2,5 and 3.5 times as large as the latter, This was 

ascribed to interaction of the dipole of ammonia 

with the field inside the crystal, 

The half standard entropies for a given 
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amount sorbed were obtained and their temperature 

invariance demonstrated, They were then used to 

predict the partial molar entropies of ammonia on 

the various faujasites at temperatures for which the 

partial molar entropies wore otherwise unobtainable. 

Integral molar entropies of ammonia on each form 

were obtained at various temperatures between the 

limits of the amounts sorbed for which heat data 

were available and compared with 'the entropy of 

liquid ammonia and with one another, The entropies 

are very close to one another and are somewhat 

smaller than the entropy of the liquid at 100°C, or 

110°C., except for the entropy on KX which was 

slightly larger than SL  at 100°C. 

Efforts were made to estimate the 

saturation capacities of ammonia for each form, as 

these quantities were not obtainable directly, using 

the limiting slopes of p/x V. p plots at several 

temperatures and also, for NaX, from the co-volume 

of the liquid and the intracrystalline volume of the 

crystal, The thermal expansions of ammonia were 

obtained on each form and compared to that of liquid 

ammonia, For ammonia on NaX the thernal expansion 

of ammonia was also obtained at constant Polanyi 

potential, 

Using the estimated saturation capacities 
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an attempt was made to interpret the isotherm data in 

terms of various limiting models for motion of the 

sorbate. For the heterogeneous forms no model, or 

even empirical eauation, gave any agreement with the 

experimental data, For CsX it was possible to inter— 

pret the data in terms of a localised model which had 

two soft vibrations parallel to the surface and had 

hindered rotational degrees of freedom, The difference 

between such soft vibrations and free translations is 

somswhat blurred, 

The free energy and enthalpy changes of 

the sorbents were obtained, for LiX, KX and SrX, with 

respect to the same standard state in order to compare 

these changes, This state was chosen arbitrarily 

as it was impossible to obtain changes relative to 

the empty sorbents, In all cases the changes were 

small; the enthalpies were opposite in sign to those 

of the sorbate, 

The data on CoX showed hysteresis 

associated with colour changes and accompanied by 

a breakdown of the lattice, 
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APPENDIX 1,  

ISOTHERM DATA. 

P= cm, of Mercury 

x= mgmdgm,(outgassed) 
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Lix/NH3  

290°C 23000 

3.500 0.0310 1.409 0.0371 
10.702 0.0396 5.421 0.0496 
19.474 0.0460 10.890 0.0574 
29.51 0.0507 19.208 0.0669 
39.438 0.0543 29.830 0.0708 
49.380 0.0576 39.485 0.0747 
54.464 0.0587 49.241 0.0787 
44.785 0.0564 54.928 0.0802 
35.034 0.0527 45.280 0.0774 
24.300 0.0483 34.656 0.0729 
14.315 0.04. 24 24.759 0.0683 
6.916 0.0356 14.169 0.0609 
4.680 0.0325 19.269 0.0652 
0.597 0.0239 '7.520 0.0535 
9.664 0.0381 3.345 0.0446 

17.2'55 0.0441 0.757 0.0321 
34.110 0.0518 0.375 0.0285 

2600C 2000C 

:cc 

1.376 0.0294 1.373 0.0460 
4.237 0.0387 5.708 0.0608 
9.614 0.0453 10.485 0.0681 

19.486 0.0535 19.351 0.0768 
29.000 0.0586 31.208 0.0829 
39.355 0.0628 40.252 0.0882 
50.124 0.0665 49.489 0.0918 
54.015 0.0675 59.325 0.0953 
44.325   0.0646 55.605 0.0942 
35.099 0.0611 44.800 0.0906 
24.909 0.0568 35.526 0.0866 
15.161 0.0505 25.146 0.0795 
7.384 0.0425 15.206 0.0739 
2.161 0.0323 7.031 0.0643 
0.714 0.0265 3.093 0.0549 
0.322 0.0241 0.413 0.0367 

0.832 0.0426 
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Lix/M-13  

170°C 

X 

110°C 

X P 

1.125 0.0534 1.140 0.0776 
5.004 0.0698 4.420 0.0959 

10.486 0.0800 8.882 0.1106 
19.000 0.0891 18.945 0.1275 
29.412 0.0975 28.286 0.1366 
39.892 0.1038 38.752 0.1432 
50.769 0.1091 49.596 0.1493 
59.463 0.1127 58.950 0.1521 
55.147 0.1112 55.293 0.1514 
44.551 0.1069 44.630 0.1470 
35.660 0.1025 3A. 764 0.1418 
25.336 0.0949 25.022 0.1363 
14_. 533 0.0854- 15.100 0.1252 
7.208 0.0761 7.816 0.1101 
3.080 0.0670 2.286 0.0923 
0.914 0.0546 0.481 0.0726 
0.378 0.0404 
0.108 0.0682 

