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The differential he~te of adsorption of argon and
nitrozen 2t 77%. 2nd of water at 25°C, have been ieasared
on a saaple of gadiun :=clinite by 2eans of 2 non-.adilabatic
calorineter. Heats of adsorption of ~2r,on and nitrogen on
an ice surface; forned by freezinz twvo ioleculay layers of
water on to the sauc soiiple of sodiva kaolinite, hove also
boon measured at 77%.. in the saie calorineter. Isothern
lata corresponding to all tihc above systeils were also
obtained, andé the evrluation of tac diffcrentizl entropies
of sorbed argon 2t 77%s. and sorbed wator ot 25°G. thereby
arriec out.

ey

The sorbent was prepared by electrodlalysis of a

w

seiple of natural kanlindte of pariicle size 2-5 nicronsg
de.

followed by titravion vith scodiwa hydroxi Goes increients

were ersurcd voluuetrically. and the apparatus which was

for tue gravinetric aeasure.ent of siall increaents:

Q
o

decizn
of water is als: degeribed.
The BLE.T, theory was applied to the data obtained

froz 21ll three gorprte molec lee. The ~rex occupied by a

- ) (g 82 i SR N } - RPN ;
sorbe¢ water .:olecule (11.0-11.5 ) could thererore be
calculotad, and theorieg of toe nature of wator loyers sorbed
on clay .iner~ls were ciscusced in tne light of this

aolecular arex and the hexte of sorption data.

Hizw hexts »f sorntion on sodiun lmoslinite were
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obgerved 2t low surface coverage. This has bcen attributed
to the presence of active sites 2t the haslinitc surface,

identifiablc vwith tho electrostatic field rather thanwith

lignersion forces. In frcts these high heats F sorption

[

are probably cue t o the pregence of Na+ ions.

The clectrogtntic field hog becn calculated Over
tws poeiti-ns on the ice covered sodiv.: azlinite surface.
Wnoattespt £ty aceount for the difference between the heats
of sorvtion of arg-on -n tae ice suvfacce ane tne heat of

&L
\

sublinati-n of argon by me~ns of the expression u = uian
resulteds liowever, in an unreasonably small value for the .
dist:nce between the sorbcd 2o atous ana the ice surface.
In o similar nanner. on atteapt wos ande o explain the

differcnce between the initial hents of corption of nitrogen

and of Aargzon on tae ice curfrce by calculation of the

interaction 2f the nitr »jen cuacrupole with the field gradients
cccurring 2t the ice surface. In this case. o iiore

1e“~onﬁolc value for tue distancc between The nmitrogen

1nleceles and thae ice surface waeg aptoined. It s been
shovm tunt the contribubtion to the heates of orption of

nitrogen froa the interaction of tae nitrogen quadirupole
witihi the field gradients 2t tae surface is significont

both on the g~diuws @ linite surface ant on tue ice surfaces
walch is electrostatically iove unisori.

NWo ooxiouw: woe observed 2t higi surfoce coveraze
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in the differcntirl heat curve =f argon on tae ice surface.
The absence of a zaxdone: could not be explained by the

induced dipole-induced dipole repulsion. since the value of

1]

)

this repulsion at any rexconrole arzon 2rgon distnce was
too g1nll to mullify the van der Waols attracticn. L
theory uas tlhicrei~we advonced in terirs of close oaciging of
argen-~atoas .on the ice suriace. the interatonic dist:nce
having such o value tuarxt the van der Wanle forces wouléd be

negligiblec.

~

The diffeorentinl entropies. 2anc hence the thernal

T

14

entroples: of adsoarbed nr,2n anc adeorbed water were

calculated froax the c.periaentol dato. Froa the entropy
data the 2ean vibrational -~nd rotational £rcquencies f a
gorbet water iolecule were crlculatced. The value of the

Ia e

rotational frequency indicrted thint frac rotation was not

[¢J]

peraissidle. but that the water inlecules experiencce a

librational .isti-n with 2 uean frequency oF c.a. 400 civ-i,
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CHAPTER I.

INTRODUCT ION

Marshall (1949) remarked that 'no measurementé are
available on the differential heats of adsorption on
pure clay minerals'. Althouga there nave peen a few
attenptes at deternining heats of adsorption on kaolinite
in recent years (see, for exa.ple, Goates and Bennett,
1957)5 there have been no calorizetric measurements prior
to the presentwork,

In order to understand the surface properties of
laolinite, a knowledge of the crystal structure is
required. The problen of the crystal structure of
kaolinite was discuseec in many publications froa the
late 19th century onwards,; but was not solved until
Pauling(1930) suggoested the frue mature of the kaolinite
structur89 which was subsequently proved by Gruner (1932)
and refined by Brindley and Robinson (19%6a).

The structure of kaolinite is now well established,
altnough the couposition may very somewhat fro: the ideals
The structural formula is (OH)gS8i,Aly010; and the
structure is composed of a single silicé tetrahedral sheet
and a single aluaina octahedral sheet: conbined in a unit.
go that the tips of thae siiica tetrahedrons and one of
the layers of the octahedral sheet forn a comon layer

(Fig. 1). 41l the tips of the silica tetrahedrons point



in the sane direction, towards tae centre of the unit.

The dinmensions of tuc cheets of tine tetrahedral units

and of the octahedral units are closely similar in

their a and b dinensione, anc conscguently couposite layers
are readily foruedy and hydrogen bondiing occurs between the
oxygen and hydroxyl planes in adjacent units. Conesecuentlys
the layers are fairly tightly bound and cleavage is not

so pronounced in kaolinite as in other clay inerals.

Therc appears to be no roon for penetration of iong or

snall nolecules between thce sheete,

The rinerals of the kaolinite zroups kaolinite,
nacrite and dickites consist of sheet unitc of the type just
described contimious in the a and b directions and stacked
one above the other in the ¢ direction. The variation
between neabers in this group is in the way the unit

¢

layers arc stacked above eacn otheor. anc possibly in the
position of t.ue alw.iniun atoms in the three positions
open to then in the octahedral layer.

In the case of kaolinitc itself, Brindley (1951)
has investigated the stacking of the unit layers (Fig. 2).
Buccessive unit layers are so arrangec that oxygen atoms
and hydrp:;yl groups of adjacent layers approach one another
in paire, This disposition can be obtained in a variety
of ways, with the ¢ axis perpendicular to the ab plane

or by displacenent of one layer relative to its neighbour



Oxygens...__ o
Hydroxyls_...®

Aluminiums_.®
-Silicons..._.0®

Fig.1. Q_iggrammatic sketch of the structure

of kaolinite, after Gruner(_1932).

- 2, .
‘Fig.2. The stacking of unit layers of kaolinite: -
" .along_the a and b axes, after Brindley (951
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so that the displacement is naog/6 or nbg/6, where n and
1 are inte;ral and ag anv bg are cell dinmensions. This
displacenent for kaolinite is u = 0 and n = 2.

Brindley and Robinson (1S4€b)s Grimshaws Heaton
and Roberts (1945), and Grim (1S47) have all reportcd a
kaolinite mineral of lower crystallinity than that
described above. Brindley and Robinson have investigated
in dectail some cxamples of rather poorly crystallized
Kaolinite apd statc that the structure is hijhly disordered
along the b-.axis, wi?h the unit layers randonly displaced
by multiples of bo/3. There is also sone randouness in
the distribution of aluwiiniwn atoms anong octahedral
positions.

The surface of kaolinite thereforc consists of a
layer of oxygen ions at one basal surface and a layer of
hydroxzyl groups at the other. The broken bonds which
must be fornmed at the edges probably take up water to
form hydroxyl groups. Exchangeable cations are also
present but their position is unknown. »

In recent years several autiiors have published
isotherns, mainly gf water; on matural and various ionic
forms of kaolinite. Keenan. Mooney and Wood (1951)
prepared ionic forns of kaolinite by electrodialysis of_
a matural gradation and a fraction of particle size< 0.5

nicronss; followed by titretion to pH 8 with the appropriate
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hydroxide. Surface arecacs werc deteruined by low tauperature
nitrogen adsorption, and the effegt of various cations on
water adsorption was investigated. The sodiuwa kaolinite
prepareé fro. the frac.ionmated sanple had a surface area
of 27.8 metres®/gn., a water nonolayer of 6410 nga./gitey
and an ion exchange capacity of %.18 . equivs./100 gn.

411 these values are higher than those obtained for the
csodiw: kaolinite used in the cxporiments described in tiis
thesis, presuably because of the smaller particle size of
the fraction used by Keenan et al.

Koeman, looney and Wood observed that the adsorption
of water per unit surface on lithiua kaolinite was
independent of thc mumber of Li+ iong present. This
result, however, was based on a coaparison of water
sorption on lithiun kaclinite vrepared fron (a) the fraction
of < 0.5 niicrons and (b) the matural gradation. The
aésumption was nace that the water gorbed per unit
surface areca was unaffectod 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 la?tice where ite hydration
is prevented by steric factore. Therefore, by subtracting
the weight of water sorbed on the lithiw: Laolinite from
that sorbed on any other ionic foruy they obtained the

nutber of water molecules acsociated with each exchangeable
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ion. This scens to be an overgluplification of the

problanﬁ but the valuc obtainced for sodium kaolinite was

1.8 uolecules of watcer per Na+ ions wiich is in reasomble

agrecncnt with the estinate of one 1:olecule per Na* ion

arrived at from the hcat data obtained in these experincnts
coe p. 118).

Orechiston (1954) ancasurced ilsotherins of watcer on
natural kaolinite; and Goates and Zennett (1957) did the
sane on a sodiua clay of particle size 0.15 to 0.35 microns,
prepared by leaching with cxcoess NaCl solution. The latter
also calculated the heate of adsorption fro: the eguation

i

;’)("n D = ._ EH-

A2 R

T W

The heats of adsorption as 8 = 0.5 — 1.0 fell from 14.5
to 13.0 k.cal./uoles, coupared to 13.5 to 12.5 k.cal./mole

ncasured for the sane surface coverage in tihls work,
The water nonolayer calculated by Goates and Bonnett
contains 30 per cent less weizght of water and, at the
cozpletion of the .onolayer. the pressure is 20 per cent
greatcer than the co:responding fisguree of the sodiun
kaolinitc usced here.

The mature of water physically adsorbed on
kaolinits has boen the subject of considerablc speculation

in the literature. Evidence has been advanced that the



=

q

water is in a physical state different to that of liguid
water ( see, for esauple, Gri: and Cuthbert, 1945;. and
several theorice have been postulated reg:rding tiac actual
configuration of thc wator layce:s.

Hendricks and Jefferson (1938) proposcd that the
wator layer is couposed of an extended network of water
molecules arranged in a hexagonal configuration. dach side
of a2 hexazon coirosponds to a hiydrogen bond between two
water nolcocules, leaving one hydrogen aton every two water
rnolecules which is not involved in bondin., within the net.
The net is thercfore tied to the surface of the clay nineral
by hydrogcen bonding of these hydrogen atoas to the surface
oxyzen layer, In the case of #¥a0linites the surface
hydroxyl groups are also available for hydrogen ponding
to oxygen atomns in the water layer. A separation of
3.0 ﬁ between the oxyzen atoxs of Tthe water layer is
required in oréer to acheive a geonetrical £it to the clay
mincral lattice.

tlacey (19%2) has postulated that the initially

dsorbed vater hns the structure of ice. His theory

©

agaln depencs on 2 zeonctric:l £it between the water
layer and the clay lattice. but in this casc the oxygen
atons of the wator noleculcs arc 4.52 4 apart, and this
looser packing would result in a ratio of threc water

riolecules per unit cell arca. Hydrogen bonuing to the
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oxypen and hydroxyl surfaces of ifamolinitce occure as befora,
Barshad (1949) has cuggestud another concept based
on careful déhydration acasuratents witha moni;morilloniteS
the surface of which is couposed of two basal plancs of
oxygen ions ecxactly siwmilar to the oxyzen surfece of
kaoliﬁito. He proposes that at low states of hydration
the water molecules form: tetrahedrons with three oxygen
lons of the silica tetrahcedrons. The hexagon thus formed
is reduced in radivs at higher statos of hydration and the
watgr nolecules adopt a position dircetly above an oryzen
ion. Finally, at still hicher states of hydration. tae
water molecules £ill The centres of the hexagonal water
rings. and the centres of the hexagonal oxyszen rings of B
the silica tetrahedrons not occupled by exchangeable cations.
On the basis of the cross-.sectional arca occupied
‘bf each adsorbed water molecule, which has been calgulated
fron the present work by the application of the B.E.T.
theory,; bacey's ice concept is unacceptable (see p./l5 ).
n£ll thrcee theories negleet the influence of the exchangeable
cations. and since it has becn show:l that the initial high
heats of sorotion of water are attributable to the presence
of cations (p. H® ) this mwst be considercd as a serious
o1i ssion. The heat data indicate that in the water

izonolayer, one water molecule in Five is associated with

2 cation. It is difficult vo reconeile tonis conclusion
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with the above theorics of a rejular hexngonael netvori oFf
wator nclecules.
Water soroned ~ncley winerals hag been considercd

By

Il

©

denser a nd uore viscous than ordinary licuida water. T

q

specific characteristics of this water wnica distinguish

it fro: ordinary wator arc prpbably recstrictod to relatively
short distancee fro: tac clay.particle surfacces, generally
of the ordor of thrcee to ten :olecular layeie of water,
Torzaghi (1928) has attcipted to explain the naturc of
the initially adsor.cd water on thce baeis of tnc dipole
character of tune watosr .:oleculc. de conegiders the water
layers to be hi hly oricnted. but the degrec of oricntation
decrecascs with incrcasing c¢istance frow the surface
because of tic thornal cncrg, >f tioe water Molbcul“s. No
evidence for the eoxistence of this so.called non liguid
2tcr has been found durin: thce prescnt study LoOWCVeT.

a1

Williamson (1951) has sugzostod that thoe nigh
denegity of sorpcd waber which s2s been reported nay be
duc to a 'tightoning' of the wator structurc in the
vicinity of tue cations. He also states that it is probable
that. whilc sonc water hydrates the cations. other W&td:
is held dircctly on the basal planc of tno clay mineral.
‘nis theory is substantiated by thc hoat dat: obt ined
during these cxperinents (sce p. 19 ).

In the theory »f interiiolecular forces there are
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(o7
=t

) ligpcrsion forces;
(i1)  repulsive Forces,
) polarisation forcass
iv) clectrogtatic interaction ootirecn
perianent electric llorients.
Thesc forceeg arce aleo opurative 1n tac physlcal

corption of o soleculc on o sursfrce but the port played

by each ig noraslly coaplicated and oftcn obscurdc., by the

heterogenelty or tiic gurfacc. Thus, for cuaiple, the
efi.ct of the van dor Waals atbtraction betwecen scrbed

olecules vhndich uet occuxr if the wolocular scparztion is

¢

closs to the cguilibric: separation: is scldou oboerved as
o malsinus in o plot of sho diffcrenticl neat as a function
of concentration. It ie veually asgmacd taat thc latceral

intcraction botueen thec adsor

P
i
H
-
(@}
w
<
L}
q.-J
1]
(@]
(@]
-
wn
(&)
C
'i"‘
O
L]
(&)
s
i
o
[}
P)

out! by thie hoterogencity of

Ltita.ptes ©o ¢ plain the adborojencity of any
golid involve »nc or “tacr 3f T ec possipilitics.

(1) The dscrease in the heat of sorption is due t2
active sites eudisting a priori in tuas sorbent surface.
Thees sitos have beon identified witn FoT uxa;plgi Cuy UG8
and corners. lavtice defecte ond rain poundarics.

> to clecerostatic ratuer

&
QJ
<
C

(2) The netuiogencity i
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than dispersion forcecss i.e. the intoraction of the
:10lecular charge distribution with the surfacc electric
field varics with concentration because thae magnitude
of the interacting field dupends on tiue position of the
sorbed nolecule above the lattice. The electrostatic
forcegvarise fro.: fieldwinducgd L0ell kgglzrisatian)q-
field-Cipole ana Ficla cuacrupole effccts.

(3) 4 decrease in tace heat of sorption may be produced
by repulsive forces between soroeed moleculces. Usvallys
however, repulsive interactions can only agcount for a
fall in thc heat curve at hizh valucs of €,

Thus. the factors which contributc to tine fall in
the heat of sorption with coverage have reccived precise
exprcssion but the proble: as applicd to real cascs is
still largely unsolved, In this study. however. it has
beon shown that the sites of high encr.y on tue sodiun
kaolinite lattice arc associated witih electrostatic rather
than dispersion forces, ant are propably due to the presence
of exchanjca.lc cations (scc p. 1%,. The nigh initial
heats of sorption of argon and nitrogcn observed on the
sodiw: Kaolinite surface disappcar caipletely when this
surface is covered with two nolecular layers of water,
becausc the ice surface foras a auch wore hosogeneous
sorbent and the active sites of the zaolinite lattice

are covecred,
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When 2 polar molecule is physiczlly sorobea on o
the suriace of an ionic sqlid all four typces of the forces
listcd above arc involvud. The total interaction can ba
cxperinentally detcerioined as the heat of sorption but an
absolute calculation of any single interaction is
inpracticable for cven tice sinplost syston.

In these oxperl .cnte two surfaccs were involved,

{a) sodiuw: «aolinitc and (b) the icc surfaces produced

by freazing two molceular laycis of water on ©o thce sodiun
kaolinitc. The calculation of the cleetrostatic field

above the ilcc surface followed the nethod used by Orr (1939
to calculate the £icld above ionic crystal: such as potassiun
chloridc. It involved a swmation of smae 70 Loleculcs
followad by an intciration to infinity (sco iappendiccs I

and II1), and tic xmowlodye of the fiocld made it possible

to interpret thic heat data nore fully in torms of tho
interaction of sorbed molcculos witis the ficld.

Threc sorbate wmolecules werc uscds (a) argon.

]

which 1e non . polar, (b, nitrogen. which has a permancnt
quadrupolc Mzgont» and (¢, watcr, which hae a peruancnt
dipole .oucnt. By combining the hoat data obtained from
thoe physical sorption of thesc molcculcs on bothh surfaces
it has bocon possible, in souc cascsys to atvtribute a part
of the total heat of sorption to a particular intceraction.

In this wy; thc distance of approach of the sorbed arzon
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and nitrozen ..olecules to the ice layer was calculatcd.

An attenpt to cuiplain the heat data fo? argon on thae icco
surface siowed that the induvced dipole-induced dipole
repulsion was too small to account for the fall in the

ncat curve; ang a theory in torie of close pacuaing of argon
was postulated. The iuaportance of the contribution of the
nitrosen guadrupols mouent to the ncats of sorption of

nitrogen on both surfaces was also shown.
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CHAPTER II.

