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T HE behaviour  of the zeolites on dehydra t ion ,  and their  capac i ty  
for absorbing other  gases and vapours  in place of the  water  

removed,  have formed the subject  of numerous invest igat ions,  quali-  
t a t ive  and quant i ta t ive ,  of var ious  degrees of accuracy.  In  only a 
few cases have a t t empts  been made to fit a n  equat ion 2 to the  
exper imenta l  da ta .  Of these equations,  those proposed by  0.  Weigel,  
G. F. Hii t t ig,  and O. S c h m i d t s  are quite inadequate ,  as is readi ly  
seen by  a t r ia l  with the more extensive da ta  now avai lable .  On the 
other  hand, E. Rabinowi tsch4 der ived an equat ion which proved 
capable  Of reproducing the exper imenta l  da t a  and is very  s imi lar  to 
the equation now proposed, but  derived in a qui te  different way. 5 

1 Parts I-VII, Min. Mug., 1930-1934, vols. 22-23. 
2 Other than a Freund!ich isotherm, an empirical type of equation which 

will almost always represent the data over a limited range. 
3 0 .  Weigel, Sitzungsber. Gesell. Naturwiss. Marburg, 1924, p. 107 [M.A. 

4-373J; G. F. Htittig, Fortsehr. Chem. Phys. und Physikal. Chem., 1924, 
vol. 18, no. 1, and Kolloid-Zeits., 1924, vol. 35, p. 337 [M.A. 5-82]; O. Schmidt, 
Zeits. Physikal. Chem., 1928, vol. 133, p. 263 [M.A. 5-81]. 

E. Rabinowitsch, Zeits. Physikal. Chem., Abt. B, 1932, vol. 16, p. 50 [M.A. 
5-355]. 

The similarity is not immediately apparent, but is readily disclosed by 
substituting (1-  x) for Q/Q,~ andwriting the equation logarithmically. 
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Rabinowitsch's equation is not, howe, ver, perfectly satisfactory, as it 
is found impossible, on applying it to the newer experimental data, 
to uphold either of the interpretations he suggests for the constant b. 

The equation now proposed is based on the assumption that  the 
water in the zeolites occupies a definite integral number of lattice 
positions per unit cell, which need not all be filled; the water is, 
however, readily mobile, since the binding energy in the lattice is 
not very large. The grounds on which it is held that  such a view 
best represents the condition of the water in the zeolites will be dis- 
cussed below. 

The theory here developed applies not only to the zeolites, but  to 
any crystalline compound of a volatile and non-volatile component 
the crystal-structure of which is such that  the whole or a part  of the 
volatile component can be removed without the structure collapsing. 
At present there is no comprehensive term for such compounds, and 
they are often referred to as ' zeolit ic '  compounds, after the best- 
known examples of the class, but  a more satisfactory term is desir- 
able. Although in most of what follows only zeolites or ' zeolitic ' 
hydrates are referred to, it should be emphasized that  the arguments 
a n d  equations apply equally to all ' zeoli t ic '  compounds, including, 
for example, the systems FeS-S, FeO-O v Pd-H2, &c. 

Theoretical. 
For a primary treatment,  it will be assumed that  the volatile com- 

ponent does not  undergo any change in molecular complexity (e.g. 
dissociation) in passing from crystal to vapour or the reverse ; and 
tha t  in the crystal all the molecules (or atoms) of the volatile com- 
ponent are structurally of the same kind, occupying one set of 
equivalent positions. 

Consider a plate of the zeolite so cut and mounted that  the free 
surface exposed to the vapour is of unit area, and is normal to the 
channels along which the water migrates, and which form so notable 
a feature of the structure of the zeolites. When the zeolite is partially 
dehydrated, let x be the fraction of water molecules that  have been 
removed. 

If  p is the pressure of water vapour above the crystal, the 
number of water molecules striking the surface in unit  t ime is 
Np/42*rMRT, where N is the Avogadro number, M the molecular 
weight of the volatile component (water), R the gas constant, and T 
the absolute temperature. But only a part  of the surface of the 
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crystal  consists of vacant  la t t ice  posit ions in which the water  might  
condense ; if there  are v la t t ice posit ions for water  per  sq. cm. in the 
surface layer,  1 the number  of vacancies will  be vx. Fur ther ,  in order 
to condense in a given vacant  posit ion, a water  molecule must  str ike 
the proper  channel central ly,  within a l imi ted  area a. :For a spherical 
molecule of radius p entering a channel of effective radius r the area 
will be a ---- zr ( r -p )2 .  Fo r  a non-spherical  molecule i t  is p robab ly  
permissible to use a mean radius unless one or more dimensions of 
the en t ran t  molecule exceed the d iameter  of the channel ;  in the 
la t te r  case the expression for a will be complex,  involving an 
or ientat ion factor. Las t ly ,  i t  may  be necessary for the incident  
molecule to possess a component  of kinetic  energy normal  to the 
crystal  surface greater  than  some value 7; (the act ivat ion energy of 
condensation) if i t  is to condense. Of the incident  molecules, only a 
fraction axv per sq. cm. will  s t r ike vacant  la t t ice  posit ions within the 
' condensation area ', a, and only a fraction e-lV~/~T of these will have 
the  requisite ac t ivat ion energy ~?. Hence the number  of water  mole- 
cules condensing in unit  t ime will be a x v N p e  - ~v~/aT/~/2~rMRT. 

Of the v (1 - x) water  molecules in the surface layer,  only a fraction 
e -~v~/RT, having a component  of kinetic energy normal  to the free 
surface greater  than e (the ac t iva t ion  energy of evaporation}, will 
have sufficient energy to overcome the forces holding them to the 
la t t ice  ; and only half of these will be moving in the r ight  direct ion 
at  any  moment .  In  an equi l ibr ium state,  the  number  of molecules 
,scaping is balanced by  those condensing, and i t  is therefore permis-  
ible to determine the number  of molecules escaping in uni t  t ime b y  

dividing the number  in a posit ion to escape a t  any  ins tant  by the  
average t ime required for escape. 

T h e  existence of an ac t iva t ion  energy of condensation,  7, implies a 
potent ia l  hump between the free vapour  and the potent ia l  t rough cor- 
responding to the s t ruc tura l  water  la t t ice  position. 2 Let  the  distance 
from the summi t  Of the potent ia l  hump to the la t t ice  posi t ion be �89 
and from the bump to a po in t  a t  which the escaping (or entering) 
molecule n/ay jus t  be regarded as free ~D'. The distance ~D will  be 

* It  is not necessary to consider more than the surface layer, since, in equili- 
brium, the influence of deeper layers on condensation and on evaporation must 
necessarily balance. 

2 That is, a molecule approaching a given vacant lattice position is at first 
repelled, and only on reaching a certain point {which it will not re~.ch, against 
the repulsion, unless it has the necessary energy y) is it attracted into the 
lattice position. 
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approx imate ly  equal to half the distance between equivalent  water  
la t t ice  positions, along the channels. Provided  N E / R T  is large, 
which will normal ly  be the case, the great  ma jo r i ty  of the escaping 
molecules will have energies but  l i t t le  greater  than e, and hence their  
mean veloci ty  as they leave the lat t ice posit ions may  be taken 1 as 
~/2Ne/M;  this  veloci ty  is al l  lost as the  summit  of the  potent ia l  
hump is reached, after which the repulsion accelerates them again,  
so tha t  on reaching the tree vapour  state their  mean veloci ty  is 
~/2N-~]/M. Nothing is known of the law governing the accelerat ion 
and decelerat ion of the molecules, but  as an approximat ion  the t ime 
of escape may  be taken to be ~/ t imes the value calcula ted on the 
assumption tha t  both port ions (�89 and �89 of the pa th  of escape are 
t raversed in simple harmonic  motion ; ~ the factor X should be greater  
than 1, bu t  numer ica l ly  small,  and i t  may  also be al lowed to correct  
for any  difference between D and the distance between equivalent  
water  la t t ice  positions. The t ime of escape is then 

ztx D~/M / 4 ~ / ~  + rrx D" ~/M / 4"42N~ 1. 

To a first approximat ion ,  i t  is p robab ly  permissible  to assume tha t  
D '  : D : : ~/: e ; and the error introduced by  this assumption is the less 
since 71 is p robab ly  much less ' than c. Subst i tu t ing  D~/e for D' ,  and 
approximat ing  (1 + ~/~-]~)/~'E = 1/4~ - ~, since ~>)~/, the t ime of escape 
becomes n x D 4 M / 4 4 2 ~ ( E - ~ ) ,  and the number  of molecules escaping 
in uni t  t ime is : 

2v (1 - x) 4 2 N  (E - n) . e-~W/nT /r~X D 4 M .  

Equa t ing  the number  of molecules escaping and condensing, the 
equi l ibr ium equation is : 

p = [4 (1 - x) 4 N R T  (e - ~1) .e-~V('-'7)/R~]/aNDxx ~/r 
or logep = 

log e 4 4 N R  (~ - v ) / aND X~/~r + �89 log e T - logex/(1 - x) - N (E - v ) /RT .  

In  this equation,  a l l  the quant i t ies  mus t  be expressed in comparable  
u n i t s - - p  in dynes per sq. cm., R ,  e, and ~/in ergs, a and D in cm. I t  
is more convenient  in practice to use common logari thms,  to have 
p in mm. Hg, the  energies in calories, and a and D in ~-:, and to re- 
place the  ac t iva t ion  energy difference per molecule of water,  ( e -  ~/), 

1 Strictly, the mean velocity is ~ / ~ +  e.N~/RT. 41rRT/2M. (b('qNe/RT), 
where r denotes the Gaussian error function. If N~/RT is large, the second 
expression is negligible. 

Compare J. E. Lennard-Jones, Trans. ]Faraday Soc., 1932, vol. 18, p. 351, 
who concludes, in a very similar problem, that the factor X can be neglected. 
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by the difference per gram-mol., E = _N(e-v}). The equation then 
becomes : 

logp --- C + �89 log T - logx/(1 - x) - E ( loge) /RT,  

where C -- 5.22 + logx/E/aD X. 

The heat of hydration, I Qx = - R ~ l ~  : E + ~ R T .  The 
variation in Qx with T is so small that  when isohydrie curves are 
plotted in the form log p against 1 / T  they are reduced to straight 
lines within the experimental error; this is in agreement with all the 
experimental results. 

So far the equation has only been derived for a very special case, 
and it remains to generalize it. I t  was assumed that  the whole free 
surface of the zeolite was normal to one particular direction. Now 
e, 7/, a, and D certainly vary markedly with direction in the crystal, 
but, since neither the equilibrium pressure nor the heat of hydrat ion 
can so vary, the difference E -  ~? =- E / N  and the product  aD must be 
constant. The equation is therefore independent of direction. 