140°C 

X 

NaX/NH3  

P 
290°C 

1.302 0.05850 
5.135 
9.073 

0.0759 
0.0868 

P x - 
18.383 0.01017 1.115 .)0.01i3 
29.138 0.01129 3.265 0.0182 
39.762 0.01201 6.363 0.0226 
49.967 0.01261 11.870 O. 0278 
58.919 0.01296 24.7 73 0.0365 
54.585 0.01280 35.885 0.0^-17 
44.935 0.01237 47.530 0. a" 55 
35.515 0.01199 53.824 0.04-7( 
24.885 0.01119 50.472 0.0,.-3/1 
15.208 0.01016 40.1-18 0.0( 32 
13.805 0.099 32.214 0.0398 
7.736 0.0894 18.965 0.0335 
2.510 0.0748 14.430 0.0302 
0.868 0.0660 9.939 0.0269 
0.500 0.0613 5.075, 

2.35.5. 
0.0212 
0.0156 

0.126 0.0009 
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N aX/NH3  

260°C 

x 

200°C 

x P P 

1.455 0.0184 0.121 0.017 
3.461 0.0259 1.753 0.0345 
7.574 0.0309 7.224 0.0458 

11.485 0.0354 23.119 0.0704 
20.108 0.0429 34.020 0.0772 
30.903 0.0490 43.741 0.0818 
41.770 0.0544 52.351. 0.0857 
53.232 0.0584 48.305 0.0841 
47.436 0.0564 39.604 0.0804 
37.763 0.0531 29.168 0.07498 
26.634 0.0,1 72 18.469 0.0669 
15.731 0.0398 12.241 0.0602 
4.432 0.0266 7.444 0.0549 
3.123 0.0237 4.620 0.0464 
0.983 0.0163 2.660 0.0390 

0.621 0.0247 
230°C 

0.362 

X 

0.0159 

180°C 

x P 

2.859 0.0296 0.398 0.0278 
6.793 0.0384 3.381 0.0506 

17.217 0.0514 5.716 0.0581 
32.453 0.0619 9.778 0.0663 
42.774 0.0672 19.144 0.0776 
53.374 0.0707 31.709 0.0869 
60.193 0.0734 43.003 0.0933 
56.039 0.0718 53.548 0.0981 
47.473 0.0689 45.838 0.0952 
24.956 0.05788 36.668 0.0913 
12.751 0.0/1_75 28.548 0.0855 
4.635 0.0351 14.96 0.0741 
1.885 0.0269 8.142 0.0626 

3.755 0.0436 
4.556 0.0552 
0.976 0.0363 



NaX/NH3  

N 

1200C 

x x _ 

160°C 

P P 

1.025 0.0447 0.888 0.0665 
3.504 0.0613 3.463 0.0855 
6.243 0.0697 7.050 0.0989 

16.800 0.0867 14.363 0.1136 
28.446 0.0965 28.764 0.1278 
38.111 0.1038 41.364 0.1350 
50.003 0.1098 51.137 0.1397 
k3.054 0.1067 46.252 0.1379 
33.966 0.1012 35.470 0.1230 
23.710 0.0938 22.093 0.1324 
13.570 0.0831 10.249 0.1068 
7.757 0.0737 4. 54 2 0.0910 
3.801 0.0647 1.475 0.0730 
1.760 0.0523 0.469 0.0567 
0.345 0.0342 

1400C 10066 

P x P x 

0. 852 0.0540 0.095 0.0810 
3.624 0.0734 3.031 0.0988 
7.815 0.0859 6.016 00.1126 
13.790 0.0969 12.702 0.1274 
21.999 0.1065 21.405 0.1383 
33.972 0.1162 31.163 0.1458 
45.206 0.1226 42.871 0.1512 
52.749 0.1260 47.980 0.1533 
40.056 0.1199 35.357 0.1483 
29.568 0.1134 25.998 0.1427 
16.450 0.0997 16.086 0.1335 
6.276 0.0838 8.117 0.11988 
0.623 0.0494 5.5o0 0.1125 
1.893 0.0666 2.016 0.0933 

0.593 0.0735 

220. 



221. 

