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L.BSTPu,CT 

The differential heats of adsorption of argon and 

nitrogen at 77°.o., and. of water at 25°C, have been ileasured 

on a sa:iple of sodiuii 	lini.te by 1:ieans of a non-adiabatic 

Ca 1 or in et or . 	Heats of adsorption of ar,on and nit r og en on 

an ice surface.;  f or:71ed by freezing two .a1ecular layers of 

water on to the sa:Jo. 	..of sodivai ha. olinit or, have also 

boon :lea aired at 77 	in the so...de cal ori:let er. 	Is ot horu 

data corresponding to all the above syst °Lis were also 

obtained and the ev -A:aati In of the differential entropies 

of sorbed argon at 77 	and sorbed water at 25°C, thereby 

carries out . 

The sorbent was prepared by el ectr odialysi s of a 

sa:e.ple of natural ica 	e of particle size 2-5 	cr ons 

followed by titration with ociiva. hydroxide. 	Gas incr lent s 

were :lea su_red volu:Jetrically and the apparatus which was 

designed f or the gr vi:a et r c jeasuraent at 	11 incr ent s 

of water is als described. 

The B. E.T the:)]. y ws applie to the data obtained 

fr on all three s or ;)-..t e ol ec--.10E. 	The roa occupied by a 
0  2 

S Or be".);. WA: 61'2 	)10C-U_1( ( 11. 0-11. 5 A ) could ther e3-' or e be 

ca 1 culat ed and theories of tne natur e .)f wato la yers sorbed  

on clay _linerals were discussed in the light of this 

ol ocular area and the heats o s or pt i -.)n data. 

High heats of sorption on soditril irolinito were 
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observed at low surface coverage. 	This has bean attributed 

to the presence of active sites at the 7..a.olinite surface, 

identifiable with the electrostatic field rather thani,with 

di sp er si 	forces. 	In fact, these high heats of sorption 

are probably due t a the presence of Na+  ions. 

The electrostatic field has been calculated over 

two positi:ms on the ice •covered sediue _slelinite surface. 

attaept t o acc punt f or the difference between the heats 

of 	sorption of a on n teie ice SUIT 2. C 2, 	the heat of 

sublteatim of argon by •zaeans of the expression u 

resulted, however, in an unreasonably small value for the 

dist .'.nce between the sorbed a-1 on ateeis and the ice surface. 

In a similar eia.nner,. 	attaapt vas :nde to explain the 

differ once between the initial heats 	s or pt i on of nitrogen 

and of ').-17g.  on en the ice turf ace 	ca.lculati on of the 

interaction of the nitr 	cuadrup...de with the field gradients 

occurring at the ice surface. 	In this aese,  a :lore 

reasonable value for the distance between the nitrogen 

eioleccaes and the ice surface was obtained. 	It has been 

shown that the centributien 	the heats of sorption of 

nitrogen fr a i,he i nt era et i 	of the nit r og en quadrupole 

with the field gradients at tic surface is significant 

both on the se;-1,iue 	)linite surface and on the ice surface, 

which is el act r este:tic:111y a e unif 

1,12. XL111...1 was observed at high surface c overage 
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in the differential heat curve of argon on tao ice surface. 

The absence of a 1-iaxtral:-1 cild not be explained by the 

induced dipole-induced dipole ropulsionr since the value of 

this r e pul si on at any reasonable „ar on argon distonce was 

too saall to nullify the van der W.:: s attr act i on. 

theory was t her er ore advanced in t erills of close )acing of 

argcn-atoias on the ice sun ce the int erat a-iic di st ance 

having such a value that the van dor Uaals forces would be 

negligi.b1 0. 

The cliff or en-hi al entr.  opi e 	and hence the therlial 

entropies of adsorbed ai on and ad orbod water were 

calculated frao. the eaperixontal data. 	Fr a: the entropy 

data the :::ean vibrational and. r -tat i on-al frequencies of a 

sorbed water 31 ecule were calculated. 	The value of the 

rotational fr °gooney indicated that free rotation was not 

per:As sible. but that the water :iolocules experience a 

librational aotion with :Jean frequency of c.a. 4.00 ca 4. 
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1. 

CHAPTal I 

INTRODUGT ION 

Marshall (1949) remarked that 'no measurements are 

available on' the differential heats of adsorption on 

pure clay minerals'. Although there have been a few 

att empt s at determining heats of adsorption on ka. oli nit e 

in recent years (see, for exa_.iple.;  Goates and Bennett, 

1957), there have been no caloriLietric measurements prior 

to the presentwork. 

In order to under stand the surface properties of 

kaolinite, a knowledge 'of the crystal structure is 

required. The problem of the crystal structure of 

ka,olinite was discusse,J in many publications froz, the 

late 19th century onwards, but was not solved until 

Pauling( 1930) suggested the true nature of the kaolinit e 

structure, which was subsequently proved by Gruner (1932) 

and refined by Brindley and Robinson (194-6a) 

The structure of kaolinite is now well established, 

although the cozposition may vary somewhat fra.3.the ideal‘ 

The structural formula, is (OH)8Si14414.0so and the 

structure is com-posed. of a single silica tetrahedral sheet 

and a single alumina octahedral sheet, combined in a unit . 

so that the tips of the silica tetrahedrons and one of 

the layers of the octahedral sheet for: a cormon layer 

(Fig. 1). All the tips of the silica tetrahedrons point 



in the sam.e direction, towards the centre of the unit. 

The dimensions of the sheets of the tetrahedral units 

and of the octahedral units are closely similar in 

their a and b dimensions, and. consecluently composite layers 

are 	eadily formed 9 and hydrogen bonding occurs between the 

oxygen and hydroxyl planes in adjacent units. Consequently, 

the layers are fairly tightly bound. and cleavage is not 

so pronounced in kaolinite as in other clay Linerals. 

There appears to be no room :Eor penetration of ions or 

small molecules between the sheets. 

The minerals of the liaolinite group, kaolinite, 

naerite and dickite, consist of sheet units of the type just 

described continuous in the a and b directions and stacked 

one above the other in the c direction. The variation 

between members in this group is in the way the unit 

layers are stacked' above each other,. and possibly in the 

position of tile aluLintum atoms in the three positions 

open to them in the octahedral layer. 

In the case of kaolinitc itself, Brindley (1951) 

has investigated the stacking of the unit layers (Fig: 2). 

Successive unit layers are so arranged that oxygen atoms 

and hydroxyl groups of adjacent layers approach one another 

in pairs. This disposition can be obtained in a variety 

of ways, with the e axis perpendicular to the a b plane 

or by di s p la c em e nt of one layer relative t o its neighbour 



Oxygens 	0 
.1-1ydroxyls 	O 
AlumiDiums__111 

- Silicons 	o• 

a104.5 

3 

Diagrammatic sketch of the structure  
of kaolinite, after Gruner(1932).  

a, 	 b, 
Fig.2. The stacking  of unit layers of kaolinite- 	'- 

,along  the a arid.  b axes)   after Brindley(1951).  
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so that the displacement is na0/6 or mlo0/6 where n and 

Li are inte;_;ral and ao and bo are cell dimensions. 	This 

displacement for kaolinite is L = 0 and n = 2. 

Brindley and Robinson (1946b) 5  Grimshaw, Heaton 

and. Roberts (1945), and Grim (19)-7) have all reported a 

kaolinite mineral of lower crystallinity than that 

described above. 	Brind.ley and Robinson have investigated 

in detail some ex,mples of rather poorly crystallized. 

kaolinito and state that the structure is hi.,;hly disordered 

along the b-axis, with the unit layers randomly displaced 

by multiples of bo/3. There is also some randomness in 

the distribution of aluminium atoms among octahedral 

positions. 

The surface of kaolinite therefore consists of a 

layer of oxygen ions at one basal surface and a layer of 

hydroxyl groups at the other. The broken bonds which 

must be formed at the edges probably take up water to 

form hydroxyl groups. Exchangeable cations ar e also 

present but their position is unknown. 

In recent years several authors have published 

isotherms, mainly of water, on natural and various ionic 

forms of kaolinite. 	'Cloonan, Rooney and Wood (1951) 

prepared ionic forms of kaolinite by electrodialysis of 

a natural gradation and a fraction of particle sizes 0.5 

Ilicronss  followed by titration to pH 8 with the appropriate 



5 

hydroxide. 	surface areas were determined by low temperate" e 

nitrogen adsorption, and the effect of various cations on 

water adsorption was investigated. 	The sodium 2.c.aolinite 

prepared fro.. the fraeLiomted sample had a surface area 

of 27.8 metres2/gm., a water raonolayer of 6.10 ragn./gm., 

and an ion exchange capacity of 4.18 m.equivs./100 gm. 

Z,11 these values are higher than those obtained for the 

sodium haolinite used in the experiments described in this 

thesis, presumably because of the smaller particle size of 

the fraction used by iCeenan et al. 

Keenan, Mooney and Wood observed that the adsorption 

of water per unit surface on lithium ka oli nit e was 

independent of the number of Li+  ions present. This 

result,however, was based on a comparison of water 

sorption on lithium haolinite prepared from (a) the fraction 

of < 0.5 microns and (b) the natural gradation. 	The 

assumption was made that the water s orbed per unit 

surface area was unaffected by a change in particle size 

and depended solely on the cations present. 	Keenan et al 

concluded that the Li+  ion is of such a size that it 

fits into a position in the lattice where its hydration 

is prevented by st Trio factorsT her of or e5  by subtracting 

the weight of water sorbed on the lithium 	nit e from 

that sorbed on any other ionic for-a, they obtained the 

number of water molecules associated with each exchangeable 
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ion. 	This seems to be an oversimplification of the 

probleu,i  but the value obtained for sodium icaolinite was 

1.8 id olecules Of water per Na+  ion5  which is in reasonable 

agreement with the estimate of one molecule per Na+  ion 

arrived at from, the heat data obtained in these ex-periments 

(see p. /IS). 

Or chi st on (1954) ea sur ed i sotherms of wat er on 

natural kaolinite5  and Goates and Bennett (1957) did the 

same on a sodiu.-.3. clay of particle size 0.15 to 0.35 microns, 

prepared by leaching with excess NaCl solution. 	The latter 

also calculated the heats of adsorption from the equation 

(  )01  P  
dT w 

The heats of adsorption as 0 = 0.5 —41.0 foil from 14.5 

to 13.0 k.ca.1../uole, compared to 13.5 to 12.5 k.cal./uole 

racasurod. for the same surface coverage in this work. 

The water monolayer calculated by Goates and Bennett 

contains 30 per cent less weight of water and, at the 

c omPleti on of the :_onolayer the pressure is 20 per cent 

greater than the corresDondin:;,  figures of the sodium 

kaolinito used hero. 

The nature of water physically adsorbed on 

kaolinite has been the subject of considerable speculation 

in the literature. 	Evidence has been advanced that the 
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water is in a physical state different to that of liciudd 

water ( see, for efaLiple, GriE. and Cuthbert, l945) !. and 

several theories have been postulated rag .rding the actual 

configurati on of the water 	. 

Hendricks and Jefferson (l938) proposed that the 

water layer i s c oup osod of an ext ended network of water 

uolecules arranged in a hexagonal configuration. 	Each side 

of a hexagon coirosponds to a hydrogen bond between two 

water molecul es 5 leaving one hydrogen atop every two water 

molecules which is not involved in bondin:, within the net. 

The net is therefore tied to the surface of the clay mineral 

by hydrogen bonding of these hydrogen atoms to the surface 

oxygen layer. 	In the case of kaolinite, the surface 

hydroxyl groups are also available for hydrogen bonding 

to oxygen atoms in the water layer. 	.a separation of 

3.0
0  
LI between the oxygen atalis of the water layer is 

required in order to acheive a geoEetrical fit to the clay 

mineral lattice. 

Macey (l942) has postulated that the initially 

adsorbed water has the structure of ice. 	ias theory 

again depends on a geometric - 1 fit between the water 

layer and the clay lattice. but in this case the oxygen 

atoms of the water molecules arc 4.52r. apart, and this 

looser packing would result in a ratio of three water 

r:ioleculos per unit cell area. 	Hydrogen bonding to the 
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oxygen and hydr oxyl surfaces of 	oli nit o occur s a s bef or 0. 

Bar shad (1949) has suggested another concept based 

on careful dehydration ;Jos. sur ezient s with E ontill or ill mit e 5  

the surface of which is co- posed of two basal planes of 
oxygen ions exactly 5iLli lar to the oxygen surface of 

kaolinite. 	He proposes that at low states of hydration 

the water :iolecu.les fern tetrahedrons with three oxygen 

ions of the silica tetrahedrons. 	The hexagon thus forued 

is reduced in radius at higher states of hydration and the 

water :iolocules adopt a position directly above an oxygen 

ion. 	Finally, at still higher states of hydration: the 

water r.ioleoules fill the centres of the hexs..gonal water 

rings, and the centres of the hexagonal oxygen rings of 

the silica t etrahedr ons not occupied by exchangeable cs.ti ons. 

On the basis of the cr oss-sect ona 1 area occupied 

bi each adsorbed water uolocule, which has been calculated 

frog the present work by the application of the B.E.T. 

theory, idacey' s ice concept is unacceptable ( see p. 1)5 ). 

111 three theories neglect the influence of the exchangeable 

cations, and since it has boon shavra that the initial high 

heats of sorotion of water are attributable to the presence 

of cations (p. ncl ) this riust be considered as a serious 

omission. 	The heat data indicate that in the water 

Lonolayer, one water :iolocule in five is associated with 

a cation. 	It is difficult to -1-concile this conclusion 
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with the above theories of a rol,,ular hexagonal network of 

water molecules. 

Viater sol'becf-,...,nclay minerals has been considered 

denser a nd more viscous than ordinary li uic. water. The 

specific characteristics of this water whic,..1 distinguish 

it from. orc:inary water are probably restricted to relatively 

short distances from the clay-particle surfaces5  generally 

of the order of throe to ten 1.olecular layers of water. 

Terzaghi (1928) has atta.Ipted to explain the nature of 

the initially adsoroed water on the basis of the dipole 

character of the water 1.iolecale. 	lie considers the water 

layer s to be highly oriented, but the degree of orientation 

decreases with increasing distance from the surface 

because of the therLial energy ;,- :)±..• the water molecules. 	No 

evidence for the existence of this se-called non liquid 

water has boon found durin the present study however. 

WilliaLlson (1951) has suggested that the high 

density of sorbed water which zias been reported nay be 

duo to a °tightening' of the water structure in the 

vicinity of the cations. 	Ho also states that it is probable 

t hat • while song water hydrates the cations.,other wat er 

is hold directly on the basal plane of the clay mineral. 

This theory is substantiated by the heat dat,1 obtained 

during those ex-peril:lents (see p. 119 ). 

In the theory -)f intermolecular forces there are 
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four types: of forces nor:nally considered: 

(i ) 	dispel' $i on f012CO2 

(ii) repulsive forces5  

(iii) polarisation forces, 

(iv) electr ostatic interaction oetween 

pori.:anont electric : la:lent s. 

Those forces are also 0:3I3.-bi,170 in the physical 

sorption of a .z.olecule on a surf ace but the p.lrt played 

by each is nor pally co..rplicated and oft en Ob S CUT a .. 9 by the 

het or og eneity of the sur face. 	Thus , ..17 or CiL.'6: ip 1 0.  5 t he. 

eff-ct of the van dor ,,faals attraction between sorbed 

::.oleculcs I;:;:iicia Just, occur if .bhe -.:Iolecular separation is 

close to the ecailibri-arl separation: is seldo:.1 Dbcorved. as 

ria,,i_tru_-_-_ in a plot ofhe differential heat as a function 

of concentration. 	It is usually ass7_,Liod t_lat the lateral 

interaction between the o.dsorbed....lole..".102 is t  2-102.-20d. 

out 1  by the het er ogeneity of t.,1e, surface ( sco,. for e._.:a..1-ple. 

Beebe, iiillard and Cymrs1A. 1953) . 

.Lt -i.; E.,..Lpt s t .:-; e plain the Letoroeneity of any 

solid. involve one or `Miner of thr ee possibilities. 

(1) The decrease in the heat of sor,otion is due to 

active sit es e:,:istin:, a priori in -Lie sorbont surface. 

These sites have, 7o e1  identified with ]`.0.: G:T....:ip 1 e eti,]; s 

and c or= E , lattice defect, and. .rainb Jam-Lori es. 

(2) The heterogoneity is due to electrostatic rather 
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than dispersion forces, i.e. the interaction of the 

:..i.olecular charge distribution with the surface electric 

field varies with concentration because the -magnitude 

of the interacting field depends on the position of the 

sorbed molecule above the lattice. 	The electrostatic 

forces arise fro._ 	 , • 

field-Cdpolo and field -cuac rupole effects. 

(3) 	h decrease in tile heat of sorption may be produced 

by repulsive forces between soreed molecules. Usually, 

hOWeVer 5  repulsive inter:Ct ons can only account for a 

fall in the heat curve at high values of e. 
Thus; the factors which contribute to the fall in 

the heat of sorption with coverage have received precise 

expression. but the pr °biol.." as applied to real cases is 

still largely unsolved. 	In this study however, it has 

boon shown that the sites of high ener_-,y on the sodium-

Icaolinite lattice are associated with electrostatic rather 

than dispersion forces, and are probably duo to the presence 

of e:i:changea le cations (see p.113), 	The high initial 

heats of sorption of argon and nitrogen observed on the 

sodium liaolinite surface disappear completely when this 

surface is covered with two molecular layers of water, 

because the ice surface forms a much more homogeneous 

sorbent and the active sites of the .1aolinito lattice 

are covered. 
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When a polar uolocule is physically sorbed on to 

the surace of an ionic solid all four typos of the forces 

listed above are involved. 	The total interaction can be 

exporimontally dotorLained as the heat of sorption, but an 

absolute calculation of any single interaction is 

impracticable for oven the siuplost system. 

In these e;:pari - .ents two surfaces wore involved, 

(a) sodium: ,,:aolinito and (b) the ice surfaces  produced 

by freezin two molecular layer s of water on to the sodium 

kaolinito. 	The calculation of the electrostatic field 

above the ice surface followed the method used by Orr (1939) 

to calculate the field above ionic crystals such as potassium 

chloride. 	It involved a suumation of soma 70 IJolocules 

followed by an intei,,ration to infinity (sac i,p-pandicos 

and II), and the :::nowladge of the field made it possible 

to interpret the heat data :core fully in terms of the 

interaction of sorbed nolocales with the field. 

Three sorbato moloculos wore used, (a) argon„ 

which i s non .polar 	nits og en, which Ira s a p ermanent 

quadrupole —oHiont and ( c water, which has a per 

dipole ioment . 	By c ombining the heat data obtained fr 	ou 

the physical sorption of those molecules on both surfaces 

it has been possible, in sae cases, to attribute a part 

of the total heat of sorption to a particular interaction. 

In this way, the distance 'of a-pproach of the sorbed arson 
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and nitro;en :.olecules to the ice layer was calculated. 

attailpt to e:::plain the heat data for argon on the ice 

surface showed that the induced dipole-induced dipole 

repulsion was too small to account for the fall in the 

heat curve, and a theory in te3L_Ls of close pacing of argon 

was postulated. The importance of the contribution of the 

nitrogen quadrupole- Ina:lent to the heats of sorption of 

nitrogen on both surfaces was also shown. 



CHAPTER II. 

EXPERIMENTAL . 

2.1. Materials. 

2.la. The Sorbent. 

The sorbent used in these investigations was 

supplied by English Clays Lovering Pochin and Co., Ltd.,  

from kaolinite mined in Cornwall. The purest kaolinite 

possible was obtained by sedimentation of the naturally 

occurring mineral frost which the fraction of particle size 

0.5 to 2.5 microns was taken. 	In order to obtain a 

precisely defined surfaces particularly with regard to 

exchangeable ions, the kaolinite was electrodialysed and the 

so-called hydrogen clay then titrated to pH 8 with NaOH 

solution. 

The electrodialysis cell ( Fig. 3 ) consisted 

of a polythene beaker A and two Soxhlet etraction thimbles; 

one 90 x 123 mms. and the other 30 x 100 cams. 	The smaller 

thimble C Jecame the anode compartment, the suspension was 

placed in the larger thimble B, and the polythene beaker 

became the cathode compartment. 	Support was provider, where 

necessary by pieces of polythene so that the introduction of 

extraneous ions was kept to a minimum. The cathode D 

consisted of a spiral of nickel wire wound round the outside 

of the large thimble. 	The anode E was constructed from two 

pieces of platinum foil;  each 1 sq. inch, bent into a 



Anode 
Cathode 

• 

• 

is 

Fig. 3. 
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cylinder and spot welded on to platinum wire. A 

continuous fl ow of di 	water (about one drop per 

second) was passed through the cathode from a 5 litre 

aspirator and overflowed from the polythene beaker. 

A voltage of 220 volts d. c. was used and prior to 

the electrodialysis of a kaolinite suspension this volta6e 

was applied overnight with distilled water only in the cell 

in order to remove any ionisable impurity. 	A rilirimu.i. value 

of about 20 milliamps was observed when electrodialysing 

a sample of kaolinite and. as well as the current the pH 

of the supernatant liquid above the suspension and the 

sodium ion content of the cathode compartment (measured by 

flame photometer) were plotted against time. 	The suspension 

tended to settle at the bottom of the large thimble but it 

was thought that the only affect of tirring would be to 

shorten the total electrodialysis time required to reach the 

end point. 

1 Kgra. of the natural kaolinite was first rolled 

in a drum mill for 21 hours in order to obtain a homogeneous 

miLture from which all samples used for these e_:periments 

were taken. 	The pia olinit e was st or ed in a large stoppered 

porcelain jar. 

Following the method of Johnson and. Norton (1941) 

a preliminary sample of 60 ;113.S of ,:aolinite in about 600 mis 

of distilled water was electrodialysed in order to gain 
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experience for the preparation of the sample 	be used in 

the calorimeter. The hydrogen kaolinite thus obtained was 

washed out of the cell with distilled water and the resultant 

suspension divide: into two parts. 

The first part was used to obtain a caiiplete 

titration curve with Na0i'l solution (Fig 4). 	The shape of 

tJis curve agreed remarkably well with that obtained by 

Johnson and Norton in spite of the difference in conditions, 

the latter allowing the mizbure to stand , f or two days before 

measuring the 	A s,aarp rise in pH frau 7, to 9.0 

indicated 	8 as a suitable end .point for the titration 

vihen preparing the sodium kaolinite: 

The second part of the hydrogen 11-a.olinite 

suspension 	tit.Lated to ph 8 and kept in a desiccator 

over NaOh pellets to prevent reaction with atmospheric 002. 

Overnight the p.c. fell to 6,8 and the titration was repeated 

until pH 8 was maintained overnight. The suspension was 

then centrifuged;  the supernatant liquid decanted- and the 

sodium iaolinite dried at 70oC. 

It was evident from the above observations that 

some slow reaction occurred between the hydrogen clay:and the 

sodium hydr oxide, 	Gregg. Parker and Stephens (l953) have 

suggested that this slow rate of reaction during titration 

may be due to the presence of a film of presumably amorphous 

material on the surface of the electrodialysed clay. 
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A second sample of 60 grias. of natural ka.olinite 

in 600 rills. of distilled water was electrodialysed e:2zactly 

as bef or a. 	220 volts d. c. was used and the current pi- 

and sodium ion concentration were observed a s above. 