I t  was assumed that  the volatile component did not undergo any 
change in molecular complexity in vaporization. This is true when 
the volatile component is water, but  in several systems the volatile 
component is incorporated in the crystal as atoms, while in the vapour 
phase it is present as polyatomic molecules. The systems PdH-H2,  
FcS-S2, and Sb204_ s-02 are examples of such systems, and recent 
work tends to show that  they are fairly numerous, especially among 
sulphides and selenides, though the range in composition of the solid 
phase may be fairly small. In such cases atomic oxygen, sulphur, 
&c., in the crystal may  probably be regarded as being in equilibrium 
with the minute equilibrium fraction of dissociated molecules in the 
vapour phase, and the total pressure may then be calculated with 
the aid of the dissociation equation of the volatile component.  

Thirdly, i twas assumed that  the water molecules are all s tructurally 
of the same kind. Among zeolites in particular this is rarely the case, 
the water occupying two, three, or more sets of lattice positions. In  
equilibrium, each set of water molecules can be considered indepen- 
dently, and the water distributes itself among the several sets, each 
of which will have its own value for E, and possibly for a also, in 
such a way that  the equilibrium pressure is the same for each 
set. If two sets of water molecules have very similar values for the 

1 That is, the heat evolved when one gram-tool, of water vapour combines 
with an infinite amount of zeolite of degree of dehydration x, exclusive of the 
external work involved. 
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constants E and a, water will be lost from both scts to much the 
same degree during dehydration, but if the constants differ markedly 
for the two sets but  little water will be lost from one set of positions 
until the other set is almost empty. But it is characteristic of zeolitic 
hydrates (if the above equation is correct) that  in the partially de- 
hydrated compound no set of water positions will be completely full, 
nor any quite empty. Indeed, it is impossible for any set of equiva- 
lent positions to be quite fully occupied, even when the zeolite is in 
contact with liquid water, for this would require p : ~ .  But very 
little water need be lost to bring the dissociation pressure of the 
zeolite below the vapour pressure of water--something of the order 
of 0.01% will often suffice, so tha t  the deficit will often be quite 
impossible of direct detection. When the loss of water is small, the 
relative accuracy with which it can be determined falls sharply, and 
vapour pressure observations in this region become of little value. 

:In many zeolite structures there are cavitics which might be 
occupied by water molecules but are not. Presumably the heats of 
hydration for these groups of lattice positions would be so small 
tha t  at all accessible water vapour pressures the positions must 
remain practically empty. I t  is possible that  a small degrec of 
occupation of such ' forbidden'  positions may account for the slight 
excess of water often found in zeolites after exposure to nearly satu- 
rated atmospheres, which excess is usually at tr ibuted wholly to ad- 
sorption. And it is always possible tha t  another volatile component 
might prove able to occupy these positions, though this is not likely 
to occur, as the affinity of a zeolite for water is generally greater than 
for any other vapour, except perhaps ammonia. 

On applying the above equation to the experimental data, it is 
found that  in many cases E varies markedly with x, and often C also 
varies with x to a greater extent than the variation of its constituent 
factor, log ~/E, would account for. The variation in E may  be formally 
recognized by replacing it by E0{1 +f(x)}, where E o is the value of 
E for x ---- 0, a n d f ( x )  some unknown function of x ;  in p rac t ice f (x)  
often proves to be approximately linear, and is invariably positive. 
The origin of this variation in E is fairly readily understood ; as the 
water is removed, the whole distribution of affinity in the crystal is 
necessarily disturbed, and the more water is removed the more firmly 
bound is what  remains, leading to an increase in E with incrcase of 
x, i.e. a positive value of f (x) .  

The variation in C, in so far as it is not  solely due to a variation 
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in E, is found to be always an increase with increase of x, and is 

almost certainly to be attributed to lattice shrinkage. I As the water 

is removed the lattice tends to shrink, particularly in directions 

normal to the water-bearing channels; this shrinkage normally 2 

decreases the area of the channels, and hence the ' condensation 

area', a. The variation in a may be formally expressed by writing 

a --- %{1 -{- ~b(x)} 2, where a o is the value of a for x = 0 ; then taking 

a = 7r(r-p) 2, as above, r = (r-ro)/(ro-p) , so that if the lattice 

shrinkage and consequent decrease in r are linear functions of x, as 

is often the case to a first approximation, r -- -x(r o -rl)/(r o -p). 

When the lattice shrinkage is very marked it often departs from 
the linear approximation, and there sometimes seems to be a tendency 
for the shrinkage to regulate itself so that  the vapour  pressure remains 
constant over a fairly wide range of x-values ; such pseudo-univariant 
equilibria, exemplified by natrolite, the palladium-hydrogen system, 
and probably also by calcium sulphate hemihydrate,  have hitherto 
remained unexplained. 

Thus, eliminating all dependent variables, 3 the equation may be 
written : 

logp = Co+ �89 - logx/(1 - x) - 2 log{1 + r + �89 +f(x)} 
- Eo{1 + f ( x ) }  (loge)/Rr, 

where C O = 5.22 + log'JEo/aoD X. 

The intert~etation of the existing experimental data. 
Edingtonite {figs. 1 and 2) shows fairly simple behaviour, and its 

vapour pressure surface can be readily formulated if it is assumed 
that  the water is divided between two groups of four equivalent 
positions per unit  cell each, which may be indicated conveniently by 
writing the unit  cell formula : Ba2A14Si602o.(4 + 4)H~O. This division 
of the water into two groups is in agreement with the X-ray  work of 
W. tt .  Taylor and R. Jackson. 4 The X-ray  work would also lead 

1 The reality of lattice shrinkage has been repeatedly demonstrated by X-ray 
and specific gravity measurements. 

2 In some types of structure (e.g. chabazite) lattice shrinkage does not 
appear to affect the water-bearing channels. 

3 Strictly, both E0 and a probably vary slightly with temperature, but the 
variation is in general too small to be detected with the range of experimental 
temperatures normally available. The variation in D due to thermal expansion 
is negligible. 

4 W. H. Taylor and R. Jackson, Zeits. Krist., 1933, vol. 86, p. 53 [M.A. 5-  
354]. 
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one to expect  t ha t  the two groups of water  molecules will have 
apprec iab ly  different volati l i t ies,  since their  surroundings in the 
crysta l  are different, and this is found to be the case. The more 
vola t i le  group of water  molecules have E = 1.35 (1 + 0.22x) • 104 
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FIO. 1. Calculated isohydric curves for edingtonite, compared with the 
experimental data. 

cals. per  gram-tool ,  of water,  and C 8 = 8.34. The exper imenta l  da ta  
are ha rd ly  sufficient to f ix  all  the constants  for the less vola t i le  group 
of molecules wi th  any  cer ta inty ,  bu t  indicate t ha t  C o differs bu t  
l i t t le  for the  two groups. If  i t  be assumed tha t  the difference in C o 
for the two groups is equal to the difference in log ~/E, then the less 
vo la t i l e  group will  have C o = 8.50, and three values  of E can be 
deduced,  for as many  values  of x, which agree fa i r ly  well with the 
l inear  expression E ---- 2.35 (1 + 0:17x) • 10 ~ cals. A s l ight ly  different 
assumpt ion as to the value of C o will of course give s l ight ly  different 
values of E. The mean heat  of hydra t ion  of edingtonite  over the 
range 2.4 to 8-0 tools, water  per  uni t  cell, computed  from the above 
expressions for B, is 18,000 eals. per  gram-mol,  of w a t e r  a t  room- 
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temperature. The calorimetrically determined figure was 17,000 cals. 
The experimental vapour pressure data for edingtonite are given in 
table I, which also shows the agreement between the observed and 
calculated values of log p. 

RCCIPROCAL .  OF" ABSOUJTs  T [MPERATURE X 105  
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FIG, 2. Calculated isobaric dehydra t ion  curves  for edingtoni te .  A typical  
example  of subdivis ion of the  water  into two groups.  In  th is  and  o ther  isobaric 
g raphs  the  curves  t e rmina t e  towards  low tempera tu res  a t  s a tu ra t i on  points ,  
where liquid water  condenses.  

Mesolite crystallizes in the space-group C~2, which has, in the face- 
centred aspect adopted, sets of four or eight equivalent positions in 
the unit cell. The water is almost certainly in general positions, 
and the unit cell formula may therefore be written 

Ca16Nal~A14sSi72024o.(8 x.8)H20. 

The task of working out vapour pressure constants for such a case 
would in general be almost impossible, but fortunately the relation 
of this zeolite to natrolite and seolecite assists. The formula amounts 
to one natrolite and two scolecite unit cells combined, and there is 
reason to believe that  this represents the actual structure rather 
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TABLE I .  O b s e r v e d  a n d  c a l c u l a t e d  w a t e r  v a p o u r  p r e s s u r e s  of  e d i n g t o n i t e  
f r o m  B 5 h l e t ,  S w e d e n  (B.M. 81049),  fo r  v a r i o u s  w a t e r  c o n t e n t s  a n d  t e m p e r a t u r e s .  

S e r i e s  1. c = 7-70 tool .  

x 1 = 0 .075  to  0 .095.  
x 2 = 4 x 10  - 9  t o  7 X 10  - 7 .  

t ~ C. L o g  p (mm.  H g )  
Obs .  Ca lc .  

19 0 .49  0 .38 
53 1-41 1-45 
64 1.76 1-75 
71 1.90 1.93 
77 2 .10  2 .12 
83 2-22 2.21 
92 2 .33  2 .43  

100 2-45 2 .58  
109 2 .53 2 .73  
119 2 .63 2 .90  
130 2 .70  3 .04  

Ser i e s  2. c = 7 .42 mo l .  

x 1 = 0 . 1 4 5  t o  0 .165 .  
x 2 =  10 - a t o l 0  - e .  

t ~ C. L o g  p (mm.  H g )  
O b s .  Ca lc .  

19 0 .00  1-92  
57 1 .08 1 .10 
74 1 .58 1.56 
9 2  2 - 0 0  2 . 0 0  

9 7  2 . 0 8  2.12 
104 2-27 2 .28  
110 2 .39  2-40 
116 2 .50  2 .52  
123 2 .62  2 .68  
135 2 .76  2 .85  
142 2 .82  2-97 
140 2 .88  3-06 

S e r i e s  3.  c = 7 .34  m o l .  

x I = 0 .155 .  
x z =  10 - 7  t o  10 - 6  . 

t ~ C. L o g  p (mm.  H g )  
O b s .  C a | e .  

50  0 .6  0 .85  
64 1 .18 1-25 
78 1.63 1-61 
87 1 .88 1 .82 

100 2-16 2.11 
111 2 .35  2 . 3 5  

Ser ies  4. c = 7-15 mol .  

x 1 ~ 0-2!  t o  0-23.  
x 2 = 4 •  - 7  t o  3 •  - e .  

t ~ C. L o g  p ( ram.  H g )  
Obs .  Calc .  