KX/NH3  

290°C 23000 

11 

2.738 0.0085 4.617 0.0205 
6.342 0.0133 12.385 0.0312 

10.343 0.0165 21.069 0.0389 
20.000 0.0221 30.363 0.0448 
30.174 0.0265 39.999 0.04936 
40.113 0.0295 46.612 0.0522 
41.894 0.0303 34.989 0.0474 
35.160 0.0275 25.434 0.0414 
24.991 0.0244 14.493 0.0334 
16.004 0.0200 9.223 0.0279 
8.820 0.0155 6.454 0.0240 
4.545 0.0118 1.786 0.0138 
0.793 0.0059 0.5 0.0089 

260°C 20000 

2.043 0.0108 2.328 0.0226 
11.281 0.0218 10.340 0.04025 
21.005 0.0289 21.306 0.0518 
31.402 0.0337 29.617 0.0580 
40.085 0.0381 40.335 0.0637 
43.173 0.0392 46.446 0.0667 
35.069 0.0362 36.038 0.0617 
25.760 0.0317 25.696 0.0556 
15.561 0.0256 17.537 0.0486 
8.368 0.020 4.962 0.0304 
8.443 0.0196 0.434 0.0124 
5.019 0.0160 8.063 0.0368 
0.989 0.0084 
4.665 0.0153 

12.332 0.0225 
20.263 0.02844 
30.300 0.03z 1 
41.510 0.0389 
2.891 0.0128 



KX/NH3  

18000 140°C 

2.134 0.0320 4.. 408 0.0552 
9.842 0.0483 9.452 0.0685 

19.981 0.0604 21.448 0.0844 
30.337 0.0682 32.027 0.0930 
41.084 0.0741 4A . 774 0.0996 
49.723 0.0782 53.093 0.1030 
43.615 0.0755 A 8.733 0.1014 
35.102 0.0710 39.291 0.09700 
25.390 0. 064 9 28.786 0.0909 
15.935 0.0562 15.260 0.0772 
8.116 0.04497 9.846 0.0699 
2.838 0.0315 6.005 0.0608 
0. 7k 5 0.0187 0.515 0.0269 
3.925 0.0326 2.115 0.0439 

16000 1200C 

P 

1.356 0.0298 2.500 0.0588 
5. A-73 0.0486 9.274 0.0830 

10.174 0.0586 21.689 0.1001 
19.985 0.0711 31.748 0.1074 
2E. 607 0.07898 44.159 0.11396 
42.962 0.0865 52.642 0.1177 
53.804 0.0909 48.457 0.1159 
48.312 0.0888 37.389 0.1105 
36.7/17 0.0836 25.644 0.1028 
25.212 0.0762 13.487 0.0914 
15.806 0.0670 7.578 0.0792 
6.870 0.0526 4.336 0.0688 
3.045 0.0.1-02 0.666 0.0338 
0.819 0.0946 

222. 



923. 
Nx/N113  

1000C 26000 

1.775 0.06574 1.830 0.0035 
10.200 0.0982 10.764 0.0084 
13.824 0.1101 30.106 0.0166 
29.725 0.1194 19.925 0.0132 
41.185 0.1256 30.107 0.0166 
52.583 0. 1304 38.656 0.0196 
47. 137 0.1284 49.313 0.0230 
35.002 0.1226 33.834 0.0183 
24.667 0.1155 24.355 0.0145 
14.570 0.1051 14.774 0.0109 
1.418 0.0713 4.334 0.0050 
7.011 0.0910 
0.36/ 0.0_12 

RbX/N113  

x 

250°C 

0.0066 
0.0132 
0.0195 
0.02^.6 
0.0284 

4.097 
11.235 
20.474 
30.129 
39.935 

290°C 

P 

1.881 0.0015 49.746 0.0320 
9.743 0.0049 44. 817 0.0307 

19.936 0.0037 34.830 0.0269 
29.208 0.0119 25.443 O. 0225 
39.749 0.0127 /5.040 0.0163 
49.676 0.0146 1.386 0.00373 
44.929 0.0135 
34.046 0.011 
24.205 0.0085 
14.388 0.0058 
4.809 0.0025 
4.082 0.0026 

16.321 0.0069 
27.820 0.0100 
21.452 0.0084 
8.538 0.0041- 



RbX/NH3  

200°C 140°C 

1.768 0.0078 1.346 0.0198 
9.936 0.0208 10.770 0.0490 

19.209 0.0293 19.640 0.0587 
29.560 0.0356 28.936 0.0648 
39.452 0.0418 38.4.46 0.0692 
49.929 0.0462 49.819 0.0727 
44.405 0.0438 58.053 0.0751 
34.823 0.0L.01 53.4." 1 0.0744 
24.658 0.0337 44--0962 0.0715 
14.727 0.0271 36.520 0.0685 
4.037 0.0141 23.950 0.0622 
0.461 0.00431 15.010 0.0546 
9.967 0.0219 6.867 0.0424 