Di stilled water was passed through the cathode compartment. 

Considerable fluctuations were observed in current readings 

and it was not found possible to obtain consistent values 

of ph. 	This may have been due to the method used which 

consisted of p p et t inE.; 50 mls, of the supernatant 

from above the suspension. 	Consequently liquid flowed into 

the c 	compartment from the anode and. cathode and the 

value of the 	S affected especially since the anode 

contained a considerable concentration of anions. 	The best 

indication that the end .point had been reached seemed to come 

from the concentration of sodium ions in the cathode compart-

ment which fell to a minimum of 0.1 parts per million. 

The electrodialysis was allowed to proceed for 

235 hours. 	The flow of distilled water was then 'stopped ;  

and the current fell from 1+0 railliamps to 20 milliamps in a 

further 5 hour s. 	The hydro; en 	nit e was washed. out of 

the cell with distilled water and the suspension titrated 

to pH 8 with NaOH solution and stood overnight in a 

desiccator containing NaOH pellets. 	The titration to pH 8 

was repeated, as before until the value was -maintained 

overnight. 	This took 11 days and the final pH was 8.34. 

The suspension was then centrifuged for 4 hours decanted and 
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dried to constant weight at 70°C. 	From the total weight 

of sodium kaolinite obtained the exchange capacity was 

calculated to be 3.00 milliequivs per 100 gins kaolinite. 

After its removal from the centrifuge bottles the sodium 

kaolinite was lightly crushed and powdered with a nickel 

spatula. The total weight of sorbent packed into the 

calori„leter was 15.36 gms. 

X-ray diffraction patterns of the natural and of 

the sodium kaolinitor prepared as above, were obtained on 

the Guinier camera in this department. 	No difference could 

be detected between the two samoles indicating that the 

process of electrodialysis had not affected the kaolinite 

structure. 

2.lb.The Sorbater. 

Argon nitrogen, hydrogen and ti .ter have been 

used. 	The gases were supplied by British 0=:ygen Company in 

sealed pyrex glass bulbs. 	The argon was stated to be 

spectrally pure as was the helium used to -give thermal 

conductivity in the calorimeter, 	An approximate analysis 

of the gases used< given by B.0.0._ was as follows: 

a) Alitr 

og en 	 99.9% 

Oxygen 	 0.05 

Carbon dioxide 	5 v.p ii. 

Hydr og en 

hare gases 	 7 
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b) Argon. 

Argon 99.95% 

Nitrogen 0.055 

Oxygen 5 v. p•ra. 

Carbon monoxide 5 	" 
Hydr og en 0.5 " 

c).  TH:yd.rof,en, 

hydr og en 	 99.9% 

Oxygen 	 0.05;6 

nitrogen 	 0.05 

002 	CO etc. 	}+0 v. p.m. 

In the case of the water the main proitem was to 

remove dissolved air and carbon dioxide since these would 

mar:edly a.f:Yect the low pressure region of the isotherm. 

A 100 mls round bottomed flash: containing about 30 mis. of 

distilled water was sealed on to the main line via a liquid 

air trap. 	The latter -)revented. diffusion of mercury vapour.  

into the water sup-oly. 	The water was frozen in liquid 

oxygen and the air r ema ining above the ice pumped out. A 

good vacuum was obtained after about five minutes pumping. 

The ice I.,as then allowed to melt and the air which had been 

trapped passed into tme gas phase. 	The freezing pumping 

and melting procedure was repeated twice more with liquid 

oxygen and twice with solid carbon dioxide as the refrigerant. 

Complete removal of air was proved by chec:.,:ing the vapour 

pressure of the water with a mercury manometer. 	With the 
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water supply at 21.5°C the value observed. Tras within 1% 

of the accepted value for this teaperature. 

2. lc. The kiqr 

Most of the mercury used was supplied by 

F. W. Berl': and Co.. Ltd. and stated to be 'redistilled 11.,11.' 

Mercury from any other source was ;a-rifled by (1) filtration 

(2; bubbling with 5% nitric acid (3) washing until acid-free 

and dryin:; at 110°0, (4) distilling in an electrically 

heated vacuum still in which the mercury to be Cistilled 

formed part of the circuit. 

2.2 Apparatus (Fig. 

Pyr 	gla ss was used thr oughout and whenever 

possible wide bore tubing and taps were used to give high 

pualping speeds.  

2. 2a 	Pumping S st eiz a.nd_ Main 

The pumping  system consisted of an Edwards' 

Speec,','ivac two st yge rotary oil _ump caching a single stage 

divergent nozzle type i.ercury diffusion pump. 	The latter 

wai', heated by a 250 watt strip heater: and lagged with two 

layers of 4"  asbestos rope. 	The oil trap L. prevented oil 

sucking bach through the apparatus in the event of a power 

railure. 	The liquid air trap 3, which cou1d be emptied 

when necessary by brea_:in its narrow tip5  protected the oil 

and mercury of the pumping syste,d from contamination by 

condensable impui. ities. A simple mercury cat-off C 
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enabled isolation of the rest of the apparatus from the 

pumping system in order to determine 'leak-rates'. 	It 

was also valuable in the detection of lea.:s in metal parts 

during construction of the apparatus. 

The Hacleod gauge D had two pumping arms;  one of 

roughly 12 am bore and the other of capillary tubing with a 

mean diameter of 0,608 mins determined by the mercury slug 

method. 	The closed capillary consisted of 22 ems of the 

same capillary tubing. The bulb volume was determined by 

mercury weighing as 255 mls. 	The gauge was not intended 

as an accurate measuring instrument but gave an indication 

of the vacuum in the system at any time and 1.aas used to . 

determine lea..: rates. 	A scale covering the range 1 x 10-2  

to 1 x 10-6  mm Hz was made from graph paper on stiff 

board. 	This was permanently in position so that readings 

could be rapidly observed.. The ultimate vacuum determined 

with this gauge was 1 x 10 6  mm Hg and the Ileak-rate' 5  i.e. 

the rate of build-up of pressure in the closed system. 

about 1 x 10-5  mm 	per hour. 

There was an Edwards' Speedivac single stage 

rotary oil IJump used as a source of 'low' vacuum- to lower 

the mercury from gauges etc. 

The Gas St orage. 

Gases were supplied from the gas manifold E into 
which the B.O.C. cylinders were sealed via a tap. 	The 

compressor F enabled maximum use of the cylinder gases and 
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was particularly useful when higher pressures were required 

towards the end of a sorption run. 	It was also used as a 

storage bulb when helium was present in the calorimeter G .  

to avoid contamination of the cylinder gases. 

2. 	 . The Ga s- measuring System. 

To determine the volume of gas sorbed in an 

incre.aent it was necessary to 11,,ve. an e:act knowled,e of the 

volume the temperature and the pressure in all pants of the 

gas phase;, before and after 	osur e to the s or b ent , 

The fundamental caliLxated volume in the g 

measuring system was the gas burette H and fro2 this the 

volume of any other part of the system could be determined 

(see p,57 ), 

host of the gas line was at room temperature and 

fine mercury-in-glass thermometers were used to measure the 

temperature in various parts of the apparatus. 	These were 

all 0-50°C in range and were checked against the departmental 

N.P.L. thermometer between 15°  and 30°C. the expected 

variation in room temperatur e, 

The as burette was surrounjed by an air jacket to 

reduce temperature fluctuations in this relatively large 

volume. 	A 0-5000 thermometer was suspended centrally 

within the jacket. 	Two other 0-50°C thermometers were 

distributed around the ,as lines which,  in order to keep 

dead-space volumes to a minimum were entirely of 2 mm. 

capillary connected by 3 ma, taps.. During later runs the 



26 

temperature of the liquid nitrogen bath surro;:dading the 

cal orim et er wa s ra ea sur ed by an oxyg en yap our pr es sur e 

thermometer but for earlier, less-accurate runs this 

temperature was assumedto be 77. 5°I.C. 
Pressure measurements were made on a precision 

manometer I carefully mounted to reduce vibrations. 	The 

manomet er was constructed from 16 mm t Ver i dia I  tubing. 	On 

the gas side this wide bore tubing was connected to 2 ram. 

capillary tubing to reduce the dead-space. 	When taking a 

pressure reading the mercury level was adjusted so that the 

meniscus on the gas side was within the 6 cras. of 'Veridia' 

tubing at the bottom of the gas side arm. 	The manometer 

tubesf, which had been carefully cleaned in hot chromic acid 

solution and wa shed thoroughly in di stilled water., were 

mounted in split brass bearing blocks on a heavy VI  steel 

plate. 	This was fisted to a 8 diameter steel pipe rigidly 

clamped between the roof and floor of the laboratory. 	The 

steel plate also formed the back of a bok structure surrounding 

the manometer to reduce temperature fluctuations. 	The sides 

of this Do:: were of wood lined with aluminium which recuced 

the vertical temperature gradient in the box to 	0.2°C. 

The front of the bok was of plate glass. 	Hinges at one side 

of the steel plate allowed the box to be swung aside giving 

access to the manometers.. The mercury reservoir liere 

supported on a shelf of 	steel welded to the pipe. 	A 

reference mark as fired to the out side of the 	side of the 
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manometer and gas phase volumes calculated with respect to 

this. 	After setting the mercury levels to the required 

positions well14'ormed.; menisci, necessary to allow for 

capillary deieressionr. were obtained by exerting a small 

additional pressure on the mercury surface of the reservoir by 

closing a screw clip on a closed rubber tuba attached to the 

reservoir bulb. 	With the rigid support for the manometer 

.escribed above a steady, vibration-free surface was 

obtained. 	General illumination in the box was afforded by 

a shaded 40 watt tubular lamp, 	The backgrounds of individ-

ual menisci were illuminated with a galvanometer spotlight 

using a 12 volt !, 24 watt bulb. 	The mercury levels were 

read with a cathet omet er 5  made by the Precision Tool and 

Instrument C o. 5 Ltd. 5. mounted on a triangular st eel base 

about 1 metre from the manometer. 	4.3efore taking readings 

the cathetoraeter bar was made vertical using the spirit 

level on the telescope. 	In fact the bar was not quite 

straight and the telescope therefore not horizontal at all 

levels, 	The spirit level was therefore calibrated aid by 

observation of the bubble position a correction was applied 

to each reading of the mercury level. • 
2.2d. The Wat er--mea swriniL_Pyst ord. 	g • 6 

ii ea Fur ement of small quantities of water by the 

volumetric method used for gases presents problems because 

of the ,ilsorption of water by the walls of the glass vessel at 

room temperature. 	Gas phase imperfection for water at 25°C 
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was negligible. 	In order to minimise the uncertainty int he 

measurement of increments of water a gravimetric method was 

devised which entailed only a small correction, calculated 

volumetrically, for the water vapour in the line to the 

calorimeter (see p. 60) 

The apparatus was designed to measure the extension 

of the spring before and after admitting the increment so 

that the weight lost from -the saturated solution could be 

calculated. The presence of the saturated iCBr solution 

ensured that, the temperature being constant, the vapour 

pressure between taps 1 and 3 was the same during both 

measurement sa. nd the effect of the vessel walls was t herefore 

eliminated. The weight sorbed in the increment was then 

equal to the weight lost from E minus the increased weight 

in the vapour phase (calculated volumetrically). 

The apparatus consisted of a balance case il9  3 cms. 

in diameter and about 65 ems. long. 	The balance case was 

connected to a 100 ml s. bulb B via one of the three under- 

water taps used. 	This volume was calculated to give a 

measurable deflection on the galvanometer when the water 

vapour it contained was exposed to the sorbent. 

The vapour pressure of the water above the 

sorent was measured by the. mercury manometer C, in which 

both arms were constructed from t he same piece of 10 ram 

tubing. 	A fixed mark, made from fine-gauge wire9  IrTa S 

attached to the gas side arm and all volumes determined with 
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respect to it. 	Well-defined menisci were obtained;  as 

with the precision manoileter by exerting a small additional 

pressure on the mercury reservoir by means of a screw clip 

attached to sealed. rubber tubing. 	The mercury levels were 

read by the same cathetometer as was used with the precision 

ma n om et er . 

The balance case was first tested for optical 

distortion by fixing a pointer inside it and observing the 

cathetometer reading for various positions of the glass 

tubing. The maximum deviation from the mean value was 

0.003 ems, indicating that the optical distortion was 

negligible. 

The weight of water in an increment was measured 

by observation of the change in length of a fine silica 

spring D suspended within the balance case. 	This was 

supplied by Thermal Syndicate Ltd. who quoted. the following 

properties: 

Maximum load 	100 mgms. 

Sensitivity(approx) 4-60 cras/gra, 

Extension 	 57 cm s 

The spring had boon stored in a light oil. 	It 

was cleaned by washing it three times in benzene and then 

allowing this to evaporate in the air. This was followed 

by dipping the spring into hot dichromate/sulphuric acid 

cleaning mi-ture and washing it thoroughly, several times, 

in distilled water. 	Finally it was hung in the air to dry. 
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The spring when in situ, was suspended from a 

glass hook which was itself attached to a sealed glass 

container filled with lead shot to ensure stability. 	The 

latter rested on an annular constriction near the top of the 

balance case. 	As a check on vibration the spring was placed 

in situ with a 65" mina. Frei ght suspended from it. 	No 

vibration wa s observed. 

The spring was calibrated with nine small riders 

made from 24 gauge copper wire and covering the range 47.2 

to 98.15 mgms. 	The calibrations wore one at 23. 2°C. 25.0°C, 

28.2°C, and a recheax with 3 or 4 of the weights at 25.0°C 

showed that no hysteresis had occurred during the calibration. 

The effect of change of temperature on the ehtension was 

only about 0.05% for 3°C. 	1-1. plot of extension against 

weight for the 25°C calibration produced a smooth curve not 

deviating greatly from a straight line. An arbitrary 

straight line y = mx ± c was therefore drawn through the 

calibration points at 63.65 mgms. and 98,15 mgms. and the 

slope and intercept ca 1 cula t ed m = 0.1+569 cm. /mgm, and 

c = 11.446 cm. 	T her of or e, for any value of the extension 

y, the uncorrected weight x could be calculated. 	g aph 

showing the deviation of the calibration points from this 

straight lino (Fig. 7 ) gave a smooth curve with a maximum of 

0.20 mgras . 	The c or: ect i on coy e sp 	to any extension 

was read off from this graph and subtracted from x to give 

the actual weight ecuivalent to the given extension. 
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The springwas now sealed into its case with a tiny 

glass bucket E, weighing 62.2 mgms. and containing about 

13 mgms. of AR. potassium bromide crystals (dry weight) 5 

hung fr om the bottom. A saturated solution of potassium 

bromide contains about 40 gms. iar in 100 gms of saturated 

solution. 	Therefore up to 19 mgms of water could be added 

to the bucket without the solution becoming unsaturated. 

This amounted to a total weight of 94 mgms, 

The purpose of the saturated solution was to obtain 

a constant vapour pr essur e in t he balance ca se and 100 mis. 

bulb. 	Potassium bromide was chosenbecause it s saturated 

solution had a suitable vapour pressure ( 84% of that of 

water) and because it formed a saturated solution after only 

a few hours exposere to the water sup-bly. 

The whole of the measuring apparatus including the 

manometer 5 was immersed in a water thermostat constructed from 
" 3  7 	perspex in the workshops of this L. epartment. 	The water 

bath contained a stirrer about 26" long with three 3" paddle 

wheels distributed about its length. 	This was driven by 

a 25  H.P. Sun Electric :victor ,: 230.250 volts?  3500 

controlled by a variac . 	T e.,iperaturo control was effected by 

a benzene / mercury t h erm or egulat or which contrcontrolled a 60 

watt bulb covered with aluminium foil. The thermostat bath 

contained a 0 5000 mercury-in-glass thermometer. 	The bath 

having been set at 2500 no variation in temperature was 
observed. A variation of 0.05°0 could have been seen on the 
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thermometer and it was concluded that t herm o st at t i wa s 

effective at least within this limit and pr obably better. 

The bath also contained a booster heater of about 1 idlowatt 

used to bring the bath t o 25°C after filling. 	T o r educe 

c or r osi on of rods and clamp s a few arm of 3DCI 17j:11 chr omat e 

addd to the.water arid prc,v,6d very eYfectiv. 

The wat tel sup 	t o the balance ca se came fr om a 

100 ml s r ound bottomed f la sk F containing a bout 30 rals of 

water. 	This was suspended out side the thelmostat tank and 

the water was degassed as described on p.21.  

IL secondary water • •measuring syst 	was built for the 

determination of more rapid isotherms by the- adsorption of 

larger incr ement s than were possible .)y the use of the silica 

spring. 	This consisted simply of a piece of precision bore 

capillary tubing 0.5 am. in diamet er • into which an unbr oken 

column of • wat 	s condensed from a round bottomed flask. 

Dissolved air had. previously been removed from the water as 

described in 2.1b. 	The water in the capillary tubing was 

kept below room t amp orator e to prevent condensation in the 

line. 

The principle of the method was to note the upper 

level of tiie column of water e::,2ose it to the s or bent for a 

few minutes, shut the tap and allow it to equilibrate at the 

same temperature so that the vapour pr es sur e remained the 

same. 	The level was again observed. :no. the weight sorbed was 

then equal to the weight lost from the column 	water 
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(calculated from a knowledge of the volume change, irr 2h, 

and the density) minus the increases: . weight in the vapour 

phase ( calculated from the dead space volume and the 

pre;:sure). 

sing 0.5 mm. diameter tubing a column of water 

12 ems, long wa s equivalent t o a weight of about 0.1 gms 

or about two molecular layers on the sorbent it qhe calorimeter. 

Therefore an increment which pr educed a change in length 

of 	. 3 c' s. could be measures. 	la an accuracy of 3 	1+% 

using a glass bacic.ed scale,a nc:1. considerably more accurately 

using a cachet am et er . 

	

Tihis secondary syst ern 	s successfully used to 

m ea sure the total weight of wat er sorbed ( 95.2 mgm. 

prior to runs 15 and 16 (at liquid oxygen temperature). 

A later attempt to use this method however,  • was unsuccessful 

because of the 	r eme difficulty in obtaining an unbr °ken 

column of water which filled the, lower end of the capillary. 

At every attempt a bubble presumably of water vapour s  

f ormed at the bott om of the capillary and att empt s t o 

remove it invariably failed. 	It has been fond that the 

difficulty can be overcome by the use of wider tubing,  

with a resultant loss of accuracy, of course. • The author 

also feels that the problem could be overcome by fitting 

a connection t o vacuum via a vacuum tap at the lower end 

of the capillary tube. 	It was found comparatively easy 

to obtain a continuous call-him of water in the upp el part s 
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of the tubeand this column could fhen be pulled down into 

position at the bottom of the tube. 

The Calorimeter. (Fig. 8) 

The calorimeter c ontained the ample of sodium 

kaolinite on which all calorimetric heats of sorption and 

accurate aorpti on isotherms were dot ermined. 	During 

sorption runs ( eL:c ept water sor. pt i o n) it wa inner s ed in 

a large Dewar of liquid nitrogen. The Dewar was 8 in 
ft 

diameter and 23 deep. 	It had a fairly high evaporation 

rate (poor vacuum) and steady boiling of the livid nitrogen 

took place. Although this increased the amount of liquid 

nitrogen used it had the advantae of greatly reducing the 

t emperatur e drift of the bath due t o superheating. 

During water sorption the calorimeter wa s 
U 	 74 

immersed in al oil bat h thermostat 8 in diamotor and 27 

deep. 	The oil used was Shell Risella Oil 175  which was 

of low viscosity and effectively overcame the problem of 

corrosion which would have arisen if a water bath had been 
99 

used. 	The oil bath contained a stirrer 26 long with three 
19 

3 paddle wheels distributed about its length. 	This was 

driven by a Siemens 110 volt. d. c. idotor, 

Temperature control was effected by a benzene/mercury 

thee- .i or egulat or which controlled a 40 watt bulb dipping 

into the oil. 

The oil bath contained a 0 50°C mercury-in.-glass 

thermometer on which no change wa s detectable when ],he bath 
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was controlling at 25.0°C. 	The calorimeter thermocouple 

was used to check the effectiveness of the thermostattinE,,  

by pumping the helium fro._, The calorimeter outer jacket 

solating the cal or ira ot or f_ro_i temperature -la-actoat ons) 

while helium reriainea intie cold junction. 	h trace was 

then recor(2,ed so that any bath taa,?erature fluctuations 

would be seen a s a change in temperature of the cold junction 

relative to the calorimeter junction. 	Fluctuations on 

this trace were < 1 mis., which was equivalent to a 

temperature control of ± 0.005°C . 

The calorimeter was protected both inside and 

outside against mercury amalgamation by liquid nitrogen 

traps. 	It consisted of a copper pots which in order to 

keep the heat capacity of the metal parts to a minimum, 

was constructed from .010 copper. 	The base and thermocouple 

screws were made a s light as possible a-id were silver spider ed 

in positi on since the cal orimet er had to withstand a ba 

out temperature of 200°C. 	iit the top the copper pot Ilas 

silver s oldered to a ring of ti\.ovar s  3 which carried a 

graded seal -Liiron gh to'Pyres;' glass. 

kt the centre of the calorimeter was a narrow 
9, 

copper 	
4  

tube C about 	in diameter intended to house 

the electric heater. 	The tube was fitted yitih six peripheral 

copper vanes punched with holes to reduce their heat 

capacity, which distributed the heat throughout the 

calorimeter. The tube was also drilled with very small 
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holes to enable the free flow of gaS during gas sorption. 

A small copper cap E fitted over tie top of the vanes to 

pr event s or bent bein scatter ed on evacuation of the 

calorimeter.       

The s or bent was packed between tie vanes and the 

calorimeter finally helc 15.86 gm E, 	sodium ka oil nit e 

The = oaten was wound non inductively on a piece of bra ss 

wire and consisted of about 1)+1  of 2.951 ohms per foot glass 

insulat ed constantan wir 0. 	Since oil i s used in spinning 

on the ,glass insulation the heater was washed several times 

in A . benzene. This was finally a 'lowed 	evaporate and 

the heater baked at 300 350°C in vacuc. 	The heater leads 

were a pot welded to nickel through beaded tuns st en t o nickel 

again. 	Two side arms each containing a beaded tungst en  

seal , came out fr oath° glass d (Me of the calorimeter on 

either side of t he gas inlet tube F. 	In s way the wiles 

were by ought fro.. the interior of t 	calorimeter while 

still enabling a vacuum t o be maintained. 	On the out side 

of the calorimeter the nicL:el wire was silver soldered to 

. 001+1c  copper wire covered with silicone varnished double 

insulation.sit L 	This in turn was soft soldered at the 

bottom of the cooling cylinder G to .010"  copper giro with 

double silk insulati on painted with inpr °gnat int; varnish 

not 	ended to withstand high t crap eratur es. 