114 2 .26  2 .18  
80 1.46 1 .35 
96 1.88 1 .75 

105 2-02 1.96 
110 2 .16  2-08 
112 2-19 2-11 
124 2 .34  2.41 
125 2 .39  2 .42  
133 2 .56  2 .56 
138 2 .63  2-63 
149 2 .79  2-83  
155 2 .88 2 .90  

Ser ies  5. e = 6.76  tool .  

x 1 = 0-31 t o  0 .33 .  
x s = 10 - s  t o  10 - a .  

t ~ C. Log p (mm. Hg) 
Obs .  Ca lc .  

128 2-18 2 .12 
79 1-04 0-98  
90  1 .28 1-27 
95 1 . 4 6  1.41 

120 2 .00  1 .96 
129 2-16  2 .12 
134 2-28 2 .26  
146 2 .48  2-45 
150 2 .56  2 .53  
160 2-71 2-66 
163 2 .75  2 .72  
170 2 .88  2 .81 

Ser i e s  6. c = 6-36 tool .  

x 1 = 0 .41 t o  0-43.  
x z = 2 x  10 - a  t o  2 •  - 4 .  

t ~ C. L o g  p ( m m .  H g )  
O b j .  Ca lc .  

160 2 .36  2 .34  
9 4  1-0 1-00 
80  0 .3  0 .62  

108 1 .28 1 . 3 3  
1 2 2  1-57 1 .63 
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Ser ies  6 

t* C. 
Obs .  

134 1-79 
141 1.98 
148 2 .11 
156 2-23 
165 2 .38 
175 2-53 
183 2 .66  
191 2 .78 
199 2 .88  
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TABLE I (con t inued) .  

(cont inued) .  Ser ies  9. 

L o g  p ( ram.  H g )  
Calc .  

1.87 
2 .00  
2 .16  
2 .28 
2.41 
2 .57  
2 .69 
2.81 
2 .97  

Ser ies  7. c = 5-39 mo l .  

x~ = 0-65 to  0 .67.  
x ~ = 5 x 1 0  5 t o  10 - 3  . 

t ~ C. L o g  p ( m m .  H g )  
Obs .  Ca lc .  

192 2 .20  2-12 
137 1.26 1 .14 
154 1-57 1.48 
172 1.90 1.79 
187 2.11 2 .05  
199 2 .26  2 .26 
207 2 .40  2 .36  
219 2-56  2 .53 
228  2 .68  2-63 
235  2 .76  2-73 

Series  8. c = 4.72  mol .  

x 1 = 0 .82  t o  0 .84 .  
x~ = 5 x 10 - 4  t o  0 .01 .  

t ~ C. L o g  p (mm.  H g )  
Obs .  Ca lc .  

160 1 .00 0 .94  
180 1 .30 1 .30 
200  1.61 1-66 
210  1.79 1 .80  
230  2-04 2 .08  
243  2-32 2 .27  
250  2-42 2 .37 
265  2 .57 2-52 
272 2 .65 2 .62  
280  2-75  2 .68  
286  2-81 2 .76  
293 2 .88  2-82 

1 0 9  

c = 4-15 mol .  

x 1 = 0 .93 .  
x~ = 0 .03 t o  0 .04.  

t ~ C. L o g  p ( m m .  H g )  
Obs .  Cal~.  

275  2 .13 2-00 
228 1.23 1 .34 
242 1 .50 1.57 
258 1.75 1.78 
270  2 .00  1.93 
282 2 .18  2 .08  
289  2 .27 2 .15 
304  2 .48 2 .34 
313 2 .57 2-45 
319 2 .66  2 .48  
326 2-74 2 .55  

Ser ies  10.  e = 3.52  mo l .  

1 - - x  1 = 0-01 t o  0.04~ 

x 2 = 0-13 t o  0 .10 .  

t ~ C. L o g  p ( ram.  H g )  
Obs .  Ca lc .  

328 2 .28 2 .00  
255 1.18 0-82  
276  1-46 1 .20 
290  1-68 1 .40 
301 1.79 1.61 
313  2 .02  1 .80 
335  2 .20  2-10 
343  2.37 2 .28  
352  2-48 2-38 
357 2 .54  2 .43  
372  2 .69 2 .63  
385  2 .82 2-80 

Ser ies  11.  c = 2.82 m o l .  

1 - x  1 = 0-001 t o  0 .01 .  

x 2 = 0-30  t o  0-31.  

t ~ C. L o g  p ( ram.  H g )  
O b s .  Ca lc .  

385  2 .16  2 .10  
280  1.08 ? 0 .47  
306  1.18 0 .94  
310  1-23 1 .00 
335  1 .54 1 .40 
370  2 .01 1-88 
380  2 .10  2 .04  
390  2 . I 6  2-15 
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Series 12. c = 2.42. 
1 - x  1 =4•  -4 to4xlO -a. 
x 2 ~ 0.40. 
t ~ C. Log p (ram. Hg) 

Obs. Calc. 
387 1-66 1.78 
314 0.54 0-76 
325 O- 78 0-98 
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TABLE I (continued). 

Series 12 (continued). 

I t ~ C. Log p (mm. Hg) ] 
I Obs. Calc. 
t 332 1.05 1.05 r 

345 1.26 1-22 
351 1.38 1.34 
360 1.49 1.45 

closely. Now scolecite, as will be shown later, has three groups of 
eight molecules each per un i t  cell, and one group is much more 
volatile than the other two, 1 which appear to have almost, if not  
quite, the same volati l i ty.  As a first trial, therefore, an a t tempt  was 
made to interpret  the mesolite data on an assumption of 16H~O of 
high and equal volati l i ty,  and 48H~0 of lower and again equal 
volat i l i ty.  This t rea tment  proved fully satisfactory. The more 
volatile group of 16 water molecules was found to have E = 2.11 • 104 
cals., and C = 9.17. The constants for the less volatile group of 48 
water molecules could not  be fixed with the same degree of accuracy, 
bu t  are near E = 2.52 • 104 cals. and C = 8.85. The mean heat of 
hydrat ion of mesolite over the range 33.7 to 64 mols. H~O per uni t  
cell, computed from the vapour pressure data, is 23,300 cals. per 
gram-mol, of water. Calorimetrically, a figure of 18,000 cals. was 
obtained, bu t  it  is quite possibly low. I t  was not  shown that  the 
whole of the water expelled was reabsorbed, and any failure to 
reabsorb par t  of it  would lead to a low value for the heat of hydra- 
t ion. This explanation is supported by X-ray examination of a 
par t ia l ly  dehydrated mesolite containing about  30 mols. H~O per uni t  
cell, which showed considerable lattice breakdown. 

The heats of hydrat ion for the two groups of water molecules differ 
much less for mesolite than they do for edingtonite, and this is 
reflected in the isobaric curves, which show much less of a ' step ' for 
mesolite than for edingtonite. While with edingtonite almost the 
whole of the more volatile group of water molecules can be removed 
before the less volatile ones begin to be removed to any appreciable 
extent, with mesolite, at  227 ~ C. and 10 ram. Hg, when only 10.6 
mols. H20 have been lost from the more volatile group (x = 0.66), 

1 More strictly, this applies to the high-temperature modification, metascole- 
cite ; scolecite itself has a more volatile group of 16 and a less volatile group of 
8 molecules. 
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t h e  l o s s  o f  t h e  l e s s  v o l a t i l e  g r o u p  is a l r e a d y  a p p r e c i a b l e ,  b e i n g  0 - 8  

m o l e c u l e  (x ---- 0 . 0 1 6 ) .  T h e  o b s e r v e d  a n d  c a l c u l a t e d  v a l u e s  o f  l o g  p 

f o r  m e s o l i t e  a r e  s h o w n  i n  t a b l e  I I .  

TABLE 1I. Observed a n d  ca lcu la ted  w a t e r  v a p o u r  pressures  of mesoli te  f rom 
Bhore  G h a u t ,  Syhad ree  Mts.,  B o m b a y  (B.M. 33868), for  va r ious  w a t e r  c o n t e n t s  
a n d  t e m p e r a t u r e s .  

Ser i e s  1. c ~ 59-8 mols.* 

x I = 0.26. 
x 2 = 0.0Ol to 0.006. 

t ~ C. Log p (mm. Hg)  
Obs. Calc. 

238 1.95 2-01 
153 0.14 0.23 
164 0-49 0.46 
170 0.61 0-60 
188 0.94 1.02 
195 1-16 1.21 
200 1.33 1.30 
206 1.38 1.40 
218 1-62 1.64 
229 1.76 1.88 
238 2.01 2-01 
245 2-23 2.16 
256 2.39 2-36 
259 2-45 2.40 

Ser i e s  2.  c = 57-6 mols. 

x 1 = 0.40 to  0-38. 
x 2 = 0.002 to 0.008. 

t ~ C. Log p (ram. Hg) 
Obs. Calc. 

180 0-38 0.46 
168 0.23 0.18 
160 i -78  0.00 
170 0.00 0.23 
180 0-23 0.46 
200 0.83 0-93 
200 1-03 0.93 
210 1-21 1.12 
222 1.32 1.36 
235 1.62 1.60 
254 2.01 1-94 
264 2.12 2.12 
277 2.27 2.30 

* There  is some 

Ser i e s  3.  c = 55-1 mols. 

x 1 = 0.53 to C.47. 
x 2 = 0.01 to  0.03. 

t ~ C. Log p (mm. Hg) 
Obs. Calc. 

291 2.41 2.32 
298 2.50 2-42 
312 2.60 2.68 
320 2-70 2-78 
332 2.80 2-93 
334 2.89 2.99 
344 2.95 3.13 
352 3.04 3.23 
330 2-94 2.93 
324 2-89 2.83 
315 2.85 2-72 
313 2-76 2.71 
299 2.56 2-50 

t ~ C. 

297 
300 
314 
326 
333 
346 
355 
361 
366 
370 
210 
195 
221 
233 
240 

u n 3 e r t a i n t y  as to th i s  w a t e r  

Ser i e s  4. e = 53-2 mols .  

x 1 = 0-65 to 0.56. 
x 2 = 0-01 to  0.04. 

Log p (ram. Hg)  
Obs. Calc. 

2.16 2.22 
2.27 2.30 
2.42 2.53 
2.55 2.68 
2.67 2.78 
2.87 2-95 
2.94 3 .1 l  
2.99 3.10 
3-04 3.20 
3.08 3.24 
0.62 0.64 
0.38 0.35 
O-88 0.84 
1.00 1.10 
1.16 1.25 

c o n t e n t .  



1 1 2  

t ~ C. 

268 
242 
246  
266 
279 

Series 5. 

x i = 0 .68  to  0-63.  
x 2 = 0 .02  t o  0 .04 .  

t ~ C. L o g  p ( ram:  
Obs .  

215  0-00  ? 
220  0 .46  ? 
233 0 .94  
245 1 .24 
249  1.38 
259 1 "56 
280  1 .90 
294  2 .06  
310  2 .41  
324  2 .54  
340  2 .72  
3 5 8  2 .94  
369  3 .03  
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TABLE I I  (continued 1. 

Series 4 (continued). 

L o g  p ( ram.  H g )  t ~ C. 
Obs .  Calc .  