3.382 0.0312 
0.547 0.0142 

17000 

P x 12000 

9.493 0.0302 P x 
19.735 0.0123 
29.468 0.01.96 1.341 0.0298 
39.615 0.0546 10.210 0.0616 
49.0' 6 0.0582 19.938 0.0719 
58.756 0.0628 29.498 0.0776 
53. 473 0.0609 39.583 0.0816 
44. e55 0.0580 48.796 0.0844 
34.003 0.0533 58.889 0.0867 
24-. 841 0.0/1-78 55.302 0.0857 
15.422 0.04009 4,5.717 0.0834 
2.414 0.0169 34.347 0.0799 
5.260 0.0239 24.390 0.0751 

14.629 0.06800 
7.636 0.0574 
3.303 0.0440 
0.748 0.0243 

10.051 0.0616 

224. 



225. 

RbX/NH3  

100°C 260°C 

1.011 0.0383 2.001 0.0011 
4.484 0.0612 9.256 0.0037 
10.304 0.0736 19.520 0.0068 
19.009 0.0819 30.380 0.0099 
29.340 0.0876 39.699 0.0120 
39.925 0.0912 49.891 0.0115 
4 9.743 0.0938 4/ . 115 0.0132 
59.021 0.0959 33.642 0.0106 
54.478 0.0951 24.903 0.0083 
34.798 0.0896 14.265 0.00471 
45.117 0.0925 2.396 0.0012 
1E1 . 897 0.0785 14.092 0.0050 
7.524 0.0692 21.696 0.0073 
2.322 0.0513 36.128 0.0111 
0.624 0.0317 29.053 0.0089 
1.285 0. 0417 10.283 0.0042 
2.230 0.0499 

CE:VNH3 

x _ 

230°C 

0.0013 
0.0058 
0.0107 
0.0149 

1.986 
9.534 

18.948 
29.884 

29000 

P 

1.9/...7 0.00068 36.876 0.0184 
9.253 0.0018 49.381 0.0218 
20.432 0.0011 1-4. 812 0.0204 
29.518 0.0058 34.886 0.0171 
40.605 0.0079 24. 740 0.0132 
49.185 0.0093 14.605 0.0087 
44.816 0.0087 6.081 0.0039 
35.238 0.0069 
15.291 0.0033 



226. 

CsX/NH3  

200°C 16000 

2.34 0.0036 2.100 0.0083 
9.810 0.0118 10.31 0.0353 

19.508 0.193 19.018 0.0359 
29.275 0.0254 28.339 0.043A 
39.427 0.0304 39.067 0.0/199 
49.700 0.03/12 50.289 0.0548 
44.762 0.0324 56.151 0.0569 
34.755 0.0279 44.703 0.0524 
24.929 0.0227 25.133 0.0414 
15.357 0.0164 34.149 0.0474 
6.031 0.0079 14.661 0.0317 

8.083 0.0221 
4.837 0.0162 

180°C 0.330 0.0038 

P x 14000 

1.747 0.0039 P x 
10.184 0.017 
19.693 0.0262 1.665 0.0120 
29.960 0.0328 9.770 0.0288 
38.591 0.0382 19.624 0.0397 
48.244 0.0412 29.840 0.0506 
52.352 0.0452 39.426 0.0559 
34.491 0.0369 1.146 0.0095 
45.398 0.0425 11.020 0.0415 
23.739 0.0308 16.073 0.04,1 /1 
16.047 0.0241 49.054 0.0609 
4.506 0.0111 55.300 0.0688 

10.403 0.0185 44.088 0.0649 
18.544 0.0263 39.847 0.0630 
29.810 0.0339 34.730 0.06075 
40. 814 0.0401 25.251 0.0549 
50.056 0.0441 19.585 0.0499 
1.046 0.00A5 30.532 0.0582 

14.962 0.0-145 
9.671 0.0363 
7.142 0.0312 
3.882 0.0215 
3.086 0.0188 
0.498 0.0062 



227. 

OLVI\TH3  SrX/NH3 

1200C 29000 

1.529 0.0156 0.908 0.0297 
10.859 0.0528 4.720 0.03987 
19.959 0.0642 9.746 0.0466 
29.767 0.0713 19.448 0.0527 
40.389 0.0766 29.465 0.0569 
50. 517 0.0800 38.949 0.0607 
58.681 0.0817 48.594 0.0629 
53.668 0.0808 54.535 0.0647 
25.085 0.07796 42.799 0.0613 
24.967 0.0684 33.554 0.0583 
34.630 0.0738 23.858 0.05,-8 
14. 734 0.0587 14.871 0.0501 

8.029 0.0468 2.340 0.0350 
6.098 0.0415 0.375 0.0253 
4.051 0.0339 
1.490 0.0198 

26000 

10000 

P x 0.808 0.0341 
4.851 0.0474. 