EXPERTMENTAL .

2,1, Materials.

f
2:1la. The Sorbent.

- The sorbent used in these investigations was
suppliec 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 from which the fraction of particle size
0.5 to 2.5 microns was taken. In order to obtain a
precisely defined surface. particularly witih rezard to
exghangeable ions; the kaolinite was electrodialysed and the
soucalleq hydrogen clay then titrated to pH 8 with NaOH
solution.

The electrodialysis cell ( Fig. @ ) consisted
of a polythene beaker A and tyo Soxhlet extraction thimbles.
one 90 x 123 imms. and the other 30 x 100 mms. The smaller
thimble C secame the anode compartment, the suspension was
placed in the larger thimple B; and tne polythene beaker
became tae cathode compartment. Support was providec wvhere
necessary by pleces 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

pleces of platinua foil, each 1 sq. inch; bent into a
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cylinder and spot welded on to platinum wire. A
continuous flow of distilled water (about one Grop per
second) was passed through the cathiode from a 5 litre
aspirator and overflowed from the polythene bveaker.

A voltage of 220 volts d.c. was used and prior to
the electrodialysis of a kaolinite suspension;this volte e
was appiied overnight with distilled water only in the cell
in order to remove any ionisable impurity. A miriawv. value
of about 20 milliamps was observed wiaen electrodialysing
a sample of xaolinite and. as well as The current. the pH
of the supernatant liguild above the suspension and the
sodium ion content of the cathode compartmenf (mea sured by
flame photometer) were plotted against time. The suspension
tended to settle at the bottom of the largs thimble but it
was thought that the only afiect of £irring would dbe to
shorten the total électrodialysis time required to reach the
end point.

1 Kgm. of the natural kaolinite was firet rolled
in a drum mill for'2% nours in order to obtain a homozeneous
alxture frow which all sam»ples uvcel for these e.periments
were Talen. The kaolinite was stored in a large stoppered-
porcelain jar.

Following the method of Johnson and Norton (1941)
a preliminary cample of 60 zms of saolinite in about 600 wls

of diestilled water wag electroaialysed in order to gain
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experience for the preparation of the sample -0 be used in
tne calorimeter. The hydrogen kaolinite thus outained was
we.cned out of the cell with disti;led water and the resultant
suspension ¢ividec into two parts.

he first part was used to obtain'a coaplete
titratinon curve with Nala solution (Fig 4). The shape of
Tals curve agreed remarkaoly well with that obtained by
Johmeson and Noiton in spite of the difference in conéitions.
the latter allowing the mixture-to stand for two days wvefore
measuring the H. A saarp rise in pd froa 7.7 to 9.0
incicated pi8acs a suitable end.point for the titration
wiaen preparing tiie sodiuvm lmolinite.

The second part of the hydrogen Zaolinite
suspension waig tit.ated to pi 8 and kept in a Gesiccator
over NaOd pellets to prevent reaction with atwmospheric CO02.
Overnight the pi fell to 6.8 and the titration was repeated
until pH 8 was maintained overnight. Tne suspension was
then cantrifuzed, tiie supernatent liguid cecanted- and the
sodivm iaolinite éried at 70°C. -

It wvas evident from the above observations that
some slow reaction occurred netween the hydrogen clay.and the
sodium Liydroxide. Gregg. Parier and Stedhens (1953) have
suggestet that this slow rate of reaction during titration
nay be due to the presence of a fila of presumably amorphous

material on the surface of the electrodialysed clay.
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L csecond sample of 60 gms. of natural aolinite

in 600 mls. of distilled vater was electrodialysed exactly
as nefora. 220 volts d.¢c. was uvsed and tae currenc. puo
and sodium ion concentration were opgervet a s avove.
Distillec water was passed througa the cathode compartment.

Consideranle fluctvations were ongerved in current readings

3

found possible to obtain consistent values

]
e

a vz & no
of pit. This may have been cue to tie method uvsed waich
congisted of pipetting SO\mls. of tiie supernatant ligquid
from above the suspension. Consequently liquid flowed into
the centr .l coupartment from the anode ant cathodeand the
value of the pid wag affected especially since thg anode
contained a considerabls concentration of anions. The best
indication that the end .point had been reached seemed to come
froa the concentration of sodium iong in the cathode qompart
ment which fell to a minimum of O.1 parts per @illion,

The electrodialysis was allowed to proceed f
235 hours. The flow of cistilled water was then stopped,
and the current fell frou 40 milliamps to 20 milliamps in a
further 5 hours. The hydrogen kaolinite was washed out of
the cell with distilled water and the suspension titrated
to pH 8 with NaOH solution and stood ovérnight in a
desiccator containing NaOH pellets. The titration to pH 8
vas repeated. as before until the value was mainbained
overnight. This took 11 davs and the final »HE was 8.3k,

The suspension was then centrifuged for 4 hours decanted and



20

F

dried to constant weight at 7000. From the total weight
of soGiwm kaolinitg obtained the exchange capacity was
calculatec to be 3.00 milliequivs per 100 gms kaolinite.
After its removal from the centrifuge bottles the sodium
“aolinite was lightly crushed and powdered with a niczel
spatula. The total weight of sorbent packed into the
calori.eter was 15.86 gme.

X-ray diffraction patterns of the matural and of
the sodium kaolinite. prepared as above. were obtained on
the Guinier camera in tiils department. No difference could
be detected betwesn the two samples indicating that the
process of electrodialysis had not affected the kaolinite
structure.

2.1b. The Sorbatec.

Argon nitrogen. hydrogen and water have been
used, The gases were supplied by British Oxygen Company in
sealed pyrex glass burlbs. The argon was stated to be
spectrally pure as was the helium used to 'yive thermal
conductivity in the calorimeter. An.approximate”analysis
of tie gaces used. ygiven by B5.0.C.. was as follows:

a) Nitrogen.

Nit:ogen 99. %%

Oxygen 0.054%
Carbon dioxide 5 v.p i
Hydrogen 1

1"

Rare zases 7
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b) Argon.

hrgon 99.95%
.Nitrogen 0.05%
Oxygen 5 v.p.m.
Carbon monoxide 5
Hydrogen 0.5 "
©) Hybrogen.

Hydrogen 99, 9%
Oxygen 0.05%
dNitrogen 0.05%
CO2. CO etc. LO v.p. &,

In the case of the water the wmain proulem wag to
remove Giscsolved alr and carnon diowxide since these wou%d
mar..edly afrect the low pressure region of the 1sothern.

A 100 mls. round bottomed flagi containing avout 30 mls. of
distilled water was sealed on to tine main line via a liquic
air tran. The latte: urevented difiusion of mercury vapour
into the water supwly. The water was frozen in 1iquid
oxygen ani the air remaining a bove the ice pumped out. A
5006 vacuwl was opitained after about five minutes pumoing.

The ice wage then allowed to melt and the air which had been

rapped passed into tae zas phase. The freezing. puaping

Fa

<

and melting procedure was repeated twice more with liguid

wygen ant twice vitn solid carbon dioide as the refrigerant.

Complete removal of air was proved by checxing the vapour

pregssure of the water with a mercury manometer. With the
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water supply at 21.5°C the value obse?ved was within 1%
of the accepted wvalue for this teaperature.

2.1c. The Hercury.

Most of tihe mercury used was supplied by

F. W. Berx and Co.. Ltd. and stated to be 'redistilled 4.R.!
Mercury from any other cource was _urifiec by (1) filtra@ion»
(2, bubbling with 5¢ nitric acid, (3) washing until acid-free
and ¢rying at 110°¢C. (4) distilling in an electrically
neated vacuvum still in which the mercury to be ¢istilled

formed part of the circuit.

2.2 Apparatus (Fig S ).

'Pyrex' glass was used throughout and whenever
possinle wide_bore tubing and taps were used to give high
puuping cpeeds.

2.2a. The Pumping System and Main Line.

The pumping system consisted of an Bdwardg!'
Speedivac two st.ge rotary oll _uvup naczing a single stage
divergent nozzle type mercury diffusion puap. The latter
wa & heated by a 250 watt strip heater and lagied with two

L
layers of "

asbestos rope. The oil trap 4 prevented oil
sucking back Throuvzh the apparatus in the event of a power
failure. The liguid air trap 5. which could ve eaptied
vhen necessary by brea.ing ite marrow tip, protected the oil
and mercury of the pquing syeten from conbamipation by

condensable impuwiities. 4 simple mecrcury cut-off C
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enabled isolation of the regt of the apparsatus from the
puaping system in order to Getermine 'leak-.rates'. It
was also valvable in the detection of leads in metal parts
during construction of the apparatus.

The Macleod gavze D had two puwamping arms; one of
roughly 12 mai bore and the other of capillary tubing with a
mean diameter of 0.608 mms determined by the mercury slug
method. The closed capillary consisted of 22 cms of the
same capillary tubihg. The bulb volume was Getermined by
mercury weighing as 259 mls. The zauge was not intended
as an accurate measuring instrument but gave an indication
of the vacuum in the syctem at any time and vae used TO
Cetermine lea: rates, A scale covering tie range 1 x 102
am Hg tol x 10”¢ mm Hz was made from grapa paper on stiff
coard. This wac permanently in position so thnat readings
could be rapidly obserwved,. The uvltimate vacuwa Qetermined B
with this gauge was 1 x 107° mm Heg and the 'leax rate';, i.e.
the rate of build-up of presszure in the closet system-
about 1 x 1077 mm ag per hour.

There wvas an Edwards' Speedivac single stage
rotary oil pump used as a source of 'low' vacuum- to lower
the mercury from gauges etc.

2.2b. The Gasg Storage.

Gases were supplied from the gas manifola E into

which the B.0.C., cylinders were sealed via a tap. The

compressor ¥ enabled maximum use of the cylinder gases and
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wa e particularly useful when nizher pressures were reguired
towards the end of a sorption run. It was also used as a
storage bulb vwhen helium was present in the calorimeter G
to avoid contamination of the cylinder jZaces,

2.2c. The Gas measuring System.

To deteimine the volume of gas sorbced in an

1,

increaent it was necessary to hove an cxact inowled,e of the

<y

volume the temperature and the pressure in all parts of the
zas phase, before anéd after exposure to tne sorpent.

The fundamental calisrated volume in the gas
measuring system vas the gas burette H and fro: this the
volume of any other part of the system could be Cetermined
(see p.57 ).

Host of the gag line was at room tceuperature and
fine mercury-in-~glass thermometers were used to measure the
temﬁerature in various parts of the apparatus. These were
a%l_Od50°C in range and were checked against the cGepartmental
N.P,L. thermometer between 15° and 30°C the expected
variation in room tempersture.

The zes burette was gurrown el by an alr jac«<et to
reduce tempergture fluctuationes in this relatively large
volume. A 0..50°C thermomete: wes suspended centrally
within the jaciet. Two other 0.50°C thermometers were
Gistributed arounc the jas lines which. in order to keep
dead-space volumes to a mlinimun were entirely of 2 mm.

capillary connected by 3 mu. taps. During laver runs the
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temperature of the liquid nitrogen bath surrocnding the
calorimeter was measured by an OXygem vapour pressure
thermometer but for earlier-. lesgwaccurate runs this
temperature was assumed to be 77.5%°K.

Prescure measurements werc made on a precision
manometer L carefully mounted to reduce vioprations. ?he
manometer was constructed from 16 zm. 'Veridia' tubing. _ On
the gas side this wide bore tubing was connected to 2 mm.
capillary tubing to reduce the dead.-space. When taking a
pressure reading the mercury level was adjusted so that the
mcniscus on the gas side wae within the 6 cms. of 'Veriéi
tuoing at the bottom of the gos side arm. The manometer
tubes, which had been carcafully cleaned in hot cinromic acid
solution and washed Thoroughly in distilled water. were
mounted in split brass bearing blocks on & heavy i" steel
plate. This was Ffized to a 2%" Giameter steel pipe rigidly
clamped betwesn the roof and floor of the laboratory. The
steel plate also formed the back of a box structure surrounding
the manometor to reduce teamperature fluctuavions. The sides
of this pox were of wood lined with aluminium which reduced

. " . \ , , 0
the vertical temperature gradient in the box Ho ~hout 0.2 °C.

The front of the bo. was of plate glass. dinges at one side

1>

of the steel plate allowed the box to be swung aside giving
access to the manometers. The mercury regervoirs wvere
supported on a shelf of %" steel welded to the pipe. A

reference marx was fixed to the outeide of the zus side of the
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D

manometer and gas phase volumcs calculated with respect
this. After ;etting the mercury levels to the reguired
position, well.formed menisci, necessary to allow for
capillary denression. werc obtained by czerting a small
additional pressurc ondie mercury surface of the reservoir by
closing a screw clip on a closed vubboer tube attached to the
regervoir bulb. lith the rigic support for the manometer
;escribe@ above a steady, vibration-frec surface was
obtained. General illumination in the box wag afiorded by’
a shaded 40 watt tubular lamp. The bacxgrounis of individ-
val menisci were illuminated with a galvanometer spotlight
veing a 12 volt. 2% watt bulb. The mercury levels were
read with a cathetometerg made by the Precision Tool and
Instrument Co.. Ltd.,. mounted on a trianzular steel base
about 1 metrie from the manometer. 3efore taking readings
the cathetometer bar was made vertical using the spirit
level on the telescope. In fact the bar was not cuite
straight and the telescope therefore not horizontal at all
levels. The spixit level was therefore calibrated and by
observation of the bubble position a coriection was applied
to each reaglnv of tne nercnrj level. |

P A - e -

2.2d. The Watex. meacu;lnn"§ystem (Flh. 6 ).

lieasurement of small guantities of water by the
volumetric method used for gases presents problems because
o’ the dsorption of water by the walls of the glass vessel at

room temperature. Gas phase imperfection for water at 259C
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was neglizible. In order to minimise the uncertainty int he
measurcment of incrementes of water a gravimetric metnod was
devised which entailed only a small correctiony calculated
volumetricallys for the water vapour inthe line to the
calorimeter (see p. 60)

The apparatus was designed to measurce the extension
of the spring before and after admitting the increment so
that the welght lost fromthe saturatcd solution could be
calculated., The precence of the saturated ABr solution
ensured that, the temperature being constant; the wvapour
presczure between taps 1 and 3 was the same during both
measurement s and the efi"ect of tiae vescgel wvalls was t herefore
eliminated. The weight sorbed in the increment was then
egual to the weight lost from E minus the increased welght
in the vapour phase (calculated volumetrically).

The apparatus consisted of a balance case iy 3 cms.-
in diameter and about 65 cms. long. The balance case va s
connected to a 100 mls. bulb 3 via one of the three unfter-
water taps used. This volume was calculated to give a
measurabie deflection on the galvanometer when the water
vapour it contained was exposed to thc sorbent.

The vapour pressure of the water above the
sorvent was measureld by the mercury manometer C. in vhich
both arms were constructed fromt he same piece of 10 am
tubing. A fixed mark. made from fine.gauge wire, w:zg

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 manoneter. by ciuerting a small additional
pressure on the nercury reservoir by means of a screw clib
attached to sealed rubber tubling. The mercury levels were
read by the samec cathetometer as was used wikth the precision
manometer,

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
tgbing. The ma.dmum deviation from the mean value was
0.003 cmsy, indicating that the optical distortion was
negligible.

The weight of water in an increment was measured
by obsgervation of the chanze in length of a fine silica
spring D suspendec within the balance case. This was
supplied by Thermal Syndicate Ltd. wuo quoted the Ffollowing
properties:

Maximum load 100 mgms.
Sensitivity(approx) 460 cms/ gn.
Extension 57 cms.

The gpring had been stored in a light oil. It
wa g cleaned by wasning it threce times in benzene and then
allowing tais to evaporate in tine air. This was Ffollowed
by dipping the spring into hot dichromate/sulphuric acid
cleaning mi<ture and washing it thoroughly, several timess

o’

in distilled water. Finglly it was hung in the air to dry.
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The springglwhen in situ; was suspended from a
glass hook vhich was itself attached to a sealecd glass
container filled with lead snot to ensurc stability. The
latter rested on an annular constriction near thc top of the
balance cace, Ls a check on vibration the spring was placcd
in situ with a 65 mga. wel ht suspended from it. Vo
vibration wes observod.

The spring was calibrated with nine small ride:s
made from 24 gauge copper wire and covering the range 47.2
to 98.15 mgms. The calibrations were done at 23.20C. 25.0°C,
28.2°C, and a rechecxk with 3 or Y4 of the weishts at 25.0°C
snowed that no hystereeis had occurred during tne calibration.
The efiect of change of temperature on the c.tension was
only about 0.05% for 3°C, 4 plot of eitension against
weight for the 25°C calibration produced a smooth curve not
deviating greatly from a straight linc. AN arbitrary
straight line v = mx + ¢ was therefore drawn through the
calibration points at 63.65 mgus. and«98.15 ugms. and the
slope and intercept calculated. m = 0.4569 cm./mgn. and
c = 11.446 cn. Therefore, for any valve of tine extension
¥y the uncorrected weight x could be calculatec. i geaph
showing the deviation of thc calibration points from this
straight line (Fig.'] ) gave a smooth curve with a ma.dmum of
0.20 mgns. The correctlon co:.esponting to any extension
was read off fron tals zrapn ant subtractcd from x o give

"

thae actuval welzut cguivalent to the given extension,
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The spriny was now sealed into its case with a tiny

62,2 mgme. and containing about

oa -

glass bucket E. weighin
13 mgzms. of &R. potassium bromide crystals (dry welgit),
hung from the bout . A saturatced solution of potassium
bromide contains about 40 gms. KBr in 100 gms of saturated
solution. Therefore up to 19 mguns of watcer could be added
to the buciket without the solution becoming unsaturated.
Tids anounted to a total weight of 94 mgms.

The purpose of the saturated solution was to obtain
a constant vapour pressure inthe balance caseand 100 mls.
bulb. Potassium bromide was chosen becausc its saturated
solution had a suitable vapour pressure (84% of that of
water) and becauvcse it formed a saturated solution after only
a few hours exposure to the vater supoly.