1-71 1.77 386 
1.23 1-31 395  
1-36 1-36 352 
1.77 1.72 320  
2 .04  1.97 

c = 52"2 mols .  Series 7. 

H g )  t o C. 
Ca lc .  

0 . 64  328  
0 .74  240  
1 .00 255  
1.25 280  
1.36 300  
1 .52 300  
1.88 295  
2 .08  315  
2 -34  340  
2 .55  371 
2 .80  385 
3 .06  398 
3 .19  

t ~ C. 

285  
319  
344  
356  
287 
270 -  
307  
344  
331 
360  
365  
376  
387 
401 

Series 6. c = 47 .5  mols .  

x a = 0 .88  t o  0-79.  
x 2 = 0 .05  t o  0 .08 .  

t ~ C. L o g  p ( ram.  H g )  
Obs .  Ca lc .  

224  0 .23  0 .32  
237  0 .69  ? 0 .60  
270  1.28 1-24 
279  1 "34 1-40 
299  1-70 1-72 
315  1.99 2 .00  
255  0 .95  0-97 
292  1-50 1.62 
310  1.81 1 .90 
331 2 .28  2-22 
352  2 -45  2 .55  
361 2 .65  2 .66  
380  2 .86  2-93 
382 2 .90  2 .90  

Series 6 (continued). 

L o g  p (mm.  t t g )  
0 b s .  C a b .  

2 -95  2 .99  
2 .99  3-09 
2 .54  2 .55  
2 .42  ? 2 .06  

c = 41.1 mols .  

x i = 0-96 t o  0-89.  
x~ = 0 .15  t o  0-18.  

L o g  p (mml  H g )  
Obs .  Ca lc .  

1.79 2-04 
0 .30  0 .21 
0-61 0 .55  
1-28 1-00 
1.72 ? 1.32 
1-62 ? 1.32 
1.56 ? 1.22 
1 .79 1-62 
2 .17 2-01 
2 .63  2 .46  
2 .72  2 .58  
2 .88 2-74  

Series 8. c = 36.1 mols .  

1 - x  i = 0 .07  t o  0-03.  
x~ = 0 .25  to  0 .26 .  

L o g  p ( ram.  H g )  
Obs .  Ca lc .  

0 . 95  0 .80  
1.56 1-44 
1.98 1-84 
2-13 2 .02  
0 .83  0 .81 
0 .60  0 .59  
1.48 1-24 
1 .95 1 ,84 
1 .84 ? 1-60 
2-13 2 .08  
2-21 2-12  
2 .35  2 .31 
2 .45  2-43  
2 .60  2 .59  
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Serie,~ 9. c = 32.5 mols. 

1 - x  1 = 0.03 to 0.05. 
x 2 = 0.33 to 0.34. 

t" C. Log p (ram. Hg) 
Obs. Calc. 

290 0-23 ? 0.74 
295 0.70 0-80 
311 0.86 ? 1.14 
325 1-20 1-32 
352 1.59 1.79 
376 1.93 2.13 
380 2.00 2-19 
391 2.16 2.30 

PART VIII. TIIEORY OF VAPOUR PRESSURE 

TABLE I I  (c~t inuecl ) .  

Series 12. e = 23.0 mols. 

1 - x  1 = 0.01 to 0.02. 
x z = 0-52. 

t ~ C. Log p (ram. Hg) 
Obs. Calc. 

Series 10. c = 30.7 tools. 

1 - x  1 = 0.04 to 0.02. 
x 2 = 0-35. 

t ~ C. Log p (ram. Hg) 
Obs. Calc. 

328 0.42 ? 1-30 
340 0-86 ? 1-54 
346 1-32 1.60 
338 1.32 1.48 
370 1.80 2.00 
346 1-49 1.60 
378 1.97 2-08 
395 2-22 2.28 

Series 11. c = 25-6 tools. 

1 - x  1 = 0-02 to 0.03. 
x 2 = 0-48. 

t ~ C. Log p (ram. Hg) 
Obs. Calc. 

336 0.64 ? 1-30 
350 0.95 ? 1-46 
360 1.23 ? 1-65 
373 1.53 1.82 
395 1.81 2-05 
345 1-16 1-42 
321 1-07 1.01 
340 1.32 1.36 

290 i .3  ? 0.4 
325 0.23 ? 0.96 
336 0-70 ? 1-20 
330 0.48 ? 1.07 
380 1.52 1.82 
351 1.15 1.42 
380 1.54 1.82 
401 1,78 2.05 
358 1.43 1.54 

Series 13. c = 16.0 mols. 

1 - x  1 = 0.006 to 0-013. 
xe = 0-66. 

t ~ C. Log p (mm. Hg) 
Obs. Calc. 

390 1-23 ? 1.70 
338 0.26 ? 1.01 
353 1.02 1.24, 
357 1.34 1.42 
385 1.61 1.64 
390 1.84 1-90 

S e r i ~  14. c = 9.7 mols. 

1 - x  I = 0.003 to 0.008. 
x z = 0.80. 

t ~ C. Log p (ram. Hg) 
Obs. Calc. 

290 i .58  i . 90  
316 0.00 0.38 
350 0.64 0.88 
377 1.04 1.32 
392 1.28 1-48 
399 1.46 1.58 
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N a t r o l i t e  (fig. 3) a l s o  c r y s t a l l i z e s  i n  s p a c e - g r o u p  C~, a n d  i n  t h e  

f a c e - c e n t r e d  a s p e c t  h a s  a u n i t  c e l l  f o r m u l a  N a l e A l l e S i s a O s 0 . ( 8  + 8 ) H 2 0  , 

w i t h  t h e  w a t e r  i n  t w o  s e t s  of c i g h t f o l d  p o s i t i o n s .  B u t  t h e r e  i s  a n  

e x t r e m e l y  c l o s e  a p p r o x i m a t i o n  of  t h e  r e l a t e d  s p a c e - g r o u p  C,~9,; if  t h e  

s p a c e - g r o u p  w e r e  t r u l y  C?~9,, t h e  w a t e r  w o u l d  a l l  b e  i n  one  s e t  of 16 
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e q u i v a l e n t  pos i t i ons .  H e n c e  i t  is n o t  su rp r i s ing  t h a t  no  d i f ference  

in v o l a t i l i t y  cou ld  be  d e t e c t e d  b e t w e e n  t he  two  g roups  of w a t e r  

mo lecu le s .  I t o w e v e L  t h e  b e h a v i o u r  is b y  no  m e a n s  s imple .  As 

X - r a y  w o r k  showed,  d e h y d r a t i o n  r e su l t s  in  a s m a l l  .degree  of l a t t i c e  

s h r i n k a g e ;  as t he  c o n d e n s a t i o n  area ,  a, is a l r e a d y  s m a l l  in  f u l l y  

h y d r a t e d  n a t r o l i t e ,  a s m a l l  s h r i n k a g e  p roduces  a r e l a t i v e l y  l a rge  

dec rease  in a, a n d  c o n s e q u e n t l y  t he  s h r i n k a g e  f a c t o r  log {1 + ~(x)} is 

v e r y  cons ide rab le .  I f  t h e  decrease  in t he  c h a n n e l  rad ius ,  r, is a s s u m e d  

l i n e a r  to  x, t he  c o n s t a n t  (ro-rl)/(ro-p) is f ound  b y  a process  of 

t r i a l  and  e r ro r  to  be a p p r o x i m a t e l y  0.90.  T h e n  C o = 8.63, whi le  E 

is n o t  even  a p p r o x i m a t e l y  l i n e a r  to  x ; a s s u m i n g  t he  a b o v e  va lues  of 

t h e  o t h e r  c o n s t a n t s ,  E m a y  be  c a l c u l a t e d  for  each  series  of exper i -  

m e n t a l  d a t a .  These  ' o b s e r v e d '  v a l u e s  of E ( t ab le  I I I )  a re  p l o t t e d ,  

TABLE III.  'Observed '  values of E for natrolite derived directly from the 
valour  pressure data, for various degrees of dehydration, and 'ca lcula ted '  
values taken from a smoothed curve. 

Dehydration E • 10 -4, cals. 
fraction, x. Obs. Calc. 

O.O44 ... 1.70 I 
0-044 ... 1.75 f 1.70 
0.048 ... 2.22 1.78 
0.050 ... 1.99 1-83 

0.052 ... 1.781 1.86 
0.052 ... 1.86 
0.058 ... 1-96 

1 .96 
0.058 ... 2.05 
0.062 ... 2.07 2.02 
0-069 ... 2.24 2.09 
0.071 ... 2-27 2.11 
0-11 ... 2-32 
0.11 ... 2.35! 
0-11 ... 2 .40  2.31 
0-11 ... 2.43} 

a s m o o t h  c u r v e  

t a k e n  f r o m - t h i s .  

Dehydration E • 10 -4, cals. 
fraction, x. Obs. Calc. 

0.125 ... 2.34 
0.125 ... 2.37 ~ 2.34 
0-14 ... 2.37~ 
0.14 ... 2.39 } 2.35 

0.155 ... 2.38 ~ 2.36 
0-155 ... 2.44 
0.21 ... 2.441 
0.21 ... 2.49 t 2.36 
0.50 ... 2.36 2.36 
0.88 ... 2.43 ~ 2.36 
0-88 ... 2.25 
0-95 ... 2.23 
0.95 ... 2-47 ~ 2.36 

l a id  t h r o u g h  t h e m ,  a n d  ' c a l c u l a t e d '  v a l u e s  of E 

F r o m  these  c o n s t a n t s ,  c a l c u l a t e d  v a l u e s  of log p 

a re  t h e n  o b t a i n e d .  T h e  a g r e e m e n t  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  

c a l c u l a t e d  v a l u e s  of log p is r e l a t i v e l y  poo r  ( the  d i f fe rence  a v e r a g e s  

0.4)  for  w a t e r  c o n t e n t s  a b o v e  15 mols .  pe r  u n i t  cel l  (x < 0.07),  owing  

m a i n l y  to  t h e  u n a v o i d a b l e  i naccu r ac i e s  in  t h e  d e t e r m i n a t i o n  of x, 

w h i c h  inc rease  t h e  s m a l l e r  x is. F o r  w a t e r  c o n t e n t s  be low 15 mols .  

p e r  u n i t  cell ,  log po~. ,~log p ~  a v e r a g e s  0.22.  Space  does  n o t  p e r m i t  

of a d e t a i l e d  c o m p a r i s o n  of t h e  o b s e r v e d  a n d  c a l c u l a t e d  va lues ,  

e i t h e r  g r a p h i c a l l y  or  in  t a b u l a r  fo rm.  
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The above vapour pressure constants for natrolite cannot be re- 
garded as final. The assumption of a linear form for r is probably 
incorrect, and it is certain that ,  with more extensive data, much 
better agreement and more satisfactory vapour pressure constants 
could be obtained. 