1.408 0.0308 10.574 0.0551 
5.562 0.0569 19.655 0.0622 

19.124 0.0793 29.275 0.0671 
10.429 0.0689 40.406 0.0718 
29.890 0.0862 49.872 0.0758 
E-0.413 0.0904 54.81,  0.0769 
50.070 0.0933 45.198 0.0740 
59.488 0.0957 35.180 0.0697 
55.310 0.0944 24.813 0.0655 
45.338 0.092,2 15.275 0.0596 
35.,  87 0.0807 7.673 0.0524 
25.174 0.0838 2.550 0.0432 
15.560 0.0763 0.253 0.0289 

7.575 0.0639 
4.482 0.0536 
2.4  0.0430 
0.813 0.0265 



228. 

SrX/NH3  

230°C 170°C 

0.958 0.0422 1.165 0.0651 
4.201 0.0549 40194- 0.0835 
8.825 0.0627 10.383 0.0938 

19.724 0.0728 19.630 0.1049 
29.680 0.0797 29.158 0.1126 
39.729 0.0846 39.540 0.1179 
49.110 0.0884 50.135 0.1235 
54.980 0.0908 55.400 0.1252 
44.846 0.0868 44.792 0.1214 
35.255 0.0825 34.950 0.1163 
25.366 0.0772 25.450 0.1104 
15.554 0.0706 14.854 0.1005 
6.825 0.0613 7.574 0.0096 
1.104 0.0449 2.568 0.0731 
0.236 0.0347 0.198 0.0579 

200°C 

x 

14000 

x P P 

1.00 0.045 0.936 0.0761 
4.890 0.0669 1.-. 682 0.0989 
10.206 0.0770 10.272 0.1126 
18.953 0.0865 19.410 0.1245 
29.537 0.094/1 29.358 0.1324 
39.695 0.1026 39.131 0.1373 
4_7.400 0.1053 49.3 0.1418 
54.968 0.1066 55.206 0.1431 
45.263 0.1029 45.292 0.140 
35.187 0.0983 35.019 0.1356 
14.488 0.0830 24.426 0.1299 
24. 582 0.0921 15.581 0.1218 
8.204 0.0742 7.739 0.1086 
1.831 0.0544 2.534 0.0923 
0.304 0.0147 0.357 0.0686 



229. 

S rX/NH3  

110°C 260°C 

0.780 0.0942 1.273 0.0250 
4.266 0.1196 5.2/18 0.0364 

19.401 0.1447 10.040 0.0421 
10.558 0.1349 19.302 0.0491 
29.241 0.1516 29.884 0.0546 
39.700 0.1556 40.167 0.0581 
49.660 0.1580 49.666 0.0612 
54.573 0.1601 44. 430 0.0596 
44.926 0.1577 33.869 0.0566 
35.280 0.1542 24.345 0.0521 
25.438 0.1486 14. 883 0.0462 
14.632 0.1430 6.724 0.0388 
7.881 0.1309 2.439 0.0301 
2.546 0.1119 0.465 0.0198 

Bax/N-H3  

x 

230°C 

x 

0.0246 
0.0341 
0.0434 

P 

0.289 
1.522 
/1.709 

2900C 

P 

1.595 0.0197 10.031 0.0511 
5.380 0.0296 18.751 0.0589 

11.785 0.0355 29.503 0.0645 
21.861 0.0416 39.311 0.0695 
29.720 0.0453 48.963 0.0722 
37.197 0.0180 42.928 0.0706 
49.521 0.0515 36.103 0.0687 
42.483 0.0^.:96 25.187 0.0633 
34.359 0.0459 14.844 0.0569 
16.064 0.0392 7.555 0.0489 
24.818 0.0134 2.316 0.0388 
7.452 0.0323 0. 4 18 0.0272 
2.377 0.0238 
0.502 0.0145 



250. 
BaX/NH3  

2000C 140°C 

1.063 0.0406 0.510 0.0562 
4.956 0.0539 1.606 0.0677 
9.932 0.0612 4.605 0.0794 

18.235 0.0707 9.941 0.0873 
30.174 0.0772 19.003 0.0942 
39.289 0.0808 29.451 0.0993 
50.413 0.0835 39.5°-0 0.1026 
43.780 0.0821 50.620 0.1046 
34.384 0,0790 54.295 0.1054 
24.419 0.0750 44.383 0.1036 
15.059 0.0686 34.633 0.1011 
7.699 0.0598 24.599 0.0974 

10.626 0.0641 14.397 0.0920 
2.523 0.0483 7.769 0.0855 
0.588 0.0367 2.773 0.0748 