The whole of the measuring apparatus,; including the
manometer, was immersed in a water thermostat constructed from

3" . : . : : .
5 perspex in the workshops of this ¢ epartment., The water

o)
bath contained a stirrer about 26" long with three 3" paddle
whegels distriuted about its length. This was driven by
1 . o ' o
a % H.P, Sun Electric Motor, 230 250 voltss 3500 R.P.M.
controlled by a variac. Teuaperature control was effected DY
a benzene / mercury thermoregulator which controlled a 60
watc bulb covered with aluminiwa foil. The thermostat bath
K ] 3 C — - . D) ) -
contained a 0 50°C mercury-in-glass thermometer. The bath

. 0
having been set at 25 C no variation in tenperature was

observed. 4 variation of 0.05° could have becen seen on the
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thermometer and it wae concluded that thermostatting was
effective at least within this limit and probably better.
The bath also contained a booster heater of about 1 ifilowatt
used to bring the bath to 259C after filling. To reduce
corrosion of rods and clamps a fov g.ams of odiva chromate
vere added to the.water and proved very cffective.

. The watei guplly to the balance casec came from a
100 mls. round bobtomed Fflask F containing about 30 mls of
wafer. This was susp 3¢ outeidc the thermostat tanik anc
the vater wag cdegagceed as dgscribed on p.21.

A sccondary water measuring systen was built for the
determination of more rapilc isothermes by tne adsorption of
larzer increments than were posgcible .y the usc of the silica
spring. Thig consicted simply of a piece of precision.borc
capillary tubing 0.5 mm. in diameter  into which an unbro%en
column of watci wrs condensed from o round bottomed flask.
Dissolved air had previously been removed iromthc weter as
Gescrivbed in 2.1D. The vater in the capillary tubing was
Itept below room teaperature to prevent condensation in the
line.

The principlc of the metirof was o note the upper
level of tie column of water. expose it to the sorbent for a
few minutes, chut the tap and allow it to cquilibrate at the
same temperaturc so that the vaysovr pressure remained the
sane., The level wag again observed :n. the weight sdrbed was

A

then equal to the weignt lost from the column of water
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(calculated from a knowledze of the volume changegffrzh,
and the density) minue the increaceld weight in the vapour
phase (calculated from the dead -cpace volume anc ti:e
pre:sure). )

Using 0.5 mm. dianetor tubing. a column of water

12 ems. long wag cequivelent to a weight of zbout 0.1 gms.

o about two molecular layers on tne sorbent inde calorimetoer.

Therefore an increment wnici produced a change in length

’

S

of 2 . 3 cms._could be measuret w.th an accuracy of 3 .. L
using a zlass bacied scalegand consicderaply more accurately
using a catictometer.

This secondary svestem .ag succegsfully used to
measure the total weizht of water sorbed (95.2 nga.)
prior to runs 15 and 16 (at licuid oxygen temperature).
A later attempt to use this methol however. wes unsuccessiul
because of the e:xtrene difficulty in obtaining an unbroken
column of water wiich filled tue lower end oFf the capillary.
At every atteunt a budbble. presuvmably of water vapours
formed at the bottom of thne capillary and atbtenpte to
remove it invariably failed. It has been found that the
difficulty can be overcome by the use of wider tubing,
with a resultant logs of accuracy, of course. - The author
also feels that the problem could be overcome by Ffitting
a connection to vacwui via a vactwa tap atv the lower end

of the capillary tube, It was found comparatively eacy

to obtaina continmuous column of water inthe uppei parts
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of the tubeand this column could *hen be pulled down into
position at the botton of the tube.

2.2e. _The Calorimeter, (Fig. 8)

LRS- W

The calorincter contained the mmple of sodium
kaolinite on winich all calorimetric heats nf sorption and
accurate orotion igot.crms vere determined, During

sorption runs (eucept water sorptio n) it wac imaersed in
1
a large Dewer of licguid nitrogen. The Devar wag 8 in
1 '
diameter and 23 deep. It had a fairly high evaporation

P

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

t oo place. Although this increased the amount of licuid
nitrogen used it had the advantage of greatly reducing the
temperature drift of the batn due to superheating.

During water corption the calorimeter was

it
immersed inam oil bath thermostat 8" in dianctor and 27
deep. Tihc oil used wag Shell Rigella 0il 17, which was
off 1ou viscosity and effectively overcame tne nrobleit of
corrosgion which would have arisen if g water bath had been
used. The oil batiz contained a stirrer 26"1ong with three
19

3 paddle vwheels distributed about its length. This was
driven by a Siemeng 110 volt. d.c. wotor, % . De
Teaperature contirol was effected by a benzene/mercury
thernoregulator which controlled a 40 wvatt bulb dipping
into the oil.

The o0il bath contained a 0.50°C mercury-in-zlass

thermometer on which: no chanze ves detectable when dle hath
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wae controlling at 25.0°C. The calorimeter taermocouple
was used To check the effectiveness of the thermostatting
by puaping the heliwnm fro.the calorimeter outer jacket
(isolating the calorimcter fro. temperature Fluctuations)
while helivn remained intae cold junction. i Trace wag
then recorded so that any bath tenjerature fluctuations
would be scena ¢ a change in temperaturc of tiic cold junction
relative to the calorimeter Jjunction. Fluctuations on
thie trace vere (Ilrm@n_which va s equivalent to a
temperature control of - 0.005°C.

The calorimeter was protectsc bobth inside and

outside against mercury amalgamation by liguild nitrogen

c

consls

<y

traps. I ad of a copper pot 4 walcx 1n order o

eep the heat capacity of the metgl parts to a miniimm,
wvas constructced fron .OlOi'copper. The base and thermocouple
screws wvere made as light as possible an¢ werc silver mldered‘
in position,since the caloriueter unad to withstand a basing-
out temperature of 200°¢C, 4T the top the copper pot was
silver soldercd to a rinz of 'novar' 3 which carried a
graded seal tarouzh to 'Pyrex' .lass.

AT thc centre of tne calorimetcr was a rarrow

[}

copper tube C about é in diameter intenced to nousc

the electric heator. The tubce was fitted Wth six peripheral
copper vanes, puncined witia holes to reduce taclr aeat

capacity. which distributed the heat tnrouzhouvt the

calorimeter. The tube was also drilled with very small
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holes to enable the frec flow of g:zs during gas sorption,

o

& small copper cap B fitted over the Top of the vance to

prevent sorbent bein: scatterced on evacvation of the
calorineter.

The sorbent was pachked betweentiic vanes and the
calorimeter f£inally :eld 15.86 gmes. of sgodium kaolinite,

S
1

The wecater wag vournd non . induectively on a plecce o

PTAES

wire and conelste¢ of sbout 14' of 2.951 ohms pe:r Foot glass
inculatel constanten wire. Since oil is vesed in spinning

on thelglass inswlation the heater was wasned several times
in 4.1. benzene. Thie va g fimally allowed i cyaporate and

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

were : pot welded to nickel thirouzh beaded tungsten T o niclkel
again. Two slde arms each containing a bveaded tungsten
seal, camc out fromthe glass Gone of the calorimetor on
eitiier gide of the gase inlet tube F. Inthis wvay tac wires
were brought frou tiie interior of Tite calorimeter while
still enabling a vacuuwa to ve maintained. On thec outside
gf the calorimeter the nic:el wire wag gilver soldered to
.OOM“ Copucer wire covered witiz silicone varniched double
cilk ingulation. This in turn was soft soldered at the
pottom of tne cooling cylincer . G o .010" copper wire with
double cili insuvlation painted with iupregnating varnish
not intendced to vithstand high teuperatures.

The outer jacliev 4 of the calorimeter was made

FSREN RO =y KT a . L1 . o
From a length of stoinless steel tubing 2 in diameter lhi"
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long and abhout i thick. The bage was alego of gtainless

[»]

steel and was welded in position. The ouvter jacket 1id J

-1
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wae made of prase a1
wae neld in positon b Woods metal. The calorincter zas

inlet tube was taken toarough tue centie of tne 1lic vy

means of & plass -asovar-glass scal. To one gide of the 1lid
.\qqi" . s - " o .
wag a 5  diametors; thin walled copper niciel tube i Through

whicn tune outbcr jaciket was cvacuated. This and a Tvfnol
rod L on the otaer side of the 1id supported tiwe winole
asseably whici wes hung from‘a soccial brass clanp. The
connacvion betwecentie copper nicael tube and the pwaving
system was macde by ueans of a piece of glass tubing which
was a slidin: fit over the wmetal tubde. The join waeg

T,
1C

[«

sealed with picein wax. When eguilibration of
calorimeter with the licuid nitrozen batia was reguired a
small prescurc of heliwa was let invo oinic outer jacket.

L smell v tube or 'clic.u! manouwetcer servel to iadicate the

0]

heliun oressurc in tue jac.ct.

]

Unde: the outcer jaciket 1id was atiacined = copper

. " 1 i .l - b o 1
cylincer G 1 Ceep. Tine heater ane thermocouplc leads.

which were brought into vae outer jaciet via tae copper
nickel tube; cacn nad thrce coaplete turns wound round

. -

dle cylincer and werce varnieneld securely to iv. In this

way the heat leax to the calorimeber down Hhe leads Was
mininiced.

Setween sorption runs it was intended that the

2G0ss T o the calorimaeter,
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sorbent should ose baiwed out at teulpesaturcs uvp to 200°C,

It vas thercfore necessary To hove soue forma of cooling for
the vupper part of the outer jaciket co that duriny this
baging out tue Woods met.l ceals would be preserved. The
cooling Jac.iet M was mad.e OF copper as a gejarave unit fron
the stainlege steel outer jacket. It wag a sliding it
over the outer jacket and wage held by threc scrcews ® & ]
flange at the tos, exstending two inches bolow this 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 1id wase kept below room teaperatvre. It
wvas found necessary o turn off t;e flow of water whenever
cooling was nov actually reguired. I this wag not d one
condensation onto the Woods metal cauvsed rapid corvosion
and made it impossible to maintain a vacuw: in the outer
jacket.

The clectrical leads to the calorineter consisted
of 8 of ,010" double sil:: cqvered #2.C. copper. supplicl by
The London Electric wire Co., and Smithg, Ltd.. and 2 of
.OlO'Fdouble zlass covered constantan 2.951 ohiie ner foots

sugsplied by Driver~iarrig Co.s Harzison HN. J. The wircs
vere Fivst varnicshed individuvally in eignt foot lengtils
uith iapregnating vernien (eupplied by I.C.I., L.C. .. 10476,

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

very fragile, two coots wereéeppliec to tine consvantan wires.

The wires were tien pulled througn the copper .nickel tube and

&L
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at one end were wound round the coolin, cylindcer and

the other end an

ct

varnished to it as described above. A
exit froa the vacuua system wac achelved by taxing the
leaés through a glacs u tube which was afterwards sealdd
with picein wax. The nmetnod proved to be completely
eiffectivc. The ten vireg were 4 heaver leads; 2 spares,

2 copper and 2 constantan taer.aocouple leads. The aecater
leads have becen describot above. It was thouvzght unlikely
that the insulation of the .010" copper wire would stand up

to the teuperature necesear, in baking out the sorpent.

-

leit the cooling cylinder they

[ 6]
w

Therefore. a ¢ these wire
were soft soldercd on to .00L' copper wire which was
insvlated vwita dounle gils painted with siliconse vernish.
The reduction in diamebter of the wires reduced tae heat
leak down vhen ©o thic calorimeter.

The ther.ocouple consisted of o Gouble junction.

The douple junciion at The caloriueter was mounved on the

central terainsl screi, ocing external it wae eacily
accesgsiple but was g0ill in zood winermal contact with the

calorimever.

The cold junction N was a separatc asgsemply
positioncd alongside the czlorincter outer jacitet, It
consisted of a zlacs tube leading into a wider glacsc vessell
made from 25 um. tubing, walch containcd thc double junction.
The lattcy wag nountcd on a piece of 18 zauge copper

tubing 0. 6' lon;,, vhich fittod loosely over a re-entrant in
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the glass container. The therwocouple wires werce wound
rount and varniched on to this copper tube and
leak when the whole was i mersed in licuid nitrogon thereby
minimised. The large mass of copper also ninimiscd thc
effect of small tenperaturce fluctvations in tne licuid
nitro en dath,.

The double junction at¢ the calorimeter had to
wvithetand t eaveratures of about 20000. The copner and

constantan vires werc silver soldcred. and electrical
insulation of exch junction wee aciacived by sandwicainy it
between thin strips of mica before scucczing 1t into the
small copper ta, wvaich wag attechod ©o tne calorineter

In this way thormal contact was fully »rcscrved. In the
cold junciion, which at no time had to withstanag high
femperstures e sane cffcet was accomplisiice by the use

of cigarette papor paintad with imprcegnating varnish.

L% all st es of the asseasly of the calorimeter

and cold junction thic insulation of wircs..ctucen one another

T

and bostween cach wirce and the metal parts of the calorimever,
was Freguently checied with the 'aAvomcter' and the
'Insulation Tester'. The resistance in all cases was
2 20 megolms.
The inconing _Las line F was of 2 ma. capillary

J

thet the cntering zas was brougnt ©O

and. in order ©O cnsurc

3 L,

the temperaturc of the b.tih beforc veaching the calorimeter:

it was wound into o giral of five turns 3''in diamcter.
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The entering gas therofore passed through about 4' of
capillary tuving i.meisec in licuid nitroscn before reaching

the caloriieter. The efficicncy of this spiral wes

tested oy adnitving a volume of ncliuwm to the calorimeter
and rgcording tiie onerLy Caanic on a photographic trace

(p. 62). 4 very emall Coflection (c.a. 1 1) was observed,
indicating a <emall tauperature rise in the calorineter. On
wvithdérawing thoe heliua froa the calorimetor a sinilar
defloction was acetectod in the opnosite direction. The
three possivle effects involved arc (1) sorption of heliums
(2) comprossion cifcets in the gas phase and (3) inefficient
coolinz of the saes. The above test showed that (3) was

not contributing since the energyvchanga was reveresiole,
which apilics only to (1) and (2).

2,20, The Oxygen Vapour Prossurc Thermomcter (Fig. 9)

The tenpgerature of the liguid nitrogen bath was
meg sured in'later rung by an o.yizen vapour pres.ure
thermonctoer. Thies consisted of a small bulb i connected
via 2 mui. capiliary tubing to a mercury wmanocueter By the
two arms of wnich werce made fron the same picce of 172 rua.
tubin, to clinimntc neniscus eficcts. The capillary tubing
leading from bulb 4 was wrappec in aluvminiuvm foll to distribute
heat alonz its length and o celiwinate the 'cold epot! effgct
of boilinz wiaich took place at the liguid nitrogen surface.
Oxyzen was supplicd to the tihermoacter from the

cyclinder of vura oxysen C (British Oxyzen Company Ltd.).
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The tap from this cylindcer was opened wncen bulb & was
immerced in licguid nitrogen and oxygen condenscd into
it. At the cend of a sorption run tae majority of tiue
oxygen could be re.collected in tae cylindor, The oxyzen
vapour pressurc was read off to the nearcst 0.4 s, dg on
a mirror-backed scale Ffixed in pogition oehind the manoneter

-
aris. The tenperaturc was thercforc unown to --0.29C.
.3 Electrical Becuipnent

‘he Calorimcter Theruocoqplo Circuit (blg lOa)

‘I\)
L)
’H

When cncrgy was lioseratet in the calorimcter.
cither electrically or vy gorption of Lac an olectzomo?ivo
force wes generatet in viae tacrnocouple L Tnie e.m.f.
tae fed througin siielded copper leads and a galvanometer
selector switch B into a uirror galVanogeter C.. This
ralvanometor made by #. Tinsley and Go., Ltd.. was type
4500 4. internal resistonce 4.6 ohig, critical danuing
resistance 90 ohms, periodic time 2 secona: censitivity
/h 5 rms. per microamp at 1 actre.

The galvanometer zystea was houged in a light
pioof tunnel . hu notres long, constructed firox Dexdon and
hard.board. Tho tunncel was bolted on To a snhelf vhich
ran along one of the walls of tihc laboratory to wiich it was
rigidly fixcd on heavy angle iron supports imbedded in the
wall. Vibration d¢ifficulties wore overconc by mounting the

galvanoaeter on threce layers of foam rubber under a heavy
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lead block. 4 b metre liznt bean was used so thnat tue
resultant sensitivity of the galvanoncter syston was
L.4 mms. per microvolt.
The eternzl cirvewrit wvas of copoer cxcept for tine
Znives of the switen wiich wers of berylliuvn copwer. stated

to have a low contact potential apainst copper. The svitch
& it

21

nd the zalvanoucter were cshielded with eart.ed copper boxes

OLL

W

nd the cuielded cablc was also eartaed.

i

)

The ligznt cource for the optical lever wac a
zalvanometer spotlizht E mounted behind an adjustable slit
the focal length of lens F distant from C. Light reflccted
by the galvanomote: nirror was Airected at the cylindrical
lecns of‘a rotating -drun camera G, also the focal length of F
distant. he dru: camcra., nade by hipp and Zonen of Delits
rccorded photographically the movement of the light beam acs
a function of cistance. It was driveg Dy a syncironous
riotor at about one revolution per nour. The paotographic
naper used vas sodak rocoruing paper Hr30. developed with

nodgk ID33 and fimxed with acid fier IF2. The traces

nyoo
were Gried betvceen shects of blotting DHaper and aid not
suffer any dctectablc distortion.
The Gouble junction thermocouple is saown,
together with the soldors used, in Fig. 10b. It can be
seon that thore were several 'potoential' thermal e.n.fs. due

to the golders. but srovicing taeir pairs of junctions were

at tne same teiperaturc the only e.n.f. in Ctuoe circuit would



L9
be the copper-constantan onac. The lead solaercd joins
external to tiue calorineter outer jaciet and the cold
junction werc nountcd on o wooden distribution nvoard in the

laporatory. at first, stray c.i.fe. procucin, o deflection

\

of us to 1 cu. (about 2 alciovolts) tere observed on ©Le

ces, put a¢ goon ag thic aigtrivution D0a_d was. coverad

145]

tra, |
with a thicg wal of cotton wool this heavy *background!

disappeaied conplevely. It hied evidently becn due to the

1 9]

tioermal effects of dreughts o Thie goldered jolns.
No accurate tooperature scale cxisted 7or tae
calorinmctor toermocouple. By neans of the clectrical

calipration of the system the ceflection wvas reluted Clivectly

U‘

to cnerzy and cihle relationsiilp was uvsst yor tue calculation

=
w

of heats 0f sorption. The tuernocouple also used.

however, ©o neagure the teuperature of the caloriaeter

rin, ba«xing, out. It was roughly calibratec by preparing

p.

a sinsle junction tuernocounle esactly similar to one half

of the calorimeter t.ermocouple. Tinis single junction was

s . 0 .
itself calivrated azainst a 0 360°C nmercury in.zlass
thicriioneter. The e.n1.7, was .aeasurcc on a portaple

) 1

potentioncter \Campridge Instrunent Co., Ltd. ilo. L3k03%96)

the assmption nade tuat at the some Telperature

D

2106
Gifference tiic caloxwimeter tunermiocouple would produce twice -
the e.n. s of TiE 1 nzle junction thermocouple.

2.50. The Calorimetor Calibration Circuit (Fig. 11)

-

When e gas increment wos sorbed in the calorimcter
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cnergy was libcratedy neasurced as a teuperature difference
between the calorimeter mid its surroundéings by t.ac
thermiocouple circuit. In orcer to evaluate (als encrgy
change it wae necessary to calibrate the s staer in terns of
a neasur ol electrical cacryy luput.