The mean heat of hydration of natrolite, estimated from the vapour 

R~CIPROCAL o r  A~SOLUTs T ~ P E R A T U R C  X (0 s 
le 3 ~  3OO 2~0 200  t~O 

~8 

a:  

' ' g  ' T ~  ~ . . . . . . .  'm c a 3100 . 4leo 

Fro. 3. Calculated isobaric dehydration curves for natrolite. An example of 
pseudo-univariant behaviour due to lattice shrinkage. 

pressure data, is 23,300 cals., while a figure of 22,800 cals. was  found 
calorimetrically. 

The apparent step in the isobaric and isothermal dehydrat ion 
curves of natrolite is seen to be due, in all probabili ty,  to  lattice 
shrinkage. Careful search was made for any evidence of discontinuity 
in the vapour pressure surface, but  none Could be found;  the former 
conclusion tha t  natrolite and metanatroli te are not  distinct phases is 
confirmed, and natrolite must  be really monoclinic. The intersection 
of the isohydric curves noted and discussed in part  I I I  of this series 
now proves to be spurious, and due to unavoidable inaccuracies in 
the isohydric curves for small degrees of hydration.  

Analcime, unit cell formula near bTaleAllsSi~4Ogr , is probably 
really orthorhombic or perhaps tetragonal,  but  is very markedly 

K 
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pseudo-cubic, and all its water is likely to have nearly the same 
volati l i ty,  though strict]y it should be divided into two or four 
groups. I t  is therefore a simple case, since the dehydration fraction 
x is simply calculable. Two good isobaric dehydration curves have 
been obtained by G. Friedel. 1 Plott ing log x/(1 - x) against l /T ,  the 
graphs of these two series are a parallel pair of practically straight 
lines, indicating that  E and a probably do not vary with x. The 
difference between the two series is probably within the experimental  
error, and may be at t r ibuted to small errors in the determination of 
the water conten t ;  it may, however, be real, and due to a small 
difference in composition. That  E and a do not vary with x is con- 
firmed by Friedel 's  finding that  near 250 ~ C., where the water loss at  
12 mm. ttg. is about  4 %, a change in the water vapour pressure of 
2 ram. causes a change of 0.25 % in the water content  ; that  is, for 
8 log p --- 0.06 to 0.08, $ log x/(1 - x) = 0.06, or 

8 log p/8 log x/(1 - x) = - 1 (approx.), 

as it  should if E and a do not vary with x. The constants 
E = 1.80 x 104 cals., C = 7.25, give a good representation of the 
data. 

Chabazite, with a un i t  cell formula Ca2A14SisO~4.12H20, crystallizes 
in space-group D~a , or rather in a related group of lower symmetry,  
bu t  with a very close approximation to the rhombohedral group. 
According to J. Wyart ,  2 the water occupies two sets of equivalent  
positions with different environments,  bu t  the structure proposed is 
not conclusively proved, and the vapour pressure data shows no 
indication of any such division. D. Chilton and E. Rabinowitsch s 
regard the existence of two distinct bands in the absorption spectrum 
of chabazite-iodine as evidence of the existence of two absorption 
regions of different potential ,  without cont inui ty  between them, tha t  
is, of the division of the volatile component between two sets of 
lattice positions. But  chabazite-iodme is known to be pleochroic, 4 

and it is probable tha t  the two absorption bands observcd are oppo- 
sitely polarized, pleochroic bands. F. Simon 5 found a discontinui ty 

' G. Friedel, Bull. Soc. Franq. Min., 1896, vol. 19, p. 363. 
2 j .  Wyart, Recherches sur les z6olites. Th6se Fac. Sci. Univ. Paris, 1933 

[M.A. 5-354J ; Bull. Soc. Fran~. Min., 1933, vol. 56, p. 103. 
a D. Chilton and E. Rabinowitsch, Zeits. Physikal. Chem., Abt. B, 1932, vol. 19, 

p. 107 [M.A. 5-356]. 
4 F. Grandjean, Bull. Soc. Fran~. Min., 1910, vol. 33, p. 5. 
5 F. Simon, Zeits. Physikal. Chem., 1928, vol. 132, p. 456 [M.A. 5-81] ; also 

Zeits. Elektrochem., 1928, vol. 34, p. 528 [M.A. 5-82J. 
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in the absorption of argon and of ni trogen by dehydrated chabazite 
(the latter not  confirmed by E. Rabinowitsch,  see below), and J. 
Aharoni and F. Simon 1 found discontinuit ies in the curve of magnetic 
susceptibili ty against oxygen absorbed by dehydrated chabazite. 
These results tend to indicate tha t  vapours absorbed by chabazite 
occupy more than one set of lattice positions, but  they cannot be 
regarded as very definite evidence, and it appears best to accept the 
clear indication of the dehydrat ion data tha t  the lattice positions in 
chabazite for absorbed gases and vapours are probably  all s t ructural ly  
of one set. 

G. Friedel 's  isobaric dehydrat ion data z are best represented by  
taking E = 1.52 (1 +0.53x) • 104 cals., C O = 9.61. Wi th  these con- 
stants, the isobar computed for a vapour pressure of 10.5 mm. Hg 
agrees reasonably with Friedel 's  measurements,  the average difference 
between the observed and calculated values of l o g x / ( 1 - x )  being 
0.06. For the two isolated observations, at  p 24.4 mm., x 0.042, and 
p 710 mm., x 0-066, temperatures of 71 ~ C. and 101 ~ C. respectively 
are computed, against 71 ~ C. and 98 ~ C. observed. 

Shortly after these calculations had been completed, A. Tiselius 
and S. Brohult  s published a further s tudy of the vapour pressure of 
an analysed specimen of chabazite. They found Qx to vary with x, 
from 1.51 • 104cals. near full hydration,  through a maximum of 
1.85 • 104 cals. at x = 0.3, to about  1.75 x 104 cals. at  x = 0.5. The 
agreement with the values calculated from Friedel 's  data is grati- 
fying, but  the maximum in Qx appeared so remarkable tha t  the 
author undertook a re-computation of the data ; a good representation 
(average difference between log Po~. and log Pr 0.07) is given by 
taking C O = 8.71 and E ---- 1.51 (1 + 0.258x) • 104 cals. No evidence 
of a max imum in E (and Qx) could be found, bu t  it  is probable tha t  
the linear relation of E and x is not  mainta ined beyond about  
x = 0.6. The new constants do not  cover the data of Friedel so well 
as the old ; the discrepancy is probably to be assigned to a difference 
in the composition of the specimens, since E. Rabinowitsch a has 
shown that  the vapour pressure of chabazite varies very appreciably 

1 j .  Aharoni and F. Simon, Zeits. Physikal. Chem., Abt. B, 1929, vol. 4, p. 175 
[M.A. 5-81]. 

2 G. Friedel, Bull. Soc. Fran 9. Min., 1899, vol. 22, p. 5. 
s A. Tiselius and S. Brohult, Zeits. Physikal. Chem., Abt. A, 1934, vol. 168, 

p. 248 [M.A. 6-126]. 
4 E. Rabinowitsch, Zeits. Physikal. Chem., Abt. B, 1932, vol. 16, p. 50 [M.A. 

5--355]. 
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with the composit ion of the anhydrous mineral.  The same cause 
may account for a failure to correlate the da ta  of G. Tammann 1 
and of E. Liiwenstein ~- with those of Frie(tcl or of Tiselius and 
Brohult .  

Many workers have studied the absorption by dehydra ted  ehabazite 
of vapours  other that) water, but  many of the studies were only 
qual i ta t ive ,  and for others the da ta  were not  sutfieiently extensive 
for computat ion.  The only adequate  da ta  appear  to be those of 
E. P~abinowitsch (lee. t i t . )  for ehabazite-nitrogen and chabazite-  
hydrogen.  For  chabazite-nitroclen , the constants E -- 2-60 (1 + 1-46x) 
x 103 cals., C o -- 6.11 give good agreement,  tile average difference 

between log p,~. and log p as measured from Rabinowitseh 's  graphs 
being 0.20. Each nitrogcn molecule was assumed to occupy two 
lat t ice spaces. 

For  chabazite-hydrogen, good agreement  is obtained by  tak ing  
E - -  100 + 2550x cals., C o = 5.16, each hydrogen molecule occupying 
one la t t ice  space. The average agreement  is 0-27. Since E is so 
small ,  of the same order as the average kinetic energy of the mole- 
cules at  the temperatures  of experiment,  tile approximat ions  
dependent  on Ne/RT  being large will not  hold, and these constants 
can only be regarded as a rough approximat ion.  Nevertheless, the 
r emarkab ly  low value of E for chabazi te-hydrogen near complete  
saturat ion,  and its marked increase as the hydrogen is removed,  are 
reasonably  well established. 

The vapour  pressure da ta  for heulandiie and for stilbite proved 
impossible of in terpre ta t ion,  the former because the water  is divided 
into at  least  three, possibly six sets, and only isobaric da ta  are 
avai lable ,  the la t te r  because the true sa tura t ion water  content  of 
s t i lbi te  and the possible grouping of the water  remain  quite un- 
known. 

Very few ' zeolitic ' compounds other than the zeolites themselves 
have been examined in sufficient detai l  to deduce the vapour  pressure 
constants.  The system palladium-hydrogen has been the subject  of 
numerous studies,  and i t  has proved possible to explain the behaviour  
of this system fair ly sat isfactor i ly  on the new theory,  but  the results 
will not  be discussed here, as the t r ea tmen t  is more complex, ()wing 
to lhe dissociation of the hydrogen.  

1 G. Tammann, Zeits. Physikal. Chem., 1897, vol. 27, p. 325; Ann. Phys. 
Chem. (Wiedemann), 1897, vol. 63, p. 16. 

2 E. LSwenstein, Zeits. Anorg. Chem., 1909, vol. 63, p. 69. 
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D. Balarew i has made  some observa t ions  on the  v a p o u r  pressure 

of calcium sulphate he~nihydrate, 12CaSO4.6H20, which he in te rpre t s  as 

ind ica t ing  a t r u l y  un iva r i an t  equ i l i b r ium in a subs tance  which 

opt ical  and X - r a y  da t a  show2 is def in i te ly  zeoli t ic  in na ture .  His  

da ta  are  no t  v e r y  accura te ,  bu t  i t  is eas i ly  shown t h a t  t h e y  are 

r easonab ly  reproduced  by talcing E =- 2.15 • 104 cals., and  C = 12-13-  

2 log (1 - 0.94x). These  cons tan ts  are necessar i ly  ve ry  a p p r o x i m a t e  

as the  da ta  are  so few. 