0.577 0.0574 
0.294 0.0511 

170°C 

P 7 110°C 

0.359 0.0422 P x 
1.418 0.0528 
4.587 0.0659 0.121 0.0555 

10.372 0.0757 0.989 0.0793 
19.501 0.0830 5.403 0.0948 
29.781 0.0878 10.184 0.1010 
39.236 0.0913 19.751 0.1078 
49.058 0.0939 29.226 0.1112 
53.832 0.0947 38.049 0.1142 
44.371 0.0931 50.153 0.1173 
32.641 0.0892 54.289 0.1182 
24.823 0.0870 4" . 800 0.1158 
14.857 0.0812 34.704 0.1130 
7.244 0.0722 2 . 792 0.1097 
2.491 0.0593 14.951 0.1045 
0.477 0.0441 7.365 0.0977 

10.841 0.0767 2.482 0.0879 
1.759 0.0834 
0.451 0.0695 



231.. 

CaX/NE-13 

0. 0007 
0.02-37 
0. 0/2,91 
0. 05.-9 
0.0583 
0. 0508 
9. 0637 
0. 0626 

230°C. 

x 

0. 0":26 
0.0558 
0.0596 
O. 0681 
O. 0715 
0.0755 
O. 0782 
0.0810 

290°C. 

0.433 
5. 151 

10. 129 
20. 1-:6 
29. 191 
39. 27." 
49. 597 
45. 218 

P 

O. 557 
L.„. A04 
9. 157 

19. 711 
28. 763 
39. x'.18 
=:8. 965 
58. 575 

35.016 0.0602 54.3••1 0.0805 
24. 679 0.0573 /1 4. 519 O. 0778 
13. 031 0- 0529 35. 032 O. 0745 

6. 781 0. CY 55 25. 151 O. 0710 
0.333 0.0:319 1•-. ^-15 O. 0655 

7. 632 O. 0597 
4.457 O. 0569 

260°C. 2. 050 O. 0517 
O. 3.'-6 O. 018 

P 

1.308 0. 02_12 200°C. 
310 0. 3485 

19. 277 0. 0596 P 
29. 620 0.06,2. - 
."-1. 524 0. 0663 0.900 0. 0528 
50. 336 0.065".- 4.761 0. 06/ 1 
57. •1-12 0. 0710 10./'-20 0.0709 
":5.053 0.0682 19.317 0. 0769 
35. 195 0.0667 28.984 0. 0832 
1^_.827 0.0590 59.209 0.0878 
25. 192 0. 063'7 '9.200 0.0918 
9.438 0. 0555 59.192 0. 0950 
7. 076 0.0537 51.276 O. 09 37 
3. 992 0. 0•' 86 33. 251 0. 0856 
O. 317 0. 0,"-01 25.231 O. 0816 
5. 713 0.0311 2-'43 0.0891 
1. 175 0. 0 21 0. 0719 

18. 763 0. 0302 7.34 8 O. 068 ' 
2.076 O. 0596 



232. 

CaXATH3  

170°C. 

x 

110°0. 

x P 

1.128 0.0625 1.514 0.0895 
9.902 0.0802 5.136 0.1087 
/,./76 0.0719 9.9217 (71.120 

19.423 0.0897 18.792 0.1317 
29.216 0.0966 29.297 0.1/_62 
39.761 0.1027 38.946 0.1526 
49.578 0.1074 50.330 0.1586 
58.84.3 0.1119 59.088 0.1615 
54.751 0.1102 55.527 0.1602 
45./-33 0.1063 23.756 0. 1419 
35.237 0.1014 44.707 0.1571 
24.905 0.0950 33.273 0.1506 
7.190 0.0777 15.430 0.1321 

15.421  0.0874 7.772 0.1174 
0.288 0.0552 2.408 0.0984 
2.580 0.0685 0.524 0.0813 

29.151 0.0972 9.821 0.1198 
19.233 0.1361 
28.619 0.1452 

14000. 

x 
Volumetric Data rfia/NH3  

P 
70°C, 

0.769 0.0685 
5.689 0.0820 P "7.  

9.436 0.0959 
19.32/, 0.1093 4.859 0.1241 
28.880 0.1180 38.694 0.1674 
29.297 0.1250 51.301 0.1730 
49.91.2 0.1308 49.578 0.1683 
59.879 0.1350 42.899 0.1658 
54.950 0.1336 36.870 0.1630 
33.978 0.1230 30.951 0.1601 
25.301 0.1157 23.438 0.1555 
15.657 0.1056 19.454 0.153/ 
23.600 0.1139 15.285 0.1472 
33.668 0.1211 10.725 0.1417 
7.849 0.0.943 7.448 0.1366 
5.365 0.0884 5.218 0.1301 
2.666 0.0307 3.517 0.1217 
0.452 0.0668 2.222 0.1116 

1.264 0.1001 



233. 