Current from Tie Gry vatteries B (1.5 or L..5 volte)
vae sbaoilicsad by wassing 1t througn a Cummy heater D of

4

ebout 130 oums resistance. This current wa: then passed

t‘*ovgh tlhie calorineter heater Z by closing S and depressing
a sinsle lever T, waicn sioultancously closec tihic circuvit and
started a stopuwatcih. Deprescion of T ior vae second time

simultaneously opened the circuil and stopped the stopwatch,
The watcli wae caliniated asainst tae electronic timer in
thesge laboratories and tue tiuce for wileh current nad
through the heater could be read off to tiac nec:est 0.02

ceconds. An independent lever 'zeroed'! tire watcli The

current and tihne potential drop across the neater and leads
were noeasurced on tho nilliammeter A and voltuetey V'supplied

r San_ano weston. T%ege aacter e nad oreviously veen
calibrated (Garcen., Pa.D. thceis 1954).

To calcunlate ©..o xgat seneratved 1n t..e calorimeter

it wog necesgsary to unov the reglstance of the leads under

eroerinental condltions. Thrcoe roeistancce werc involved: -
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function of the double heater lead. PR, was toO

the measurcnent of the registance of tne heater

the calorincter. cssuwain, that the recistance of

wag egual to that of tac doible lead. i.c. tant
of PQii ecuzlled that of Py + UZ. In fact P R

situated just below the cooling cylincer of tae

wter jacuact, hcetual tesictances neasuvwad

where

snd 25°C.,

were

Ln

a calibrate
The

facilitate

leads within

R N oS
C.18E2C

leads
the resistance
and V were

calorineter

WL and Vi

QL = .q + L2 + K3

and VN = He + 12

Of the heat gencrates in the internmal leads; one
nalf was assuned dissipated in the zae pha.e and along tas lass
and the other naly acssuned to contribute to roising the
tennoratare of the calorimcter Tuus RL; tlie vecictance of
thne heater leads ineffoctive in raising tho teuperature of
the calor 1ﬂeto cguales the noan of the resicstances of

aQL and VN,

R. = ug + itz + 3Rj3.

5



From Fig. 11 two rolationsuiss arc immediatel

obvious:

i
i
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L
N
—~
=
S~

1y

]
=
1}
-

-
i
e
—

N
~

where I ie the amsictor reading inanpcres

Iy is the cursent bhrough heater and leads

Froa (1) and \2)

Lyit = RV(I - i1)

Y

Iy

Mats

Let VXY he the sotential diffcronce across afl.

<
|
i
I
i
F¥S
e
[

The heat generated in tac calorimeter is given

by L1V, where t is toe tiae for which currens flows

P4
L]
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=
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=

Ry * Ry Ry + L
Now RP‘ = B 2 .E._E.
I\ =
Is i R
v
Therefore R . - ¢ -2
' W=1I=-2 Et. iI. 5 . gt
. By Ryl L
. 3 2

. 1R, R
- = - V. L cals

3
<3

3

The cccond term in W is a corryoection term for the

@]

snerzy liberated in the leads. t never excceds 2% of the

total so that 2 value of RL wiaich i¢ accurate to 104 would

result in an crror of only 0.2% in W,
J
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3el. Teupcrature Measurenent

The tenperature of tie _.as lines at roon

. P . 0, .
teaperature was meacurcd with the five 0-.50°C thernoneters

11

measuring systen. inese had

0

distributod around tae gas

o) . 3 Of: wTT -
een calibrated froo l5~30 C against a 0 50°C N.P.L.

] : ]

j@
=
=
c
%)
©

thernometer as had two :iore OVSO C thermoacters use
water and oil thormostats during water sorption determinations.

. o e s - s . On
The devietion frou tue stantord was o naximus of 0.10°C

and prop riate corrections werc taerciore applied.

I 5
ne & 1

-

o

The tenperature of the liquic ndtrogen bath was
acasvured by the o.ygen vapour pressure tnermoucter described
on p.ll, The experinentally observed pressure woe
obtained by reading the position of tie crown of the
meniscus in each arim of the manomebter and the height of the
mercury column then veduced to t.at at 0. Al accuracy

of. 0.2%C could be expected in the temperaturce so obtained.

3.2 Pressure liessuyenent

Pressurec neacureanents relating to tae zas phace
during argon and nivrosen sor,tion rung wverce iaae on tae

1.

precision manoneter. The ecxpeoriuientelly recorded rexcings
were the pogitions of the crown and circunference of tne
mercury nenisci. The crown readings were corrected For

capillary depression using the dat. of sistenozer (19%5)
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found by Leing (Prn.D. thesis 1953) to be in jood ajrecnent
vith the theoretical valucs of Gould and Vicicors (1952).

‘he rewdinge on toc cavactsaeter were also
corrected Tor tlie angle of tac telescope causel Dy bLuc
fact that thne catietoneter bar wac not cuite straight.

Tihe telescope Gid not, therofore, reuain horizontel in all

positions. &T the gide of the Ttelescope war a gpirit level,

and tlhic position of ite bub.lc ves calibratew in terus of

& neignt correction. By oweserving tuc gosition of tue
bubvle. o telescope levellin; corvection was apjplied to

every roating

5y Froa tic catqgtaaetgr har. This cor:cetion
anounced to o uaxiou of 0.03 cus.

The heisht of the column of mercury measuring
the pressure wac al:so corrected to that at 0°c, This
vae done by dividing by tie factor 1 + at where

181.6 x 10'65 the cocefricient of volume

e
il

expansion for mercury
t = the teaperzturc in degreee Loentigrade
The reading of Tihc position of any crown could,

. ; : . e -+ .
in gencral, be reprocucceld to an averegc error of - 0.002 cns.

« presgurd Teoxling. reguiring the deterination of the postion

oF tuo, oy e, tiows Ll an average error of T 0.004 cns.

3.3. Voluw ¢ licsuresoit

The volz ¢ > ;-8 gorbed in any incra.ent wac

Lhio ddfleroncoe betteen thuc voluuce nt s.Gep. Originallsy dn

the closer volwie plus the caloriueter free space and the
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volune reomeining in tince goe phase in the waole syston at
eqguilibriuvm,

m

The deser volwuzc consisted of the gos purctie

and the linc to the fixed nark of thae manoacter. The
fundamental calibroted voluie Vi o the system wae that of
the zas burettc fron ite lower Firzed narx up to. and
including the bore of. thae tap leading from it. This was
determined by four scts of Lerciry welghing with a nmean
deviation of 0.01%. +11 other voluries in the gas ncacuring

Lo

systen were detoeruined by expansion of heliwi at known

(n

tesperature and preccure fron the gas burcette using the

ideal zae law. During thesce deterndlnations 211 voluiice
ha¢ to be correcco. to relate to the mancucter fi-med aari.
The mercury level on the jes sice was always set at coae
distance above the Ffixed merit and a coriection applied

-

by the mercury. Tuais volume was

for the voluae occupic
nade up of Si) the voluie of a cylinder of wercury of
height h cn., and radius r cu. and (ii) the voluwue of the
nercury reniscus. The forinier is siuply?rrzh‘whore

r = 0.8 cis _or 16 mm tubing and h is the heignt frox the
fixed mark to the circunfercnce of the aenigcus. The
volune of the umeniscus wa: calculated froa the Fornula due
to nistemaker (1645) whicii. For Ttuping of 16 -m. dianeter
reduces to -

3
v = 256 y (0.4948 + 0.0182 yZ) jmis3
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wvherc y is the eniscus height in mus. V2 was the volune
of the line frox the zag burette to the nanoueter fixed
nark.

3.3b. The Calorimeter Free Spacc

Boyond the calorincter top (T in Fig. 5) part
of the systea was at roou tenperaturc and part at the bath
tenperature. The determination of CGcead.--space volumes
was consequently iore couplex. With the entirc line,
including thac trap U and the calorimeter G, at rooa
tauperature the totel volunme VT bayond the calorineter tap
was Gebermined by cupansion of helium from the doser volune.
Thie was donec as rapidly as possivle to avoid unduc exposure
of the calorimetcr to mercury vapour. Lxperinental
conditions were restored by replacing tne ligquid nitrogen
around the trap and imaersing the calorimeter in liquid
nitrogen. Repetition of the heliun expansion £onthe doser
volune made it possible to calculate the »nart of VT at
liguic nitrogen teuperaturcs V3. and the voluae at room

tenperaturc, V.

VT = V3 + V.
A& rumber of detoerminations of each volwie vere
perforued. Table 1  summarises the results. The
deviations quoted arc mean deviations 5;;dt/n, wvhere n is

the muver of observations.
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blc 1

e S e T

Total volumc of warctte Vi 29,849 ~ 0,002 uls.
Va ] 29-55 " 0.03 mls.-m
Vi 97.14 E 0;13 mlsj
V3 86.1% - 0,06 mls: |
v, 11.00 T 0.06 uls. |

The figurcs quoted above for V3 and V, are those
when the trap and calorimeter Dewars had just bcen filled.
By observation of thc change in pressurc with tine after
the Dewars had been filled the effect of the evaporation of
the liqulid nitrogen on the values of V3 and V,, could be
calculated, Therefore during sorption runs tae time at
which the Dewar was filled wa s noted and the appropriate
valucs of V3 and V, were uscd.

3.3c. Gas Imperfection
In calculating zac volunes at low teuperatures
corzection was mode for the departurc orf the gas frou

ideality, uvsing thoe Berthelot eccuation in tine foru

pV:RT{‘l+_9;_O_T__-OE l...é?..c..z \(
Sl =T R 7z )

The corrcction was negligible in the free space calculations;
vhere the gas involved was nelium, but in thae case of

arsgon and nitrogen it ausounted to about 1% at 10 cus.
(&)
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) S 0. I P
pressure when tnetenperature was 77 K. The corrcctlion

o

-

< an o 0
was also nogligible For water vepour at 25 C.

The weight of wator sorbed in an incroment was
nmeasurced by o gravinetric methol counined with a suall
correction calculated volwietrically. Before aduitting
an increment of water o the sgorbent the crtension 0f the _
silica spring. D in Piz. 6, was measured with the cathetoneter,
Then with tap 2 cloged, tap 1 was openced ciposing the volune
B to the sorbent. Tap 1 was now closad apd tap 2 opened
so that the systes betwecn taps 1 and 3 re.cequilibrated
by loss of water fron the satureted solution of potacsium
bronicde in B, The eqguilibration tine was found to be at
least Four hoursg and whencver poscsible cquilibration uas
allowed to contimc overnight. EBcuilib.ation was assuﬁed
to be complete when no Further changc in the length of the
spiral soring was observed for a period of aoouc one nour.

incce the teuperaturc and relative hunidity in the systen

[€2]

was tue sane before and after auuission of tiie increnent,
the adsorption of water on the glass walls could ve ascsuned
unchanged. Thereforc tae weighp of wator logt froa B was
equal o tnat waich passcd tap L. ]
In seneral an incrcuent anountced to about 2.5 nmgns.
of water which, Ffor & sensitivity of 460 cug. per .. was
equivalent to a change in length of 1.15 cns. Since a

i e . + e
catnetometer reading had an error of - 0,002 cris the error
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-

in neasuring thc cxtension was t 0.004 ciis. ez sur anent
of ths ciange of extension wquiring two obscrvations of
the etension:. was tiaereforc subject toa error of T 0.008 ciis.
or 0.7%. The convercion of thig change of e.tension to
logs in weizht Froa the saturated olution. vwhich involved

the use of the growh of doviation of calloiation polnis

from a straight line (Fig. 7) chould not have introduced an
error greater than 0.0l nigas. or 0,4%. Tuereforc thc total

error in the calcilation of the weight which passed tap 1
is a maxiimi: of just over 1%.
The weizht sorped in any incroment was cegual

ht in

uL'

£ o the welgnt lost froa E ninus the increasce in welgl
the vapour phase. Calculation of the increacsed weight of
vater vapour in the line from tap 1 to the calorineter and
in the calorineter free gace was done volwahi 1callyr the
residual pressurc peing wmeasured on the manoacter C. This
corrvection never anoqnted to nore than 3% of thac weight

of 2 weter increment.

3.5, Heat of Sorption Deterninations

3.5a. T ae"ﬁal Conductivity

“he nmetel coaponents of the calorimcetor were

designed to acneive rapid transfer of heat and were in

=

zood thermal contact. was to pe e.pected., however, that
thermal contact between the kaolinite particles would be
poor in the absence of a gas phace in the calorineter.

Therefore during calibration e pevinents it was neces:ary
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to introduce c.a. 1 ma. of acliwa to thie sorpent bed.
Calibrations werc suown to be unaifocted by the pressurce of
neliuwnm by perforniing several calib:ations witih 10 20 cus.

of nelium present. A osmall pressure of heliuvn: was also
intiroduced into the calorincter peiorc earlicer orotion runs
in.cise tho reegiduval vres.urce after the first fow increments
vas too low to be effective in heat transfer. This was

later found Lo be LNNEIGSSATY. Garden ainzton and Laing

(1955) have shown that heat of sorption determinations are
not significantly afiected vy the presence of nceliun.
3.50. Obtaining Traces

tain a trace, viaether for calibration

&

In order to o
purposes or for 2 heat of sorption determination, thne following
seguence of operations was carried out:

(1) the calorineter and cold junction were
imerscd in the bath (liguid nitrogen or oil ther.:ostat)
with a ga2s phage in the calorinmeter anté c.a. 2 mi. of
helium in tie outer jaciket. The calor;meter was left for
1-2 hours to attain therial ccuilibriuva.

kii) the galvanoneter sgpoblignt was switcihed on
and. with the taer.iocouple civeuit cloced. absence of any
drift woe taken to be an indication thaet thermal equilibriunm
had becn reachcd. The helivn in the outer jaclict uas
punped out and tue jacuaet pumped contlnvously Guring

Val

suosequentc recoreing The oresence of a zood vacuuam in the

o
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outer jacket was chcecked with the Maclcod gauje.

(iii) with the camera lo~ded and tne thermocouple
circuit open trace recording vwag bouuil. SLEFrer Tive
nimites vhe circuit wae closed ivinz rise to base lines
A and B in Fi;. 12.

(1v) aftcr a rfurther Ffive aimutes eneryy wa

geneiated in the calorimete. cither b, cloging the

4

calibration neater circuvit or by adnitting a gos increaent,
In thie cace of 2 pas increment. pressure and teaperature
rexaings were taxen ariter 10 and 20 nimtes
calculation of the voluae soroed es a function of tilie.

(v) the drun of the camoera was allowed to rotate
for dbout 30 winutes afte. waich the circuit waec cpened
and another open circuit base line C wag recorded for five
i utes.

(vi) the cainera motor and light beam were switched
of 7 and the filn developed, fixoed, washed, ond éried between
gneets of blotting paper. Helivm was adnitted to tuc
out cr Jacxet to facilitetce equilibretion beforc the next
recording.

Invohis manner o photograpnic trace vas obtained
vhich re.orded tl.c gelvanoucter deflection as a function
of the distance x along the traca. Since the sgpeed of
the drun camer: ig wnown this distance can casily be

convertec into a function of ti.e. In the case of a
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calibration trace the heat input corresponcing to this

deflection wme knovn froo the erpression Gerived in 2.30.
b

stics cof tuoe calorizeter could

u.

The cooling choract

b
(\l
o
G
(o}

therefore be ceterriined and tue tiace adjusted
equivalent of acicootic cenditions in tae calo“’uetOf‘

3v5¢c. Trace analysis

¥

. §
;

The therunodynanic treatuent of processes in a

non-adiabatic calorineter conatining 2 vepour phasce and

-

a condensed vnsse is discusged by Garden isington an
Laing (1995) snd Garden (Ph.D. thesis 1954). lLeference
should be uade to tihese authors for the derivation of
Fformulae used in this section.

Calibration traces in thc abscnce of a sorbed phage
The‘observed galvanoaeter deflection av any ps value

(1 - 10) was correcbel to the deflection (1 .. 1o)a which

would have becen obgerved under adiabatic conditions by

L

neang of the cxpression

(1 - 10)y = (=10 + ki (1 ~10) dx

where k 1s o constant for cny one caloriacter under given

1

Ry

1

conditions and ie <Gefined

1 &l - 10
1~ 10) ax

s
[
1
1

In fact k ¢efined the ratce of cooling of the calorimeter,
and since tnis depended paitly on the vacuun in the oubter

jaciet slightv variations in k were to be expected. Since
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the integral term wog only about 10% of the total value

-

of (1 - lo), however, =all variations in k had

effect on (1 .. 1o)a.

The invegral was evaluated Dy measuring tr

=

under the curve with a planincter.
bounded by the closet cliculv .isc
parallel to The line joining 4 and

5 time t. 2nd thoe trace.

(&)

(1L - 10) was mecsured with

little

. W, FPaber Castell

ruler -radueted to 0.5 mmi. Three valuces of (1

lo}

were moasured for each trace corresponding to 10, 15 and

20 aimutes after energy inputb. In theory (1 -. 10) could

have any value up to the width of the trace; about 12 cas.

In praccice a deflection of about 8

order to have A gafebty mawrzin and

crie. wae aimed at.

small deflections

were avoided because of ti.e increased percentoge error.

(1 - 1o) could be measured with an error of + 0.04% cus.

Analysic of ceveral ticces gave tiae value of XK sucn that

(1 - 1o), was constant for any one tvace.