The outer jacket I-1 of the calorimeterwas made 

from a length of stainless steel tubing 2" in diameter 1)4" 
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long and about . 3.  t.„  t,  hick. 	The base was also of stainless 

steel and was welded in position, 	The outer jacket lid 

wa s mad e of bra s s a nd f 	ea s e of a ccess t o the cal or im et or 

was held in posit on 	Woods metal. 	The calorimeter s 

inlet tube was taken thr ough the cent e of the lid by 

means of a glassova r gla ss seal, 	To 01'10 side of the lid 

was a .2  diam et or 5  thin walled c opp or nickel tube IC. thr °ugh. 

which the out er jacket was evacuated. 	This and a Tufnol 

rod L on the other side of the lid supported the whole 

assembly which was hung from a s ,_.)ecia 1 brass clamp. 	T ho 

connection between the copper 	tube an the puzibing 

system was made by means of a piece of glass tubing which 

was a slidin ;  fit over the metal tube. 	The join was 

sealed with pi c oin wax. 	When 	br a t i on of the 

calorimeter with the li quid nitrogen bath was r equir e.d a 

small pr  pressure of helium was let into the out er jacket 

small u tube or ell c_LI 	nomet er served to inui cat e the 

helium pressure in the jac..et . 

Under the out or jac':.;:et lid w;1, s attached 	copper 

cylinder G 1 deep. 	The heater and: thermocouple loads;  

which wore br aught into the oat er jacket via the c opp er-

c ke 1 tube each bad three complete turns wound round 

this cylinder and were varnished securely t 	In this 

way the boat lea to -i;he cal or im et er down the leads 	s 

s ed. • 

3et wean sorption runs it was intended that the- 
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s or bent should 	ba •:red out a '6 t e...aper<-%.t -ur es u t o 200°C . 

It was therefore nec e s 	to hay,. s oLle 05:1.1 	ooling for  

the upper part of the outer jacket so that during this 

basing out the hoods met...1 seals would be preserved. 	The 

cooling jac_:et ki was mac :.e o cop,-)e.,_ as a separate unit from 

the stainless steel outer jacket. 	It was a sliding fit 

over the outer jacket and was held by three screws jGD 

flange at the top ezt ending two inches below t his flange. 

With a furnace at 230°C one inch below the cooling jacket, 

which had a steady flow of cold water running through it 

the outer jacket lid was kept below roan taAperature. 	It 

was found necessary to turn off the flow of water whenever 

cooling was not actually recluired. If this was not d one 

condensation onto the Woods metal caused rapid corrosion 

and made it impossible to maintain a vac= in the outer 

jacket. 

The electrical leads to the calorimeter consisted 

of 8 of .010 Ig  double 	covered H.0. copper •  supplied by 

The London Electric 4fir 0  Co. and Smiths, Ltd. •. and 2 of 

.010
ff 

double glass covered constantan 2.951 ohms per foot, 

sul.)plied. by Driver-i-iarris Co., Harlison N. J. 	The wires 

wore first varnished. individually in eight foot lengths 

with iziapregraating varnish (supplied by 1.0.1., L.L.•• 101+76, 

thinner L.D. 	10477). 	Since the glass insulation is 

very fragile,two coats were applied to the constantan wires. 

The wires were -ten pulled through the copper nickel tube and 
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at one end were wound round the cooling  cylinder and 

varnished to it as described above. kt the other end an 

eAt from the vacuum system was acheived by taxing the 

leads through a glass u tube which was .1-•iterwards sealed 

with picein wax. 	The method proved to be completely 

effective. 	The ton wires were 1-1- heater leads;  2 spares;  

2 copper and 2 constantan thermocouple leads. 	The heater 

leads have been described above. 	It was thought unlikely 

that the insulation of the .010" copper wire would stand up 

to the temperature necessar; in baking out the sorbent. 

Therefore,. a s these wires left the cooling cylinder they 

were soft solder ad on t o .004" copper wir e which ti a s 

insulated wita douole silk painted with silicone varnish. 

The reduction in diameter of the wires reduced. the heat 

leak down them to the calorimeter. 

The thermocouple consisted of <2 double junction. 

The double junction at the calorimeter was mounted on the 

central terminal screw. 	3 el ng e:ft er nal it wa s ea sily 

accessible but was still in good thermal contact with the 

calorilileter. 

The cold junction N was a separate assembly 

positioned'. alongside the calorimeter outer jacket. 	It 

consisted of a glass tube leading into a wider gla s vessel 

made from 25 mm. tubing, which contained the double junction. 

The latter was ;Jounted on a piece of 18 gauge copper 

tubing 0 6" long ;  which fitted loosely over a re-entrant in 
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the glass container. 	The thermocouple wires were wound 

r ound and val ni shed on t o this copper tube, and the heat 

leak when the whole was i ',parsed in 	nitro„en thereby 

minimised. 	The laa:ge mass of copper also minimised the 

effect of small t emperaturc fluctuations in the licluid 

nitrogen bath. 

The doable junction ac the calorimeter had to 

withstand t )eratur es of about 200°C; . 	The copper and 

constantan wires were silver soldered! .Ind electrical 

insulati on of each junction was cheived by sa ndwi chi n„ it 

between thin strips of mica before Ecueezing it into the 

small copper ta„ which was attached to the calorimeter. 

In this way thermal contact was fully preserved. 	In the 

cold junciAon5  which at no time had to withstand high 

temperatures he sai:ie effect was accouplishcx: 	the use 

of cigarette paper painted with LI-i-pr e;nating varnish. 

all st-. ,es of the a sse,a_ily of the calorimeter 

and c old junction the insulation of wir a a Ct I:0,m one another 

and between each wire and the metal part;. of the calorime-ter I  

was frequently chechod with the 'ilvometer y  and the 

Insulation T ester'. 	The resistance in all cases was 

20 me,;  ohms. 

The incoming ,as line F was of 2 tin. capillary 

and !  in order to ensure that the entering 	s was b ought to 

the temperature of the b 	before reachirk; the calorimeter 

it was wound into a viral of five turns 3" in diameter. 
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The entering gas therefore passed through about 4' of 

capillary tuoing _mer sec_ in liquid 	ogee bef ore reaching 

the cal ori let er 	The efficiency of this spiral was 

tested by admit tin; a volume of helium to the calorimeter  

and. r pc orOing the ener gy change on a photographic trace 

(p. 61). 	very s :all Leflection (c.a. 1 :La) was obsoz.ved, 

indicating a small temperature rise in the cal orimet er 	On 

withdrawing the helium from the calorimeter a similar 

deflection was detected in the opposite direction. 	The 

three possible effects involved are ( 1) sorption of holtuin 

( 2) compression effects in the gas phase and 3) inefficient 

cooling of the gas. 	The above test shoaled. that t3) was 

not contl ibuting since the energy chang was rover sible 

which applies only to ( 1) and ( 2) . 

T by 0..x,yg en Vapour_ Pros Sill' C T herm om et or 	 

The t amp eratur e of the li quid nitrogen bath was 

measured in later runs by an o en vapour pr e s _ur e 

t harm om et er 	This consisted of a small bulb 1i connected 

via 2 mm. capillary tubing t o a mercury manomat er B;  the 

two arms of which we: ,a  made fr om the same piece of 12 mx. 

tubing t o eliminate memi scus of ect s. 	The capillary tubing 

l ea di ng fro_ bulb .3. was 1. a pp ad in aluminium foil to di str i bate  

heat along its length and so eliminat the cold spot' effect 

of boiling which took place at the liquid. nits-  op en surface. 

0 	g en was sup p li ed. to the thermometer from the 

cyclinder of bur 3 o-2.1y„ 	C (British Oxygen Company Ltd. . 
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The tap from this cylinder was opened when bulb was 

immer ed in liquid nitrogen and oxygen condensed into 

it. 	At the end of a sorption run the ma j ority of the 

oxygen could be r ,collected in the cylinder. 	The oxygen 

vapour pressure was ead off to the nearest O. 4 :ins. lig on 

a mirror-backed scale fixed in position Behind the manometer 

arms. 	The tcuperature was therefore 1,:nown to • O. 2°C . 

2 . 3  Electrical LquisRe nt 

2.3a. The Calorimeter Thermoco-uplc Circuit (Fig 10a) 
, onen energy wa s li berat ec:. in the cal Or imet or • 

either electrically or by sorption of .,:;ai an elect i emotive 

force eras generart; ed in he therm oc °up 1 e 	T its e.m.f. 

tray fed t °ugh s__ielded. copper leads and a g a Va nom et or 

select or .switch B into a mirror galvanometer C.• This 

galvanomet er made by -. Tinsley and Co.. Ltd. was type 

4500 A. internal r csi st_nce 4.6 oLms, critical damping 

resistance 90 ohms;  periodic time 2 seconds sensitivity 

94.5 Dins. per micr °amp at 1 met r o. 

The galvanomet or cyst ou was housed in a light• 

pr oof tunnel;  4134:  metr es long construct ed fro m D ex.i. on and 

hard- board. The tunnel wa s bolted on to a shelf which 

ran along one of the walls of the laboratory to which it was 

rigidly fixed on heavy angle iron support s imbedded in the 

wall. 	Vibration difficulties were overcome by mounting the 

ga.lvanomet or on three layers of f oam rubber under a heavy 
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lead block. 	L. 4 metre light beai:i was used so that 

e sult a nt sensitivity of the galvanometer system was  

4.4 ails. per microvolt. 

The external circuit, was of copper except for the 

Imives of the switch which were of berylli...1m copper, stated 

to have a low contact potential against copper. 	The switch 

and the galvanometer were shielded with eartiled copper boxes 

and the shielded cable was also earthed. 

The light source for the optical lever was a 

galvanometer spotlight E mounted behind an adjustable slit 

the focal length of lens F distant from C. 	Light reflected 

by the galvanometer mirror was directed at the cylindrical 

lens of a rotating .drura cabera G., also the focal length of F 

distant. 	The dru.-..1 camera, made by iiipp and Zonen of Delft 

recorded photographically the movement of the light beam. as 

a function of di stance. 	It was driven by a synchronous 

mot or at about one revolution per hour. The photographic 

paper used was 1.:odak roc orLing paper 	0r. developed with 

iioGaL ID33 and fixed with acid hypo fixer IF2. 	The traces 

were dried between sheets of blotting )e.per and did not 

suffer any detectable distortion. 

The double junction thermocouple is shown. 

together with the solders used in Fig. 10b. 	It can be 

soon that there were several 'potential' thermal e.m.fs. due 

to the solder 	but ,,roviding their pairs of junctions wore 
at the same tc.....iperaturo. the only e.m.f. in the circuit would 
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be the c opp 	c onstantan one. 	The load soldered joins 

eternal to the calor-  imet er out a: jacket and the cold 

junction were c1ounL o6. On a wooden distribution 'board in the  

laooratory. 	At fir st, stray e. fs pr educing a deflection 

of uto 1 cm ( a b out, 2 .la ov olt 	tore ob s, or ved on the  

trace 1  but as soon as the 6.i Et i -gat on oaad LT2, covered 

with a t hi c wa,C,  of cotton wool this heavy backgr ou_nd 

disappeaed completely. 	It had evidently been due to the 

thermal eff ect s of draughts on the solder ed joins. 

No a ccurat e t emperati_ir e scale existed for the 

calorimotoitherciocouple. 	3y means of the electrical 

calibration of the system the d eflecti on was :related directly 

to energy and this relationship was used f or the calculation 

of heats of sorption. 	The t herrn oc ouple was also used 5  

however 5  to measure the temperature of the calorimeter 

dur ing ba.Ang out. 	It was roughly calibrated by preparing 

a sin,le junction t arm oc ouDle e--:actly similar to one half 

of the calorimeter thermocouple. 	Thi s single junction was 

it self calibrated against a 0 360°0 mercury 	•gla ss 

t harm °met er • 	The cm. f. was measured on a portable 

potentiometer ( ambr idg e Inst run ent C o. 5  Ltd 	NO. L340396) 

and the assumption made that at the same temperature 

differ once the cal orimet er thermocouple would produce twice 

the e.m. f • of the single junction thermocouple. 

2.3b. The Calorimeter Calibration Circuit (Fig. 11) 

When a gasincrement was sorbed in the calorimeter 
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energy was liberated, ra ea sin' ed as a t emp er at ur e difference 

between the calorimeter -.1.nd its surr oundings by tie 

theri:.loca.i.ble circuit. 	In order to evaluate this energy 

change it wa s necessary to calibrate the s st 	n terms of 

a Deasy." e(. el ect -L i cal energy iaput 

Ciirr ent from the dry batt cries B ti.5 or 4.5 volts) 

was ta 	E 	byp L. 11.E; it through a dummy heater.  D of 

about 130 ohms resistance. 	This current was then passed 

through the calorimeter heater h by closing Ei and depressing 

a single lever T. which simultaneously closes the circuit and 

started a stopwatch, 	D epr es Li on of T i or the second time 

simultaneously opened the circuit and st opped the st opwatch. 

The watch was cc-l_ibrated against the electronic timer in 

these laboratories and the tilde for which. curr ent had flowed 

through the heater could be read off to the neal est 0.02 

seconds. 	An independent lever t zeroed' the watch. 	The 

current and the potential drop across the heater and leads 

were measured on the mi 1 liardm et or.  L. and voltmeter V suppli ed 

by S anaao a St on, 	These meter S had reviously been 

calibrated (Garden. Ph.D. thesis 195'4). 

To calculate t__e _eat generated in t__e calorimeter 

it was necessary to nou the resistance of the 1ecIs under • 

e::erirenta1 conditions. 	Three esistance:: were involved: • 
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iii = resi stance of shielded cable at r eau 

t el-Ap or at ur o ,  
112 	resi st nc 	c eve]: ed c0;,.1por tiiI 0' at 

Bat a t Cid j (3i C. 'C.; 1.11 0 

1-13 = 	I Et a :lc 0 of the c OnStantan 	of the 

int cy 1 ice S t bc.tIi t o_Lp urat-c.-1 c. - 

Th063 resi st.7.nces wer 	sur od with a calibrat 

P.O. boa at bath t alperatur es of 	and 25°C . 	The 

function of the double heater lead, 	was to facilitate 

the measur C3111 ent of the resistance of the heater leads within 

the calorimeter assuLiin -; that the resistance of t..lase leads 

was equal to that of the dalble 	e. that the resistance 

of PcL e Quailed that of i-jc,;  UZ. 	In fact P• R and V were 

situat ed just below the cooling cylinc,',er of the cal or imet er 

otter j a c;.:et 	ctua 1 r e si anc es idea 21,7.1.' 	were E.QL and 

where 

KQL = 	 3 

and 	iiVN = 	+1112 

Of the heat {,; enerat ed in the internal 1 ea d s one 

half wa s a s sained 	s sipat ed in the;as   13 ha e and al 	t h 	la s s 

and the other half ass-culled t o contribute to raising the 

t em.p or at -.7.r e of tie cal or im et er 	TlrusRthe resistance of 

the hea.ter leads ineffective in raisins; the t aJperatnre of 

the cal or im et er equals the :lean of the resistances of. 

QL and IiVN. 

B.L  = 
	21.3 
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Fr Old Fig. 11 two r 	onshi s are 	ely 

obvi of s 

It = i 4. 12 
	 (1) 

12 i 
= E = 11'1' 
	 l2) 

where I is fa o az_n_i et or readn;:,; n up er o s 

	

the 	ciii thr oli.L,h heat or an loads 

	

12 315 tile 	ent thr ou.L;11 	voltzleter 

E is tli:J volt:Leto]: roaCin:, in volts 

s the resistance of the voitiet cr  

a nc',1 	2) 

— ) 

11 = 	  

SL r 
V 

the ot nt i a 1 di ff er once across ri 

V = E 
1L 1 

LL  

= E 

v 	
1\ 

The heat c;onerat cc: in t).J.e cal oripet 	is liven 

.;here t is the ti,Jo for which cvir ent flows 

Fr oz. (1) 

Let VXY 
Then 
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FE.- IR7L  
R + 

W = IiV t = Etv XY 

Is I R V 

E 
R PA. NOW - = 	E E  

Thor ef or e l• 	E 	2  
= I - 	• Et 	I I 	RLt Rv 	 Rv ! 

2 
E 	 E = I Et 	:1 R  

• -  RV 	 V 	RLt cals 
4.184 	4.184 

The second. torn in is a correction torn for the 

energy liberated in the leads. 	It never exceeds 2% of the 

total so that a value of hL ii1Ch ±5 accurate to 10% would 

result in an error of only 0.2% in N. 
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Qr.:LEL-W..T  IONS 

3.1. T emb  or a tur e ea sur era ent 

The t ehperatur e of the „a s lines at room 

t e.iper ture wa 	Lur od with the five 0-50°C tilernometors 

distributor. ar ound. the gas ,aea suxing system. 	These had 

been calibrated from 15• 
o
C against a 0 50 u 

therm met er as had two more 0-500C the:I:11°1,1ot ors used in the 

wat er and oil thermostat s during wat or s of pti on d et erminati ons. 

The deviation fromthe standard wa s a ma ximuL of 0.1000 

and the appr op riate corrections were therefore applied. 

The t omp eratur e of the liquid nitrogen bath wa s 

ea Lux ed by the o_zyg en vapour pr es sur e theria orii et or described 

on p LP*. 	The experimentally observed pr essur e was 

obtained by reading the position of the crown of the 

in each arm of the manometer and the height of the 

m or cur y c olunn then ioduc ed to t t at 0°C. 	kin accuracy 

of 0.200 could be elipect ed in the t emp Grata"' e so obtained. 

3.2 Pr e s 	easp,r ep.ent 

Pres.sur e measurements r elating to the gas jha se 

during argon and nitr %; en sorption runs were  `._la de on the 

pl oci si on ma noh et er 	The experimentally recorded readings 

were the positions of the crown and circumference of the 

filer curt' eni sci . 	The crown r ea di ng s were corrected for  

capillary depr es Si on using the data of 1J_ st enamor (1945) 
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found by Laing 	thesis 195'3) to be in good agreement 

with the theoretical values of Gould and VicL-ers (1952). 

The readings on to cath.et rIsaet or were also 

corrected for the angle of the telescope caused by the 

ct that the cathot et er bar was not cuit e straight. 

The telescope clid not thorofr7oro:  2.- eziain horizontal in all 

positions. 	t the side of the telescope wa._ a spirit level, 

and the position of its bub.le was calibrated in ter-Lis of 

a height correction. 	By aiserving the position of the 

bubble a telescope levelling correction was applied to 

every reading f om the cat,..iet ()Litt or bar. 	This cork ccti on 

am oun6od t o a maxiime of 0.03 ems. 

The height of the column of uercury measuring: 

bhe pr essur e was also corrected to that at 0°C. 	This 

was done by dividing by the factor 1 + at where 

= 181.6 x 10 	the coefyicient of volume 

expansion for mercury 

t = the temperature in degrees Centigrade 

The reading of the position of any crown could9  

in general be reproduced to an average error of ± 0.002 c:.:1s. 

—presuri roding. requiring' the Let er:..inati on of the p st 

of 	 an average error of 11: 0.004 ems. 

3.3. V 	sur ca ont  
The w-)1,_1_ .e of ;is sorbed in any increment was 

.the ironco bet; eon the volume at s 	p. eriginl1y .n 

the closer volume plus the calorimeter free space and the 
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volume renaming in the Ea E. phase in the 7,1hole syst en at 

3 . 34. The loser Volume 

The closer volume consisted of the gas burette. 

and the line to the fixed mark 03i the mai-la:let er . 	The 

fundamental calibrated volume Vt 0: the system was that of 

the gas burette fro:-.1 its lower ILced 1:13,riC. 	to, and 

including thebore of the tap leading from it . 	This was 

determined by four sate of Lier cur y weighins with a mean 

deviation of 0.01%. 	,..11 other volumes in the as measuring 

syst am wore dot ermined by e-,:po.nsi on of helium at ic.nown 

t emp er a t ur e and pros sur e fromthe gas burette • using the 

ideal ga law. 	Daring' these d et ermin?.ti ons all volumes 

had to be correcteL. to relate to the ma nomet or fixed ,Liar.L. 

The mercury level on the gas side was always sot at some  

distance above tile fixed mariz.: and a correction applied 

for the volume occupied by the mercury. 	Tiis volume was 

made up of ( ) the volume of a cylinder of mei cur y of 

height h cm. and radius r cu. and. (ii) the volume of the 

mercury meniscus. 	The former is simply icr 2 h ,wher e 

r = 0.9 cis J or 16 UD tubing and h IS the heiht from the 

fixed mark toto the circumference of the Leni sous. 	The 

volume of the meniscus wa calculated from the formula due 

to Ai st °maker 1945) which for tubing of 16 '1m. diameter   

reduces to 

v = 256 y (0.L1948 + 0.0182 	) iijs3 
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where y is the meniscus height in nms. 	V2 was the volume 

of the line fraJ the gas burette to the _-ianaii,ater fixed 

mark. 

3.3b. The Calorimeter Free Space 

Beyond the calorimeter tap (T in Fig. 5) part 

of the systems was at room t emperature and part at the bath 

t emperatur e. 	The det erminati on of dead- space volumes 

'vias consequently - more co-LIplex. 	With the entire line, 

including the trap U and the calorimeter G„ at room 

temperature the total volume VT  beyond the calorimeter tap 

was dot ermined by expansion of helium from the dos er volume. 

This was Cone as rapidly as possible to avoid undue exposure 

of the calorimeter t o mer cur y va p our . 	Experimental 

conditions were restored by replacing the liquid nitrogen 

around the trap and inuersing the calorimeter in liquid 

nitrogen. 	Repetition of the helium expansion fora the loser 

volume made it possible to calculate the part of VT  at 

liquid nitrogen temperature, V3. --Ind the volume at room 

t emp eratur e , V. 

V
T 
 = V3 + 

A number oa det determinations of each volume wer e 

performed. 	Table 1 	sunniarises the r esult s. 	The 

deviations quoted are moan deviations 	d fny where n is 

the number of observations. 



Total volume of 1)arette Vi 	29.849 ± 0.002 Ills. •• 

   

V2 

VT 
V3  

V4  

 

29.57 	0.• 03 

97.14 ▪ 0.13 ids. 

86.14 1-  0.• 06 

11.00 0.06 uls. 

...•._•_ 
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Table 1 

The figures quoted above for V3  and V. are those 

when the trap and calorimeter Dewars had just been filled. 

By observation of the change in pressure with time after 

the Dewars had been filled the effect of the evaporation of 

the liquid nitrogen on the values of V3  and V4  could be 

calculated. 	Therefore during sorption runs the tine at 

which the Dewar vas filled was noted and the appropriate 

values of V3  and V4 were used. 

3.3c. Gaslqap_rfoction 

In calculating gas volumes at low te_Lperatures 

corzection was Eade for the departure oa: the gas from 

ideality;  using the Berthelot equation in the form 

0 pV 	RT 11 	-2- • T-9. • R (1 - 6Tc2  128 Pc T T2 )  

The correction was negligible in the free space calculations, 

where the gas involved was hell-ma, but in the case of 

argon and nitrogen it al_iounted to about 1% at 10 cus. 
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_ pressure when t he temp er at ur e wa s 77o  E. 	The c orr ecti on 

wa s also    negligible f or wat 	vap our at 2500. 

3 	Gr 	 em ent 

The weight of water sorbed in an in.cr °merit wa s 

ra ea Fur ed by a gr a vim et r i c method conod 111th a small 

correct on calculated volumetrically. 	Beforeadmitting 

an increment of water o the sorbent the eI:t ensi on of the 

silica spring D in Fig , 6 	s 	sur ed with the cathet °met er.  