A series of ve ry  va luab le  d a t a  has been ob ta ined  by  W. Lange,  

work ing  with  the  benzene su lphona tes  of po tass ium,  rub id ium,  and  

caesium. 3 U n f o r t u n a t e l y ,  m u c h  of the da t a  consists of i so the rma l  

curves  only,  which are i nadequa t e  for the  deduc t ion  of v a p o u r  

pressure constants ,  and  X - r a y  work  is lacking.  B u t  e x p e r i m e n t a l  

da ta  consist ing of both  i so the rmal  and isobaric  curves  were ob ta ined  

for potassium benzene sulphonate with  H.zS , NzO, C()2, NHa, CHsCI , and 

argon.  F r o m  these results ,  the  fo l lowing cons tan ts  were  ca lcu la ted ,  

and reproduce  the  expe r imen ta l  figures v e r y  well  : N20 , E =- 8.75 x ] 0 s 

ca l s . ,C  = 8.48 ; CO 2, E 7 . 1 8  • ] 0  ~cals. ,  C---- 7.30 ; H~S, E 8 . 3 3  • 103 

cals. ,  4 C = 7 .19 ;  CHIC1, E o =- 1.19 • l04 cals.,  C o -- 9.60, whi le  

(l  + f ( x ) }  is a lmos t  bu t  no t  qu i t e  l inear,  app roach ing  ( i  +0 .15x ) .  Al l  

these four  gases occupy one la t t ice  posi t ion each, so t h a t  the  s a tu ra t ed  

c o m p o u n d s  have  fo rmulae  ana logous  to t h a t  of the  zeol i t ic  hyd ra t e  

- 4 ( C 6 H s S O 3 K ) . G  , where G represents  one molecu le  of the  gas. :For 

ammon ia ,  the  da t a  p roved  ba re ly  adequa t e  to c o m p u t e  constants ,  

b u t  E = 8.93 • 103 cals., C = 6.65 gave  a fa i r ly  good reproduc t ion  

of t he  expe r imen ta l  da t a  for compos i t ions  up to 4(C6HsSOaK).NH 3 ; 

the  da t a  are insufficient to give any  ind ica t ion  whe the r  the  a m m o n i a  

1 D. Balarew, Zeits. Anorg. Chem., 1926, vol. 156, p. 238 ; ibid., 1927, vol. 163, 
p. 137 ; Kolloid-ZeiCa., 1929, vo]. 48, p. 63. 

~- G. Linck and H. Jung, Zeits. Anorg. Chem., 1924, vo]. 137, p. 407 ; t[. Jung, 
ibid., 1925, vol. 142, p. 73; W. Feitknecht, Helv. Chim. Acts, 1931, vol. 14, 
p. 85 ; E. Onorato, Periodico Min. (Roma), 1932, vol. 3, p. 73 ; P. Gallitelli, ibid., 
1933, vol. 4, p. 132 ; W. A. Caspari, :Nature, 1934, vol. 133, p. 648. The objec- 
tions of P. Gaubcrt (Bull. Soc. Fran~. Min., 1934, vol. 57, p. 252) cannot be 
accepted as valid [M.A. 6-58]. 

3 W. Lange and G. Lewin, Ber. Deut. Chem. Gesell., 1930, vol. 63s, pp. 2156, 
29.54; W. Lange and G. Krueger, Zeits. Anorg. Chem., 1933, vol. 216, p. 49; 
W. Lange, ibid., 1934, vol. 219, p. 305. 

4 The isothermal data for H2S for -60-6 ~ C. are not in agreement with the 
isotherm for 0 ~ C. and the isobar for 760 ram., the observed pressures being much 
too high ; they have therefore been rejected. Calorimetric measurements gave 
for*H3S, Qz = 9.94 • 103 cals., or E = 9-9 • 103 cals. 
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absorbed in excess of this composition occupies a second set of lattice 
positions, or whether there is a polymorphic change. 

Lange's data with argon are particularly interesting, proving the 
existence of the definite ' zeoli t ic '  compound 4(C6II~S03K).Ar, with 
a low heat of formation. With E : 400 cals., C --- 3-6, the experi- 
mental data are represented, but an impossible value of the 
condensation area a is found. I t  is true that  the constants are only 
approximate, since NE/RT is not large, E being so small, but  it does 
not seem probable that  correction for this would resolve the dis- 
crepancy. This is the only serious discrepancy so far encountered, 
and it is not clear how far it arises from the deficiencies of the 
equation, and how far from inadequacy of the data. I t  is also 
possible that E and a may vary with ~c, which might make a con- 
siderable difference, though it has not been possible to prove any 
such variation. 

The dimensions of the water-bearing channels in the zeolites. 

The constants C ( =  5-22 + log ~/E/aDx) and E have now been de- 
rived for several zeolites and related compounds, and in most cases 
the crystal structure is sufficiently known to fix the value of D, the 
spacing of the water molecules along the channels. Hence, by assum- 
ing X = 1, a maximum value of the ' condensation area ' ,  a, can be 
calculated;  and as a = 7r ( r -p)2,  the difference, r - p ,  between the 
effective radii of the molecules of the volatile component and of the 
channels can be obtained. Assuming a value for the molecular 
diameter of water, the diameters of the channels are found (table V). 
In  the case of chabazite, there are also data for hydrogen and nitro- 
gen, and the lattice shrinkage is negligible. Hence, accepting the 
channel diameter, the effective molecular diameters of nitrogen and 
hydrogen are found, and agree well with the commonly accepted 
values. The agreement is, perhaps, somewhat fortuitous, as an 
appreciable change could be made in E and C without greatly altering 
the average agreement between log Pob,. and log Pr162 

For Lange's potassium benzene sulphonate compounds, X-ray data 
to fix D are lacking; but assuming D = 10 .~., which cannot be far 
out, and r -= 2.14 ~. (a value selected to give opt imum agreement), 
satisfactory values of the molecular radii are found for all the gases 
studied (except argon). 

The generally reasonable values of the channel and molecular radii 
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found  for  a l l  t h e  zeol i t ic  c o m p o u n d s  s t u d i e d  fu rn i shes  f u r t h e r  e v i d e n c e  

in f a v o u r  of t he  v a p o u r  p ressu re  e q u a t i o n  here  p roposed .  

TABLE IV. Observed and accepted values for the radii of the water-bearing 
channels in several zeolitie compounds, and for the molecular radii of several 
gases. 

Spacing, D, Channel Molecular radius, 
Non-volatile Vola.tile of the vola- r - p .  radius, p, of the volatile 
component, component, tile com- (obs.) component. 

ponent, r. Observed. Accepted. 

Edingtonite Water 6.53 ~. 0-070 A. 1.52 -~. - -  1.45/k.++ 
Mesolite Water 6.53 0.028 1-48 - -  1.45++ 

6-60 0.049* 1.50 - -  1-45:~ 
Natrolite Water 

6.60 0-005J" 1-46 - -  1-455 
Analcime Water 5.89 0.26 1.71 - -  1 "455 

l 0.014w 1.46�82 - -  1.455 
Chabazite Water 7-47 0.04H 1-49�82 - -  1.455 

Chabazite Nitrogen 7-47 0-59 1.49"* 0-90.~. 1.025 + 
Chabazite Hydrogen 7.47 0"69J't 1.49"* 0-80 0.94++++ 

6.3 ? 0.001 ?* 1.45 - -  1-45++ 
CaSO a Waterw167 

6"3 ? 0"0006 ?t 1"45 - -  1"455 
CeHsS0aK N20 10"* 0.04 2.14"* 2.10 2.035+ + 
C~HaS0aK C0 2 10"* 0-15 2.14"* 1.99 1"9955 
CeHsSOaK CHaC1 10"* 0.012 2.14"* 2.13 2.0-2-1 
CsHsSOaK NH a 10"* 0-33~'~ 2.14"* 1.81 1-80++++ 
CeHsSOaK H,S 10"* 0.17 2-14"* 1.97 2-04+++ + 

* At full hydration. 
"~ Completely dehydrated. 
5 L. Pauling, Zeits. Krist., 1930, vol. 72, p. 485. 
w From Friedel's data. 
]] From Tiselius and Brohult 's data. 
�82 J- Wyat t  (Ioc. cir.) found 1-35.~. approximately from X-ray da ta ;  

O. Sehmidt (loc. sit.), from a consideration of the largest molecules absorbed by 
dehydrated chabazite, found 1.75/~. approximately. 

** Assumed. 
t t  Approximately. 
5++ Chasm. Soc., Annual Reports, 1931, p. 303. 
w167 Hemihydrate. 

The condition of the water in the zeolites. 

T h e  ques t i on ,  w h e t h e r  t h e  w a t e r  in zeol i tes  occupies  def in i te  l a t t i c e  

p o s i t i o n s  or no,  has  been  t h e  s u b j e c t  of some  c o n t r o v e r s y .  A t  one  

e x t r e m e ,  i t  h a s  been  s u p p o s e d  t h a t  t he  w a t e r  occupies  def ini te ,  f ixed 

l a t t i c e  pos i t ions ,  whi le ,  a t  t h e  o t h e r  e x t r e m e ,  t h e  w a t e r  is s u p p o s e d  

m e r e l y  to  fill in t h e  e m p t y  spaces  in  t he  s t r u c t u r e ,  p a c k i n g  i r r e g u l a r l y  

i n t o  t h e m ,  a n d  t a k i n g  n o  rea l  p a r t  in  t h e  c r y s t a l  s t r u c t u r e .  
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The la t ter  view would imply  tha t  the water or other volat i le  coma 
ponent  present  a t  saturat ion need not  always be an integral number  
of molecules per  uni t  cell. Evidence ill this direction has been 
advanced by E. Rabinowitsch (loc. cit.) ; ehabazite absorbed 300 c.c. 
water  vapour,  350 c.c. t I  e, 270 c.c. NII  3, 175 c.c. N2, 170 c.c. CO2, and 
over 400 c.c. He per gram, all calculated to normal tempera ture  and 
pressure. The calculated volume of gas absorbed per  gram chabazi te  
if there are 12 lat t ice posit ions per unit  cell is 335-•  c.c. Now all 
the above figures are obtained by extrapolat ion,  and for NH 3 and He 
tbc extrapolat ion was very considerable and the result correspondingly 
open to doub t ;  moreover J. Samesh imal  found tha t  the ammonia  
absorbed by dehydra ted  chabazite is molecularly equivalent  to tbe 
water removed. The figures for H 2 and H20 are clearly within the 
exper imental  error of the calculated 335 c.c., while N 2 and CO., evi- 
dent ly  occupy two lat t ice posit ions per molecule. 

There is very l i t t le  other  da ta  avai lab le  as to saturat ion values,  
but  it  may  probably  be assumed tha t  the values obtained by  
O. Weigel  and E. Steinhoff ~ for e thyl  and methyl  alcohols a t  atmo- 
spheric pressure and temperatures  near their  boiling points are not  far 
i rom sa tura t ion  values. These figures, 110 c.c. C2HsOH and 165 c.c. 
CH.~OtI per  gram anhydrous chabazite,  agree well with the conclusion 
tha t  in thomsoni te  one molecule of e thyl  alcohol replaces three, and 
one of methyl  alcohol two molecules of water,  in accordance with 
their  molecular  dimensions. 