In practice

four or five calibrations were cone before cach sorption

et

run ond the value of

T viich resulted

variation in (1 .. lo)g For caciu tizce

group of calibrations.

in the leas

calecuvlated

The values of (1 - lo)a =o obtained were

to calculate thc calibravion Focltor &

-1 kel

aefiined by

T

¥ or

then usec

this

\)
]
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£ N
‘- m”t
N - a)ns =0
wiere W is the clectrical eneryy in calories genereted in

the calorimetcer.
— , T e . . 1 0 3 . =0
Valvcee of K were obtained at 77 o and at 295 C and
it was eizpected that tacse valucs would remain constant.
However; at sone stogoe curing these eperiments the value
- 0, . - .
of & at 77 K changed. During rune 1 to 8. all of which

nad veen investigoations of the sorption of argon on the

W3

Yclean' sodiwa kaolinite surfoce, 13 calibration traces

+ .
- 0,004 calories per

were analysed giving a value of 0.288
e Runs 9 and 10 vere of water on sodiv: fmaolinite

0 .
at 25 C. Aftor run 10 the two lavere of water adsorbed

1

0 o . \ .
25°C were frozen on to the surface at 77 K. Analysis

cr

a
of 11 calibiation tiaces now gave & value of n of

0.262 T 0.003 calories per co. end this was unchanzod when
the vater was reuoved, Asnalyeis of 33 calibiation t.aces
done at 770K aiter run 8 resulted in a value of 0.263 % 0.004%

alories per cu. The prescnce or absence of the water

b

layvers did not affcct tae results. The reson for this

capacity of the SySLOJ is

cr

)...c

apprarent decrceasge in tae hes
not understood but it is clearly shown in Fig. 135 which
dononstrates the linear relationship between the encrgy

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

of k and K are swmarised in Table 2.
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Table 2

) ---—Ai = o EEaaac o as o g _‘_.__ > Pa—— e o e =
| & ems./sg. cm. ¢ K cal./ci.

s :
Calorimeter at 77 K 0.0051 < 0.0003 0.288 & 0.004
(up to run 8)

77°% 0.0051 ¥ 0.0003 | 0.263 ¥ 0.00k

-t

Calorineter a
{after run 8)

: .
Calorimeter at 25 C 0.0195 i 0.293 ¥ 0.002

Six caliprations were done at 25°C, Deviations

cuoted are the mean deviaitions.

It Lao veen shown ( Gevden Ph.D. tuesis 1954, that

ration £ ctor is unchanzed b, the presence of &

i
-
=
®
Q
88}
bt
[N
(o4

sorbel phase provided that the heat capacity of the sorbed

1. 7,

¢ in the calorimetoer is negligible

w

phace plus the zos paz

- '

cospared ©o tie heat capacity of tuoe calorinete. when
. s o rarn s . 0.
n, = 0. This was confirned with the calorineter at 77 &

~ -

by the calibration recultvs after run 8. which shoved that

i

K was vnofrcected py the presence of two layers (c.a. 90 ngms)
- . . o - O '
off watcoer. It whe cleo confirned ot 25 C by ten

calibration traces vith increasing cuantities of weter

©

sorped. In this casge o correction had to be applied for

the heat of desorotion. Tiis correction,

st HBgl) . o = .
B TsT TR 79" where (H, .. HS) is the
=
(1 - lo), >
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heat of sorpytion and (nSt-— n, ) ie tiie nuober of .ioles
degorhct afcer time t. st be subtracted
calculated value:d gf e ‘he mean value obtained was

. + . . - .
then K = 0,290 - 0.002 calories per cil. The calibration

factor obtainec ot zero coverage could therfore be used

Gae increunent traces. Fro. the analysis of a gas

inerenent trace the isosteric hext of sgorption wes calculated

('ﬁg_ ES) - K E}_‘;‘JL’:{!C ) - 1(63 +C1 )Kl —-lO) V_ ('}L, pO)
= nst—— MLSO klg_—‘ vlqo) &Ll%““ nso)

vhere .1 is the constant relating tace palvanoaeter
deflection to tuc tenperature change and is
defined by (T — To) = kg (1 « 1lo).

o

Cz is tic heat capacity of twe jas phase

b

C ie t.e heat capacity of tae sorbed pua
s, is the mwmber of uoles scrped at zero tine,
Ng. 1s cie number of iioles sorbec at time ty

zero tiac.

cr

Py i1s tie preseurce

pr 1e the prescure al tine t,
Vz 7 the volune available to the gas phase ol the

calcorineter.
X ie cvalvated as,dqscribed owove 1n the apsence
of a eorbed puasc.
The second ters in the e.nresslon is neplizible in tue

present case. The third is cne neat of compression
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discussed by Kinston and Aston (1951). I: reaches
a maxirmi where the isother. is ncar horizontol. 1.e.
durin; the formation of tho second sorbeld layer. Its
magnitude for a run with argon on sodiun laolinite is

shown bhelow.

Table 3
Correction sor heat of coipression
B ' 2 A~ =
Voluze Sorbed 0 i(pg ~ps) | (VSL. - Vc*f)) i ZLL V (?:eb';j g - fg
nl.s.t.n./ 30, cii. nl.s.t.p '0q1/101 per ccnt
0.57 0.211 0.37 ©18.15 8 6{3 -
1.73 0.65 1.02 17.33 23 1.0
2.80 1.05]  L.17 15.60 105 5.1
3.84 1.4 5.00 16.20 121 6.5
5.11 1.91 3.95 21.19 73 k.1
6.62 2.48 1  3.60 22,06 65 3.5
8,29 3.0 248 | 2111 47 2.6

Py

Vz wvas calculated fron zeonebtric considerations
and checked by obsszrvatio-n of the galvanoaeter deflection
when a large increuent of heliux was aduitted to the
calorimeter. uawding the assumption that all tne heat evolved
wae due to the heat of coipression of hnellun. The
observed deflection waosg ver7 caall howevers and Vg 2y

have been in error by as muci as 20%. The valve of Vg
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used throughout was 55 ccs. L ouexinun error of 1.3%
arises froa this sovicce in the above run. During a

run with nitrogen. iowever considerably higher pressures
were involvee and the correction tern rexched a maxinun

of 500 calories per nole. This was apout 30:¢ of the heat
of sorption and the crror in the heat of sorption was
therefore a maximus of 64 from the heat of compression

Teri.
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CHAPTER IV

--------

RESULTS

The igsosteric heats of sorption of arsons nitrogen
and water werc .casured ina the non.adianatic calorimcter.
The calorineter contained 15.86 gas. of codiun kaolinite
and the heats of sorption »f argonand nitrogen were
obtained on this sorbent znd on the same sorvent uvith two
layers of water frozen on to it at liguid nitrogen
temperaturg. Heats of sorption of argonand nit. ogen on
thie walter covered surface wevre also easured at liguid oxygen
teuperature. The larzer pressureg involved resulted in
increased errors nainly due to the uncext;inty in the
heat of cozpres:ion and these data at c.n, 900A. nave
been tabulated but not Ffurther discussaed. The isosteric
heats of sorption of water on sodiw: xaolinite were
measured at 2500‘

The data wer ¢ corrected for gas imperfection and
neats of codression. Kington and weton (1951) have
shown that tie valve of tie caloriimetric heat of sofption
corrected for tihe édiabatic neat of co.pregsion is idenﬁic§l
to the iscsteiic heat cobtzained fron the Clapeyron eguation.
Tunese neat datz are listed in Tables 5 to 17 a¢c a
Ffunction of the anmount soroped and bf 0. the muiber of
molecular layers sorved, calculated by application of the
B.E.T. theory (Brunaver, Emmett and Teller, 1938).  ictually,

the valve of Hgz . Hs obtained is the avera ;e slope of a
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plot of energy cvolved against the numper of .ioles sorbed

during the intcrval n__ to Do It is thercfore tabulated

S0
as being the value at ng  + (nge - ngyls i.c. the total
volwie sorbed prior to the increnent plus one-half of tuac
increment.

After run 8, when it was rcaliscd that tic presence
of heliwa in tie calorineter was not neccssary for thermal
equilibrium during gas sorption runs (thc gas.phosc prossure
ascociated with the first increnent being sufficient),
isothern data werc obtained at the saile tinie as heat data.
rc recorded in Tables 18 to 26, equilibriun

Isothera dat

j£5]
o
[}

pressure being given as a function of amouvnt sorbed and 0.
For isotherm dat: the anount sorbed is the volune or weight
sorbed at the end of tie incrauent after eqguilinration

and when the calorimeter has returned to bath tenperature.
L mindnoun eguiliovration tinme of aoout four hours was
neccgsary and waen possible eguilibration was allowed to
continue overnignt. © values arc necessary waen plotting
coaparative gra piae of fFor c.ample. arzon on the 'clean'
and tine water .coverced surface. tue auount sorbed in a

ronolayer not being the saiec for these two surfaces.

L.1. Slow Processes

Two typos of slow proccess werc cncountered. In
the low concentretion range, for the final 1% sorbed in

some increunents, the encrgy evolved during the tine froa
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10 to 20 ninutes after aduitting the incrcuent to the sorbent
bed was much greater than that to be cipected from the

snall anmount sorbed during that tine. Hence ne three
values of ﬁg .. s obtained at 10, 15 ani 20 uimutes were
increasing. This suggests an energetic rearrangenent of
sorbed uolecules unot accoupanied by any detectable pressure
change. The erfect woe nost noticeable during water
sorption,

LT higher concentrations a slow process of gas
sorption ané sinaultanacous heat evolu?ion was observed; the
two balancing To zive a constant ﬁé - Hs value for the
increaent. This effcect wvas expected since the slight
‘cooling of the calorimeter ftowards bath tceuperature. duvring
the time for which tiie trace was observed. would cause more
gas to be sorbed which would reduce the rate of cooling
by its acconpanying heat evolution.

These slow processes arc illustrated by the following
data froaz t.ae analyses of two water increnents soroed on
sodiwi kaolinite at 25°C; and two nitrogen increments

sorbed on sodium koolinite at 77°K.
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Tiie | (1 — lo)a We _ ﬁg - s
nin | CLl. sz, per tota k.cal/uole
Increnent 12/2

10 8.%6 2.87 156,48
15 S.25 2.87 17.01
20 9.52 2.87 17.51
Increaent 12/10

10 6.2L 2.52 13.02
15 6. 2% 2.53 13.02
20 6.27 2.53 13.04%

SRR ——

Tine (1 - 1lola ~ Vs Hg - ids
ain Cil. ccs. s.bep. per totall w.cal/mole
Increnent 18/1 —

10 2.91 440 3.85
15 3.00 4.36 3.96
20 | 3.06 4.38 L. 06
Incienent 18/4

10 5.07 12.10 2.33
15 5.07 12.13 2.32
20 5.13 12.16 2.3

i
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4,2 Heat of Sorption Measurencnts

He-ts of sorption of aryon nitrogen, water and
hydrozen on the 'elean' sodiun kaolinite surface and of argon
and nitrogen on the water covered surfoce were measured.

So suall 2 volume of hydrogen is sorpet on :aolinite at
77OK7 nowever. that thcsc data were subject to considerable

inaccuracy and have not becn included.

4.2: Lrgon on 'Clean' Sodiun naolinite

The first four aeat runs were of aryon nn sodiuvn
Kaolinite. Ther were nowever. of an exploratory nature
intended to faniliarise the aut..or with the apparatus
and for Eﬁé inproveuent of techniqgues to achieve greater
accuracye. Lt firet considerable scatter was observed

and the heat date »rior to run 9 have not t.erefore besn

The differential heat of sorption falls rapidly

frou 3.1 %X.cal/nole to 2.3 k.cal/nole waen tae Lionolayer is
3

half coapleted. L osu0ll mesduaun. due to a rise of 50 cal/
nole in the leat valuces. is observed and the hcat of
sorption then falls off steadily uvntil tae coupletion of
the second ':olecular laycer wuen it is 1.8 k.cal/acle.
slizhtly less than the hezt of sublination. The
arithnietic averaze deviation of points from a snootih curve

is T 20 cal/mole.
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L.2b  MNitrozen on 'Clcan’ Sodiw: saolinite

Becausge of thc offect of the nitrozen guadrupole
the initial heats are considerably nigwer 4.0 x cal/niole.
falling off rapidly duving tiac Fforuation of t..¢ nonolayer
and less steeply cduring tiie geocond layer. Final values in
the third layer arve about 1.5 K.cal/uole, approdoately
equal to tae ncat oFf sublimation. The ican deviation is

40 cal/niole.

4.2c Water on 'Clcan' Sodiwn maolinite

- OF

orption of waver on tiis sorwsent

(a3

n

The initial hoeat of
ole his falls off very rapivly to 13.5 k.cal/

n1ole when the surface is half covered and tanere is a

further decrease to 12 k. cal/ucle at the caipletion of the

nondlayer. The sccond layer of water has a ancat of sorption
of 12 to 11 k.cal/uole betwe n the neat of sublimation

v

(12 k.cal/uole) and tae ncat of liguefaction (10.5 i.cal/ziole).

The nean ¢eviation ic T 190 cal/.io0le.

&«

L.2¢ .rgon on Weboer covered Sodiua waolinite

The heats ot low coverage of potn argon and nitrogen
on tine watcr covered surface arve mar..edly lower tuan taose
on the clean surfacc. This is Gue to the renoval of the
ncteroseneity of the sor.ent by covering tixe hdlgn energ
sitcs of t.e xoolinite with water. The diff lulal ncat
of sorsytion of arzon falls fon 2.45 k.cal/nole to 2.0% k. cal/

nole at the coupletion of tre wonolayer. This decrease
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does not pegin nowever. until Tiae .oonolayer is alirost half

. conp;ete. In the second layer the heat of sorption falls
to 1.8 k.cal/uole the same value as that fimelly roachoed
on tne clean surfacoe. The riean deviation is ¥ 10 cal/nole.

L.2e Nitrogen on Water covered Sodivm daolinite

The heat of sorostion at low coveraze is 3.3 k.cal/
nole falling rapidly fror © - 0.2 to @ = 1.4 wioon it is
1.65 k.cal/nole. Tiae valuve at the cond of the sccond layer
ig about 1.7 &.cal/nole winlch i1s slightly higheor tinan that
on the clean surfacce and 200 cal/mdle above the heot of

o ma . oA I . Lk R
sublination. The nean deviation is © 35 cal/:iole.

4.3 _Isothern Measurcnents

Isothern dat> 7or argon nitrogen and wter on
the 'eclean' sorbent and for arson and nitrozen on the water-
covered sor.cent vwere measured. usvally at toe szic tine as
the heat data. The o.ygen vapour-pressure thermoaeter was

).

incroduceced ofter run 10 go tuat sor ell isocbiieris carried

!, !

cn teaperature (except run 10) the

out at licuvid nit

s

]

0o

~ a o ., L [ ! 0 - TR
observed sressure was corroctel to that at 77.36 1k py the

integraved Cleseyron cguations

r o
Jnp2 - (Hg - Iis) (Tp = T1)
Pt RT4T»

<

where To and pz arc the higher Teuperature and pressure; and

R is tiie gas constant.

Tsothern data £or water were obtainee ot 25°C but
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there was poor agrecu:ent between runs 9 and 12. However.
due to an error at increuents 4 and 5 during run 9 the
wveight sorbed in these two increnents (and therefore the
total welght sorbed) was unccertoin. The discrepancy could
also have been dgue to 2 leaxage of air intc tne systen
during run é. Lfter run 12 a ciieck that no leakagye had
occurred wee carried out by freezing tine watoer on to the
sorvent at- llould nitrogen teuperaturce and necsuring the
residual gas phasc pressura. This was negligible, tihus
cxzcluding the possibility that o leai had »occurred during
run 12, This checx was not carried out after
run 9. however. wccordingly the isotuner: Gaba obtained
fron run 12 have been treated as the .cre accurate; and
thc value 9f<tne wveizit sorbed in a nonolayer calculated
by the B.E,T. theory fro: tais isotheqm hae been used to
calculate 8 values for both nocat runs.

Better agreement wvas obtalned between runs 12 and
19. both of weter on sodiw: kaclinite at 250C but the
latter being an isother.a run only. fven so a definite
discrepancy was observed between the isobtaerme and B.E T.
nlots of thesc two runs. Better agreeniernt vetween the

isotheras was obtained by applying the v. value calculated

i'D

fron each run to thet run only. This indicatos that the
difference in v, calculated by the B.E.T. theory is a real
difference anc that sonc change in the ‘aolinite surface
nay have taien place between runs 12 and 19.

u discrepancy also appexred in tiac isotherns obbained
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of nitrozen on the watcr..covered surface 2T c.a. 77°K.

-

!

This was probably due 1o thc difficuliy of rezoving all the
sorbed nitrogen boetween the Tuoc runs. The wetaod used

was to puwip on the calorimetcer at licuid nitiogen teoperaturc
for about 3 deys. The pressurc neasurct on tue Macleod
gauge could not be reduced below 2 X 10“5 w1 Hg, altaough
tuae sane treatgemt for the reaoval of argon at licuid nitrogon
teruperature produced a better vacuuw: in a shorter tiue

The conclusion must be reached thaot soanc nitrogen was
already adsorbed before run 21 was begun. Only tac isothern
fro: run 20 can there: ore be congidered accurate and only
this isothern nas been siown in Fig. 20. Similarly only

the vp from run 20 has boen used.  Date fro: pota runs

have been tabulated.

L.4 Graphs

he data arc presvnted in the forix of a muaber of
graphs, Fige. 14 to 21, which provide for the casparison of
the heat date and the isotheru cata of the three sorbate

rolecules on bothh surfaces.:



Table 5

Argon on sodium kaolinite at c.a. 77°K

Heat runs 5, 6 and 7 Vp = 2.67 mfes.tep./gm.

Increment Vq}ume Sorbed 59 = V/Vm 'ﬁg - ﬁg
No. mA.s.tap./Eme. k.cal./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

5 2,80 1.05 2.0L

L 3. 8L 1oLk 1.86

5 5.11 1.91 1.78

6 6.62 2.L48 1.87

7 8.29 3.10 1.82




argon on

Table

codium kaolinits at c.a.

6

T7°K

Heat run 8

vy = 2.67 m¢

oS.t.p./gm.

83

Increment | Volums Sorbesd 8 = V/VF?I/rT - Hg
No. nl.s.t.p./gm. k.cal./mole
1 0.28 0,10 2.77
2 1.17 Oalidy 2032
3 2.21 0.83 2021
L 3,10 1.16 1.92
5 3,96 1.48 1.89
6 Lo, 7L 1.78 1.78
7 5,142 2,03 1.81
Table [

Argon on sodium ksgolinite at c.a. 77K

2

Heat run 14

vp = 2.67 m{.s.t.p./Em.