Than with tap 2 closed, tap 1 was opened esz:posing the volume 

B to the sorbent. 	Tap 1 was now closed and tap 2 opened 

so that the system between taps 1 and 3 r e- equilibrat ed 

by loss of water fro_! the saturated solution ofpotassium 

br amide in E. The equilibration time was found t o be at 

lea st four hours and whenever possible equilibration teas 

allowed to continue overnight. 	E 	at i on was assumed 

o be complete when no further chan"o in the length of the 

spiral spring was observed f or a period of about one hour. 

Since tile temperature and relative humidity in the system 

was the same before and after admi ssi on of the i nor ardent 5 

the adsorption of water on the glass walls could be assured 

unchang ed. 	T her of or c the weight of water lost f_r-on E 	s 

equal t o that which passed tap 1.  

In g enera 1 an i nor anent amount ed to about 2. 5 mgm s 

of water which for a sensitivity of br 60 C:12 per ui.i. wa 

equivalent t o a change in length of 1.15 ems, 	Since a 

cat net omet er reading had an err or of ± 0.002 ems the err or 
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in Loa suring the extension 11r? S 	0.004 ems. 	1.1 Ca Slir ent 

of the c ha ng e of ext onsi on re quiz ing t wo ob 01 Vat i ons of 

the e..t ensi on was ther of e e subject t o as err or of t 0.008 ens. 

or 0.7;x. 	The conversion of this change of e,tension to 

loss in I'IOi").t, fr om the saturated Eoluti on, which involved 

the use of the c,5:o..IJLi of deviation of call ..)ration point s 

from a straight line (Fig. 7) should not have introduced an 

err or greater than 0.01 :1;ms. or 0,4%. 	Therefore the total 

err or in the calculation of the weight which passed tap 1 

s a Taxima_i of just over 1%. 

The weight sorbed in any increment was equal 

to the weight lost from E minus the increase in weight in 

the vapour phase. 	Calculation of the increased weight of 

water vapour in the line fr om tap 1 t o the cal or imet er and 

in the calorimeter free space was done v plum trically the 

residual pressure being m ea sur ed on the ma n om et er C. 	This 

correction never a:mount ed t o nor e than 3% of the weight  

of awater incr client 

5. Heat of S orlyti on D et erminati ons 

3. 5a. Thermal C onductivity 

The metal caipanents of the calorimeterwere 

designed t o a cheive rapid transfer of heat and were in 

good thermal contact. 	It was t o be e.:.pect ed however , that 

therm-,,,,1 contact between the i-;.aolinito particles would be 

poor in the absence of a gas phase in the calorimeter. 

TheyTherefore during calibration e_.periment s it was necessary 
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to introduce c.a. 1 all. of heliun to the sorbent bed. 

Calibrations tier e s shown to be unaff cot ed by the pressure of 

h eliva by p erf ormi lag several ca 	at i ons with 10 20 ems. 

of helium pr ec ent 	small pressure of helium wa s also 

introduced into the ca 1 or im et or before earlier SDrot ion runs 

in ca se the residual ores:ure after the first few inor ement s 

was too low to be effective in heat transfer. 	This was 

later °and. to be unnecessary. 	Garden =Lington and Laing 

(1955) have shown that heat of sorption det er -minati ons ar e 

not significantly afi acted o-,)T the presence of helium. 

3.,5p.0 bt i nELTraces 

In order to  obtain a trace;  whether for calibration 

purposes or for a heat of sorption d et ermi nat on,,, the following 

sequence of operations 	s carried out: 

( ) the calorimeter and cold junction were 

immer sod in the bath ( li quid nits off; on or oil ther -_lestat ) 

with a gas phase in the cal or im et er and c. D. . 	 of 

helium in the outer jacket. 	The ca 1 or imet er was left for 

1- 2 hours t o attain ther 1 a uilibriun. r 

l]i) the galvanota et er spot1ight wa s switched on 

and with the 'cher:loco-a -pie circuit closed ;  absence of any 

drift was taken to be an indication that therml equilibrium 

had boon reached. The helium in the outer jacket was 

pumped out and the jacket pumpod continuously 6.1.7;L-11-ki 

subsequent r co or ci 	The presence of a good vacuums in the 
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out or jacket was checked with the Macleod gauge. 

(iii) with thc.--. camera 1 oad ed. and the t herr.: oc oupl e 

circuit open trace recording was begun. 	.:ft er five 

nillut es the circuit was closed giving rise to base lines 

and. B in Fig. 12. 

(iv) after a further five :Tiinut es energy was  

genel at ed in the cal orimet 	either b, closing the 

calibration heat ea circuit or by a duit t rig a gas increuont.  

In the case of a gas incr euent pressure and. t alp er tux e 

readings were taken after 10 and 20 ui nut es to enable 

calculation of the volu:ne s or eed as a function of tilde. 

( v) the drum of the caiera was allowed to rotate 

for about 30 IA nut es aft which the circuit was opened 

and another open circuit ba se line C was r cc or d ed for five 

Os 

(vi) the cailera. :lot or and light beau were switched 

off and. the film developed, fixed, washed, ,:uad dried between 

sheet s of blotting paper. 	}Lentz was acLitted. to the 

outer jacket to facilitate ecuili brat i on before the next 

recording.  

In t his manner a photograhic trace was obtained 

which r e, or d ed. the galvario:ioter deflection as a function 

of the distance x along the trace. 	Since the speed of 

the drun camera is known thi s di stance can easily be 

convertedinto a function of tiae. 	In the case of a 



a 
a 



65 

calibration trace the heat input corresponding to this 

deflection liras known from the e.':pression derived in 2.3b. 

The cooling charact eri le s 	the cal or imet or could 

there ore be Let er::lined and the 'GI 2-CO adjusted to the 

eGuiva lent of adiabatic conditions in the calorimeter. 

3,5c:  Trace 

The thermodynamic traitmen::, of processes in a 

non-adiabatic calorimeter conatining a va-oour phase and. 

a condensed. lih.„,,,se is discussed by Garden 1.- lingt on and. 

Laing (1955) and Garden (Ph.D. thesis 1954). 	heference 

should. be wade to these authors for the derivation .of 

formulae used in this section. 

Calibration traces in the absence of a sorbed ;base 

The observed galvanoueter deflection at any x value 

(1 	10) was correcte\.. to the deflection (1 	lo)a which 

would have been observed under adiabatic conditions by 

means of the expression 

(1 - 10)a  = (1 - lo) +L i (1 - lo) dx 

where k is a constant for any one ca 1 or ct er under given 

conditions and. is defined by 

1: = 
	1 	di ( 	o ) 

.,•••••• 

( 1 — lo) 

In fact k defined the rate of cooling of the calorimeter. 

and since this depended partly on the vacuum in the outer 

jacket slight variations in k were to be expected... 	Since 
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the integral term was only about 10(/:; of the total value 

of (1 - 	however,/  small variations in 1: had little 

effect on (1 	lo)a.. 

The integral was evaluated by measuring the area 

under the cua've ',1-th a planiueter. 	This is the area 

bounded by the closet cir cuit :,ase line (drawn through io 

parallel to the line joining and C) :  the ordinate (1 	10) 

at time t and the trace. 

(1 - lo) was measured with an 	;4-. 'Faber Castell 

ruler graduated to 0.5 	Three values of (1 

were measured for each trace corresponding to 10, 15' and 

20 ;limit s after energy  input. 	In theory <1 10) could 

have any value up t o the width of the trace.;  about 12 cias. 

In practice a deflection of about 8 ems. was- aimed at in 

order to have a safety 	gin, and small deflections 

were avoided beca-asa of the incr'eas ed. percentage error. 

(1 - lo) could be measured with an error of 0.04 ems. 

Analysis of several traces gave the value of k such that 

(1 	lo)a  was constant for any one trace. 	In practice, 

four or five calibrations -,,fere Lone before each sorption 

run and the value of I: which resulted in the least 

variation in (1 	lo)a  for each trace calculated for this 

croup of calibrations. 

The values of (1 io)c. so obtained were then used 

to calculate the calibration fact or Z. defined by 
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(1  — lo)j ns 	0  
K 

where W is the 	energy in calories generated in 

the cal or Lai et or . 

Values of K were obtained at 77°.n. and at 25°C and 

it was e::pocted that these values I.,rould remain constant. 

However 7  at E 0-L1 Ei stage o.ring these e:.:periments the value 

of. K at 77°K changed. 	During runs 1 to 9. all of which 

had been investigations of the sorption of argon on the 

'clean' sodiu:d 	nit e surface., 13 co.li bra t on traces 

were analyEad giving a value of 0.288 1, 0.001+ calories per 

c1-2.. 	Runs 9 and 10 wore of wat er on sodiu:.1 	oli nit e 
0 

at 25 C. After run 10 the two layers of water adsorbed 
0 

at 25oC were frozen on to the surface at 77 K. 	Analysis 

of 11 calibration traces now gave a value of K of 

0.262 t 0.003 calories per c12. and this was unchanged when 

the rater was removed. 	Analysis of 33 calibration t:.aces 

done at 77°K after run 3 resulted in a value of 0.263 71: 0.001+ 

calories per cm. 	The presence or absence of the water 

layers did not affect the results. 	The reson for this 

apparent docrese in the heat capacity of the system is 

not and 	but it is clearly shown in Fig. 13 7  which 

demonstrates the linear relationship between the energy 

input W and the corrected deflection (1 lo)a. 	Values 

of k and ii are summarised in Table 2: 



Fig.13.  
Energy Deflection Relationship at c.a.77°K.  

7,) 



69 

Table 

- 	•,, . 
K cm s / s cal./ Cid 

0 
Calorimeter at 77 ii 
(up to run 8) 

0.0051 ± 0.0003 0.288 71: 	0.001+ 

Cal orilueter at 77%: 
(after run 8) 

0.0051 ± 0.0003 0.23 :r 0.004 

Calorimeter at 25
0

C 0.0195 0.293 4: 0.002 

Six calibrations wore clone at 25°C. 	Deviations 

Quoted are the Dean deviations. 

Calibration traces in t_le jaresence of a sorbed. phase 

It has been shown ( Garden Ph.D. thesis 1954) that 

the calibration f .,ct or is unchanged b, • the presence of a 

sorbed phase provided that the heat capacity of the sorbed 

phase plus the E;as phase in the calorimeter is neEliible 

caipared to the heat capacity of to cal oririetel when 

ns = 0. 	`This wa s confirmed with the calorimeter at 77 A. 

by the calibration results of er run 8. which sliD-JeCi that 

K was -unaffe-ted by the presence of two layers (c.a. 90 1-.1ins) 

of wat cr. 	It vr:',s also confirmed at 25°C by ten 

calibration traces with incr ea sini:,; cuantiti es of wat 

sorbed. 	In this case a correction had to be applied for 

the heat of desorption. 	This correction, 

(H Hs) (nst n.30) 
whore 

1i. 	Hs) 
 s the 



as 
(ES—s ) = ii ( r. 	n ) so  

(1 — lo)a 
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heat of sorption and (nst  — nso) i the 11.12:abOr of ..aoles 

d. S or "DOC: aster t e t. :lust be subtracted fr on the 

c:ilculated valuo of K. 	The mean value obtained I..Tas 

then K = 0.290 t 0.002 calories per cm. 	The calibration 

fa ct or obt ai floc: 	zero coverage could tiler)? or e be used 

ouz-,:ziout 	cntir a =bad pi-la e c one eat .. ion r a ni.-; 

Gas incre-lent tvaces 	Fro.a the analysis or: a gas 

increment trace the isostofic heat of sorption s calculated 

!Cr,-'1(+cao(' 	 —10)  - (nst - nsd 	I n _n so 

liher e 	s the c onst ant a: 	the ga lva nora et er 

deflection to the teiTberature change and is 

defined by (T To) = 	(1 — 

Cr.; is the heat capacity of the gas phase 

Cns  is t e heat capacity of the s:-)rbed phase, 

ns  is the nuubei of :toles sorbed at zero time, 
O 

nst  is he nuraber of 1.:oles sorbed at tine 

po  is the pressure at zero trio.  

pt i E 	I0E2115:e at tine t, 

-▪ !_s the volume available to the gas phase of the 

ca 1 orir,iet cr 

• is evaluated as described above in the absence 

of a sorbed phase. 

The second tern in the ez9rossion is na6112,ible in the 

present case. 	The third is the heat of compression 
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c?iscussed by 1c.int on and L. st on (1951) . 	reaches 

a uaximu.:1 where the isotherm is near hor z mat 11 i.e.  

durin; the f ormati on of the second sorbed_ layer. 	Its 

magnitude for a run with argon on sodium kaolinite is 

shown below. 

Table 

C orr.qct 	heat of ccession   

g 	S 

per cent 
V cauille Sorbed 
ml. s. t p 	. 

1 
0 	'(Pt -Po) 

cm. 

	

( V st 	Vic) 

	

X11. 	.p 
V.-. 	) 

cal/mole 

0.57 0.21 0.37 18.15 8 0.3 

1.73 0.65 1.02 17.33 23 1.0 

2.80 1.05 4.17 15.60 105 5.1 

3.84 1.44 5.00 16.20 121 6.5 

5.11 1.91 3.95 21.19 73 4.1 

6.62 2.48 3.60 22.06 65 3.5 

8,29 3.10 2.49 21 . 11 47 2.6 

V 	s calculat ed fr 	e om etri c considerations 

and chec'.:ced icy ob s sr v ati en of the galvanouet er d deflection 

when a large inc  increment of helium was a dmitt ed t o the 

cal or iu et er_arcing the a S SUL1A on that all the heat ev AV° d 

was due to the heat of c a i-pr es si on of helium. 	The 

observed deflecti on S V 01 y small however 5  and Vg may 

have been in err or by as much as 20%. 	The value of Vg 
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used throughout wa s 55 ccs, 	ma 	muili err or of 1 3 

arises frou this souico in the above run. 	During a 

run with nitrogen aowever considerably higher pressures 

were involve and the c err ecti on term reached a maximum 

of 500 calories per mole. 	This was about 30i; of the heat 

of sorption and the error in the heat of sorption was 

therefore a ma. ximu:_.1 of 6 from the heat of c ompr s si on 

t erm. 
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RESULT S  

The i sost or c heats of sor.bti on of argon, nitro; en 

and water were 	sur ed. in the non .adiabatic calorimeter. 

The calorimetercontained 15.86 gigs.of sodium lea oli 	e 

and the heats of sorption of ar on,..nd. nitrogen wore 

obtained on this sorbent and on the same sorbent .;iich two 

layers of water frozen on t o it at li quid nitrogen 

emperatur e. 	Heats ofsorption of a: on and nit, og en on 

this water • covered surface were also m ea sur ed at liquid oxygen 

t emp eratur a. 	The larger pressures involved. resulted in 

increased errors mainly due t o the uncertainty in the 
o „ 

heat of c ompr es A_ on and these data at c. 	90 	nave 

been tabulated but not further discussed. 	The isosteric 

heats of s or pt i on of wat er on sodiuz,1 ka oli nit e tier 
o, measured at 	u, 

The data were corrected for gas Imperfection and 

heats of c a.:.-pr es si on. 	lingt on and st on (1951) lave  

shown that the value of the calorimetric heat of sorption 

corrected for the adiabatic heat of co_pr essi on is identical 

to the i sost ea. ic heat obtained from tie C lap eyr on equation. 

These heat data are listed in Tables 5 to 17 as a 

function of the amount s or ed and of 0;  the number of 

molecular layers s or beds  calculated by application or the 

B. E. T . theory Brunau_er 5 aym ott and T ell er 1938) . 	Actually, 

the value of Hg Hs obtained is the avera :;e slope of a 
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plot of energy evolved. against the number 	uoles sorbed 

during the interval nso  to nst . 	It is therefore tabulated 

as being the value at nso 	 (' nst 	nso)% 1. a. the total 

volume sorbed prior to the increuent plus one--half of the 

increuent. 

P-fter run 85  when it was realised that tae presence 

of helium in the calorimeter was not necessary for thermal 

equilibriula during gas sorption runs (the gas-phase pressure 

associatedwith the first increment being sufficient ) 5  

isotherm data were obtained at the same tine as heat data. 

Isotheru data are recorded in Tables 18 to 265  equilibrium 

pressure being given as a function of amount sorbed and 0. 

For isotherm dat., the amount sorbed is the volume or weight 

sorbed at the end of the increment after equilibration 

and when the calorimeter has returned to bath temperature. 

/-minimum equi1ibrati on time of about four hours was  

necessary and when possible equilibration was allowed_ t o 

continue overnight. 	0 values are necessary when plotting 

comparative graphs of for e,ard-ple, argon on the I clean' 

and the water •covered surface the amount sorbed in a 

monola.yer not being the sane for these t it•To surfaces. 

1t-.l. Slow Processes 

Two types of slow process wer e one aunt or ed. 	In 

the low concentration ranges  for the final t o sorbed in 

some increments the energy evolved during the tine from. 
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10 to 20 rainutes after admitting the increment to the sorbent 

bed was much greater than that to be expected fror.i the 

small amount sorbed during that time. 	Hence the three 

values of ?ig Hs obtained at 10 15 any. 20 minutes were 

i ncr ea sing. 	This suggests an energetic r earra ng orient 	of 

sorbed molecules not accompanied by any detectable pressure 

change. 	The effect was most noticeable during water 

sorption. 

lit higher concentrations a slow process of gas 

sorption and simultaneous heat evolution was observed, the 

two balancing to qive a constant gg - 	value for the 

increment.This effect was expected since the slight 

• c ooling of the calorimeter towards bath temperature, during 

the time for which the trace was observed, would cause more 

gas to be sorbed which would reduce the rate of cooling 

by its accompanying heat evolution. 

These slow processes are illustrated by the following 

data from t de analyses of two water increments sorbed on 

sodium kaolinite at 25°0 5  and two nitrogen increments 

sorbed on sodium kaolinite at 77().K. 
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TiLle 	(1 - lo)E.1 	Ws 
pin j 	cm. 	zi131-1. per total 

Hg - ff s 
k. cal/mole 

Inc" e_ gent 12/2 

10 
	8.96 	2-07 	 16.48 

15 
	

9.-25 	2.87 	17.01 
20 
	

9.52 	2. n7 	 17.51 

Incl. ouent 12/10 

2.52 
2.53 

2.53 

6-24 10 
15 
20 

6.26 
13.-02 
13.02 
13.04 6. 27 

Time 
min 

lo)a 
cm. 

Vs 
ccs. s.t.p per total  

Hg-Hs 
. Cal/mole 

Inc:ca.-lent 18/1 

2._91 
3.00 
3.06 

10 
15 
20 

3.85 
3.96 
4.06 

4.40 
4.39 
4.38 

Tncl event 18/4 

5.07 	12.-10 
5.07 	12.13 
5.13 	12.16 

10 
15 
20 

2..33 
2.32 
2.34 
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4.2 Heat of Sorption heasure ,eats 

Heat s of sorption of argon nitr og en, water and 

hydrogen on the 'clean' s 	Ica olinito surface and of argon 

and nitrogen on the water cover ed surface wore Ili ea sus od. 

o sDall a v olume of hydrogen is sorbed on .:La. °Unit e at 
0 77 tip  however. that these data were subject to considerable 

inaccuracy and have not been included. 

Li-. 2a 1,.rrf on on 'Clean' S  °dim 	olinit e, 

The first four heat runs wore of a g on on sodium 

ka olinit e. 	They were however . of an e:,:ploratort' nature 

int ended t o 	 the aut,lor with the apparatus 

and. f or the impr oveident of t echniciu.es t o achieve gr eater 

accuracy. 	.Lt first considerable scatter was observed 

and the heat data prior t o run 5 have not t- er of or e been 

used. 

The differential heat of sorption Palls rapidly 

fr am 3.1 k. cal/mole to 2.3 h. cal/Dole when the menolayer is 

half c ompl et ed. 	L. &lull la: 	due to a rise of 50 cal/ 

mole in the heat values:  is observed and the heat of 

sorption then falls off steadily until the co...pleti on of 

the second ol ocular layer when it is 1.8 k. cal/_p 

slightly less than the heat of sublivati on.. 	The 

arithmetic average deviation of pointsfr oia a siliooth curve 

s 	20 cal/mole. 



4. 2b Nit r o:len on 'Clean' S 

Because of the effect of the nitrogen quadrupole 

the initial heats are considerably higher 4.0 k. 

falling off rapidly during the f or:iati on of 	on olay er 

and less steeply during the second layer. 	Final values in 

the third layc.0 ar e about 1. 5 kca1/ aolo9  appra.i.nately 

equal to tie heat of sublinatiori. 	The 1.1ean deviation is 

40 cal/L- iole. 

4 2c later on 'Clean' 5odiur, 	ol 1  nit e 

The initial heat of sorption of wai: er on this s or !J ent 

is 21 k.cal/uole. 	This falls off very ra,piuly to 13. 5 Lc. cal/ 

Dole when the surface is half covered and there is a 

further L,  ecr e,a se to 12 k. 	 the c 01.1)1 et i on of the 

Li on ol a 	The second layer of water has a heat of sorption 

of 12 to 11 h. cal/:ciolo betwo .n the heat of sublinati on 

(12 it.. cal/1:1°1e) and the heat of li quefa ct,i on (10. 5 	cal/I-Joie) . 

The niean deviation is t 190 cr,..1/Liolo. 

g on on . Wat or - covered Sodival 

The heats at low coverage of both arg on and nitrogen 

on the water covered surface are Llar__edly lower than those 

on the clean surface. 	This is due to the reL2oval of the 

heterogeneity of the sor.cnt by covering the high energy 

sit es of t.e 	olinite with water.The differential heat 

of sortion of argon falls fl 	2. 45 	caliaole to 2.05 	cal/ 

mole at the z.,a.ipleti on of the Llonolayey 	This decrease 

78 
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does not begin however,: until the Lon°layer is alilost half 

- c aapl et e 	In the second layer the heat of sorption falls 

t o 1.8 	cal/:dole the ,S,7'.10 value as that finally reached 

on the clean surface. 	The nean deviation is t. 10 cal/role. 

LE. 2e Nitr orY en on hater coveodSodiunhaoUnito  

The heat of s or oti -on at low coverage is 3.3 k, cal/ 

iaole falling rapidly fr ro:1 0 - 0.2 to 0 = 	it is 

1.65 k. cal/Lole. 	The value at the end of the second layer 

is about 1.7 :.cal/i:iole which is slightly higher than that 

on the clean surface and 200 cal/Liole above the heat of 

sublinati on. 	The :lean deviation i s 	35 ca1./1,: ol . 

4.3 	 sur erient s 

Isotherra data for argon nitrogen and water on 

the I cleans  sor bent and for argon and nitrogen on the water- 

covered sor.,o.nt were raeasured, usually at the sa_.AJ tLie as 

the heat data. 	The o:ygcn vapour-pressure ther:aaetor was 

introduced after run 10 so taat or all i sother:...s carried 

out at liciuid nitrogen t aaperature e-,:cept run 10) the 

observed or essur e was corrected to that at 77.360ic. by the 

integrated CIa eyr on equation 

= 
Pi 	RT1T2 

where T2 and p2 are the higher taii)erature and 2r essur e;  and 

R is the gas constant. 