NaX/NH3 

50°C. oPc. 

P 	x P 	x 

0.216 0.1063 0.200 0.1538 
19.176 0.1764 6.980 0.2065 
2/..778 0.1730 12.093 0.2131 
30.655 0.1773 20.529 0.2200' 
48.994 0.1854 40.315 0.2251' 
42.688 0.1994 54.651 0.2286 
35.176 0.1816 47.014 0.2281 
22.982 0.1729 39.737 0.2262 
15.506 0.1665 33.509 0.2251 
12.551 0.1625 27.733 0.2224 
8.992 0.1570 20.594 0.2198 
7.357 0.1541 14.266 0.2161 
5.054 0.1478 10.867 0.2122 
2.614 0.1349 8.597 0.2091 
1.589 0.1253 4.640 0.2007 
0.977 0.1152 2.406 0.1916 

1.399 0.1855 

30°C. 

x 

Cod:/N117, 

P 290°C. 

2.316 0.1602 P x _ 
9.473 0.1798 

17.070 0.1093 1.185 0.0227 
30.068 0.1956 1.761 0.0303 
49.935 0.2042 11.496 0.0368 
53.350 0.2030 19.622 0.0393 
44.178 0.2011 30.1:,3 0.0/_25 
35.788 0.1994 38.616 0.0449 
25.873 0.1955 49.207 0.0478 
16,686 0.1892 4.4.480 0.0480 
13.353 0.1856 35.229 0.0453 
7.734 0.1808 24.833 0.0432 
4.982 0.1707 14.865 0.0406 
3.251 0.1645 29.460 0.0447 

19.383 0,0420 
7.450 0.0376 
2.301 0.0316 
0.666 0.0267 

10.128 0.0375 



1334. 

CoX/NH3  

z 
0,0358 

(Check isotherm) 

290°C. 

260°C, 

P 

3,120 
P x 

9.559 0.0421 3.270 0.0300 
19.608 0,0469 11,311 0.0370 
29,742 0,0507 21.362 0,0409 
39,632 0,0547 33.721 0,0434 
41,147 0,0582 44,991 0,0455 
44.185 0,0570 15,460 0.0422 
34.755 0,0549 1,005 0,0287 
25,050 0,0523 30,836 0,0468 
15,184 0,0487 
7,643 0.0442 
1,798 0,0370 200°C, 
4,586 0.0413 
10,116 0,0455 p x 
20.297 0,0499 
29,953 0.0532 1,590 0.0429 
2.334 0,0379 5,587 0,0509 

40,052 0.0557 11,379 0,0569 
0,399 0,0265 18,294 0,0623 

30,106 0.0684 
40.562 0,0722 

230°C, 44,999 0,0729 
52,820 0.0760 

P x 35.082 0.0707 
25,002 0,0672 

0,372 0.0275 15,753 0,0620 
0,793 0,0349 10,790 0,0590 
5.566 0,0456 20,052 0.0650 
8,844 0,0495 4,898 0,0517 

18,945 0,0557 
29,925 0,0603 1700C, 
48,561 0.0655 
39.960 0,0631 p x 
45.346 0,0655 
35,691 0.0632 1.115 0.0506 
24.536 0.0591 5.284 0.0610 
14,488 C.0547 9.854 0,0674 
8.530 0,0495 21,519 0.0763 
2.320 0.0440 29.999 0,0783 
4,078 0.0468 38,913 0.0848 
19,651 0.0572 51,484 0,0886 
39,856 0,0648 30,599 0,0812 
51,169 0,0677 15,240 0,0748 



235. 

CoX/NH3  

Contd, 
(Number 

Appendix 2 

Conversion Factors 
170°C, 

of mem./17 	cells) 

3,459 0,0607 NaX 1,000 
19,661 0.0775 
10.702 0,0709 LiX 0,901 
39.616 0.0856 

KX 1,099 
140°C, 

RbX 1,150 

CsX 1.385 
1,656 0.0643 
4.990 0,0769 CaX 0,980 
11,538 0,0881 
18,907 0,0949 SrX 1,125 
30,115 0,1018 
39,227 0,1039 BaX 1,192 
50.324 0,1080 
42,274 0,1063 CoX 1,020 
24,436 0,1016 
7,424 0,0876 
2.737 0,0761 
9,029 0,0897 
39,573 0.1050 
20,010 0,1003 
0,350 0,0659 

110°C. 