Fan

Increment [Volume Sorbed | & = V/vy H, - He
No. *1ézsot°go/gme kogalo/molea
1 0. L6 0,17 2.56
2 1.26 0. 47 2. 36
3 1,89 0.71 2,31
I 2.60 0.97 2.11
5 %, B0 1.31 1.90
6 L. 39 1.4k 1.87
7 5.2l - 1.96 1.84
8 6.03 2.26 1.93
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Table 8

Nitroggn on sodium kaolinite st c.a. 77°K

Heat run 17 vp = 2.60 ml.setep./gm.
Increment | Volume Sorbed :e = V/ v Ag - ﬁs
No. MieSetopo/ g, k.cal./molc.
1 0.21 0.08 |  3.75
2 0.94 0. 36 2.87
3 1.8L 0.70 2,42
Ly 2.42 0.93 1.97
5 2. 77 1.06 1.90
6 3,13 i,20 1.71
7 3.51 1,35 1.6L




Tabls 9

Nitrogen on_sodium kaolinite at c.a. 77°K

Heat run 18 Vy = 2,60 mloSotepo/Em.

| Incrament| Volume Sorbsd 8 = v/Vm 'ﬁé - ﬁs

No. md s.t.p./om. %.cal./mole.
1 0,14 0.05 3.96
2. 0. 5L 0.21 3,20
3 1.2L 0.48 2,62
L 2,06 0.79 2,35
5 2.59 1.00 2.07
6 2.90 1.12 1.85
e 3. 22 1.24L 1.83
8 3.5b 1.37 1.73
9 3.96 1.52 1.63
10 L. L3 1.70 1.57
11 L. 84 1.86 1.67
12 5.19 2.00 1.63
13 5.52 2.12 1.57
BRI 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 iy = 3.08 mgms./gm.
Incremont | eight Sorbed | © = W Hy - Hg
No. mgme,/gmo k.cal./mole,
2 0.27 0.09 15.7L - 17.00
3 0. Ll 0.1k 15.77 - 16.40
9 1.62 0.53 13,29 - 13,76
11 2.02 0.66 13.12
13 2.39 0.78 12,61
15 2.7 0.89 12.26
17 3.13% 1.02 11.58
20 3.60 1.17 11.71
22 3,88 1.26 12.1C
2l .21 1,37 11.60
26 4. 59 1.49 11.62
28 L. 90 1.59 11.42
30 5.19 1.69 11.01
31 5. 30 1.72 11.08
33 5.55 1.80 11.22

=z

3. 3
Because of an error at increments U4 and 5 some doubt exlste
in the values of the weight sorbed from incremnt 9 onwards.

This error should not exceed 0.1 mgm./gm.
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Water on sodium kaolinite at 25°C
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Heat run 12 Wn = 3,08 mgms./gm.
Increment|Weight Sorbed | 6 = W/iop | Hy - Hg
Noe mgms,/gm k.cal./mole.
1 0.04L 0.01 20.53% - 21.97
2 0.18 0.06 16.48 - 17.51
L 0,67 0,22 14,18 - 1l.6L
6 1.15 0.37 13.42
& 1.61 0.52 13.50
10 2,06 0.67 13.03
iy 2,69 0.87 12.58
16 3.06 0.99 12.94
18 3.3 1,11 12. 32
20 3.77 1.22 12.22




Table 1

frgon on water-covarsd sodium

kaolin

88

ite at Cole 77i§

Heat run 10 vy = 2.39 ml.s.t.p./gm.

—— i i
Increment | Volume Sorbed, o _ V/yp ‘Eé - ﬁ% i
No, mbesetap./gme Ko.cale./moles, |

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 2,048 1.04 1.87

6 3,29 1.38 1.80

7 L.25 1.78 1.81

Table 13

LArgon on watcr—-coversd sodium kaolinite at c.a. 77%K.

Heat run 11. Vm = 2.39 MEeSeteDo/EMe
Increment | Volume Sorbed| g = V/vm ﬁg - Hg

No. MooeSetoeDa/EMMo k.cal./mole.
1 0. 32 0.13 2.45

2 1.12 0. 47 2,31

5 1.97 On 82 251“

L 2.67 1.12 1.92

5 3,18 1.46 1.83
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Table 1k

Nitrogen on water-covercd sodium kaolinite at c.a. 77°K

Heat run 20 vp = 2.45 mles.te.p./gm.
Increment | Volume Sorbed| g - V/y, l ¥ -®

No. MAeSoteDo/gm. k.cal./mole.
1 0036 0015 5°32
2 1.21 0. L49 2,62
3 1.98 0. 81 2.25
L 2,42 0.99 1.81
5 2.82 1.15 1.81
6 335 1.37 - 1.59
7 3.91 1.60 1.69
8 L.h2 1.80 1.63
9 4.89 2.00 1.85

Table 15

Nitrogen on water-covercd sodium kaolinite at c.a. 77°K

Heat run 21 vy = 2.45 mfas.t.po/gm.
Increment | Volume Sorbed| © = V/vp 'ﬁg - Hg

No. m4.SeteDo/EMea X.cal,/mole.
1 0.13 0,05 3. 30
2 0.60 O.24 2.94
3 1.23 0. 50 2.63
L 1.74 C.71 2,26
5 2.1k 0.87 2,02
7 2.93 1.20 1.6L
8 3. 4L 1.40 1.66
° 3,87 1.58 1.69
10 .22 1.72 1.75
11 Loly7 1.82 1.64L
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Table 16

%

: . - o
Argon on water-covered sodium kaolinite at c.a. 90 K

X ‘l
Heat run 16 Vi & 2.3k mf;sot.pe/gmn
' i
i o o ! Ad -
Increment | Volume Sorbed! g _ V/Vm Hg - Hs
No. mf.c.t.p./cm. | k.cal./mole.

1 0.25 0,11 2.39

2 0. 8L 0. 36 2.25

3 1.55 0,66 2.01

L 2.14 0.91 1.71

5 2. 59 1.11 1.88

6 2.98 l.27 1.85

Table 17

Nitrogen on water-covercd sodium kaolinite at c.a. 90°K

S s e

Heat run 15 V;asano mﬁasftopo/gm.

Increment | Volume Sorbed | g - V /vy H, - Hg
No. mf.s.t.0./gm. k.cal./mole.

1 0,28 0.12 3.35

2 0.88 0.38 2.7L

3 1.L7 0.6L 2. 54

L 1.91 0.83 2,21

5 2,16 0.9 1.97

®These values of vy are not accurate begause of the
presence of o small pressure of helium in the sorbent bed.
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Table 18

oy e

Egotherm data for argon on sodium kaolinite at 77056°K

Runs 13 and 14 vp = 2.67 m/asotop,/gmi
Run and |Volume Sorbed i o = V/vm Preseups }
Increment |mfes.t.p./gm. | cm. Hego

No.

13/1 0.65 0. 24 0.12
13/2 1.74 0.65 0. 52
13/3 2,78 1.0 2,72
13/L 3.16 1.18 Lol42
13/5 3,15 1.29 5.77
13/6 3.61 1.35 6.51
1l/1 0.92 , 0. 3l | 0.19
1L/2 1.60 0.60 0.4L46
1L/3 2.19 0.82 1.03
1/ 3.0L 1.1y 3.85
14/5 4.0l 1. 50 8.20
14/6 .87 1.82 10.81
1L/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 1

Isotherm data for nitrogen on sodium kaolinitec at 77.36°K

; Rung 17 and 18 vy = 2,60 ml.s.t.p./gm.

N l o~ 1

; Run and .Vi}ume ?orbed o = Vv, Pressure

Increment |mf.s.t.pn./gm. cm. He.
No.
17/1 0.L43 0.16 0.01
17/2 | l.lk 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 - 0.0L
18/3 1.67 0.6L 0.33
18/4 2.L46 0.95 3,28
18/5 2.73 1.05 7.16
18/6 3,09 1.19 13.85
18/7 3. 39 1.70 18,71
18/8 3.77 1.45 2l 9l
18/9 L.22 1,62 30.0L
18/10 L.68 1.80 26433
18/11 5.07 1.95 140.95
18/12 5.38 2.07 L. 81
18/13 5.72 2,20 L8.62
18/1L 6,14 2,36 51.59
18/15 6.75 2.60 52.71
18/16 7.11 2.73 55.43
18/17 ¢ 7.4l 2.85 57.58
{
|
{ t
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Isotherm data for water on sodium kaolinite at 25°C.

Run 9
i Increment Weight Sorbed¥ Pressure
| No. mgms. /gm. cm. Hgo

1 0.18 0,01

2 0. 36 0.02
) 0.53 0.05
L 0.68 0.06

5 0.84 0.2l
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 2032 0. L2
13 2.46 0.48
14 2.68 Q.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 L.1h 0.94
2L L. 29 0.97
25 L.52 1.06
26 L. 66 1.09
27 L. 84 1.15
28 L. 96 1.19
29 5.13 1.23
30 5.2 1.26
31 5.35 1.28
32 5. 50 1.32
33 5. 59 1.35

x P
Because of an error in increments L4 and 5 some doubt

exists in the valucs of weight corbed. This error
should not excecd 0.1 mgm./gm.
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Table 21

Isotherm data for water on sodium kaolinite at 25°C

Run 12 &, = 3,08 mgms./gm.
Increment | Weight Sorbed 6 = W/uh Pressure
No. mgms . /gm. cm. Hg.
1 0.09 0.03 0,01
2 0.27 0.09 0.01
3 0.58 0.19 0.01
i 0.76 0.25 0.01
5 1.06 0. 3L 0.02
6 l.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. 1L 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 0.4L0
16 3,13 1.02 0.41
17 3.37 1.09 0. 50
18 3. 50 1.14 0.55
19 3.71 1.21 0.60
20 3,83 1.25 0.65
21 .22 1.37 0.77
Table 22

Isotherm data for water on sodium kaolinite at 25°C

Run 19 ‘Jp = 2.94 mgms./gm.
! Increment |Weight Sorbed | g = W /oy Pressure
No. mgms/gm. ' cm. Hge

1 Q.89 0. 30 0.02

2 1.82 0.62 0.14

3 2,67 0.91 0. 35

L 3. 50 1.20 0.63

5 L.L9 1.53 0.92

6 5. Ly 1.85 1.13

7 5.77 1.96 1.22
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Table 23

Isotherm data for argon on water-covered sodium kaolinite

at c.a. 77°K

Run 10 Vn = 2039 mfes.t.p./gm.
Increment | Volume Sorbed! v/ | Pressure '
e = V/vp
No. mfesetep./gme cm. Hg.
1 0. 5¢ 0.24 0.15
2 1.10 0.46 0. 37
3 1.43 0,60 0.67
L 2.17 0.91 2. 39
5 2.83 1.18 5024
6 3,82 1.60 9.22
7 L.76 1.99 11.71

Temperature of liguid nitrogen bath not measured.

Table 2U

Isotherm data for argon on water-covered sodium kaolinite

at 77.36°K
Run 11 Vm = 2039 mCa Sotopo/gmo

Increment V?lume Sorbed o = Vg Pressure

No, MieSeta.ps/EM. 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 Ll-oo2 1°68 9086
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Table 25

Isotherm data for nitrogen on water-covered sodium

kaolinite at c.a. 77°K

Run 20 Vg = 2.45 ml.s.t.p./gm.
Increment | Volume Sorbed : o = V/ Pressure
No. mfeset.p./gm. n cm. Hg.
1 0.72 0.29 0.03
2 1.72 0.70 0.66
> 2.25 0.92 3.69
L 2.61 1.07 8.83
5 3,08 1.26 16.97
6 3.69 1.51 25.89
7 .21 1.72 32,6l
8 L.73 1,93 39. 56
9 5.35 2.10 Ll.76
Table 26

Isotherm data for nitrogen on water-covered sodium

kaolinite at c.a. 77°K

o S AR i e N A .} I T TR A bt A

Run 21
Increment Volunc Sorbedae Pressure
No. mleset.po/gmo cm. Hg.
1 0.26 0.01
2 0.93 0.0
3 1.54 0.63
L 1.96 2,48
5 2.3L 7.16
6 2,67 12.77
7 3"23 21097
8 3.72 28.90
9 L.12 34,08
10 Lol 37.93
11 L.6L L4O.81

*
gome doubt exists in the volume sorbed because of
incomplete desgassing of the sorbent prior to this run.
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CHLPIER ¥

e —————

DISCUSSION

5.1. The B.E.T. Treatnent of Igotherns.

The thoory of physical adsorption of Brunauer,
Emett and Teller (1938) was the first, and 1s still
probably the best and wost useful theory covering the
coiplete pressure range. it is not fully satisfactory,
and the assuaptions of the theory arce very crude, but they
are sufficiently good to contain a munaber of‘the iiiportant
gualitative features observed experinentally. Bepecially
after the confirnatory work of darkins and Jura (léhh,~ it
now sccus clear tnat the ceterninmation of surface areas
by the B.E,T. theory is the best aethod aveilable at the
present tine.

The volume sorped in a monolayer, Vs is calculated

from the oguation

p- - 1, e-1.p

——

v(po - p) Vi C VnC  Po

for adsorption on & free surface, In this equation

p = cguilibrium pressures
v = volunc sorbed,
Po = saturation pressure of the sorbate at the

teuperaturc of the cxperinent.

For values of p/pe between 0.05 and 0.35 the plot
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of the function p/v(po - p) against p/po is linear if
the theory is obeyed, The intorcept of the straight
line is 1/vmc and the slopc is (¢ - 1)/vycy sO thaf Vi
can readily be calculated fron the oxperinental data,

The B.N.T. theory wes applied to the isothern
Gata listed in Tables 18 to 26 and the plot of
p/v(po - p) against p/po was linear in cach casc. &s can
bo scen fron Figs. 22 to 244,

The values of tho saturation vapour pressurc for
nitrogon at its boiling point and for water at 25°C,
presented no difficulty.

~ The question arosc; howover, whether'po for argon
at 77.36%% should be tho valuc for the solid or the
extrapolateﬁ value for the licuid. Lwrgon has a nelting
point of 8&.0°K9 and at first sight it would appear that
at ?7.36°K the saturation vapour prcscsure of the solid
(20.6 cn) chould be used. However, a nunber of
investigators have reported cvidence. based on various
properties of the adsorbed filus, which indicates an
abnornally lov frceozing point of afgon in the adsorbed

phasc.
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Bocbe, IMillard and Cynarsixi (1953), in their
investigations of argon on graphitised carbon at licuid
nitrogen toiperaturc. observe that the heats of sorption
fall to a nindimun. betweon the heat of sublination and them
heat of licuefaction; at the bezinning of the secohd layer,
They suggest that the adsorbed argon isay approach the
state of & licuid filn. buc as thoe sccond layer nears
calpletion therc may be an inereasec oréer resuvlting in a
solid fili: with correspendingly higher heats of adsorption.
Morrison and Drain(1951) have obtained definite gvidence
that the freczing point of adsorbed qrgoﬁ on non.-porous
rutilc is lowerced by several degrees. Direct evidence
that the cxtrapolatoed saturation vapour pressure of tuoe
supercooled ligquid should bo used for sorbed argon at
78°K concs fron a recont publication of Dancs and
Novdlkova (1958). They have shown that sorption isothorus
of argon at 78%x and 90°K on several adsorsents, porous
and non-porous, only agrec-if the liquid value for po is
used. Both argon and nitrogen isotheriis were obtained at
78°K and tho use of the licuid value for pe in the formor
case also resulted in bettor agrccoment between the surface
arca and porc dianctor valuces..

In these experinents, tihie usec of the value of po
for the so0lid gave the unlikely result that on tas sodiun

kaolinite surface thc argon atoa occupied a largzer arca
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than the nitrozcn zolecule. Use of the extrapolated
liguid valuc for po (23.2 cu) veversc. this rcsult. The
latter value wos thercforc uscl in each case to calculate
Veq for argon. The values of po for argon Werae calculateg
froa Tables of Therral Properties of Gasess U.S. Nat. Bur.
of Standerds Circular 564 (19559).

& su:mafy of tne values obtained for the voluae

sorbed in a monolayer is given below.

Table 2/
Sorbate Sorbont Tanperature Po Viq
cn.Hg. | nf.s.t.p/2n

i 'clean' 77.36°k | 23.2 2,67

& wtor..covered " " 239

N2 'clean' " 76.0 2,60

Nao(run 20) | water.covered " " 2.45
| : ngie/go

Hz20(run 12) 'clean! 25.0°C | 2.376 3.08
H20(run 19) 'clean! " : " 2.9%

i .

The discrepancy between the isothermis of nitrogen
on the water coverced surface ond thet between the water
isotheris wer. discussed in Y4.3.

5.2. The Lreas Occupicd by Sorbed Molecules.

In their ori;imal paper. Emuett and Brumuer (1937)
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suzgestod obtaining cross.cectional molecular areas for
the various adsorbotos by means of the cquation

Molecular arez = 14(0,866) I:f%étﬁ? ‘§/

vhere M is the uclecular weight of the adsorbateﬁl\ is
wvogadro's munber and 4 is the density of the solidified
or liguefiec adsorbatec. The cquation was derived on the
asswaption that the nolecules have crogs.scctionnl areas
equivalent to thosc possessed in the licuid or sclid fornss 3
end that they arc closc packzed on the surfacc of the adsorbent.
It hes been chown that this procedure gives very satisfactory
asresgaent betvecn arecas obtained ¥cr nolecules having

similar boiling, pointss (e.z. Nay « €O and 02). In

genecral however. using the nolecular arcas calculated

fro: the above equation the spocific surface of any sorbent
is slightly larser when nitrogen is used to deteruine it

than with any otuer csorbate. ) The reason for this

discrepancy is not understood.

sJdn

The cross sectiomal arcea of nitrogen frow this
equation is 16.2 22 and this is gencrally accepted as the
valuc for sorbed nitrogon at its boiling point. Using
the value of v, for nitreozen on 'elean' sodiwn leolinite
listed in Table 19. the surface arca of the sorbent could
therefore be calculated as 11.3 netres?/gu. Nows using

t+he B.E.T. valuves of v for argon and wvatcr on the sane
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surface in conjunction with this surface arca. the arcas

occupied by these sorbatc ziclecules was calculated.

The sa.ic procecure was applied to calculate the
PP

-

crose sectional arca of argon adsorboed on tuae ice surface.