S otherla data I or wat er wereobtained at 25°C but 



80 

there was poor agreement between runs 9 and 12. 	However. 

due t o an • err or at incr euent s LF and 5 during run 9, the 

weight sorbed in these two increments (and therefore the 

total weight sorbed) was uncertain. 	The discrepancy could 

also have been due to a lea:.Lage of air into the system 

during run 5. lifter run 12 a chock that no leakage had 

occurred was carried out by freezing the water on to the 

s or bent at- liquid nitrogen t 	eraturo and measuring the 

residual gas  prase pressure. 	This was negligible!, thus 

e:cludin[,7; the possibility that a 	bad occurred during 
run 12. 	This check was not carried out after 

run 9, however. 	accordingly the isotherm d„ta obtained 

from run 12 have been treated as the Jere accurate, and 

the value of the weight sorbed in a monolayer calculated 

by the B.E.T. theory from this isotherm has been used to 

calculate 0 values for both heat runs., 

Better agreement was obtained between runs 12 and 

19 	both of water on s odium I:a elinit e at 25 C but the 

latter being an isotherm run only. 	Even so a definite 

discrepancy was observed between the isotherms and ThE T. 

plots of these two runs. 	Better agreement between the 

isother:rs was obtained by appl,-ing the v value calculated 

from each run to that run only. 	This indicates that the 

difference in 'in  calculated by the B.E.T. theory is a real 

difference and that S 0111 0 change in the 	olinite surface 

may have tai,:en place between runs 12 and 19. 

discrepancy also appeared in the isotherms obtained_ 
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of nitrogen on the water-covered surface at c.a. 77°K. 

This was probably due to the 	 of r erJoving all the 

sorbed nitrogen between the two runs, 	The method used 

was to pi..vip on the calorimeter at liquid nits ogen teLperature 

f or a b mt 3 days. The pressure m ea sur od on the Macleod 

gauge could not be reduced below 2 x 	1Ig 5  although 

the sane treatment for the removal of argon at liquid nitrogen 

t armperature produced a better vacuai in a shorter time 

The conclusion must be reached that some nitrogen was 

a lr eady adsorbed before run 21 wa s begun. 	Only the isotherm 

frozi run 20 can therei ore be considered accurate and only 

this l s otheri-J has been shown in Fig . 20.. Similarly only 

the via  from run 20 has been used. 	Data fr al both runs 

have been tabulated. 

4.4 Graphs 

The data are presented in the form of a nuLber of 

graphs, Figs. lLF to 2l5  which provide for the comparison of 

the heat data and the i s of harm data of the three s or to  

molecules on both surfaces.' 



Table 5 

.Argon  on sodium kaolinite at _c. a. 77°K 
-os3m6 

Heat runs 5, 6 and 7 Vm  = 2.67 mt.s.t.p. 

Increment 
No. 

Volume Sorbed 
mX.s.t.p./gm. 

9 = V/vm Hg  - ifs 

kcal./mole. 

Run 5 

1 0.31 0.12 2.86 

Run 6 

1 0.33 0.12 2.61 

Run 7 

1 0.57 0.21 2.45 

2 1.73 0.65 2.35 

3 2.80 1.05 2.04 

4 3.84 1.)1h  1.86 

5 5.11 1.91 1.78 

6 6.62 2.48 1.87 

7 8.29 3.10 1.82 
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Table 6 

Argon on sodium kaolinit,-2 at c.a. 77°K 

Heat run 8 
	

vm  = 2.67 me.s.t.p./gm. 

Increment 

No. 

Volums Sorbed 

mil.s.t.p./gm. 

V = 	/vm 
Hg   - Hs  

kocal./mole 

1 0.28 0010 2.77 
2 1.17 0.1;.L- 2.32 

3 2.21 0.83 2.21 

4 3.10 1.16 1.92 

5 3.96 1.148 1.89 
6 L_, 7L. 1.78 1.78 
7 5.42  2.03 1.81 

Table _7 

Arson on sodium kaolinite at c.a. 77°K 

Heat run 14 vm  = 2.67 m e.  so t op. /gm. 

Increment 
No. 

Volume Sorbed 
ii.s.t.,./grn. 

6 = V/vm  ?f, - Es 

kocal./mole. 

1 0.46 0.17 2.56 
2 1.26 0.47 2.36 

3 1.89 0.71 2.31 

4 2.60 0.97 2.11 

5 3. Fn 1.31 1.90 
6 4.39 1.4 1.87 

7 5.24 1.96 1.84 
8 6.03 2.26 1.93 
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Table 8 

Nitrogen on sodium kaolinite at c.a.  77°K 

Heat run 17 	vm  = 2.60 mies.t.p. /gm. 

Increment 
Nos 

Volume Sorbed 
mb,s.t.p./gm. 

G = V/vm  ' 	Hg  - Hs  
kocal./mole. 

1 0.21 0.08 3.75 

2 0.94 o.36 2087 

3 1.84 o.7o 2.42 

4 2042 0.93 1.97 

5 2.77 1.o6 1.90 

6 3.13 1.20 1.71 

7 3.51 1.35 1.64 
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Tables: _2 

Nitrogen on sodium kaolinite at c.a. 77°K 

Heat run 18 
	vm = 2.60 ill.s.t.p./gm. 

Increment Volume Sorbed 
ms.t.p./. i. 	m 

V Hg - Hs 
kcal./mole. cal./mole. 

1 0.14 0.05 3.96 

2,_ 0.54 0.21 3.20 

3 1.24 0.48 2.62 

4 2.06 0.79 2.33 

5 2.59 1.0o 2.07 

6 2.90 1.12 1.85 

7 3.22 1.24 1.83 

8 3.55 1.37 1.73 

9 3.96 1.52 1.63 

lo 4.43 1.7o 1.57 

11 4.84 1.86 1.67 

12 5.19 2.00 1.63 

13 5.52 2.12 1.57 

14 5.88 2.26 1.73 

15 6.25 2.40 1.63 

16 6.88 2.65 1.L9 

17 7.22 2.78 1.53 
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Table  10 

Water on sodium  kaolinite at 25°C  

Heat run 9 
	

3.08 mgms./gm. 

Increment 
No. 

H 
Weight Sorbed 

mgme/gm. 
9 = 11114om  'I41 	- Hsg   

kcal./mole. 

2 0.27 0.09 15.74 - 17.00 

3 0.44 0.14 15.77 - 16.40 

9 1.62 0.53 13.29 - 13.76 
11 2.02 o.66 13.12 

13 2.39 0.78 12.61 

15 2.74 0.89 12.26 
17 3.13 1.02 11.58 

20 3.60 1.17 11.71 
22 3.88 1.26 12.10 

24 4.21 1.37 11.60 
26 4.59 1.49 11.62 

28 4.90 1.59 11.42 

3o 5.19 1.69 11.01 

31 5.30 1.72 11.08 

33 5.55 1.8o 11.22 

Because of an error at increments 4 and 5 some doubt exists 

in the valueE of the weight sorbed from incremnt 9 onwards. 

This error should not exceed 0.1 mgm./gm. 
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Table 11 

Water on sodium  kaolinite - at 25°C 

Heat run 12 	m = 3.08 mgms./gmo 

Increment 
No. 

Weight Sorbed 
mgms/gm 

A 	= ITV 
/Win rHg ''' Hs  

kocal./mole. 

1 0.04 0.01 20.53 - 21.97 

2 0.18 0.06 16.48 - 17.51 

4 0.67 0.22 14.18 - 14.64 

6 1.15 0.37 13.L12 

8 1.61 0.52 13.50 

10 2.06 0.67 13.03 

14 2.69 0.87 12.58 

16 3.06 0.99 12.94 

18 3.43 1.11 12.32 

20 3.77 1.22 12.22 
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Table 12 

i.rgon on water-covered sodium kaolinite at c.a. 77°K 

Heat run 10 	vm  = 2.39 mie.s.t.p./gm. 

Increment 

No. 

Volume Sorbed 

m4.s.t.p./gm. 

G  = V/vm  ",
Hg  - Hs  

kocal./mole. 

1 0.29 0.12 2.42 
2 0.84 0.35 2.44 

3 1.26 0.53 2.24 

4 1.79 0.75 2.20 

5 2.48 1.04 1.87 
6 3.29 1.38 1.80 

7 4.25 1.78 1.81 

Table 11 

Argon  on water-covered sodium  kaolinite  at c.a.  77°K.  

Heat run 11. 	vm  = 2.39 mt.s.t.p./gm. 

Increment 

No. 

T 

Volume Sorbed 

m...s.t.p./gm. 

9  = V/vm Hg - HS  
kcal./mole. 

1 0.32 0.13 2.45 
2 1.12 0.47 2.31 

3 1.97 0.82 2.14 

4 2.67 1.12 1.92 

5 3.48 1.46 1.83 
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Table 14 

Nitrogen on water-covered sodium kaolinite at c.a. 77°K 

Heat run 20 	vm  = 2.45 mt.s.t.D./gm. 

Increment 
No. 

Volume Sorbed 

mi.s.t.12./gm. 

e = V/vm fHg - Hs 
k.cal./mole. 

1 0.36 0.15 3.32 
2 1.21 0.49 2.62 

3 1.98 0.81 2.25 

4 2.42 0.99 1.81 

5 2.82 1.15 1.81 
6 3.35 1.37 1.59 
7 3.91 1.60 1.69 
8 4.42 1.8o 1.63 

9 4.89 2.00 1.85 

Table 15 

Nitrogen on water-covered  sodium kaolinite at c.a. 77°K 

Heat run 21 	vm  = 2.45 mQ.s.t.p./gm. 

Increment 
No. 

Volume Sorbed 
mE.s.t.p./gm. 

A = V/vm  /Hg - #6  
kcal./mole. 

H
  C

N
I  P

r)  ---  I-C. 1
 

r--
 co

 aN
 o
 r-I 

r-1 	
r--1 

0.13 0.05 3.30 
o. 6o 0.24 2.94 
1.23 0.5o 2.63 

1.74 0.71 2.26 

2.14 0.87 2.02 

2.93 1.20 1.64 

3.44 1.40 1.66 
3.87 1.58 1.69 
4.22 1.72 1.75 
4.47 1.82 1.64 
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Table 16  

Argon on water-covered sodium kaolinite at  c.a. 90°K 

Heat run 16 
	

v11 2,. 2.34 mf.s.t.p./gm. 

Incrementi 

No. 

Volume Sorbed 

mf.s.t..c./gm. 
9 = V/vm 1-lig - & 

k.cal./mole. 

1 0.25 0.11 2.39 

2 0.84 0.36 2.26 

3 1.55 0.66 2.01 

4 2.14 0.91 1.71 

5 2.59 1.11 1.88 
6 2.98 1.27 1.85 

Table 17 

Nitrogen on water-covered sodium kaolinite at c.a. 90°K 

Heat run 15 	V .+2.30 MtoSot.p./gM. 

Increment 

No. 

Volume Sorbed 

m.e.s.t.p./gm. 

e  = V/vm  gg  - Es  
k.cal./mole. 

1 0.28 0.12 3.35 
2 0.88 0.38 2.74 

3 1.47 0.64 2.54 

4 1.91 0.83 2.21 

5 2.16 0.94 1.97 

These values of vm  are not accurate because of the 
presence of a small Pressureof helium in the sorbent bed. 
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Table 18 

Isotherm data for argon on  sodium  kaolinite at 77.36°K 

Runs 13 and 14 
	vm  = 2.67 mAs.t.p./gm. 

Run and 
Increment 

No. 

Volume Sorbed 
m!s.t.p./gm. 

= V/vm Pressure 
cm. 	Hg. 

13/1 0.65 0.24 0.12 

13/2 1.74 0.65 0.52 

13/3 2.78 1.04 2.72 

13/4 3.16 1.18 4.42 

13/5 3.45 1.29 5.77 

13/6 3.61 1.35 6.51 

14/1 0.92 0.34 0.19 

14/2 1.6o 0.60 0.46 

14/3 2.19 0.82 1.03 

14/4 3.04 1.14 3.85 

14/5 4.01 1.50 8.20 

14/6 4.87 1.82 10.81 

14/7 5.73 2.15 12.56 

14/8 6.42 2.40 13.83 

14/9 7.02 2.63 14.70 

14/10 7.51 2.81 15.45 

14/11 7.94 2.97 15.95 
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Table 19 

Isotherm data for nitrogen on sodium kaolinite at 77.36°K 

Runs 17 and 18 
	vm  . 2.60 mLs.t.0./gm. 

Run and 
Increment 

No. 

Volume Sorbed 
m?.s.t.p./gm. 

9 , V/vm  Pressure 
cm. 	Hg. 

17/1 0.43 0.16 0.01 
17/2 1.44 0.55 0.21 
17/3 2.25 0.86 1.55 
17/L- 2.60 1.00 5.12 
17/5 2.95 1.13 10.80 
17/6 3.35 1.28 17.58 
17/7 3.73 1.43 23.56 

18/1 0.28 0.11 0.01 
18/2 0.81 0.31 	' 0.04 
18/3 1.67 0.64 0.33 
18/4 2.46 0.95 3.28 
18/5 2.73 1.05 7.16 
18/6 3.09 1.19 13.85 
18/7 3.39 1.30 18.71 
18/8 3.77 1.45 24.94 
18/9  4.22 1.62 30.0L. 
18/10 4.68 1.8o 36.33 
18/11 5.07 1.95 40.95 
18/12 5.38 2.07 44.81 
18/13 5.72 2.20 48.62 
18/14 6.14 2.36 51.59 
18/15 6.75 2.6o 52.71 
18/16 7.11 2.73 55.43 
18/17 7.41 2.85 57.58 
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Table 20  

Isotherm data  for water on sodium kaolinite at 2500. 

Run 9 

Increment 
No. 

m 
Weight Sorbed 

mgms./gm. 
Pressure 
cm. Hg. 

1 0.18 0.01 
2 0.36 0.02 
3 0.53 0.05 
4 0.68 0.o6 
5 0.84 0.'1 
6 1.11 0.12 
7 1.27 0.15 
8 1.54 0.20 
9 1.69 0.22 
10 1.94 0.27 
11 2.09 0.31 
12 2.32 0.42 
13 2.46 0.48 
14 2.68 0.53 
15 2.81 0.56 
16 3.07 0.62 
17 3.19 0.67 
18 3.30 0.70 
19 3.55 0.78 
20 3.66 0.82 
21 3.83 0.86 
22 3.92 0.90 
23 4.14 0.94 
24 4.29 0.97 
25 4.52 1.06 
26 4.66 1.09 
27 4.84 1.15 
28 4.96 1.19 
29 5.13 1.23 
30 5.24 1.26 
31 5.35 1.28 
32 5.50 1.32 
33 5.59 1.35 

Because of an error in increments 4 and 5 some doubt 
exists in the values of weight sorbed. 	This error 
should not exceed 0.1 mgm./gm. 
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Table 21 

Isotherm data for water on sodium kaolinite at 25°C 

Run 12 
	

0171  = 3.08 mgms./gm. 

Increment 
No. 

Weight Sorbed 
mgms./gm. 

e  = W/1„;  Pressure 
cm. 	lig. 

1 0.09 0.03 0.01 
2 0.27 0.09 0.01 
3 0.58 0.19 0.01 
4 0.76 0.25 0.01 
5 1.06 0.34 0.02 
6 1.23 0.40 0.03 
7 1.53 0.50 0.07 
8 1.69 0.55 0.10 
9 1.98 0.64 0.13 
10 2.14 0.69 0.18 
11 2.30 0.75 0.22 
12 2.46 0.80 0.24 
13 2.61 0.85 0.29 
14 2.76 0.90 0.33 
15 2.99 0.97 0.40 
16 3.13 1.02 0.41 
17 3.37 1.09 0.5o 
18 3.5o 1.14 0.55 
19 3.71 1.21 0.6o 
20 3.83 1.25 0.65 
21 4.22 1.37 0.77 

Table 22 

Isotherm data for water on sodium  kaolinite at  25°C 

Run 19 
	(,)al  = 2.94 mgms./gm. 

i 	Increment 
No. 

Weight Sorbed 
mgms/gm. 

e = W/q  Pressure 
cm. Hg. 

1 0.89 0.30 0.02 
2 1.82 0.62 0.14 
3 2.67 0.91 0.35 
4 3.54 1.20 0.63 
5 4.49 1.53 0.92 
6 5.44 1.85 1.13 
7 5.77 1.96 1.22 

L 
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Table 23 

Isotherm data for argon on water-covered sodium kaolinite 

at c.a. 77°K 

Run 10 	vm  = 2.39 mi.s.t.p./gm. 

Increment 

No. 

Volume Sorbed,  

me. s . t op . /gm. 
e . v f/ v m  Pressure 

cm. Hg. 

1 0.58 0.24 0.15 
2 1.10 0.46 0.37 
3 1.43 0.60 0.67 
4 2.17 0.91 2.39 
5 2.83 1.18 5.24 
6 3.82 1.6o 9.22 
7 4.76 1.99 11.71 

3€ 
Temperature of liquid nitrogen bath not measured. 

Table 24 

Isotherm  data for argon on water-covered sodium kaolinite  

at 77.36°K  

Run 11 	vm  = 2.39 (.sotopo/gm. 

Increment 
No. 

Volume Sorbed 
mL.s.t.p./gm. 

e  = v/vm Pressure 

cm. Hg. 

1 0.65 0.27 0.16 
2 1.61 0.67 0.89 
3 2.35 0.98 3.02 
4 3.01 1.26. 6.10 
5 4.02 1.68 9.86 



Increment 
No. 

Volume 
mk.s.t.p./gm. 

Pressure 
Cm. Hg. 

1 0.26 0001 
2 0.93 0.10 
3 1.54 0.63 

1.96 2.48 
5 2.54 7.16 
6 2.67 12.77 
7 3.23 21.97 
8 3.72 28.90 
9 4.12 34008 
10 4.41 37.93 
11 4.64 40.81 

Sorbed
* 
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Table 25  

Isotherm data for nitrogen  on water-covered sodium 

kaolinite at c.a. 77°K 

Run 20 
	vm  = 2.45 mi.s.t.p./gm. 

Increment 
No. 

Volume Sorbed 
111.s.t.p./gm. 

e  = V/ m  Pressure 
cm. Hg. 

1 0.72 0.29 0.03 

2 1.72 0.70 0.66 
3 2.25 0.92 3.69 
4 2.61 1.07 8.83 
5 3008 1.26 16.97 
6 3.69 1.51 25.89 
7 4.21 1.72 32.64 
8 4.73 1f93 39.56 
9 5.15 2.10 )1.76 

Table 26  

Isotherm data for nitrogen  on water-covered sodium 

kaolinite at c.a. 77°K 

Run 21 

Some doubt exists in the volume sorbed because of 
incomplete degassing of the sorbent prior to this run. 
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Clii,PTER V 

DISCUSSION 

1.1. The B.E.T.  Treatment_ of 'Isotherms. 

The theory of physical adsorption of Brunauer, 

Emmett and Teller (1938) was the first, and is still r: 

probably the best and :.iost useful theory covering the 

complete pressure range. 	It is not fully satisfactory, 

and. the assumptions of the theory are very crude;  but they 

are sufficiently good to contain a number of the ii.iportant 

qualitative features observed experimentally. 	Especially 

after the confirmatory work of Harkins and Jura (1944, ,  it 

now seems clear that the determination of surface areas 

by the B.E.T. theory is the best -method available at the 

present time. 

The volume sorbed in a monolayer, vu,  is calculated 

from the °ciliation 

P• 	= 1 + c- 
v(Po p) 	vric 	vtic po 

for adsorption on a free surface. 	In this equation 

p = equilibrium pressure, 

v = voluLe sorbed., 

Po = saturation pressure of the sorbate at the 

to_::peraturc of the experiment. 

For values of p/po between 0:05 and 0.35 the plot 
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of the function p/v(p0 	p) against p/po is linear if 

the theory is obeyed. 	The intercept of the straight 

line is 1/viac and the slope is (c - 1)/viac, so that via  

can readily be calculated frail the experlue-ntal data. 

The B.T1.T. theory was applied to the isotherm 

data listed in Tables 18 to 26 and the plot of 

p/v(po 	p) against p/po was linear in each case-, as can 

bo seen frou Figs. 22 to 24. 

The values of the saturation vapour pressure for 

nitrogen at its boiling point and for water at 25°C. 

presented no difficulty. 

The question arose, however,)  whether po for argon 

at 77.36°1% should be the value for the solid or the 

eztrapolated value for the 	.rgon has a uolting 

point of 84.0°I.C5  and at first sight it would appear that 

at 77.36°1C: the saturation vapour pressure of the solid 

(20.6 era) 'should be used. 	However, a =iber of 

investigators have reported evidence based on various 

properties of the adsorbed files, which indicates an 

abnorually low freo7,ing point of argon in the adsorbed 

phase. 
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Beebe, Millard and Cynarszi (1953), in their 

investigations o:, argon on graphitised carbon at liquid 

nitrogen tceiperature, observe that the heats of sorption 

fall to a minimum: between the heat of sublima.tion and the 

heat of liquefaction;; at the beginning of the second layer. 

They suggest that the adsorbed argon Lay approach the 

state of a liquid 	bu as the second layer nears 

completion there i:iay be an increased order resulting in a 

solid film with correspondingly higher heats of adsorption. 

Morrison and Drain(1951) have obtained definite evidence 

that the freezing point of adsorbed argon on non-porous 

-futile is lowered by several degrees. 	Direct evidence 

that the c.):xtrapolated saturation vapour pressure of tile 

supercooled liquid should be used. for sorbed argon at 

780K comes from a recent publication of Daneg and. 

NovLcove: ( 1958) . 	They have shown that sorption isotherilis 

of argon at 780 . and 90°K on several adsoreents, porous 

and non-porous;  only agree.if the liquid value for po is 

used. 	Both argon and nitrogen is- otherels were obtained at 

78°X and the use of the liquid value for po in the forraor 

case also resulted in better agrc.,.oment between the surface 

area and pore diamet or values.. 

In these experiments, the use of the value of pc 

for the solid gave the unlikely result that on the sodium 

kaolinite surface the argon atoll occupied a larger area 
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than the nitrogen 	 Use of the excrapolatec  

liquid value for pc (23.2 cu) reverse. this result. 	The 

latter value was therefore use in each case to calculate 

vra  for argon. 	The values of po for argon were calculated 

frail Tables of Ther:.-tal Pr o-parties..of Gases 5  U.S. Nat. Bur. 

of Standards Circular 564 (1955)• 
suLliiiary of the values obtained for the volu,a,-  e 

sorbed in a 1-..ionolayer is given below. 

Table 27 

S or bat e Sorbont TaliDerature Po 
ciri.Hg. 

via 
Lie,. S • t • p/gm 

.i. I  clean' 77.36°K 23.2 2.67 

L. wat or . • c over ed If ft 2.39 

N2 I  clean' n 76.0 2,60 

N2(run 20) water -covered " ft 2.45 

Lign,/gm 
H20(run 12) 'clean' 25.0°C 2.376 3.08 

n20(run 19) ' clean' ft ft 2.94 

The discrepancy between the isc.therilis of nitrogen 

on the water covered surface .and that between the water 

isother.is war., discussed in 4,-3. 
The l.reas, gccp.;2i,ed_b_y Sorbed Molecules. 