A quan t i ty  of other exper imental  da ta  has been held to support  
the view tha t  the water  (or other volat i le  component) in zeolites does 
not  occupy definite la t t ice  positions, bu t  in large measure i t  does not  
lead unequivocal ly  to this conclusion. Thus E. Rabinowitsch (loc. 
cir.) regarded a failure to catalyse the reaction N 2 + 3 H 2 ~ 2 N H  3 by  
dehydra ted  chabazite as evidence against  the theory  of definite 
la t t ice  positions, but  a l though this catalysis  failed, 0. Weigel and 
E. Bezner 3 and T. Baba 4 have shown tha t  chabazite catalyses the 
reaction C S 2 + 3 H 2 0 ~ 2 H . , S + H 2 C 0 3 ,  and W. Lange and G. Lewin 
(loc. cir.) have shown tha t  potass ium benzene sulphonate catalyses 
the reaction C,,H, + H2S ~ C.,H~SH. 

1 j .  Sameshima, Bull. Chem. Soe. Japan, 1929, vol. 4, p. 96 [M.A. 5--79]. 
2 0 .  Weigel and E. Steinhoff, Zeits. Krist., 1925, vol. 61, p. 125 [M.A. 2-528]. 
a O. Weigel and E. Bezner, Sitzungsber. Gesell. Naturwiss. Marburg, 1927, 

vol. 62, p. 57 [M.A. 5-78]. 
a T. Baba, Bull. Chem. Soc. Japan, 1930, vol. 5, p. 190 [M.A. 5-79]. 
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F. S imonl  has found a value of approximate ly  3 eals. per gram 
for the specific heat  of hydrogen absorbed on chabazite a t  - 240 to 
- 2 3 0  ~ C., but  the da ta  do not  appear  adequate  to just ify his con- 

clusion tha t  the molecules do not  occupy definite la t t ice positions. 
The problem has been a t t acked  by  X-ray  methods,  but  here again 

the results are not  quite conclusive. Some workers 2 have supposed 
tha t  because no very  marked differences were observed between the 
X-ray  photographs of zeolites before and after dehydrat ion,  the water  
cannot occupy definite la t t ice  posit ions.  Others 3 have observed 
changes, in approximate  agreement  with those expected on theoret ical  
grounds for fixed water  molecules. But  in no instance has any 
a t t empt  been made to calculate the  changes to be expected,  firstly 
on the assumption of fixed water  molecules, and secondly on the 
assumption tha t  the water  molecules are i r regular ly  d is t r ibuted  over 
all the space not  occupied by  other  atoms. Much the most  effective 
evidence on the question is to be found in the crys ta l  s t ructures  
proposed by  W. H. Taylor  for analcime,  thomsonite ,  edingtonite,  
natrol i te ,  and  scolecite ; in these structures there are several  spaces 
into which water  molecules could enter, but  the sa tura t ion  water  
content  does not  by  any means  correspond to the complete  filling 
of them all,  and i t  is difficult to see, on the ext reme ' sponge '  theory,  
why they  should not  all  be filled. 

Fur the r  support  for the idea of definite la t t ice  posit~ons for the 
water  is provided by  the calor imetr ic  measurements  of the heats of 
hydra t ion  of natrol i te ,  edingtonite ,  and mesolite,  and by  the da ta  
of A. Tiselius (see below) on the rate  of diffusion of water  in heulan- 
dite.  The large values found for the heats  of hydra t ion  (about  
20,000 eals. per  gram-tool.  H20 ) show tha t  the  water  is very  un l ike ly  
to be held by  mere adsorpt ion,  bu t  must  be more f i rmly a t tached,  
and i t  is difficult to imagine water  i r regular ly  filling all the la t t ice  
cavit ies as held by other than weak van der Waals  forces. For  heulan- 
dite,  Tiselius found tha t  the diffusion coefficient showed a marked 
var ia t ion  with temperature ,  indicat ive of an act ivat ion energy of the 
order  of 5000 cals. per gram-mol.  H20 at  some stage of the diffusion 

1 F. Simon, Zcits. Elektrochem., 1928, vol. 34, p. 528 [M.A. 5-82]. 
2 W. ~Iartwig, Zeits. Krist., 1931, vol. 78, p. 173 [M.A. 5-29] (analcime); 

B. Lcngyel, Zeits. Physik, 1932, vol. 77, p. 133 [M.A. 5-355] (chabazite). 
a W. tI. Taylor, Zeits. Krist., 1930, vol. 74, p. 1 [M.A. 4-369] ; W. H. Taylor, 

C. A. Meek, and W. W. Jackson, ibid., 1933, vo]. 84, p. 373 [M.A. 5-354] ; W. H. 
Taylor and R. Jackson, ibid., 1933, vol. 86, p. 53 [M.A. 5-354] ; J. Wyatt, loc. 
cir. 
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process. This is most readi ly  understood if i t  is assumed tha t  a 
definite integral  number  of equi l ibr ium la t t ice  posit ions per  uni t  cell  
are avai lable  for water  molecules, and tha t  the molecules spend .most 
of thei r  t ime in these positions. But  since their  ac t iva t ion  energy of 
migrat ion is re la t ive ly  small ,  they  will change their  posi t ions with 
some frequency, and will show tha t  mobi l i ty  which is so character is t ic  
of zeolitio hydrates .  

The rate o f  diffusion o f  water in a zeolite crystal. 1 

When a dehydra ted  crys ta l  of a zeolite is allowed to reabsorb 
water,  the rehydra t ion  process consists of two parts ,  the  absorpt ion  
of water  by  the surface layer,  and i ts  diffusion into the body of the 
crystal .  The former process is governed by  the equation 

(dx/dt)surface = [axNp.  e - ~ / ~ ]  / ~/2~r M R T  - 
- [2 (1 - x)~'2N-(e - 7)- e-N'/RT]/vrX D~qH 

= 2 (1 - x) ~/2N (e - ~l)" e-I~-~/RT" ( P -- Px) / ~rXDpx ~IM, 

where Px is the  equi l ibr ium vapour  pressure corresponding to the  
momenta ry  dehydra t ion  fraction x. 

I f  the diffusion through the body of the crystal  is slower than the 
absorpt ion of water  (which will not  always be the case), this  surface 
layer  will  be in a p rac t ica l ly  s teady state, with a water  content  bu t  
l i t t le  below tha t  corresponding to equi l ibr ium with the external  
pressure of water  vapour.  I f  this  condit ion is not  fulfilled, the 
rehydra t ion  phenomena will be much more complex,  but ,  if i t  is 
fulfilled, the  process can be t rea ted  on the assumption tha t  the water  
content  in the  surface layer  remains s teady a t  approx imate ly  the  
equi l ibr ium value.  

The second process, the  diffusion of water  into the  body  of the 
crystal ,  is more difficult to t reat .  Using the same symbols  as betore, 
we may  first consider a layer  within the crystal ,  normal  to the water  
channels, of area 1 sq. cm. and thickness D. Then the number  of 
molecules in this  layer  having sufficient energy ~ to migrate  ~ will 
be v ( 1 - x ) e - ~ , / R T ,  but  only a fraction ( x + $ x )  of them will  be 
opposite vacant  posit ions in the next  layer  (which has a dehydra t ion  
fraction (x + $x)) and so be able to migrate,  and only half of these will  

1 It  need hardly be mentioned that the results here obtained for the diffusion 
of water in a zeolitie hydrate will apply to the diffusion of the volatile com- 
ponent in any zeolitic compound. 

z The activation energy, #, for migration within the lattice is likely to be 
considerably less than the activation energy, e, for escape from the lattice. 
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be moving i,: the right direction at any instant. The activation 
energy will vary with x. and may 1)e written tz == ~o{l+r  
Assuming as before that  the motion o[ the molecules appro• 
to simple harmonic motion, and introducing a factor X to correct 
for this assumptioth their rate of migration from the first to the 
second laver will be :  

v ( 1 - x) (x -!- 8 x) ~/2Nl~0 { 1 + r (x + �89 e-lV~,,(l + r D~I'li, 

provide(l that  NI%/RT is fairly large. 
To find the rate of change of the water content of a layer of the 

ze(dite, of dehydration fraction x, the rate of influx of molecules from 
and effiux to the neighbouring layers must be found and summed 
algebraically. Assuming the neighbouring layers have dehydration 
fraction x + 81x and x + 82x, then : 

~x/~t  = 
[(i - x)(x + 31x ) 42Ng0{]-+~b (x:i:-�89 e-Nu,{I +r X D~/M 

k [ (1  - x)(x + 82x ) ~/2ggo { l ~- r (x ~- �89 e-~,,,,(1 �9 O(x)),'R~]/~r X D~/M 

- [x  (1 - x - 81x  ) 4 2 N 1 % { 1  § ( x  + ~ 8 ~ z ) }  • 
e-ZCm(l + r + 8,x)}/l~T]firX D~/M 

- [x (1 - x - ~ x )  42N-~o{  t + r (~ + .'_,~.~)} • 
e -  N,o(1 + O(x + 8:z)} / /~T]/~X D~/M. 

The dehydration fractions x + 81x and x + 82x can be expressed in 
terms of the position of the layer in the crystal. If z be the co- 
ordinate measuring the distance of the layers from the surface, let 
the first considered layer, of dehydration fraction x, have position z, 
while x +  81x corresponds to a position z + D  and x+8~x  to a position 
z -  D. Then 

~ l x  = D a x / a z  + ~-D"-~cl~z 2 + . . . .  

and 3iz :- - D~x/?z + ~D21~2x/~z 2 - . . . .  

With this substitution, and neglecting higher powers of D (since D 
is a very small quantity), the abow~ expression reduces to : 

~'~,~t = K~'~-xt~z 2 + (~K!~:~)(~,xlaz) '-  = a , ( K ~ x l ~ , ; ) i a z ,  

where K = [D~/2N~0{I + ~b (~c)}/~ x ~/M] • 
e-~V~o(~ § [1 + x ( 1 - x) ~ ' (x )N~o/RT ]. 

If /~ does not vary with x, ~b(x) and ~ ' ( x ) =  0, and the equation 
reduces to 

axlat = K o ~ x l ~  ~-, 

where K 0 : [D~/2N~o/~r x ~/M]. e -z~'~/Rl". 
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The above equations were derived for one particular direction in 
the crystal only ; they may be formally generalized for all directions 
by writing /x =/~oo{1 4- ~(x, 0)} and D =  Do{1 + s~(0)}, where 0 defines 
direction in the crystal;  D o and /Zoo refer to the direction 0--: 0, 
which may conveniently be parallel to the water channels, in which 
direction tLo is likely to be a /n in imum.  The generalized diffusion 
constant then becomes : 

K = [Do{1 + se(0)}~/2Ngoo{1 + ~(x, O)}/~r X ~,/M] .e-'v',ol 1 +~I.r,o))'~tT • 
[ l + x (1 - x) N~0o~ (x, O)/RT~x]. 