Howevor. the ice surface waen tae argon isoather :s ndé when

the opnen isotheriis were o not nhave been cuite

ju

nitr ne .ay

crcical The watcr run prior to tic argon isot.ierns

on the ice surface was run ¢ vhereses the wator run prior

to the nitrogen isobtherns on the ice surfacc was zun 19
> @

adsorbed and

TS

D

in whicl: about 3 por cent nors water

subseguontly frozen. This difference in the sorbent .ay

have been a contributory factor in obtaining an apparently

lar .or crose-sectional area for ar;on when a2dsorbed on
the ice suzface. The values of the cross scctional
arcas obbtainee are listed in Table 28.
Table 28
! !
- . . |iMolecular|iiolecular
Sorbate Sorbent Teaperature| usrea arca froa
a2 Licuid
clov
A-ln<_) R

Na "Glean' 77.36°K - 16.2

. S 0 : )

N Sodiwa saolinite 77.36 15.7 14.0
H20(runl?2) Surface area 25.0o G 11.0 10.8
H20(runl9) 11.3 12/qn. 25.0° G 11.5 10.8

- Water covered 0. )

2 Soditn Kaolinite 77.360A - 16.2

Surfacg arca 0
I 10.7 u/gn. 77.36°K 16.7 14.0
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« considcroble amount of discussion exists 11 the
literature on the nature of wator adsorbed on clays.
Hendricics and Jefferson (1938). kiacey (1Sh42) and Barshad
(1949) have all proposed that the adsorbed water layer is
in the fori of a hexagonzl networl (see p. | ).

Hendricks and Jofferson suggecsted that the water
layer is co-poscd of water :iolecules joinew 1nto nexagonal
reoups of an extended hexogonal net. The stebility of the
layer of wator .olecules wee sald to arisc from its
cegoaetrical relationsiin to the oxygen ions or hydroxyl
groups of the silicate frouwework and the resultant formation
of hydrogzen bonds. If_tre segparation of the oxygen ataoas
of the water layer is 3.0 4 in projection, tic nct has
just the Giuensions of the gilicate layer wincrals. There
arc then four uolecules of water »ner uolecular layer per
unit cell 2f the clay nineralh cachh water molecule
occupying an e of 11.7 R22.

Macey's concept of the watzr layer, based on the
sinilarity betwecn the structure of ice ant the oxygen ilons
at the surface of clay iiner.ls, was that the initially
adsorbcd tater has the structurce of ice. This beinv S0
the arce occupicd by each wotoer wolecule would be 17.7 22,

Barshad suzzested anotiier concept of the mture of
tlhe adsorbed water on tiie basis of careful dehydration

Geterninations with sontzorillondite. He suggested that the
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area occupied by tuac watwr widlecule ig voluvced froaz 11.2
J_A5',:.’ 02 N . o R \
td 2.0 & because of changes in thic pacxing of the water

aolecules zn the surface

w

s the clay mineral boecoucs nore
nycérated. The above theorics are based alicst entirely
on a peoactrical £it of the proposet water layer to the
silicate latticec and supoorted by little euperii.entel
evidence relating to the area dccuplicd by sorbec zolecules.
Clearly. in the light of the cross.secticnal crea for an
adscrbodAwaper zolecule calculaeted fro. tinese experinents
to be 11.0 - 11.5 32, iincey's ice lite structure ic
unacceptable on ths basis of wuolecular area, as is the
configuration at high states of hydration _roposeC by
Barshade.

Therc has been consicerable criticlisiz of all three
theories becouse the; nczlect the probable influence of
exchangeable cations. dendricie, Nelcon and w.lexander
(1940) suggosted that cations which can coordinate six
molecules of water may stabilize the hexagoml arrays
but Williamson (1951) has pointed out that sucn a cation
draws the iclecules into closer pacJding ang distorts
rather tian stabilizes the hezogonal network.

Williason congiders that wator is physically
associsted with clay nincerals in cone or bethh of the

following wayves (a) adeorbed on the surface of the clay

(@

[}
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mdneral proper, «b) as water of ayération of ©nc base
cxcirangcaonlc c~tions. Thorc is ;ocd evidence that the

lattor 1s inadeguate in auount o account for all the adsorbed
wator of cloy sse. for cin.ple. Walier. 1949), Fron

the cdaca notai cd ngigg tiicze cuperients it has been

saown in 5.3, ond 5.3a. that only about 20 per cent of the
water aonoleyer is cdsoroed in such a position that it is
influcnced by o cotion. It 1s not possible thercefore

thet in a hcxagoml array oF six watcer iolecules all six

zolecules arce cqually assaciated with 2 cation

5.3. Heats F ..dsorption on Ssdiw.: naolinite.

The heat datr on tine sodiun kaolinite surface
(Fiz. 16) show tuat about 20 per cent of tioe aolecules
in the Lonolayer arc adsorbed with considerably higher
heats tinn the rerining 80 per cent. Tidis 1ig especially
noticeable in tuc cage of wator. vhers 20 per cent of the
wator .onoloyer is adsorbed with hoats botweon 22 and 15
IZ.cal./wmole and 80 per cent with heats betveen 15 and
12.7 k.ecal./w:0le. Thoush less pronounceds a sicilar
offcet ig obsorved with argon and nitrogen, It con
therefore be concluded that in general, about 20 per
cent of the taolinite suwrface is considerably iore active
with regard to phyesical ads rpuion.

If this hinh cctivity woe associoted with aisn

intoraction cnersy resulting fro. dispersion forces then the
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effect would be approxinately the sane for arzon, nitrogen

and water. since the dispercion forcees ascociated vith

these u1oleculcs ~re of t.ae sae aorder °F - nitude. This,

erence in magnitude of

bl

G

however. ig not the case and tnc dif

the heats of adsorption of arjon nitrogen and water in

the first 20 per cent of the wonslayer indicates that the

higher activity originatcs in celoctrostatic forccs.

This conclusion is further supported by consideration
1

of the heterogenelty in tne first 20 por ecent of the

nonalayer i.e. in thoese octive cites,

Table 29
! g% - Hs at ﬁ} - He at %Ch;nge in ﬁb.- Hs
Sorbate 820 e =.0,2 i 6=0->0.2

kocal./ucle | zocal./aole cal./aole.

i 2.9 2ol - 500
4.0 3.2 800
Ha20 | 02 15 7,000

=
I\

If thce hetecrnzeneity originatea in sitces of different
dispcersion cnor 5y then tnc fecrease in neat v lves fron
8 =0 to ©® = 0.2 wmld boc approxiately the saue for 211
threc adsorbatce. If. »n the otner hond. the heterogeneity

orizinatcd in the clectrostatic field 2t the surface; the

change in heat 7 sorption with susrface coverage would be
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different for the thrce adsoroates because f the difference
in taneir polar chnr~ctor. It is therefore cvident that
about 20 per cent of sites on the taolinite surfoce are
envrgetically ore 2ctive in phyegicnl acdsortion becouse

of the higher clceetvostatic ficle associated with these

)

It is nw sugsested that thae active eites on
.2olinite are relatod to the exzchangenple cations on the
surfacce; in this case sodiwi ions. Froa the exchnange
capacity of the .z2olinite used, 3.00 i, equivs., Nat per
100 guis.s and the weight o water sorbed in o nonolayers
.9 = 3.08 :13:../g..; it is readily calevlateda that there
are 5.4~ 5.7 wator uolecules per cotion. ~bout 20 per
cent of these water moleculcs arc adsorbed on highly
enersctic sites, so that it can be concluded that -nly one
wator aolecule can we aasorbec in a position where it is
veing influcn.ct by 2 eation. assuw:ing that 211 the cations
arc in swvch a position ~n the surface that close approach
of adsorbec mioleculces is possiple.

deenan; kiooncy and wood (1951) have suggested,
froa considorations of ionic diancters and the aolinite
lateiec., that the cations ave oy »5-bly sitvated in the
centre of tac aexosonal arrnys of owyzen atoaxs which

occur on one of the thac basal surfaccs of “aullﬂltOQ
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Howevery calcul~ti-ns in tunie dopartinent on the electrostatic
ficlé above the .nolinite lattice (Sregrzzl, privaite
co_unlcation) nove ghows that 2 positives ion would be
repelled fro: this position and thact tnerefore this cannct

be the position adopted by cucuangeable cations. These
calculationeg 2:ice still going on and it is hnpew, when they

.

are further doevelos,ed, o be avle to proedict the position

of the cations in the .aolinitce lattice.
It ig now poseiblc To postulate an adsorbes water
phasc in waich cbout 20 per cent of thne water ..olecules

are acdeorbec in cloge proindlty ©2 a2 cati n ane thersfore
Xperience a hign interoction ensi.,y. The reroining

80 per cent of the sonoslayer interacts with the oxygen

and hydroxyl ions of the roest of the saolinite surface and

the heate of sorption are .nly slisghtly above thac heat of
sublination of water, ~os woult be expected 1f water wa

adsorbed on ©o & surface sizilar in nature to watcer itself,

In : ion

cr

ditinns tnerc¢ ig no> cevicdcence for neats of ory

B

ad
reator than the heat »f esvbliii tion in tne second and

.J 0

higher layeres and no evidonce tuat lay ;e muibers of laycers
of water Arc ~dsorbed at .regsures substontieally lower

than the sat01 tion pressvrce, as nas pecn reparted v
silver iodidc. This would require that the forces
operating at the surface _uwet ve surficiently long range

to aficct the outer layors
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In faect, J.eger (1938) nd Spiel (194%0) have

sugzester that the taicinese I adsorbed water at optiomm
plosticity for x=olinite is of the cvcor of several lmndred
angstrous, However. De Wit and ..rens (1950), oy -

measureients of tae censity of hydiavoer :@olinite particlesy

-

have concluded that the tuicimoss of adsorbed wator held by
f2olinite should be rieasurced in ¢ very few wiolecular layers,

waich 2 ;recg with tue devs on water sorption in

2 findaing

=

the present scudy.

5.4 hoeate of Sorption on Watcer Covered Sodiwa Kaolind

e

If the high initiz2l eates of sorption of argon and
nitzojen on godiva xolinitc arc duce o the electrostati
neterogeoneity ~f tho exchangeable cations in the leolinite
lattices then coverins this surface with two layers of
wator (afterwerds frozen at c.a. 77°K) would bo expected

to rozove thie effect of these octive sites. w5 ¢can be

e

scen fro: Figs. 182 and 18b, thuis ig exnctly wiat was

o~
obscrved cxperinentally.
It should we noted taat the first point in calorinetric:

veasuranents reprecsents an iatezrol heat froa zero coverage

w3

so that vt offect of encrjetic sites which represented

only & =321l proportion f the total surfece would still
be detectable. In Fact-. on tite wate. covered surface, high

heat valucs For € = 0= 0,2 2re eatirely absent and the

sraphs £or the 'elean' and water covered sorbents cross
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at 2bwt 6 = 0.2. i.e. the hizh cnorgy cotion sites must
have been covered by water,

For the ranze © = 0.2 =1.0 hecats of sorption of
both argzon and nitrozen oare zpproxinately the sanc on ice
as on sodiwl #naolinites tiaus confirning the theory ovtlined
above that 80 por cent =f the xaolinite surface consists of
oxyrmen and hydro;yl ions cnerzetically very sicilar T©o the
icec surface,

S.ha. The £ffcct of the Witrogen Guadrupole.

~

The heats of sorntion of nitrogen -n sodiuvn kaolinite
are zreater thon tacege 7o 2reon »n this surfoce vntil a2bout
90 oser cent o the :onolayer hns been filled. his can
be sttributed to the combt.ibution oFf the nitiosen gquadrupole
in the fiecld gradients nccurring ot the surface of zaolinite
(tiis bein, . inhouszencous), and waich sceur at any ionic
surface., However. it is 2lso found that the heats of
sorption »f nitiogen on thc ice surface ais subst:ntially
higher timn those for argon ~n this surface, altaosuga the
ice svrface is considevably iore horogeneovs than waolinite.
Initizally the nit: ogen heats are some 900 cal/uisle preater
than the 27, n neats. This is wresuwaably cue to the
interaction -f tae nit:ogon guadrupole with the field due
to tiie two loyers of imter .« ipolas. « 20re detailed

discuesion vvill be uvndortacen after consideration of the

o

lcevrostatic field above a plane of water dipoles.
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- - ~- -

2:4b.  Laterel Intcoraction sotveen .dsorbed Molecules.

wlthoush the ice surface is wuen wore unif ors than

the eolinite suriacc. in neither case is there any
tendoncy for tac argon or tae nitrozen hext values to increase
as 6 » 1.0, Tiae effect of tawtunl interactions between
adsorbed arzon at.a.s is discuescd in 5.5¢; but the sane
treatnient of coewbee nitrosen nmolecules is couplicated by
the presence of the nivr-ojen quadruposlce and by the
dependence of the intoeractions between guadrupoles on their
osricentati on.

clend (Ph.D. thesis, 1958) hes dealt in detail
with the quadrup-le. uvadrupole interaction of nitrogen
sorbed in natural carbazite. He considered thg :utual
inter~rction to bc zxpected fro: a systci ~f non-rotating
linear quadrupnles 2nc ealculated tne interactiog energy
between two i:olecules in four basic orientations.
Takiny tue value of the nitrogcen guadrupole ©o be
Qs = 2.58 x 10°%%¢, s.u.; lincleod calculated that the
attraetive interaction energy due to dispersion and
repulsive forces is between 50 and 260 czl./ule at
separations of 4.1 —> 4.5 2. He statess nowever. that the
lower value is probably near zero becavse the caleulation
of the repulsive eneryzy in this particular oricentation
leads t2 a2 vaeluc which is too siall, Drain (1953)

hel 3, . (o) O (3 1 *
caleuleted that ot aSepar tien of 4.4 4 the interaction
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energy of a co.plete ionolayer of nitrojen iolecules

forning a scuare lattice:. with the guadrupoles parallec to
one siGe of ths squave, wag about 100 cal/:iole coupored

to an attraction of 400 cal./nole due to dispersion 7 wwrces.
It connot tge eff cre be coneluced that the absence of

a waximun as € 1,0 in tae nitiogen heat curve on the water
surfacg is attributable tc thc cuadrupole-qguadrupole repulsive
forces. The iost tart con be said is that the agnitude
of any vander Wiaals attriction between the sorbed molecules
would certoinly be roduced by theSg repuleive forces. The
actual nognitude of thce ¢uadrupole~guadrupole interaction
Gepends largely on the orientation of tiae i:olecules, aboutb
wnica 1little is :nown.

Beebey iillard and Cymarski (1953) measured the
heate of sorpbion of arzon on two carbon tlack adsorwventss
Graph-n and Spheron. On Graphon. wnich has the nore
aouogeneosus surface an inerecase of c.a. 400 cal./ .ole
is observed fra: © = 0.5 —-1.0. -nd this is attributed
to lateral intevnction vetueen the ~dsorbed nclecules.

On Spheron this increose is not observed end it is suggested

that the heterogeneity of the Spheron;surface nay smaear

out the effect of loteral interction. This mry also occur
at the w2olinite surface.

Mezizna in the isosteric hext voalues in the region

= 0.5— 1.0 have als> been reported by other authors,
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e.2. Orr {(193%) Tor arjon. nitrogen and oxygen on
potassiw: chloride =nd caoesiun iodide, and Rhodin(1950)
for nitrosen on gingle crystal 7faces of copper. Detailed

il 1

dicscussion on the avsence =0 o omozdiron in the heat values

cT

af armon on the votoer surface is res*rveé for H.5¢c.

ais

5.5. The Electrostatic Field above the Water Covered
£20linite Surfrce.

In order to 2chieve a fuller underctandGing of the
observations outlined in 5.4 2nd 5.4b. it 1s necessary to
consider the field above two layers of water uolecules
adsorbod on to the taolinite lattice. Howevers calculations
in this departuent by srosazzli (private commnication) have
shown thot tiace electrostatic field above the koolinite
lattice folle to zero at a dist-nce of abmwt 6 o froo the
oxyzen or nydr vl layer at the umolinite surface.
Therefie, the electrostatic field at any point above two
layers of water ;olecules would be unaffected by the field
ascociated with the .aoclinite.

" For the colculation of the ficld. the water layer
vag assuie. tO consist of an infigite planc of water dipoles
in o close »acked hemnsonal arrsy eaci: a distance 'd' apart.
Two dipole arrays worce consicered. (i) all dip-les
oriented ner, endicular to the surface; (ii) all dipoles
sriented parallel to the surflce. For cose (i) all the

Cipoles were asswied to be oricnted perpendicular to the
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plane 2nd in t.e same sense. Then the field perpcendicular
to the plane at aeny point w, due to one dipole of strength

w; 1eg given by the equation
. 1 “
Fx' = —5(1 - 3 cos?e)
2

wherc 'a' is the distance betueen . and the dipole centre,
and € is the anjle betwecen the polar axie andé the line
ioining .. 2né the Cipole centra. The field parallel o
Cic plone is sera.

The total fisle wes calculatoed at vorious heights
(&) above tho centre of me triangle of dipoles., and (b)
dircctly zbove one (ipole. « sunaztion of the twelve

) .

Tings of nearcst neighbwre (63 dipoles) was followed by
an intesration fron the thirteenth rving to infinity ane the
totel field Ffor an infinite plane thereby obtained, The
colculotion i :diven in cetail in wposendix I.

The soiic enleulation above tile contre of one triangle
of ¢ipolcs was rogeatel for an infinite planc of dipqles all
oriented parallel to the plone and in the sane sense.

In thie case the Ficlc pernendiculxy To the plane of polar
centres ig zero andé the Field parcllel to tie plane 1s
ziven by tac cquation

Fx¥ = —13(1 ~ 3 cos’e)

The velue of #x' for 2ny one ¢ipole differs froa: that of
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Fx" gince © will be altered by 900 hoecause of the chanze in

orientation of tac dipole.
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In fact., for the position

above a trianzle of dipoles. the field above the plane of

dipoleg which have orientation (ii) is half the ficld at

the sane point above

perpencicualar
The calculati

in Fig. 25.

tho plane of dipoles

orientaed

to the svrice (see wppendices I -nd II),

2

one are swrinrised in the following table and

Table 30

——

0

Heirsht above
the plane of

lFieldxﬁrectlyabove

a dipole due to 2

field above the centre
of 2 triangle of dipoles

N
|

dipole centres plane of aipoles auetoaplaned dipoles
withaientetion(i) | orientation(i) | orn entatimnGi)
] -
0.k d . 6.2 Fra3
0.5 d -10.07 #/a3 3.1 1.65 Hya3
0.6 d IR 1.79 "
0.8 @ L 0.456 "
1.0 @ i - 0.25 " 0.117 " 0.0LL *
| 1.5 d | - 0.026 | 0.0y " o "
2.0 & i 0.014 " i 0 " o

It can be seen that the volues incolusn b

half the valve:s in eoluan 3.