In their ori,•inal papor &nett and Brunauer (1937) 
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suggested obtaining cross sectional r.:.olecular areas for 

the various adsorbates by :::cans of the equation 
[M Molecular area = LF(0.866) 	1+  724r=a- 

where M is the -__-_olecular weight of the adsorbate L is 

..vogadrol  s number and d is the density of the solidified 

or liquefied adsorbate. 	The equation was derived on the 

assuLiption that the Llolecules have cross-sectional areas 

equivalent to those possessed in the liquid or solid forms, 

and that they are close paclzed on the surface of the adsorbent. 

It has been shown that this procedure gives very satisfactory 

a gr ee:aent bet /-eon areas obtained for 	 ecules having 

similar boiling,points, e. g. N2; 	CO and 02). 	In 

general however using the molecular areas calculated 

fro:; the above equation the specific surface of any sorbent 

is slightly larger when nitrogen is used to determine it 

than with any other sorb.T:te. 	The reason for this 

discrepancy is not understood. 

The cross sectional a r an, of nitrogen from this 

equation is 16.2 P.2  and this is generally accepted as the 

value for sorbed nitrogen at its boiling point 	Using 

the value of v,. for nitrogen on clean' sodium laolinite 

listed in Table 19, the surface area of the sorbent could 

therefore be calculated as 11.3 rdetres2/g1.1. 	Now, using 

the B.E.T. values of lin  for argon and water on the sane 
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surface in conjunction with this Surface area 5 the areas 

occupied by these s or bat c clecul es was calculat ed. 

The ss. 	pr JO a 	wa s applied t o calcalat e the 

cross sectional arca of argon adsorbed on the ice surface. 

However the ice surface when the argon isother.,s and when 

Vh 	nitro:,;en isotherzis were done L. ay not have been ,aite 

identical 	The water run prior to the argon is ot-er.L2s 

on the ice surface was run 9 whereas the water run prior 

to the nitro en isotherms on the ice surface was run 195  

in which about 3 per cent :lore water was adsorbed and 

subsequently frozen. 	This difference in the sorbent nay 

have been a contributory factor in obtaining an apparently 

lar el cz oss - secti oral area for as on when adsorbed on 

the ice surface. 	The values of the cross sectional 

areas obtained are listed in Table 28. 

Table 28 

S or bat e Sorbent 
. 	. 

T. oalp orature 
holecular 

urea 
0 2 4,. 

holecv_lar 
Area fr cza 
Li quid 
close . Pa C .',. i./1„ 	27  1/ 

N2 'Clean' 77.36°K - 16.2 . 
L. Sodium, ..L .a olinite 77.3601: 15.7 14.0 

11- 20(run12) Surface area 25.0° C 11.0 10.8 

11:20( run19) 11.3 	-1-12/gLi. 25.00 C 11.5 10.8 

N- 2 
- , wa -  ter covered 
S odiurl Az. oli nit e 

Stir fac2 area 

' 	o. 77.36 is: .. 16. 2 

1r4. 10.7 ..-2, 	/g:. 77.36°K 16.7 14.0 
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considerable ari.ount of discussion exists in the 

literature on the nature of water adsorbed on clays. 

Hendricks and Jefferson 1938) ,, hacey ( 1942) a na Bar sha 

(1949) have all proposed that the adsorbed water layer is 

in the foria of a hexagonal networi: (see p. 7 ) 
iiendricks and Jefferson suggested that the water 

layer is col_lposed of water ..iolocules joinec: into hexagonal 

groups of an extended hexagonal net. 	The stability of the 

layer of water .1olecules 	said to ari_se frozi its 

7eouetrical relationship to the oxygen ions or hydroxyl 

groups of the silicate fral:,e-v.rork and the resultant for:illation 

of hydrogen bonds. 	If the separation of the oxygen ataas 

of the water layer is 3.0 	projection, the not has 

just the dil_iensions of the silicate layer Liinerals. 	There 

are then four 1.). ol &eta e s of water per ol ocular layer per 

unit cell of the clay :Jineral:. each water molecule 

occupying an 	ea of 11.7 3. 2  . 

Macey' s concept of the wat r layer, based on the 

between the structure of ice and the oxygen ions 

at the surface of clay ithaer..1s, was that the initially 

adsorbed Later has the structure of ice. 	This being so 

the area occupied by each water liolocale would be 17.7 2.2 . 

Bar shad suggested another concept of the nature of 

the adsorbed tinter on the basis of careful dehydration 

doter-Linations with Liont:iorillonite. 	He suggested that the 
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area occupied by t  cwater 	ocul e is ro ec ad :iro 11.2 

t0 5.e 2.2  because of changes in the pa c:ing of the water 

1 -Jolecules on the surface as the clay 1:ineral beco:ies roore 

hydrated, 	The above theories are based al:lost entirely 

on a L;ealetrical fit of the proposed water layer to the 

silicate lattice and supported by little ez.pertental 

evidence relating to the area occupied by sorbed. IMolecules. 

Clearly!  in the light of the cross-sectional area for an 

adsorbed water 	 ocul e calculat 	fro_: these experiDent s 

to 	be 11.0 - 11.5 .22 5  .iaceyf s ice 1.L .:e structure j.2.  

unacceptable on the basis of Liolecular area s  as is the 

c onfigurati on at high states of hydration ;-37 °posed. by 

Bar shad. 

There has been considerable criticis: of all three 

theories because the-i ner:;lect the probable influence of 

exchangeable cations. 	1.endric:s s  Nelson and loxander 

(1940) Euggested that cations which can coordinate six 

Liolecules of water:lay stabilize the he.:agonal arrays  

but 	on (1951) 	s pointeC cut that such a cation 

draws the :Jolecules into closer packing and distorts 

rather than stabilizes the he-iai':; ,onal network. 

s on considers that wo,.t or is physically 

a S S OC 	Oa. with clay ilinerals in one or both of the 

followinc: -,,Tays s  (a) adsorbed on the surface of the clay 
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mi nor 3,1 pr,  or 5  Op) as water 	on of the base 

=hang cable c -,t ons 	There is D'od evidence that the 

latter is imdequato in al_lount to account for all the adsorbed 

water of clay \ see-. for 	1,'aL.:er, 1949). 	FroD 

the data obtained eurirk; those experi,lents it has been 

shown in 5.3. and 5.3a. that only about 20 per cent of the 

water zionolayer is adsorbed in such a position that it is 

influenced by a cation, 	It is not possible theref ore 

that in a hex -Igonal array of six water :.oleo-ales all six 

olecules ro equally associated with a cation. 

ii(!lots 	...dsoription on Sodiuh 	 

The heat data on the sodiuh kaolinito surface 

16) show that .about 20 per cent of the holecules 

in the nonolayer are adsorbed with considerably hither 

heats than the rellainin; 80 per cent. 	This is especially 

noticeable in -the case of waters where 20 per cent of the 

water 1-.:.onolayer is adsorbed with heats between 22 and 15 

1:-..c3.1./hole and 80 per cent with heats between 15 and 

Thou;h less pronounced, a sieilar 

effect is observed with ,Irgon and nitrogen. 	It can 

therefore be concluded that in general about 20 per 

cent of the iaolinite surface is considerably :lore active 

with regard to physical ads -.Tption. 

If this 	activity was associated with high 

interaction enemy rosultinc; fr oh dispersion forces then the 



- 
Hg - Hs at Change in rig _ Hs - 

= AD. 2 	e = 0 -> 0.2 
. 

or bat e 
hg - Hs at 

e 2-4 o 
k. cal. /,pole 

2.9 

4.0 

1120 	22 

500 

800 

7,000 

to  

N2 

2.4 

3.2 

15 
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effect would be approxiLiately the sa:ae for argon, nitrogen 

and water,. since the dispersion forces associated I.Tith 

those :Jolocule:.- are .);i: t.:Le sa:ie order of L.ia,nitudo, 	This5  

howovor ,  is not the case and the difference in siagnitude of 

the heats of adsorption of ar,:r,on, nitrogen and water in 

the first 20 per cent of the -Lionolayer indicates that the 

higher activity-  orig inates in electrostatic forces. 

This conclusion is further supported by consideration 

of the heterogeneity in the first 20 per cent of the 

:ionolayer i.e. in these active sites. 

Table 29 

If the hetereneity eriginated in sites of different 

dispersion onerr_;y then the Cocrease in heat values fr oza 

8 = 0 t o e = 0.2 would be approxt:ateli the SD.:.io for all 

three adsorbates. 	if on the other hand the heterogeneity 

originated in the electrostatic field at the surface, the 

change in heat of sorption with su;.-- f aee c OV 	S 	01210. b 
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different for the three ads or oat es because -I' the difference 

in their polar char -,ct er . 	It is theref ore evident that 

about 20 per cent of sites on the ..,:aolinite surface are 

encJrzctically 	active in physical adsor.tion because 

of the higher electrostatic fielc_ associated with these 

sit es. 

5.3a. The  Position of Exchanrieable Cations  

It is n.f,i sus:ested that the 2.CtiVO sites 

oli nit e are r elat ed t the exchangeable cations on the 

surface., in this case sodiu...1 ions. 	Fr 	the exchange 

capacity of the _zolinite used, 3.00 Li. equivs. Na}  per 

100 	and the weight e:J water sorbed in a Isionolayer ;  

2.94 	3.08 	2  it is readily calculateu that there 

are 	5.7 wi.ter ....olecules per c .tion. 	about 20 per 

cent of these water :iolecules are adsorbed on highly 

ener;etic sites, so that it can be concluded that only one 

water :..aolecule can be adsorbed in a position where it is 

bin); influon 	by 2. cation, assu_lin:, that all the cations 

are in such a positi on on the surface that close approach 

of adsorbed 1..iolecules is possible. 

iiooney and:trod 1951) have suggested9  

fro_: considerations of ionic 	or s and the _yaolinite 

lattice, that the cations a,. e 	situated in the 

centre of the hexa; ona 1 arrays of oxygen at s which 

occur on one of the the ba Ea 1 surfaces of 
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However, calculatipns in this departaent on the electrostatic 

field above the aulinito lattice (ruazzir. pr i \fa t 0 

counicati -Jn) have show. that a positive ion would be 

repelled fro.,:i this position and that therefore this cannot 

be the position aC.epted by e_.:chanoable cations. 	These 

calculations 2.1 0 still oin; On and it is hoped, vihon they 

are further d ov el o)ed 9  to be able to pr edict the position 

of the, cations in the -zaolinite lattice. 

It is now possible to pOSt1.3.1at an adsorbed water  

phase in which about 20 per cent of the water i..olecules 

are adsorbed, in close proxi:iitytr. a eati n and therefore 

oxpeiience a high interaction enery. 	The re:..aining 

80 per cent of the -_-_onolayer interacts with the oxygen 

and hydroxyl ions of the rust of the.cLa oli nit e surface and 

the heats of sorption are only slightly above the heat of 

subliDati on of water., a s would be expected if ater was 

adsorbed on to a surface sioeilar in nature to water itself. 

In addition, there is no evidence for heats of sDrption 

greater than the heat of ,sublila:.tion in the second and 

higher layers, and no evidence that .iare, nurabers of layers 

of water ;are adsorbed at )resaires substantially lower 

than the saturation pressure, as has been reported. )?er 

silver iodide. 	This would require that the forces 

operating at the surface oust be sufficiently long range 

to affect the outer layers. 
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In. fact JLe,er (1938) and Spiel (19)+0) have 

su g est cc' that the t c 	s 	.f.‘ adsorbed -cat er at opt Laula 

plosticity for 2,:aolinit e is of the :order of several hundred 

angstr 	 er. Do Wit and rons (195-0) by 

uoasuraonts of the density of hyCI at (..,e !;aolinit e particles, 

have concluded that the thici:noss of adsorbed water held by 

olinit e should be :lea sured in a very few :.Lolecular layer s 

a finding which a r..)es with the data on water sorption in 

the present study. 

5. 4 heats of Sorption  on  at or Covered  S all= kaolirdte. 

If the high initial boats of sorption of argon and 

nitogon on sodiviri holinito are duo to the electrostatic 

het er ogoneity of the exchangeable cations in the aao1inite 

Lattice,/  then covering this surface with two layers of 

trot or (afterwards frozen at c.a. 77°.L) would be (.1,:bected 

to 1'0:Jove the effect of those active sites. 	..es can be 

seen froia Figs. 18a and 18b, this is eLactly what was 

observer._ export_lentally. 

It should be noted that the first point in calorinetrice 

:oasureaonts eaesents an integral heat fron zero coverage 

so that the effect of enear:;etic sites which represented 

only a 	pr :.:-porti on of the total surface would still 

bo detectable. 	In fact on the vat al covered surface., high 

heat values for 9 --- 0 -4 0.2 are entirely absent and the 

graphs for the 'clean' anc water c °VC: Cd. s or bent s cross 
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at about e = 0.2g. i4e. the hir:Ja cJnergy cation sites Llust 

have been covered by water. 

For the range 0 	0.2 	1.0, heats of sorption of 

both argon and nitrogen are approximately the sa:Le on ice 

s on sodium ao1inite, thus c :mfirriing the theory outlined 

above that 80 per cent of the LL-:.:ainitu surface consists of 

oxygen and hydr o:,:y1 ions energetically very si,dlar to the 

ice surface. 

4a, 	The Eff oct of the Nitrogen Quadrupole. 

The heats of sorption of nitrogen on sodiula ka °Unit e 

are greater than those D1' argon on this surface until about 

90 per cent o the 'ionolayer has been filled. 	This can 

be attributed to the contibution of the nitrogen quadrupole 

in the field gradients occurring at the surface of .:.aolinite 

(tiisboin, inh 	ene au s) 5 and which occur at any ionic 

surface. 	However, it is also found that the heats of 

sorption of nit -, ogen on the ice surface 2.1- 6 subst -,.ntially 

higher than those for argon -In this surface, although the 

ice surface is considerably 1_.-.).ro ho-ziogene 012 S than 

Initially the nitl ogen heats are sine 900 cal/Liole greater 

than the ar i  on heats. 	This is presuLiably due to the 

interaction -f the rait -,. ogon quadrupole with the field due 

to the two layer:, of water .,ipoles. 	„ 1.1ore detailed 

discussion will be underta_Lon after consideration of the 

electrostatic fielc: above a plane of water dipole. 
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Later p.l Interaction between.,4orbediviolecukes. 

4+1tlacu ,:,,h the ice surface is :_luch ._:ore unit Dr:.1 than 

the itaolinite surface. in neither case is there any 

tendency for the ar7;on or t,:le nitrogen heat values to increase 

as 6 	1.0. 	The effect of :aatual interactions between 

adsorbed argon ata,s is discussed in 5.5c, but the sane 

treat rJent of a,-  s be-6 nitr ofT, en :::o1ocules is c 	cat ed by 

the presence of the nitrogen quadrupole and by the 

dependence of the -interactions between quadrupoles on their 

oriontati on. 

Macleod (Ph.D. thesis 1958) has dealt in detail 

with the quadrup,-,1e- uadrupole interaction of nitrogen 

sorbed in natural chabazite. 	He considered the 1.natual 

interaction to be expected fro:1 a systaii of non-rotating 

linear quadrupoles and calculated the interaction energy 

between two o:olecules in four basic orientations.. 

Taking t,ie value of the nitrogen quadrupole to be 

Qs  = 2.58 x 	 Macleod calculated that the 

attractive interaction ener,?;y duo to dispersion and 

repulsive forces is between 50 and 260 cal./aole at 

separations of L'r. 1 	Li, 5 	Ho states, however that the 

lower value is probably near zero because the calculation 

of the repulsive energy in this particular orientation 

leads to a value which is too snail. 	Drain (1953) 

calculat ed that at a separ ti on of 4.)-11:- a the interaction  
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energy of a catplete L:onolayer of nitrogen :.lolecules 

for:iin.; a square lattice, with the quadrupoles paralled to 

one side of 	square, was about 100 cal/Liole cat:pared 

to an attraction of 400 cal./Lica° due to dispersion f - zees. 

It cannot tier  therefore be concluded that the absence of 

a I.-taxi:al:1 as 9 	in the nitrogen heat curve on. the water 

surface is attribut3.ble to the quadrupole-quadrupole repulsive 

forces. 	The .Lost that c...n be said is that the :lagnitude 

of any vander Waals attraction between the sorbed lliolecules 

would certainly be 5:'(11).Ced by these repulsive forces. 	The 

actual :la gnitude of the quadrupole-rquadrupole int era et i on 

depends largely on the orientation of the 1:..olecules5  about 

which little is :mown. 

Beebe, hillard and Cynarski (1953) Lieasured the 

heats of sorption of argon on two carbon Clack adsoroents!, 

Graphon and Spheron. 	On Graphon, which has the raore 

halogeneous surface an increase of c.a. 400 ca.1./ ole 

is observed fro-t: e = 0.5 -->1.0;  and this is attributed 

t o lat oral int era cti on between the adsorbed Laolecules. 

On 6pheron this increase is not observed and it is suggested 

that the het er ogoneit:,ir of the Scher on surface nay shear 

cut the effect of lateral int or cti on. 	This nay also occur 

at the .:o.olinite surface. 

i‘laxillia in the isosteric heat values in the region 

e = O.5 1.0 have a 	been r ep.ort ecl by 3ther authw s 5 
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e.g. Orr (1939o.) for c7.r"on. nitrogen and oxygen on 

potassiu:.:. chloride and CaOSI.Url iodide, and Rhodin(1950) 

for nit r 	on single crystal faces of copper. 	Detailed 

discussion on the .?.bsence. 	 in the heat values 

argon on the w,tor surface is reserved for 5.5c. 

5.5. The Electrostatic Field above the Water Coveted 

Sur fa co. 

In order t oachieve a fuller. understanding of the 

observations outlined in 5.4a and 5.4lo it is necessary to 

consider the field above two layers of water 	ecul e s 

adsorbed on to the'. 7.E .unite lattice. 	However, calculations 

in this departuent by 13rap;azzi (private colif.lunication) have 

shown that the electrostatic field above the 1.c.aolinite 

lattice falls to zero at a distance of about 6 2. frori the 

oxygen or hydro:::::r.1 .1:-.yer at the ...zaolinite surface. 

Theref'.-L.e, the electrostatic field at any point above two 

layers of water :.;olecules would be unaffected by the field 

associated with the 

For the calcUlation of the field.. the water layer 

ors s a ssuz,e,... to c onsi st of an infinite plane of water dipoles 

in a close packed h.e:,':a:-:onal array each a distance 'd4  apart. 

Two dipole arrays were considered,. (i) all dip -ales 

oriented per, °macular to the surface, (ii) all dipoles 

oriented parallel to the surface. 	For case (1) all the 

, i_poles were assuaied to be oriented perpendicular to the 
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plane and in the sa:Le sense. 	Then the field perpendicular 

to the plane at any point 	due to one dipole of strength 

is -;iven by the equation 

17.x' = 	- 3 cos2 0) 

where 'a' is the distance between and the dipole centre, 

and e is the angle between the polar axis and the line 

joinins - and the dipole centre. 	The field parallel to 

the plane is Ler 

The total fielL. was calculated at various heights 

c.) above the centre of ,ne triangle of dipoles and lb) 

directly above one Lipolo, 	saa_i?...tion of the twelve 

of nearest nod ghb ur s ( 63 dipoles) was followed by 

an integration fro LI the thirteenth ring to infinity an  the 

total field for an infinite plane thereby obtained. 	The 

calculatf_on i s ,,iven in detail in ...pendiz 

The sal:e calculation above the centre of one triangle 

of dipoles was reJoated for an infinite plane of dipoles all 

oriented parallel to the plane and in the sane sense. 

In this case the field per-oendicular to the plane of polar 

centres is zero and the field parallel to the plane is 

given by the equation 

—3(1 - 3 COS
2
0) 

The value of iixf  for any one dipole differs fro l that of 
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6.24 11/d3  
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0 
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Fs_" since 9 will be altered by 90°  because of the change in 

orientation of the dip 	In facts, for the position 

above a triangle- 	dipoles the field above the plane of 

dipoles which have orientation (ii) is half the field at 

the sale point above the plane of dipoles oriented 

perpendicular to the E.,,urf -,ce (see ..ppendices I and II) 

The calculations are su=ariso.d in the following table and 

in Fig. 25. 

Table 30 

It can be seen that the values incoluLin 1+ are not exactly 

half the value:. in coluLin 3. 	This di s cr epancy is duo to  

the li:iitatio.n of the su:i.lation and interation :lethal used 

and would disappear if a sufficiently large nuilber of dipoles 
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war e c onsi d er ed 2.-  the su:i....at i on. 

Dur-i 	COOT Ee of these calculations it wa s f ound 

that, :ft:N(1 the centre of a triangle of dipoles, the field 

due to the nolri31 neighbours only was opposite in sign 

to the total field. 	In other words, the direction of 

the field at this point is opposite to that which -LAJat be 

e.cpect ed at first sight and a layer of dipoles with 

their positive ends outwards would attract a positive 

charge to this positim. 	fijoerts k1939) observes the sane 

effect in his cracul-,tion of the electrost - tic field above 

the 100 plane of a body centred ionic crystal!: which is 

analogous to the plane of water dipoles when all the dipoles 

are oriented perpendicular to the 

if the dipoles are not treated as 

of 	but finite length, there 

opposite in sign. 

.L.s can be seen fro-._: 

plane since in both cases, 

point charges but as rods 

are two parallel planes 

30 the effect of the 

underlying layer of water __Lolecules on the field at a point 

above the second layer is negligible,  since the distance to 

the plane of dipole centres of the underlying layer 

eater than 	. 

5.5E1. The  Interaction  of Nitro:-;en with the Field above 

the Water Surface, 

The fact tilt the heats of sorption of nitrogen 

are greater than those of argon on ti.cia water surface has 
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been attributed to the effect of the nitrogen quadrupole. 

The energy of int era cti on of any qua drup olo with an 

electrostatic field is given by the equation 

„ 
	( 

where Q is the quadrupole ::_io-zient and F/6t tile field gradient. 

The @nor gy .1 interaction of a nitrogen quadrupole 

with the field above a layer of water dipoles all oriented 

perpendicular to the surface was therefore considered, 	The 

field gradi ent wa s calculated frc..sm Fig. 25 at various 

distances fro._ the plane of dipole centres. 	In these 

calculations 	the separation of the water 1-aolecules, 

was tai:en to be 3. 6o .5), (calculated froia the nitrogen specific 

surface and tile B. E.T. values. of the 112,t 	Llonolayer) 9  

the water dipole.: as 1.R x 10
-18 

e. 	and Q 9  the 

,Io._:ent of a non rotating nit'.  o,;on .2.olecule5  as 

3.0 x 10'26  e. 	cu2  (Hill and S.:Atli-15  1951). 	The 

calculations arc suLiLiarised in the f_,1101;:ing table and 

Fig. 26. 

The expe-rilaental results have. shown that the initial 

heat 31 s or pti on of nitrogen on the tinter surface is 

C.2.• 900 cal./iJole c?•,z eat er than that or argon on the 

saLlo surface. 	It can be seen froi-a Fig. 26 that, if this 

hoot is attributed to the interaction of the nitrogen 

quadrupole with the field ;  and if the nitrogen :aolecule is 
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T-1-0.0 3J, 

i.)i st a nc e a e eve 
the plane, t. 