0,280 0.0710 
4,302 0.0(376 
9.231 0.1114 
19,680 0,1207 
31,741 0,1247 
38,652 0.1275 
51.689 0,1298 
45.249 0,1285 
24,956 0,1242 
7.371 0,1154 
0,74.1 0,0947 
20,081 0.1212 
40.999 0,1263 
11,811 0,1182 



0,xyzon Atsras 

3.• 
r. 

866.2 
447,3 
264„ 0 
164.4 
113.7 
77.5 
59,5 
49,4 
44,17 
42,17 
41.08 
43.84 
47,4 
52,24 
58.01 
64.29 
70,09 
75,64 
72.96 
23,514 

** 
1 

2r' 
87443, 
22154, 
6125' 
1856, 
659,6 
229, 
96,6 

NNW 

Position 
on 

(PDP)A 

4.89 
4,35 
3. 1 
3.26 
2,72 
2:17 
1.63 
1,09 
CI. 54 
0,00 
0,54 
1.09 
1,63 
2,17 
2:72 
3.26 
3.81 
4.89 
5.'4 
7.07 

C ations  
40** 

1 
r 

Position 
on 

(PPP)A 

5438, 
350.8 
23,00 
2,888 
On= 

•11•1. 

•••• 

Om* 

4.34 
3.91 
3.47 
3.04 
2.17 
0.00 
2,17 
4,34 

23,34 
5,948 
1,540 
1,559 
0.124 
0,034 
0.041 
0.030 

* x 104n 

X 1096 ICM'  
***x 	0‘.  
***x ..'4299.10 

****x.3.848.10 
cm. 

236. 

• INTERMOLEGULAR )FORCES DATA, 
+ 

E,S,U, Position 
Potential on 

(PPP)A 

2,482 4,34 
1,390 3,91 
1,060 3,47 
0,881 3,04 
0,720 2,60 
0,578 1,97,  
0,560 1,74 
0,631 0,43,  
0.620 0,00 
0,550 0,43 
0,300 1,30 
0,135 1,97 
0,035 3,04 
0,021 4,34 

Field ++ Position 
on 

(PPP)t. 

0.363 3,91 
0,197 3,25 
0,132 2.60 
0,087 2,17 
0,000 1,52 
0,034 0,87 
0,003 0,43 
0,013 0,00 
0,107 0,43 
0,114 1,30 
0,069 2,17 
0,023 3,04 
0,000 3,91 
0,036 4,34 
0,050 4,76 

-3- + x 10 c,s,u, 

++ x 10coe,s.u,/em, 



236. 

Oxygon'Atoms.
* 

 

,FORCES DAM' INTERMOLECULAR 

Position 
;‘,;* 
1 

Position 13,8,17,
+ 

 

1. 
r. 

on 
(p-op)A 

Potential on 
(PPP)A 

21'0  
866.2 8741.3. 4.89 2,482 4,34 
447.3 22154, 4,35 1,390 3,91 
264.0 6125' 3. 	1 1,060 3,47 
164.4 1856. 3.26 0,881 3,04 
113.7 659.6 2,72 0,720 2,60 
77,5 229.4  2.17 0,578 1,97; 
59,5 96,6 1.63 0,560 1,74 
49,4 1.09 0,631 0,43,  
44,17 P. 54 0.620 0.00 
42.17 0,00 0,550 0,43 
41;68 0.54 0,300 1,30 
43.84 1,09 0,135 1,97 
47,4 WOO 1.63 0,035 3,04 
52,24 2.17 0,021 4,34 
58,01 WIMP 72 
64,29 3.26 
70.09 WNW 3.81 Field ++ Position 
75.64 4,89 on 
72,96 WM. 5.44 (PPP)A 
23.514 ••• 7.07 

C ations 
**** 
1_ 
r" 

5438. 
350.8 
23.00 
2,888 
OM. 

SM. 

••111,  

Position 
on 

(ppp)A 

4.34 
3,91 
3,47 
3.04 
2.17 
0.00 
2.17 
4.34 

1 4** 

23.34 
5.948 
1,540 
1.559 
0.124 
0.034 
0.041 
0.030 

0,363 
0,197 
0,132 
0.087 
0.000 
0,034 
0,003 
0,013 
0,107 
0,114 
0,069 
0,023 
0,000 
0.036 
0,050  

3,91 
3,25 
2.60 
2,17 
1,52 
0,87 
0,43 
0,00 
0.43 
1,30 
2,17 
3.04 
3,91 
4.34 
4,76 

x 104' t 

** x 10 
961cm, 

***x 	ttC 
"*X .,4299.10 

****x.1848.1081d cm4'  

x 10 c,s,u, 

++ x 106e,s„u„/ern, 
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