Even this equation is only applicable provided all the water 
molecules are structurally of the same kind, which is often not the 
case. A general t reatment  is not  at present .practicable, as the 
transfer of water molecules between positions belonging to different 
sets has to be considered. But two important  special cases can be 
dealt with. If the activation energy differences for dehydration and 
rehydration, E, are approximately the same for tile several sets of 
water molecules, then to a first approximation, the water can all be 
considered as belonging to one set for the calculation of the diffusion 
constant. And if the values of E differ markedly for the several sets, 
then the less volatile sets must be almost completely filled before 
any water can remain stably in the more volatile sets. Then if all the 
sets of positions are very nearly filled, except the most volatile one, 
the water in the less volatile positions can be neglected for the pur- 
pose of calculating the diffusion constant;  but  if some of the less 
volatile positions are vacant, it is probably permissible to calculate 
the diffusion as if all the empty positions belonged to one set. For 
example, in the case of heulandite, where there are 24H,,O per unit  cell, 
occupying three (or possibly six) sets of lattice positions, if it can be 
assumed that  the values of E for the several sets are markedly differ- 
ent, then a crystal having 20H20 present per unit  cell will have two 
sets of positions almost completely filled, and one half-filled; here 
the two full sets may probably be neglected, and the value of x, 0-5, 
for the most volatile set taken for diffusion purposes. But a crystal 
having only 14HgO present per unit cell will have one set almost 
completely empty, one filled, and one containing 6I-I20; here the 
figure to be taken for diffusion purposes is not x = 0.25, the figure for 
the partially filled set of positions, but  x' := (8 + 2)/(8 + 8) = 0.625, 
derived by including the (almost) empty set of positions. 

The above t reatment  of the case where there are lattice positions 
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of several kinds is only tenta t ive  ; i t  is based on the assumption tha t  
where E is large, tL is l ikely to be large also, so tha t  migrat ion from 
a less volatile,  complete ly  filled set of posit ions to a more volati le,  
incompletely  filled set is l ikely to be negligible;  but  migrat ion from 
a less volatile,  pa r t i a l ly  filled set of posit ions to a more volati le,  
empty  set will p robab ly  occur, though the migrat ing molecules are 
not  l ikely to remain long in their  new positions. 

The only quant i ta t ive  work ye t  done on the diffusion of water in 
a zeolite is tha t  of A. Tiselius, 1 on heulandite.  Ttle relat ive vola-  
t i l i ty  of tile three or six sets into which the water  of hculandi te  must  
be divided is not  known, so tha t  the appl icat ion of the new equation 
to this da ta  is necessari ly t en t a t i ve ;  but  if i t  is assumed tha t  tile 
water  is divided into three groups of marked ly  different vo la t i l i ty ,  
t r ea tment  on the lines suggested above becomes possible. 

Unfor tunately ,  the var ia t ion  of the diffusion coefficient with tem- 
pera ture  does not  give the  ac t iva t ion  energy of migrat ion d i rec t ly ,  
s i n c e  

~ logloK /~(1/T ) = _ [N/~0{1 + ~(x)} (logloe)/R] • 
[ 1  - x ( l  - x) ~ ' ( x ) / { :  + x (1 - z) r  NU0/RT}] .  

This makes the der ivat ion  of the several constants  more difficult, 
bu t  the last  factor of the above expression is for tuna te ly  usual ly  
near ly  uni ty ,  so tha t  the method of successive approx imat ions  is 
avai lable .  

The da ta  for diffusion normal  to the face t(201) are the most com- 
plete and lead unambiguous ly  to a value for the ac t iva t ion  energy 
(N~)201=4.79(1 +0.13x)  x 10 a cals. per gram-tool ,  of water,  and for 
the constant  log D/X =8-55,  or D/X --- 3.6 A,. approx . ,  a qui te  reason- 
able value.  The X- ray  da ta  is not  sufficient to fix D with cer ta inty,  
but  i t  must  be a simple sub-mul t ip le  of 6-7 J .  The values of the 
diffusion constant  K201 for several t empera tures  and water  contents,  
calculated from these constants,  are given in table  V, and compared  
with Tiselius 's  measurements .  

For  diffusion normal  to the face c (001), the da ta  are much less 
comple te ;  the most probable  value for the ac t iva t ion  energy is 
approx imatc ly  (N/~)001 = 7 .3(1+0-08x)  • 10 a cals. per gram-mol .  
water, which leads to the ra ther  high figure for log D/X of 7.28, o r  
D/X-- 19 A. Values of K001 for several temperatures ,  and of the rat io  

1 A. Tiselius, Na ture ,  1934, vol. 133, p. 212 ; Zeits. Physikal .  Chem.,  Abt .  A, 
1934, vol. 169, p. 425 [M.A. 6-126]. 
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K2ol /Koo  I for severa l  w a t e r  c o n t e n t s  are c o m p a r e d  wi th  Tise l ius '  

m e a s u r e m e n t s  1 in t ab le  V. 

TABLE V. Diffusion data for heulandite. Calculated values from the new 
equation, compared with the experimental values of A. Tiseliu~. Water per- 
centages calculated on the anhydrous mineral. 

H~O % . . . . . .  19 18 17 16 15 14 
x . . . . . . . . .  0.10 0-255 0.41 0.56 0.71 0-865 

|Obs .  I 3.3, 3-5 4.0, 4.1 4.0, 4.0 3-5, 3-6 2.6, 2.7 2-1, 
K~ox x lO~ (20 ~ C.) i 4.1 4-2 4.2 2.0 

( Cale. 4-47 4.27 3-80 3.32 2.70 2.14 

Temp. ~ . . . . . . .  20-0 33.8 46.1 60.0 75.0 
K201 x i0 T, for I Obs. 2-7 4.1 4.8 7-6 11-1 

x = 0.71 i Calc. 2.70 4-10 5.60 7.90 11-0 

H20  % . . . . . .  18.5 17-5 16.5 15.5 14.5 13.5 
x ... . . . . . .  0.18 0.33 0-48 0.64 0.79 0.94 
K~o 1 (46 ~ ~ Obs. 1.7 2-0 1.8 1.8 1-8 1-7 
K2o I (20~ { Cale. 1-93 1.93 1.94 1.98 2.03 2.09 

Temp. o C . . . . .  K0ol • 107, for '~bs. 20-0 33-0 46-1 60-0 75-0 
t 0-23 0-45 0.66 1.45 2.8 

x = 0.71 Calc. 0.25 0-48 0-74 1.23 2-05 

H~O % . . . . . .  13.21 1 4 . 4 3  1 5 . 5 0  1 6 - 2 5  17.36 
x . . . . . . . . .  0-96 0.80 0-64 0.52 0-35 

Obs. 13.0 11.6 12.2 10.2 11-6 
K2ol/Kool (20 ~ C.) Calc. 11-0 11.1 11.6 11.8 11-9 

The above  c o n s t a n t s  on ly  re la te  to  t he  mos t  vo la t i l e  g roup  of w a t e r  

molecu les  in h e u l a n d i t e ,  t h a t  is, to  ma t e r i a l  c o n t a i n i n g  more  t h a n  

1 3 . 1 1 %  of wate r ,  c a l cu l a t ed  on the  a n h y d r o u s  mate r ia l .  Tisel ius  

found  t h a t  a t  lower  w a t e r  c o n t e n t s  t he  diffusion c o n s t a n t  fell sha rp ly ,  

dec reas ing  by  a f ac to r  of a b o u t  10 be tween  13 and  1 1 %  H~O 

(anhydrous  b a s i s ) .  This  is doub t l e s s  due  to a sha rp  increase in t h e  

a c t i v a t i o n  energy ,  for t he re  is no reason to  expec t  any  m a r k e d  change  

in D, so t h a t  t he  e x p e r i m e n t a l  d a t a  t e n d  to  jus t i fy  t h e  above  

a s s u m p t i o n  as to  the  r e l a t i ve  v o l a t i l i t y  and  m o b i l i t y  of t h e  g ro u p s  

of w a t e r  molecu les .  

Thus  t h e  ava i l ab le  da t a ,  whi le  n o t  a d e q u a t e  fu l ly  to  t e s t  t h e  pro-  

posed  equa t ion ,  are  in good  a g r e e m e n t  wi th  it. A b e t t e r  t e s t  of t he  

e q u a t i o n  w o u l d  be o b t a i n e d  wi th  d a t a  for zeol i tes  hav ing  on ly  one 

se t  of w a t e r  la t t ice  pos i t ions ,  such as chabaz i te ,  na t ro l i t e ,  or ana l c ime ,  

1 Tiselius found the diffusion to be faster normal to t(201) and s(201) than 
normal to c (001) ; according to P. Gaubert (Bull. Soe. Fran~. Min., 1929, vol. 52, 
p. 162 [M.A. 4-377]) the opposite is the ease. 
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but  the experimental difficulties would be much greater than with 
heulandite. 

S u m m a r y .  

A simple kinetic treatment leads to an equation for the dissociation 
pressure of a ' zeoli t ic '  compound of a volatile and a non-volatile 
component : 

log~p= 

log e 4 ~/ NR(E  - ~)/aNDx~/~r + ~ log e T - Ioge*/(1 - x) - N(E - ~I)/RT, 

where p is the equilibrium pressure in dynes per sq. cm., N the 
Avogadro number, R the gas constant in ergs, T the absolute 
temperature, �9 and ~ the activation energies in ergs per molecule of 
volatile component for dissociation and re-combination respectively, 
x the fraction of unoccupied lattice positions for the volatile com- 
ponent (assumed all of the same kind), D the distance between lattice 
positions for the volatile component, measured along the channels 
along which the latter migrates, a the difference between the effective 
cross-sections of a molecule of the volatile component and of a 
channel, and X a constant not  greatly different from unity.  

The more usual case where the volatile component occupies several 
different sets of lattice positions is also considered, also the variation 
in �9 - ,} and in a with x. I t  is emphasized that  • equation can only 
be regarded as a first approximation, but  it represents the available 
data reasonably well. 

The approximate ' condensation areas ', a, found for several ' zeo- 
l i t ic '  systems are discussed and shown to be in reasonable agreement 
with what is known of the size of the water-bearing channels in 
zeolites and of the dimensions of the volatile molecules concerned. 

The condition of the water in the zeolites is discussed in the light 
of the evidence now available. 

Kinetic t reatment  of the rate of diffusion of the volatile component,  
on the assumption that  it only occupies one set of lattice positions, 
leads to an expression for the diffusion constant :  

K = [D o { 1 + ~(O)} ~"2N~o o {1 + ~ (x, 8)}/,~x~/M ] • 
e -~.00(* + ~(x,0~}~. [ 1 + x (1 - . )  N~ooag ( . ,  e ) / R T a . ] ,  

where 0 defines direction in the crystal, D o the distance between 
lattice positions for the volatile component in the direction 0 = 0, 
and D o {1 + ~ (8)} the distance in the direction 8,/*o0 the activation 
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energy of migration in ergs per molecule of the volatile component 
for x -~ 0 and 9 -= 0, and tLoo{1 +~(x, 0)} the energy for x, 9; M is 
the molecular weight of the volatile component. The other symbols 
have the meaning defined above, 

The case where the volatile component occupies more than one set 
of lattice positions is considered, and it is shown that on certain 
assumptions the experimental data of A. Tiselius are reasonably 
well reproduced. 