Interection vith 
c.1..XWe e. triangle 

-a-9  ----17cr_fx10112  

the field 
S dipoles 

cal 

Intaoaction ath 
direcayabfive 

___F... eau
/  , 	1 	il Jc,, 	ma' x10 

the field 
a dipole 
T  9 c1hole 

0.50d 	(1.R0 2.) 19..5 2,100 56.9 6 511+0 
0.60[i 	(2.16 2) 13.5 15 450 49.7 55 370 
0.70a 	2. 52 °) 5.7 620 

0.75d 	( 2.70 .°) 7.7 830 
0.80d (2.88 4°) 3.1 330 

1.00d 	( 3.60 2,) 0.96 104 1.3 140 
.,._ 

(a) above the centre of 	trian2;le of dipoles,/  the 

quadrupole centre ieust be 2.40 above the plane of polar 

centres of the water layer, (b) directly abwo dipole5  

the cluadrup_)le centre :lust be 2.68 2 above the plane o,f 

polar centres of the water layer. 	Consideration of the 

dipole orientation in which the polar axes are parallel to 

the surface would dive sLllar values of the field. "":'::client 

to those in colu:ili 	of Table 315  and ataLl., result in a 

slightly s:.:aller sep2rdion to correspond with an 

interaction ener:,:y of 900 cal./aole. 	This case has 

not been calculated in full. 

Both calculated values of the separation are, in fact, 

fairly 	in view of. the radii of tile I__Dlecules involvedri 
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but they are z_iore acceptable if it is allowed that the 

polar centre of the wat or -..olecule :Jay be displaced fr ma 

the r_lolecular centre. 	Burnello and Coulson (1957) have 

shown that the :lain part of the dipole :.:a.lent of tinter 

caaes fra•1 the lone pair electrons of the oxyen atali, so 

that the polar centre is likely to be displaced in. the 

direction of the oxygen ate::. 	The radius of the water 

:.:.olecule is about 1.4 :(1,. c  and the :iinizauizi radius of the • 

nitrogen 1_1310c-tile about 1.7 .°... 	T her ef or a , the expected 

separation would be ab - fut 3.1 2.. 	However, bearing in 

:And the li:iitations of the :iathod used, the values of 

2.40 ,(3., and 2.68 .F. derived froD Fig. 26 can -00 accepted 

as support for the theory that the 900 call:Iola by wilich 

the nitro en heats are in e:ixess of the argon heats is due 

to the cuadrup .::1e-fi eld interaction. 
/ •J .. 	 • N. 

5, 5b. The Interaction of 1 .r: en with the Field above 

the•.1,ater Surface. ._..._. 	_.........  

The data obtained for argon on both surfaces have 

sii own that the hoot of sorption of a r g on on tw:-) layer s of 

grater is s J'.:_le 600 cal. /D.A.° gc,' eater than that ,»f argon on 

two other layers of argon. 	In both cases the distance 

of the third layer fr::...2 the i:aolinite lattice prevents 

the latter playin:, any part (sec p. 1 23/. ) . 	Therefore, 

the difference can be attributed to the interaction of 

the induce::.0.i dole of the arr.; on at m .any the field due 
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to the water surf-.ce. 

Within the li.iitations discussed below, the ener;_zr 
of interaction is ::riven by the expression 

_ 112  c4. F2 

where 0(- 1.63 x 10-24  c.c./-..lolocule the polarizability 
of arr:;:: 	and F is t"_-io field. 	Therefore when T= 600 

F = 2.26 x 105 	 This is the field 
in which the arEon atoll .1_ust be situated in order to 

produce a heat of sorption by dipole induction of 600 

25 it is therefore possible to say 

that, for the orientati on in which the polar axes are 

perpendicular to the surf '.co, the induced dipole centre 

:Just be 1.5 2. 31' 2.1 P. above the plane of water dipoles, 

dependinE; on the position adopted oy the argon at a-J. 

Consideration of the radius of the water :aolecule (c.a. 1.4 

and of the argori Atom (c. a. 1.9 21) indicates that thabe 

separations are impossibly small, but the aiscu'Lsion below 

shows that the use of the oauation 	--4aF2  is likely to 

yield a value smaller than the true value. 

The ar . ,on at 	adsorbed on the water surface is 

situated in a steep f ield ',radi ant and farther:1°r e the 

field close to the dipoles is lar;e. 	Both these fatts 

it doubtful whether the value of•- , quoted above can 

le':;itiziately be used in this calucl:tion. 
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L enel (1933: calculated tile heats of adsorption of 

ar .)n on ionic crystals (a syst 	very siuilar to argon 

on the water surff.ce) and obtained good (71;rear,ent between 

his Ca 1C1).1':.t 0j. and his l_le - sured heats.He considered. that 

in calculating the ion-induced dipole interaction the .ean 

polarizability of argon cmald not be used because the field 

-•.fs the icni.c lattice is very inh a.log ene acts. 	Leriel, in 

fact!, did 	calculate the total field above the ionic 

lattice but assuied that Dractically the entire effect 

depended •- h that part of the adsorbed at 	which was 

close to the ion. 	Ho calculated the interaction energy 

accordinz,,ly by _leans of an equation derived by Teller. 

Orr (1939b) has dealt with the electrostatic field 

above the ionic lattice in a _ ,rich riore thorough :_ianner. 

He evaluated. the field by a direct surl:_ation of 88 	96 

ions and calculated the retaining contributions by 

int 	rat i • dol. but vent on to calculate the interaction 

energy by -u_sinr, the ..ean p ..ilarizr.'.bility of argon without 

co...11.:enting on the justification 37*- r using it when the 

adsorbed -,ta.is experience a large field. gradient. 

Coulson. riaccoll and button (1952) have shown 

that the static polarizability increases with high field 

str engths of the order of 108  V./a:1. 5  which areexperienced 

in the neighbourhood of an ion or dipole. the induced dipole 

:lay be as =eh a s twice tact calculated: ft a. the expression 
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= cx-51  this having been derived on the assLuiption 

that F is Elan,/  and 	being the 'sal1 field'  

polarizability. 

The above f7,ct Or E• all iiIrply that the siziple 

calculation of the separation of the induced dipole fraa the 

plane of -eorl.lanent dipoles is lii;ely to result in a value 

which is too 	,..1though the radii for water and 

argon st 	3173 i:Lply that a separation of about 3.3 40 , 

should be' anticipate the separatiun 

s-_..,211er than that if allowance is made for the di splacellent 

of the polar centre of both ..lolecules fro_ the IJolccular 

centr 

5. 5c. Lateral Interaction  between 1.dsorbed ron  tzis. 

Consideration Df trio :.,2nitude of the van der thals 

attr - ctive f Drees between ..:olecules leads one to e:z.pect 

that t.ae het curve of arg on on a haziogeneMs surface 

would show a considerable ziaxilJuLl ( of the order of 

1 k. cal. /Joie) a too second half of the rionolo.yer was 

filled,/  a ssuiaing that the sorbed at ads aLopted a separation 

at r near their ecuilibritE. sep2rati on. 	This has been 

observed. by Beebe o al 4,l53) for argon on Gr.i.phonl  

but does not occur d-i:ring the sorption of argon on the 

water 	 studied durin ., these exp er tient 

The r•:-.;nit-ade of the induced dipole ,induced dipole 

ropulsi )n between aron at a:is was fund t be insufficient 
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to autwoi:,;h the van der Jaals attraction at separations 

nea_ the equilibriuLI separation 	s can be seen in Fig. 27.. 

It has alrea,.y been :fhoT.rn that., in order to satisfy 

the heat data 5  the a.. :,.on.-to-Li -Just be situated in a field 

of strenth 2.26 x 105  e.s.u./c1..2 . 5  although this is 

probably closer to the value .o:i the avera ,,e field in which 

the at 	lies t-fan to the field at tile cent.:_e of the 

induced dipole. 	Fr 	Laioldedge of the field the value 

of the induced di-p.91e can be calculated fl xi the equation 

= 	F 5  where cx is the polarizability of argon. 	The 

value of 	then 0.37 x 10_1.8 oes.u. cl-a. 	The heats of 

adsorption arif.An froLl the :.ritual repulsion of induced 

dipoles, for a r 	distribution of particles over the 

surface,:  can now be calculated for i.n,rious separations 

froLl the equation 	1949) 
2 

1 (2 + 904.0/r3 ) 

2r3  (1 + 94.6/r3 ) 2  

where trf iE the separation of the atoz.s. 	The values 

calculated were those at the aaxi.:111:-_-_ int eracti on, i . e. at 

= l.0, and are given in Table 32. 

The van der Viaals attraction of argon atalis at 

van i s sepal 	ens w:s calculated fn 	the well 1:nown 

L onn2.3.-  J one s potential 

0(r) 
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where 	= 7.33.2 cal./:.:olo 	fral second 
re  = 3.842 
	

virial coefficient 

data. 

The values in Table 32 for the van der Vjaals 

attractive forces are for 6 l(r) since in the close 

arr 	Ca at . has si.r nearest nei;hbour s. 	L.11 

values 'vier° c,.lculated. f r G = 1.0. i.e. ?t the co:Lpletion 

of the :1-nol::‘.-yer. 

Table 32 

...t oLaic 
Sepauati.m 

I,. 

Induced Dipole 
Repulsion 

c2.1./1-.pole 

van der Waals 
Attraction 

cal./2Lole 

3.0 371 . 
3.2 332 4,120 
3.4 301 229 
3.45 - 	171 
3.5 - 	637 
3.55 - 	884 
3.6 270 -1,089 
3.8 21-F0 
4..0 216 -1,333 
4.2 193 
4.4 174 963 
4.6 156 
4.8 ' 141 - 	637 
5.0 127 
5.2 115 - 	417 
5.6 95 - 	276 
6.0 79 - 	185 

well as the absence of a 	in the arson 

heat curve a distinct decrease of sane 200 cal./nole 

occurs at about 0 = 0.5. 	1.t this cover.7;ge lateral 
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irtoTsctions b•etueen s,c1;.- orbed Liole-cubs be4n to be 

iLiportant and this fall of 200 cal./Dole in the heat 

values can only be attributed t o a repels] :?n between the 

adsorbed ar-. .on 	 can be seen fron Fig. 27, 
a repulsion 	this _iagnitude can only be e;:plained if 

the sorbed ata.-Is are substantially closer together than the 

sepay 	In fact, a 11 mlins f. or the 

induced dipole-induced 	r epulsi on the s eparati on :lust 

be .3.1+1+ P.. 	This would require that the sorbed atous be 

squeezed together .in the sorbed phase. 	However it 

seals reasonable to suppose that the :Jost 1_i?-fely position 

f or the a]: g on wt ors t-7 adopt on the water suriacel  i.e. 

the position of 	,:otential energy.. would be above 

the centre of a group of three water :ooleeules. 	The 

arson atoias waild then have a separation equal to that 

of the water olecul e s i.e. 3.56 	3.61+ 	which„ 

considering the inaccuracy of the B.E.T. theory .and the 

fact that the w-..te:.7 has -.fterwards been frozen at 77°1 9  

is in good 2 gree:_ent with tiro value of 3.44 ° required. 

Even without the :actual inter -Iction of the induced 

dipoles9  a repulsion of 200 cal./:2ole would occur because 

of van (or Jaal s forces if the at o:as had a separation of 

3.40 2. 	T her ef ore no firLi conclusion can be drawn that 

the orientation of tiae water dipoles is perpendicular to 

the surf -Ice.;  which would be required for the „..1a:d.:::uu 
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repulsive energy fr the induced dipole-induced dipole 

interaction. 	The data can be explained :Aare re'.dily 

however if this orientation is accepted. 

5.6.  Evaluation of the Entropy of the Sorbed Phase 

fra.1 Erperizient .1. Data. 

Fro._, a Itnowledr;e of the isothero and heats of 

sorption of any one syst a.i the differential entropy of the 

sorbate 	be calculat ed. 	Garden, idn ton and Laint ; 

(195.5) have shown that the differential altropy is given by 

+ aen (Po/p) 

where cg,,o  is the ::velar :;a  entropy of the ideal :s at a b 
standard pressure po, at the te:_iperature T of the 

experiLent. 	The choice a po  is entirely arbitrary hat 

1 atu. is usually chosen. oc is a correction for 

non-ideality of the as phase and is introduced by the use 

of the Berthelot equation of st 

27 R Tc3  . 	. 
32 16 T3  

where T c  and Pc  arc the critical te:Jperature and pressure 

of the btal: pha se. 	The :_solar entropy of the ideal gas 

::.ust be deterLined either by calculation frrao theoretical 

considerations or fra: experilJental data available in the 

lit eratur e. 

5.6a.  The Differential Entropy 	...dsorbed iarg.on at 77.16:k 

For 1.ionatoLic Liolecules the :_solar entropy of the ideal 

S S  = 
rk 0 

Cg - o(p 	c; - Hs) 
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can be calculated fr a:1 the 8ackur-Tetrode equation 

= R( n H + 44n T 	P 	i\.sp) 

where H is the :_iolecular weight of the g:,s. 	If P = 1 atm. 9  

Icsp  = -1.15? (1layer and idayer 1940). 	This equation 

gave a value of 30.30 e.u. for ggo, and the differential 

entropies of sorbed argon at 77.360i: on sodim l aolinite 

and. on the water surf 	wore calculated frog the 

e qu at i n statcL in 5.6. 	The exp er entally -ha?. sur ed 

is:tiler:2. points were used in the calculation and the 

correspondin valaes 	rf-fg  - Hs  read off frail the heat 

curve. 0( p5  the c o i ect 	t or _ :lc: or non-idea lit y 	the 

pi-o.se5  alliounts to 0.03 e.u. at a pressure of 10 el.:, 

and can therefore be considere1 negligible f or all lower 

pressures. 	The data .are :;ivan in Tables 33 and 34. 

5.6b. The Differential Entropy of ..d.soreed Water at 250C 

In this ease the 	entropy of the ideal gas was 

obtained f r 	A.elley (1948). 	When po = 76 
, + S o  = 45.1D - 0.03 e.u. 	The correction ter:1 for the 

non-ideality of water at 25°C is again negligible 

t only 0.002 e.u. at 	pressure of 2 

in the ca se of a r on tile experiraental is otherIL points 

were used 2.nd the c or r esp onding heat values interpolated 

froLa the heat curve. 	Because of the uncertainty in the 

sother:.:. of run 95  only the i s other -J. points fr a run 12 

were used in conjuncii on Trit h the heat curve. 	The data 
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Table 33 

on Spdi= ivaolinitc at 77.36°is  

Run and 
Incra.ent No. 

\i _Lilo Eorbod 
1,L.s.t.p./:„. 0 = V/v,, Es(exp.) 

e.u. 

13/1 0.65 0.24 12.05 
13/2 1.74 0,65 9.81 
13/3 2.78 1.04 10.53 
13/4 3.16 1.18 10.93 
13/5 3.45 1.29 10.99 
13/6 3.61 1.35 11.01 

14/1 0.92 0.34 12.05 
14/2 1.60 0.60 9.89 
14/3 2.19 0.82 10.09 
14/4 3.04 1.14 10.83 
14/5 4.01 1.50 11.03 
14/6 4.87 1.82 10.78 
14/7 5.73 2.15 10.03 
14/8 6.42 2.40 9.00 



143 

Table 

Diff 	Ent r O,J, Of,t-r:z-n7, _an 	er ed 

S oditul iolinita at 77.36
0,A., 

Run and 
Incr a :ant N - . 

V3lullie S Dr bed 
--...e.s.t.p./g:z. 

e 	v/v  , 
cu. 

10/1 0.53 0.24 11.10 
10/2 1.10 0.46 10.87 
10/3 1.43 0.60 11.13 
10/4 2.17 0.91 10.68 
10/5 2.83 1.18 11.50 
10/6 3.82 1.60 11.15 
10/7 4.76 1.99 10.75 

11/1 0.65 0.27 10.94 
11/2 1.61 0.67 10.78 
11/3 2.35 0.98 11.25 
11/4 3.01 1.26 11.47 
11/5 4.02 1.68 11.03 
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Tp.ble 35 

-)iffP119P!!;,i1 E!41tK01a. 

on SodiuLl 	.7:t 2500 

Incro ,ont YD. 
aoilat b-rlbod 

:,T; is/ c,,: i e = l'/wL  83(exp.) 
e q l.i. 

H
 C "
) \

K )
 C
o
 --

.1
 0 \
 \,s

t-
r

k.A
-) T

\.)
  H

 0
  \.
0
  C
o
 -.

3  O
N 

\5
1-
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"U

u 
ru

  I
- J

 

	
___

__
_  

0.-09 0.03 2.06 
0.27 0.09 7.28 
0.58 0.19 11.72 
0.76 0.25 16.65 
I.06 0.34 16.04 
1.23 0.40 15.84 
1.53 0.50 14.17 
1.69 0.55 13.66 
1.98 0.64 13.04 
2.111 0.69 12.50 
2.30 0.75 12.24 
2.46 0.80 12.29 
2.61 0.85 12.43 
2.76 0.90 12.86 
2.99 0.97 13.24 
3.13 1.02 14.03 
3.37 1.09 14.13 
3.50 1.14 14.68 
3.71 1.21 14.68 
3.83 1.25 14.60 
4.22 1.37 14.27 
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are riven in Table 35. 
5.7. The Natur e of the Sorbet'  Phil se. 

11 onol ayer on the ext i r of a s olid 	be 

considered s being either ::obi.le or 1:;c :lized depending 

on the LC'. -1,11,1t1V, 	t he 	°nor 	bhe sorb lt e c a_par ad 

with the surf a c e- enc.:r 	barrierharriers. 	If the sorbed _1 olecul 0 s 

enc )unt or ot ent 1 b arr er s on the surface gr eat er than 

their tzierLo.1 ener .Ty tfien they will tend t o be c onfine, t 

one e .ion of the 	and the Lh 	will be localized. 

"lterntively with lower potential barriers or at hiE-;her 

t e_per _tures, the elo ales 	losses consider:.ble 

translational fr oar . 

The c ncept of a s or beC: phase being either c o.121 et ely 

localized 	c, 	ely 	is obviously over siriplifieC:,, 

and there is the possibili ty that a loc.alized-mobile transition 

child occur 	 p1-1,-,se which is c orlpl et ely 

at low s or _ate c onc crib 	ons 	st -bee e localized 

at 	c oncentl ati ons, 	The ca, n;:; action of nei 	 ring i 

..1olecules ill result in a fr ee t,ranslat i on pia ssin?; over 

t o a vi 	i son of pr ,r osEively deer ea sing 7‘..plitude with 

incr ea sing concentrations or bed 

Garden and hinge nil955) 	c Dnsider e.,d the 

entr 	of a localized phase on a n energetically 

-is one ou s set of sites. 	The solid is a suzied t o be 

un,.)ertur bed by the s or bat e 	syLt 	is troated 
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one co. ponent phase of 	rb.to in the presence of 

fiolL provided by the s or bent . 

(1) 	N 	uto1 irrt cracti On SilJoono 	surface.  

The entropy of a localized phase .].ay conveniently be 

s oparat al int . t1iJ  part s 

s = 	6" :ler S 111  - c •D 

The ther:ial entropy :ill include entropy origirr.tin- 

fro. the electronic states of the Llolecule vibrations 

about cha_lic7.1 bonds;  rotations and rostricte r otations, 

and vibrations ahat a 1.1 OC. n ositi on on L. s ite. 	The 

ci;uratinal entr o'p„.,  arises fr oz. the ro.L.:bcr 

di stinpo_i 	arrc..nn 	oY' N Llolecules on N sites5  and 

expressiontao 	for the differential configurational entropy 

C.. °dile c.)d by Garden and iintn 1956) In s 

-gc onf = R In  ( 

Sc onf . ftaj this ecuatian is jiotted as a function of 

in Fins. 30 and 31 

LI.i . h 	inter ;...etions h og one us surf ace 

Everett (l90) has sI1nn that the diff er ent ial 

cenia.tjorial ent .Ydy t, 	 acethe eff e,.,t of 

Liutua 1 int aro. ct i ens 	be obtained frcai the partition 

function -47 r owl 0-1: and GuenheiLL ( 1939) as 
, 	. 

w ( - 2. + 20) 
c oaf . S 	= 	1;•. in 	 - 1) - Zli. cn - 	' 	+ 

	

( 	+ 1 - 2-e) 	T 	p 

wia or e i s the nu::::b or of near o zt noi r;,:ab :11.-11  s of any site and 13 
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effect of 

is given by 

= 	l - 40(1 - 	exp (20/21d) 

Garden and ICington (19%) have shown that the 

intraducin:: 	inter actions for the syste:2 argon in 

chab:,.zite is wall in the range 0 = 0.1 to 0.9. 	In any 

case orconf. is zero at 0 = 0.5. 

(iii) Het er eneou s surface. 

For a heterogeneous surface the treatiuent of Drain 

and Morrison (1952) following Hill '..lust be used. 	In a 

later coz_funic2..tion,, Drain and Morrison (1953) have shown 

that at 0 = 0.5 the difference between the values of the 

configurational entropy for the haJogeneous and the 

heterogeneous surfaces is very siaall. 

By cmfining our considerations to entropy values 

at 0 = 0.5 it is therefore fully sufficient to use the 

silaple localized theory on a halogencous surface. 

. 8 . The Theraal Ent r 	of_ her P.. on a nd Wat 	on Sodium 

Ka olinit e. 

In general;  the the-1:_1a' entropy can be obtained by 

subtr..cting the values of the configurational entropy 

calculated by :leans of the equation in paragraph (i) 

above. frail the expert.lentally observed differential 

entropy 

Bt her:1 = 
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The values of S 	are riven in Tables 36 to 38 and therzi, 
plotteC. in Figs. 30 to 33. 

Now;  in talc case of argon;  the ther:Jal entropy 

consists of the entropy of t-e three vibrational degrees 

of freedm, ass3ciated Irith the :.lovelaent of the illolecule 

about its Limn position on a site. 

	

Stheri. 	36v 

Fig. 30 it can be seen tint at 9 = 0.5 

Ss(exp) = Btheria. 	3 v 
= 10.8 e,u. 

• • isv = 3,60 

assuzing that the three vibrati 	entro)ies are equal. 

Consider the entropy of an handonic oscillator at 

77.360L (Mayer and Mayer, 1940) 

hv 

	

= 	= 
kT  

where h = 6.626 x le-2?  erg. sec. 5  P1 	s constant, 

k = 1.3804 x 10-16  erg./Ce;.. the 3oltz_lann constant, 

and 	NJ = the vi 	i ona 1 frequency 

4.8.30 7.; 10
"ii 

•••• 77.36 
- 0.6205 x 10-12V 
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Table.1( 

The C 	i zur a t 	end her:I:al Entropies sf 	on 

on S odiuri K eli nit o at 77.36°ii  

I 
Run and 	i Volar.o Sorbed 

I Thor agent No 	. _ t. s . t, . ,.) ./E-;:,1 
a 	V/ 	, 
v - 	i v...-  11  

'E. 
Sc e.u. 

Ss" - Sthena 
e . u . 

13/1 	i 	0,65 0.2)-1- 2.29 9.-76 
13/2 1.74 0.65 -1.23 11.04 

14/1 0.92 0.34 .1.32 10.73 
14/2 1.60 0.30 -0.81 10,70 
14/3 2.19 0.82 -3.01 13.10 

Table 37 
_ . . . 	... . 

The C onfirati :ml 	 Thera 1 and Thori Entropies    of  .L.r [_ on on . 	... . 	... . . . . .- . 	• . o 
Itio t 31' Covered S odil..1-11 i0. oli nit o at 77.36 K. 

,--- 
Run and 

Incr a lent No 
Vol:_le, gated 
:..e. E .t . p ./:;11. 

__,..1,1/.v.., 	1E Li i  ktoopnuf.  
i 	• _i 

- Es_ 	!_-_ 	 het eDnf 	 m e.u. 

10/1 C.58 0.24 	2.29 8.81 
10/2 1.10, 0.46 	. 0-32 10. 55 
10/3 1.43 0.60 	1,081 11.94 
1C/4 2.17 0.91 	I -4.60 15.23 

11/1  0.65 C-27 	1 1.98 8..96 
11/2 1.61 0-67 	1 ,1.41 i 12.19 
11/D 2.35 C.98 	-7.74' 18.99 
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Table 38  

The .0 	111:f at i 	 ooje 	at or_ 
on Sodiu:-.1 Ka olinite 	25°C C. 

Inc3.- e:- ent 
N3. 

I,:ei.:;ht 
Sorbed 
-_ja=r 

Ifj 
e = 	/6„:_, Sc onac.! 

e.11. 
5s - Sc il.g = St hena 

e.u... 

1 	0.09 0.03 6.91 -4.85 

2 0.27 0.09 4.60 2.68 

3 0.58 0.19 2.88 8.84 

4 0.76 0.25 2.18 14.47 

5 1.06 0.34 1.32 14.72 

6 1.23 0.40 0.81 15,03 

7 	1.53 0.50 0 14.17 

8 	1.69 0.55 -0.40 14.06 

9 	1.98 0.64 .:1.14 14.18 

10 	2.14 0.69 -1.59 14.09 

11 	2.30 0,75 -2.18 14.42 

12 	2.46 0.80 .:2.76 15.05 

13 	2.61 0.85 73.45 15.88 

14 	2.76 0.90 -4.37 17.23 

15 	2.99 0.97 .6.91 20.15 



Fig. 30. 

-16 - Configurational and Thermal Entropies of Argon on 

 

Sodium Kaofinite at 77.36°K.  
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Now 	bo calculated f or, v:.-rious values of 	and 

correspondin values of 8/11 an: therefore iBvi can be 

obtained fro-.1 the Tables in layer and idayer. 

,1 -) 	(sec • 	) 8/.1i iS.v 	(e.u.) 

0.-40 0645 x 10/2 1..923 3.82 
0,45 0.725 x 1012 1,807 3.59 
0.50 0.806 x 1012 1.703 3.38 

Int erp olatinz 	on 	1.3v = 3.60 e.u. 

= 0.72 x 1012 sec .1 

Orr (1939b) calculated the vibrational frequencies of 

ar:,on above various points on t.,.o poto.sz.lu... chloride lattice. 

He obtained v lues for \) of fr -y. 0.81 to 1.00 x 1012 E.ec-1. 

Usin the above ar:on dat -. we can sosti:late the 

vi~IJJ: at onal fr e ency of water 

whore f is the restorii-k,, force and zi the l.ass of the :aolecule. 

There: .. e; a ssix:ia-,; that 

wheregst is the heat of sorption and 	is the .-lolocular 

weiis•ht 
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H2.) 	(14120 . = 	 l'A 
A 	1/11 	.H20 

/13 4 	39.94 = /  ' 	• 	 — 3o555 
/ 2.35 18.02 ,,, 

= 3.555 x 0.72 x 1012  

= 2.56 x 102.2  sec" 

Not, cmsider the entropy 	hinonic oscillator at 25°  w 	 0 

i1' 	4.800 x 10-11l)  u = 
298.16 

= 0.161 x 10-12 )) 

before 	 can be calculated f Dr various values of u9  

and c r sp ondinz values of S/R. and therefore iSv, can be 

obtAined fr -2-.1 the table, in iiayer and Layer. 

u (sec") S/R iSv  ( e.u. ) 

035 2-17 x 1012  2055 4,08 
0-40 2.1-1-8 	:: 1012  1,923 3.82 
0.45 2.80 x 1012  1.807 3.59 

Ther el - re when )H20  2.56 X 1012  sec-I 

iSv 3.76 0.u. 

••• 	 36v = 11.28 G.11. 

H2O 
_—_-. 2.56 x 1312  85 *-1  

3 x 1010 

H2O 

56 x 1012  sec 
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Fra..1 Fig. 33 it can be seen that tho therlial 

entropy .-.‘f rater on sodiiio .',-a .)1inite when 0 = 0.5 is 

St laer-Li = 14.5 e.u. 

Now, for wat er 

Sther::1 = 34 +3Sa.  + Sint vib. 

where 36R  is the entropy _associated with free rotation or 

libr ti 3.1. 	The entropy associated with internal vibrations 

is nagli_jble at 25°C. 	Therefore 

36R 	St 11 	36v 

14.50 -. 11.28 

3.22 e.u. 

Iieolwyn.Huzhes (1957a) gas shown that the r otati 

entropy of water at 25°C is 10.1+8 e.u. 	Therefore, the 

of free rot tion for the sorbeC_ phase of 

water on sodiu__i ,a  linito can obviously be rulec 

5.9 	Thej:reciRency of Librati on 4' JA.c sorbed Vdater at_25C 

s 	all tile libration frequencies to be equal 

= 	'32  = 1.07 e .0 . 

Fro:a the relationship for the entropy of an har_.:onic 

oscillator at 25°C 
= 0.161 x 10 12\) 

vlrious values of u 	 be calculated and 

the c Orr es)ondin&; values of 6/R Dbt 	fr all Mayer and 

Mayer 
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t, ( ::Lic-i ) sfit 1.6 4_ 	( e . 1.1 . ) 

1.75 10,87 x 1012  0.559 1.11 
1.80 1118 x 1012  0537 1.07 

1.85 11.49 x 1012  0.516 1.03 

T 	er ire when 	= 1.07 e u 

= 11.18 x 1012  sec 4  

11.18 x1012  
3 x3.01° 

373 c:1-1  

0  . ia C a:).1r.ri son 	the Vibrat -)n:.1 and Librati onal 
. 	_  

Frequencies of Soli.Liquid and 	sorbed Water.  

Values of the vibrati 	ecuency of ice and water 

hav, been ?Iota ine,f. by Carturi,?;ht (1936) by direct 

observati 	of the infra. rod spectiun. 	,dso by direct 

Die s er vat i 	zu.er a nd l arve: (1956: hi-. ve obtained values 

r 	tno li 	:)nal frequency 	ice and uatere 	These 

listed in the ',113win_; table, together crith the 

values for _d sorbed rat or c al cula t ed Tr 	this study of 

Ivat 	en s 	of i nit e 
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Table 39 

Frequency 	 ") ( cm-- 1  ) 

Ice Liquid hater . cis or bed Water 

Vibrational 
Li brat i ona 1 

160 
800 

160 
710 

85 
1+00 

It can therefore be seen that: 

(1) the vibrati mal frequency i.e. the vibration 

about the L.lean positi.-,n on a site is considerably a.ialler 

in o.dsorbcC water than in either bal_= phase. 	The 

frequency calculated as the frequency of vibration of the 

adsorbed water is in fact the :•.:ean of one vibration 

nornal to the surface and two vibrations parallel to the 

surface. 	Since the heat of sorption istreater than the 

heat of liquefaction or subli:lation;: the frequency normal 

to the surface _lust be cgeater than the vibrational 

frequency of the bull state. 	It Lust therefore be 

concluded that the transverse, vibrations about the adsorption 

site ai 

	

	1 lower fret_uency than in the bulb: phase, 	Tnis 

conclusi n is entirely feasible since the resterin:, forces 

in this direction will be 1.-wer in the adso5.'bol phase. 

the libLation fyecuency is lower than in the 

ball: phase. 	Since the restorin?; forces for librational 

Liotion in the sorbed phase are a.laller than those in the 
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buL .2 1'se this 	 perfectly r ea s ona ble... 

The abwe e )nclusi ns -roLa-r din ; both vibr i :mai and 

equencios are in a -,:cocent with the results 

of 	 ohnsdorff (ch.D. thesis 1959) wiio in his study of 

water sorbed in 	A FLJ.1;0c_ that the heat capacity-  of 

the s or becl wat or 	 at or than that of liquid water 7  

after suit able corr ecti n had been :Jade for the declust ering 

effect. 

.S-LI.:111'2.--try 	Qonclusi 	. 

) 	The area 9c cupi ed b; a water . ,olecule in the 

first layer on sod:jar:1 aolinitc is 11.0 to 11.5 12. 

This oli:..inat es Lacey 	the r -Lrat the ocisorbod water has 

the structure of ice. 

(ii) 20 o or cent of the oaolinite surface is 

substantially ioi e active in physical ads or Ai on of ar L7; on, 

nits on and water than the reainin 80 per cent. 

This activity is identified with the electrostatic field at 

' the surface rather than with dispersion f -)rces. 	T hot is  

one active site f 	water a s )1- pti on for every Na i 

on the surf C . 

(iii) The heat of adsorption of wat or in the second 

and hi:71-ier layers is between the heat of subli_.1.-ati Dn and 

the heat 	vap orizati on ancl there is no evidence of any 

1.)n' 	effect e:anatinfrao the oolinito lattice. 

(iv) Calculations of the electrostatic fie16. over 
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two ? o iti-",1"raon t1:6ice c (war ec. 	-;,].mite   surf a c e show 

that the usual si 	oxpr e s Li on 2 Dal 2  for" the induction  

end-, 2; jr i w una ble 	cc --unt r or the diff e ence between 

the heat of ac.s -pti on 	- 	thi s surf r.ee and the 

heat of suolinati on. 

(v) The n.on appearance ar 	 in the differential 

heat curve of 	on at hi 	c oncentrati 	 unif 

ice 2 	C cm.-i.ot be oxpl i 	in t 	_s f r oi)ulsi oil 

between induced dip )los . 	explanati on in t 	of close 

pa 	of tae ar_,on at s is .7.0.va nc 

(vi) The -diff or ent ia 1 heats 	s or pt i on 	nitr oc; en 

sh 	th.:.t the,  C )ntri but i on j:r 	the intor a et i 	of the 

quadrupole with the surf aceielc ;*.r (;.ient is of 	act no e 

both on the 	olar surf ',co of wi:t or :_iolecules and on the 

e surf ,c 0.7  which is n pro ionic in nature. 

lvii) .mot 	= o.5. the _lean vibrational fr oquency 

an adsorbed 	__Iolocule :lb mut it s site p ositi on i s 	. 

7)5 c1.1". 	e 	 tiie -vr.t n ...lolecales is not 

eC. b7..-t a libr 	onal notion with a ...lean frequency of  

c 	LFOT) 	" i  is roc  fired by tn.:,  onus o) C::t2.• 	oath 

fr ecuenci es are lower than in the -.)ba se 	icc 	liquid 

wat er ric:i su,„ • st t 	t e r e st i 	force   :1 any lateral 

.. Ai on on the surface is slaaller than the C Orr s 1)-nca 

forces in the bull: ply: se. 
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h.PPENDIX I 

Thc.,. Calculation of the 

Electrostatic Field D.bovo an Infinite Plane 

of Dipoles Oriented Perpendicular to the Plane 

For this calculation the layer of water _.1olocules 

on the haolinitc surface was a ssulJed. to consist of a 

close paci;od hex:-.1,:onal..1 array 	ended in an infinite 

plane. 	The water 	.. ere a di stance d' apart 

and the polar a.2:es wore all oriented in the saltae sense 

and perpendicular to the ,.51a110. 

The field at any point duo to ono dipole of strength 

en ...)y the ecuations (pioelwyn-iiw;Les,:. 1957b) 

3 (1 - 3 cost  0) , 

y =- -. sin 0 cos 0 , 3 

tither e 	is the di stance between the dipole centre and 

the point c...m.sidered and 0 is the an,i;le between the polar 

axis and the line oinin the polar centre to this point. 

F is the field parallel to the polar axis and Fy is the 

field perpendicular to th,, polar axis. 

In tiiis case. for an in 	plane of dipoles5  

the total field pol pendicular to the polar axes is zero. 

Consider the &ore. F.x due t o one dipole at any point 



abovo th. piano of dipolo. 

Pio 

3 is thu point in tiic, piano of dipolo contros 

directly bcaoT.. a • 

Fx 	
= a-) 

(1 - 3 cos 2  0) 

a  2 	
Ii 

2 	A 2 

and. cos 9 = 

  

(112 + 22) 

   

• 
• • Fx = 	2 	'2 la + )2  

 

2 
1 - 

( a2 I_ £2) 

   



Lot h = Ld and = fd 

where I 	i s the distance .00tween the water dipoles. 
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Then, 	 • 
2 	_ 	2:,c  2 

= 	
d3 (1 `+ f  2 )4' 	2 j ff  2 

2 2Y2  
(  

- The total field at point 	duo to an infinite 

plane of dipoles was ca 1 cl:lat oZ. by ....cans of a sa:"lation 

for the 63 or 73 dipoles nearest to point j3 followed by 

an int 	on t in unity for the r a_aining contribution. 

The suLl at i on was 	 orL. od by calculating t he 

values of f fry__ the ecActri/ of the plane of dipoles, 

giving 	vari :fa s valu es fr oi.1 0.4 t o 2.0 and sub st i tut i 

in equation (1). 	The field jao o the E3 or 73 nearest 

not 	E- was t her ob obtained ( in t erns of p,/d3 ) a s a 

function of the height above tic plane of dipole centres. 

The °qua ion f or the int e. ,r2Lti on was deli ed as 

foil rows . 

Consider the field at p 	at a perpendicular 

di st anc e h fr a: an infinite layer of dipoles each of 

st r cngth u,. 	Each dipole is porp ondic ..lar t o the ,plane, 

and the. (I ensity of dipoles is P per cili" 	.L11 the ry 

anent s will cane el out so that the total field at L. 
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will 'co duo only t tho F caL1,2on.atc, 	B is tho joint 

in tho 	of dii,310 contros diructl- j  bolow 

Thu fio1C, c 	onont at 	duo t o ono Cdp olo is 

(1 - 3 cost  0) 

Thc:oi aro too fiald 	dt_i_o to all dipoles in 

tho annA.us of rr_Idius 	and wiutIa dt is 



Fx 	• 2q..dk 7  (1 - 3 cns2  0) 

Thor of c.)r o tho 	 duo to all dip plus bctwoon 

and r30 i. s 
c)`' 

= . ),t) 3 (1 - 3 c -,s2  43)a 

(1 - 3 cost  

r ow 	cos a = 	• • a 9  
1 	cos38  
a 3 	h3 

tan 0 = h tan 0 

h soc 28  

• • 	Fa ( int c.3;3..-  at rua) 

= 	2 	 d0 
cos 0 

=  2n- )(1  - 3 cos2e)sin e d0 
11 

 

.-cos3G) c) 
03. 

c Qs° 

  

- -- 	cos ei - cos0i ..). 

How„iv 	COS 

and,: a  s  a  b ovo Lhon considorin.,; thc 	 lot 

h= xd 	. 	= 17 

Each dip ;le: 	DC cupj es an ar ea 
	3 d! 

0 	2 
J 	/17)7, 2  



2Tr,  
Fi x( int e?;•Lati on) 

4 	a -) CL • :cd. 

11 	 h
3 

2 	,12 	 3 (11. 	) 2 	th 	t-)2 
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113  

1+ -n- 
-;3 

      

 

X2, f 2 

  

( 2) 

    

       

The contribution to 	fro._ all dipoles not 

incluLed in the sul::_lati on iT S the-2 of or c obtained by 

sub 	itut ing in equ.aLion ( 2) the value of f f or t-le near e 

dip 01 o to pointB ( 	 DZ:̀:) taken in the sur_r.inti on 

by :.-leans 	equation (1) ) 7  and values of x between 0.5 and 

2.0. 	The total value of the field at any given value 

was then the total fr era the 	on plus the contribution 

a__ the nt egrati on. 	The total field as a function of 

the hei;ht abev the piano of dipole centres is shown in 

Fig. 25. 	T he co. lcula t i on ha s p or 	for two positi ons  

above the dipole array (i) whore point B coincides with 

a dipole centre and (ii) where 	B is at the centre of 

a triangle o dipoles. 
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...tYP.L.41.) -.4 II 

The Calculation of tho 

Eloctrostatic Field. above: an Infinite Plano 

of Di i olos Oriont 	Par,,  11 ei t o t 	Plane 

FT 	this calculatirm tho layor of ',Tat Or "..oleo 1110 S 

on the.clinitc aarfacc wiL assuLiotf. to consist 	a close 

packecf, ho..,..a,:';onal array extended in an infinite' plane. 	The 

wat or .11olcculc s CT 0 a di 2t nc 	d apart m their polar 

izor 	oLi_onted in tho sane sense, and parallel to 

the piano. 

The field at any point duo to •onc dipolo of 

0.11;t1]. !, l s ivon by the ectIations 	hoolvyn 	1957b) 

FL- (1 -- 3 cos20) 
a 3  

Fy = - 	sine cos e n 

whor 	7?) 5- Fx  and. Fj- are as defined in ,-,ppendir. L 	For  

an infinite piano of oipoics the total field perpendicular 

to th:_, polar a:zes is zero. 	Thor of e only t 

C 	:p manic s no ocl bo c onsi_ 'or ed.. 	Considor, thereforo;  Fx  

d;. _o to ono dipolo at any point L. above the plane, of dipoles. 

Take first tho piano ...CD in which. GP is drawn in tho plane 

of polar contras and parallel to the polar a  S 	0 

_CD is a right n2,1c. 
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b. JD 

0 is the-2..ngle in to 	plane betwcon .1) and the 

p 	s. 

There fore cos L 130 - 0) = 	= a 
2 , cos 

b 

a 

1.3D is the piano p Uri) endi cular to the plane of 

poiar contr es angleboin a right antic 

a 2  ---- 11 +2 	2  

3b2  
= 	(112 + ,e2 ),i, 	1 	h2 



172 

Definin?; all distances in 	of 'd' as in 

,.pponoi: I lot 

h = xd 

fd 

and b = gd 

232;2 ,2 x + -.;;; - ( x2 	f  2)4' d3 

+ 	) ( 	X2 + = 	2 	2 4 	 f 2 
1 	X2  + f 2  -- IS2 

        

F 

 

2 	2 3, 2 

   

(1) 

      

 

+ 

    

        

• 

Thu total field at point duo to an infinite 

piano of 	-) los wa s ca cula t od by ,._cans of a su_JLati on 

for tau 51+ dipoles nearest to point 3, followed by an 

int 	a t i on t 	i nit y for ti:,c).wining contribution. 

Thu si). 	i yn was perf or;106 by calculatin:]; the 

values )f f 11(i 	f r 	 a:. et y -.)37 the plane of dipoles9  

ivin x various vly.os 	_ 0.5 to 2.0 .and substituting 

in ocuati on 11). 	The field due to thu 54 nearest neighbours 

s ther oby obtained ( in t er_Is of Vd3 ) s a function of 

the hoi . ht above the plane of di;)ole centres. 

or thi s 	C1.1.121 ___od: l. 	the oxpi ossi on 
ti, 	. 

Fx 	= 	3 (1 - 3 o os2G ) 
a  



173 

08 and 'a' arc vlria bl e a . 	In ea. der to intorto for all 

dipoles 	a = ai. ôo we 'cher ef or e. pr °cued_ as follows. 

C onsid. 	tljc intc.ration of the ox.rcssion 

or the electrostatic field duo to a circle of dipoles each 

a radius .t 	point 3. 	In this case 'a' and. 	are 

constants. 

• , 

	\ 	) 

6 -(04--A, cLL 

Tal-zea snail eleiaent of area dc . de. 	L et y = the 

nui-foc-r of dipoles per c:.1. 2 



1.1 so 

Fx: 

d  e 

a3  

dc 	= ,go„x 
2 -11 

= 0 

IT, (2 
1,4,cl d 

3 
104= 0 

72 
/‹ + sin 2oz_ 

2 a 	\ 2 

2 cos 0(., )e.d.OL (1 • 3— 
a 2  

3pf  e 
COS 2

OCCIOL 

a5  f„&- 0 
2TT 

(2r1 

Than (21 
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=; 
,i!)c= 0 

3 cos2e. ur.dc,1 

2 ' 

(1 - 3 COS ')9) dc. 

!x= 0 

No 	cos (180 - A) 	- cos 0 = 

and 	cos 

• It 
- a cos e cos 

cos 0 	 Coso<- a 

a 3 

ed.e 

a3  

 

2  2 32,i it  
a 2 

  

  



0 s313 	3h2tan2
p.e0s

25.tr  2 "n- 	  dI  
h3 	 h2  

Therefor e 

Fx  = I' 
	tan (3. 

Ti/ 7T/2 

h 

13=-3i\  

of 
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T pis expr s si on ..1-0.st n71 be int sr at 	f or v7.1ue s 

C)0 5  i . 0. 	= 	T- 

tan p =
h  

.*. 	= h tan (3 

(Le: = h.d. tan (3 

h  
dp 	cos213 

d 	2- .dp 
cos p 

3 cos  = h 
 --- ' 	a 

= 	 1 	c o s31. 
rl ----3 , 3 n 

2sin3 eos2 p 	3 Lin3p cos213 

2 sin13 - 3 E.-:in313 dp 

h u. p 
cos-  f3 

• 2 ,11/ 2  c os3 
1.•••••••••40.• 	cos p 

3 h 
p 
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Tr/ N 2  

cos Q  - ccs3 

/QA. 

Qi 

27-pa 1 h3  

473 d 3 
	

3 

2 + 	 2 d  2 2.79A, 

3a3 x f  2 4. x2 )A.. d3 

In tho::.,del   under c sid or ion one dipole 

occupi s n 	cf7. of 4 id 2
/ 2  . 

2/ 
4,  3 d 

2  

411 s o 	h = iicL 

f d 

and 	a 2 
e2 	2 ▪ h = (1.2 + .x.2 )d2 

• 714 .  	3, 
• • 	 CDS pi 	Cos (31 

• 27f 	 2 
• • Fx  ( int e:rat -1 on) 

(f2 + x  2 ) 

The c mtributi en to Fx 	JII‘ all dip Dios not 

included in t 	 )n '112. S t or (Jf e obtained by 

substituting in equation ( 	value of f f the nearest 

dipole t point B (excluC.ins 	conAdered in the 

 	i on by 1_ cans of e • t i 	( 1 ) ) and. values of 

• 0 
• 

( 2) 
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between 0.5 and ?.0, 	The total value of tie field at 

any ij_von value was then the total fro_A the sua=ation 

plus the contribution fz a.1 the int cc;r:Lti on. 	The total 

field as a function s.)f the hei.L74ht above the plane of 

dipole conti o is shown in Fif:,;. 2. 	Th,,  calculation was 

perfor:i.ed or the position above the dipole arr -,-,y where 

point B is at the centre of a trianij,le of dipoles. 
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