2re not exactly

This discrepancy is due ©O

the 1lindtotion of the swridvion ang intesration ietiod used

and would Gisappear if 2 sufficicently large mumber - dipoles




127

— | T T
0] 20 40 A 60
f12'0 » ‘ Fig. 25. | ,
' The Electrostatic Field above an Infinite
Plane of Water Dipoles.
, \ Dipolar axes perpendicular 4+0 =
-10-0 - T to the plane,
() above a triangle of
- dipoles.................Q
| (b above a dipole........o
ta. Dipolar axes parallel '
80 | to the plane, L 30+
3 - . above a triangle of E |
= \ dipoles......... e I
b . =
O '®) ' ' )
—~G-0.9 Field v
" YL e e o~ -
o 226x10°esu/cm? 5
S < 2:0-
a ' *o
0N @
g %)
~4-0 % Ug'
9 I
L e
o}
+£3 10_
o G
2 - g
| " Height above the plane :
C') : O'ISd ‘ 1-_(2d 1-?d > 2-0d
i [

% where ',x=1-_8x1‘(g-‘"e.s.u.cm.,‘and d=§[?éb'3.

-
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)

vere considered for the swi otion,

(

During tios crurse »f taese calceulations it was found
that. .bove tae centre of a triangle =f dipolcs, the field
dve to the nexrer nelgabours -nly whs opposite in sign
to tne total £ield. In other wordss the direction of
the £icld at this point is opposite to That which uignt be
efpected .ot first sigut. and a layer 2f dipolces with
their positive enGs wtwards wvonld attract a positive
charge ©to this position. Rooerts (1939) obeserves the sane
effect in his calculation »F the clectrost tic field above
the 100 plene of o body centred ionic cryst:l. which is
analozous to the plane of water dipoles when all the dipoles
are oriented pervendicular to the plane since in both casess
if the dipnoles are not treated as point charges but as rods
of 52011 but finite length. tnere ore two parallel planes
opposite in sion.

w8 con be seen frox Table 30, the effect of the
underlying layer of water _.-leculcs on the £field at 2 point
above the second layer is nezligiblce since the distance to
the plane of dipole centres of the underlying layer tust
be reaber tian 'd'.

5.5a., The Interaction of Nitroszen with the Field above

the Water Surface.
The f2ct th:t the hextes of sorption Of nitrogen

are grueater tion those oF argon on the water surface has

(i)
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been attributed to the effect of the nitrogen quadrupole.
The energy of interncticn of any cuadrupole with an
electrostatic field is given by the cquation

/ N
o £ - ,Q_ BLE-“l
1 PRy,

where Q is tho quadrup~le noaent and aF/at the field gradient.
The encrgy £ inter:zection of o nitrogen guadrupole
with tho field obove 2 laver of water dipoles all oriented
perpendicular to the surface wis tAOfo ore considered, The
ficld sradient was calculated from Fig. 25 2t various
distances fra. the plane of dipole centres. In these
caleunlations 'd'y the sepoiation of the water molecules,

was taken to be 3. 60 2 (calculated fix1 the nitrogen specific

surface 2nd the B.E.T. valuce. of the water monolayer)s g

. -18 .
the water dipole, as 1.8 x 10 @, 8.1 Cii. 2nd @y the
gurdrup.alc uv;unc of o non rotating nitrosen molecule; as

.2 ;o1 S ;
3.0 x 1¢ ® o.s.v. cn? (Hill and Sumith, 1951). The
cnleulations Arc swunnrisced in tac £ullowing table and

-« 26.

The crmocrimental results hrnve shown thot the initial

- i

Fig

«q

heat of sorpticn of nitrogen on the water surfice is

c.2. 900 cal./iicle srerter thon thot for argon on th

sange surf~ce, It con be seen from Fig. 26 that, 1f this
neat is attributed to the interaction of the nitrogen

cuadrupole with the field, oné if the nitrogen :iolecule 1s
¢S N 3
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Toblo 31

| fbemetion with ths fidld | Tmbamebion whh bho feld

uzimmeqﬁweﬁﬁgfmmgﬁd&m&m %ggwm§ﬁfﬁmka
e plane, & 5= */3x10 CF? allde | Y | /a2 xl0 c@,cel/mole

0.50¢ (1.80 2) 19.5 2,100 55.9 65140
0,605 (2.16 )| 13.5 1,450 49,7 5,370
0,704 12,52 ) 5.7 620
0.75¢ (2.70 2) 7.7 830
0.80d (2.88 ) 3.1 330
1.004 (3.60 2) 0.96 | 104 1.3 140

(a) cbove the centrc of 2 triansle of dipoles, the
quadrupole contre st be 2.40 2 above the plane of polar
centres of the water layers (b)rdirectly abywe 2 dipoles
the guadruple eentre nust be 2,68 2 above the plane of
polar centres of the water layer, Cosiceration of the
dipole crientrtion in which the polar axes are parallel to
the surfoce would give sinilar values oFf The field grodient
to those in colwan © of Toble 31, andé would result in a
sligntly <:2ller seprgion to»carrespond vith an
interactisn encrzy oF 900 cal./aole, Thie case has
not been caleulrted in full.

Both crleulated volues oF the separation are, in fact,

fairly si211 in vicu of the rndii f tuc .olecules ilnvolved,
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but they ~re iore ccceptable if it is allowed That the
polar centrc of the wator .olecule uny be aisplaced from
the n;olecular centre.  Burnellc and Coulson (1957) have
shown thoat the i:ain »nart of the dipole jiosent of wter
cones frot the lonce poir electrons of thc oxygen atal, =0
that the polar centrc is likely to be disploced in the
direction »of the oxyzen 2o, The rodius of tie weter
woleculc is about 1.h4 gg and the unindmu radius of the
nitrogen wolecule about 1.7 2. Therefore; the expcected
scparation would be abaut 3.1 S, However. bearing in
ind the linitotions of the nethind vsed, the values of
2,40 2 and 2.68 S derived fron Fig. 26 con we accepted
as support for the theory that the 900 cal/uole by waich
the nitrozen neatg are in cucess of the arzon neats is due

-

to tac gu&drupglemfield interyction.

. e .-

5.5b. _The Intercction of wr-on with tihe Field above

T tor SULJ CE.

Pl

=y

e.

The drta obt~ined For 2rzon on both surfaces have
chioun that the nert of scrption of :rgon>on tws layers of
vater is sx.e 600 cal./naole giender tian that of argon on
two otuer layers ;fvargcn. In botii cases the cistance
:f the third loayer from the (nolinite lattice prevents
the latter playin, any part (seo p. 124). Therefore,

the difference can be attributed to the interaction of

tlie induced dipole of the argon aton and the fleld dve
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Within the liiitations discussed below. the energy

t2 the wvter surf-cc.
of interaection is
%ﬁz -

1, -..21}.
where o« = 1.63 x 10

of arzon. and I is tlao f£icld.
crl./ncle. F o= 2,26 x 107 c.¢
in which the argon at
produce a hext of sorption by

cal./nole. Fro. fis.

tuaty £or the

nerpendicular to

st be 1.5 & o

depending on the position adopt

Consider>tion 2f tuae radius

and of the argon atom (c.a. 1.9

scparations arc impossibly small, but the .discucsi

shows that the usce of thc

yicld a
The arson ot J. aGcsorbed

gituated in a steesp £ield

field close to the dipoles is larje. Both thes

shize it aocsubtful whotoner tas value of ©

lesitinately be

.u./cn

et be situated

rientation in waich the

of the watcor

guation YD:

rradient

siven by tac expressiom
’72 o< e

c.c./1lecele. the polarizability

There; ore vhen gf‘— 600

Tnis is the field

iipole inducti-n of 600

25 it is therefore possible to say

polar ales are

the surf.cc, the induced dipole eentre

2.1 & above the pline of water dipoles,

Gu Oy the arzon atol,.

0
iolecule (co.a. 1,42
%) indicatss that thsse
on bsiow

-3aF? is likely to

value smaller than the true value.

on tiie water surface is

4

anG. furthernore, the
¢ facts

X quoted rbove can

useG in this colucloticn.
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Lenel (1933, cnlculated the hiexts of adsorption of
arson on ionic crystcls (2 systen very sinilay to 2rzon
on the woter surf:.ce) ~néd cbtained good acreeuient between

4

hig calcul~te. and his_mezsured nente. ide considered that
in caleculating the lon-induced dipole interaction the mean
polarizability of argon could not be used becavse the field
of the ionic latoice is very inhoisgceneous, Lenel. in
facte Cid nit calceculrywbo toe total field oboave the ionic

.

lattice but asswred that practicnlly the entire effect

c¢epended ~n taat part of the adsorbed oton walch was
close to the ion. ¢ calculated the interaction energy
accordingly by .ieans of an eguation derived by Teller.

Orr (193%9b) has derlt with the clectrostatic field
above the icnic lattice in - .weh nore thorough anner.
He cvalustced the ficld by = dircet swration of 88 .. 96
ions ond calculated the rewining contributions by
interrati-on bubt went on to calculate the interaction
encerey by usin~g the ean »nilarizability of 2rson witnout
colienting on the justificxtidn £ uweing itT whep the
adsorhed “toss cypericnce o 1-xje field gradient.

Coulson wmacc2ll and Sutton (1952) heve shown
that the streic polarizabllity inercrses with hizh field
strenetns of the xder oFf 108 V./cii., which are experienced
in the neizhbournood of an ion or dipole: the induced dipole

2y be ae imueh s twice tant caleculoted Fioa. the e.hression



135

by = =% F; this h~ving been derived on the assunption
thet F is saall, and < being the 's.211 Ffield!
polarizanility.

The cvove factore all inply that the siaple

caleulation of tie separation of tue induced dipole froa the

plane of periancnt éipoles is lilkely ©o result in & value
vhicih is too su21l. L~lthmugh the eodii for woter and

- . i . . 0
argon stoted aLove 1nply thot o separation of 2bmt 3.3 w
shouldé be anticipater. tie separation ay 2ctually pe

s.oller than tint 1f ~llowance is made for the displacenent

£

of thne polar centre of both iolecules fro. tine wolecular

Conty S.

- - -

5.5c¢.  Loteral 1 nt6110u1¢n betueen wdsorbed 4Lrzon otas.

Conslaer~tion of tie ;.2znitude »f the van der Wrals
atty ctive forcee betwecn .iolecules loads one to expect
turt t.ac hext curve of wrgon on 2 hoaogeneous surface
wonld shaw v considerable uaxiiw: (of the order of

1 k.cal./icle) e to2 secone D lf of the nonolayer was

filled. asswmaing thot the stroed 2tais acopted o separation
ot v ne~r thelr eguilibriuvs: eeparatim. This has been

observed by Boebe et 2l (1953) Ffor argon on Graphon,
but ¢ocs not occur Curing tie sorption of argon on the

vator gurfice studied durin, these cxperilents.

=

The ragnitude of tihie induced dipole-induced dipole

repulsi on between argon ~tors wae found t©5 be insufiicient
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to ocubtweizh tiwe van dor eals attraction 2t separations

nex. tiae equilibriv: separatin a2g can be seen in Fig. 27.
It hos 2lrcaly becn snoun that. in crder to satisfy

the ne~t datz, The :“;énbtqn Just be situcted in o field

of stronmth 2.7

clthough this is

’ 9
prodnbly closer To Tiwe value of the averapge field in which
the 2ty 1ice thnn ©o the Field at tae cenc.e 2f tae
incuced dipole. Fr . o inowledze of the field the value
of “ue indveed cipole can be coleuloted .o tae eguation
i = LI, viere o ig the polorizobility of argon. The

~ L U S ) " -‘18 r
value of ng ig tien 0.37 x 10 C.S8eUW. Cuiv The heats of

adsorption ~riein: Fra: Tl

e

dipoless for a r-nax. distri’

surface. con novw be caleulat

Froo thas ~tion (willer. 1

@]
Mi

utval repulsion of induced

pution of particles over the
ed for various separstions
o49)
2

(2 + Sw6/13)

squs
V7

\

2r

wiere 'r' is thc separotion

caleulated were tiacee at the

6 = 1.0, 2n¢ ~re ziven in Ta

The von der Vvnals ates

various geprioations crle

ws

Lennard.Jdoneg poear

3(1 + me/ed)?

~ctana. The values

of tic

aaxdous interactions i.e. at

ble 32.

fal
<

action of argzmn 2tons ot

iloted fras the well Imown
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vhere é = 233,2 cnl./;alel Pro- second
0
re = 3.84% 4 & virial coefficient

data.
The values in Table 32 for the van der Waals
attractive forces are for 6 ?(r) since in the close
pacized arrhy e oAt . hos slix n;arest neizhpvoure. &1l
valueg were crlculxtad £2or 8 = 1.0 1i.e, 2t the colpletion

of the mnsloyer.

Table 32
wtonic i Induced Dipole von der Waacls
Sepagntisn Repulsion Lttraction
" cal./uole cel./20le
. 371 . "
. 332 ;120
. 301 229
. 5 hnd l7l
. - 637
.55 - 884
. 270 -1,089
. 240
. 216 ~1,333

193
174 - 963
156
141 - 637
127
115 - 417
95 ' - 276
79 - 185

O o ioioio ool
oSO oONTF OO ONWITIINF R OO

8 well 2s the abscence of 2 Laxiouv.: in the 2rzon
hent curve 2 distinet decrezse of soe 200 cal./niole

occurs at about © = 0.5. 4wt this coverage lateral
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interactions betueen adcorbad Lolecules begin to be
inportant ~nd this £211 2of 200 cal./nidole in the heat

values can only oc ~ttriouted to a repulsion bepween the
adsorbed crson v os. ws can be gecn froa Fiz., 27,
~ repuleion 2 tuls cixgnitudce can only be explained if
the sorbed atozs ~re substantinlly closer tozether than the
ecuilibriw: scpor »tion. In fact, «llowing for the
induced diposle-induced Gipole repulsion tiie separation tivst
be 3.u4 2. This woulad require that the sorbed ataas be
squeczed tojetner in the sorbed phose. However, it
sceaiis rexsonable to suppose that the iost lixely position
for the aigon atons £-7 2dopt on the water suriace. i.e.
the position of iniw otential energy. would be above
the contre of a group of thiree water molecules. The
argon atons vould then have 2 separation equal to that
of the wrter wolecules i.e. 3.56 — 3.64 & vhich.
considering the imnccur~cy »f the B.E.T. theory .ond the
fict that the vi.ter ins ~fterwirds been frozen at 7701&9
ig in 5o2d 2grcenent with the value of 3. i 2 re equired.
Even without thc autunrl inter-ction of the induced
dipoles, 2 repulsioson of 200 col./n1olée would occur because
of ven der wanls forces if thce ~tots hod o separation of
3.40 2. Therefore no fir. conclusion can be drawn thet
che orient:tisn of tiae wtor dipoles is perpendicular to

the surfice; which would be required for the aazdnmun
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repulsive cnergy froa tac induced dipole~induced dipole

interaction. The data con be explained niore rexdily

howvever. if h1° oricentation is accepted.

- Do - -

5.6, Bvaluction of the bntroay >f the Sorbed Pha se

froa Experinent |1 Data.

o

Froi 2 novledpe of the isotiners: and heats of
sorpbtion of any one gystcey the differential entropy of the
sorvxte ay be calculated, Garden. Rinsteon and Laing
(1955) have suown thot the differcntinl atropy is gziven by

(ﬁg‘ - Hs)
T

— ~

S = 8

I 20 + an (po/p) - AP -

wiere Sgy 1s the nolar entropy of the ideal sus at a

standard pressure po- at the teiperature T of the

experinont. The choice of po is entirely arbitrary but

—

ati. is usunlly cinoseh. o is o corrcection for
non-ideality of the z-s phrse and is introduced by the use

of the Berthelot ccguation of st .te

vhoere Te and P, arc the critical touperzture and pressure
of the bullt phase. The 20lar entropy of the ideal #as
cust be deteriined either by caleculation froa theoretical
congiderations or fro: experiuental data available in the
literature,

S.6a. The Differential Entropy of ..dsorbed argon at 7236K

For womatosnic miolecules tue ..olay entropy of the idesl
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gze can bo caleulated fras the Sackur-Tetrods equation

g”) = R@nM + an T - fn P+ Ngp)

vhere M is tie wiolecular welght of the s, If P =1 ata.,

{ep = =1.157 (Mayer and Mayer, 1940,. This cquotion
gave & volue of 30,30 e.u. for gb os ané the differential
entropies of sorbed arson at 77. 36°s on sodiun kaolinite
andé -n the water surfrce were crlculated froa the
eguation stitel in 5.6, The oxperit.ent2lly nexsured
isother: pointe were uvsed in tho caleculntion and the
corregponéing valugs of Hg _.ﬁé read off_from the heat

curve, X ps The corvecti n ter . for non.idexlity of the

2a2e onase, anounts to 0.03 c.u. ot a pressure of 10 cil

0

ané con therel-re be considerced negligibvle £for all }ower
pressures. Tac 4aty ars siven in Tables 33 and 3h.
.5Léb1A The Differential Entropy Jﬁ‘ﬁdSO?UGQ‘:%ﬁGf at_?ilz
In this case ta ”olu* entr opy of the i@eal gas was
obtained fra: nelley (1948).  When po = 76 ¢
~
45.13 £ 0,03 e.u. The corrcciion ter.: for the
non-icerlity of wmter at 2500 ig azain neglizgible, - p
awanting to only 0,002 c.u. 2t 2 pressure <f 2 cile Y
in the case of 2rgon the experinentrl isother: points
werc veed a2nd the corrcsponding heat vhlues interpolated
fron the heat curve. Because of the vncertainty in the

isather:. of run 9, ->nly the 1sotherw: points fro: run 12

were uwsed in conjunciion witi: the neat curve. The data
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Toble 33

LDiffercutinal Bntropy of argon

. . . 0 .
on Sodiw: s25linite at 77.36 «

itun and Volwie Sorbed | 4 _ Vo S«(exn.
Incrcient No. afesetepl/ e & = /v S(G.B,)
13/1 .65 0.2Y4% 12,05
13/2 1.7% .65 9.81
13/3 2.79 1.0 10.53
13/4 3.16 1.18 10.93
13/6 3.61 1.35 11.01
14/1 .02 0.34% 12.05
/2 1.60 0.60 9.89
1L/3 2.19 0.82 10.09
14/k 3.04 1.1% 10.83
14/5 4,01 1.50 11,03
14/7 5.73 2,15 10.03
14/8 .42 2,10 G.20
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Table 34

Differentisl Bntropy of arson on Watoer Covered

. o 0.
Sodiwy waolinite at 77.36 o,

Run and Volue Sorbed e = V/V;_l Sglexp.)
Incre:ent No. 1elSetep. /T e U
10/1 0.58 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




on Sodius hanlinite 2t 25°C

Table 35
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Incre.ient Mo.

weight Sorbed

ngns/ gn

T
!

0 = W/ W

Bglexn.)

S,

1 ¢ 09 0.03 2,06
2 C.27 0.09 7.28
3 0.58 0.19 11.72
L 0.76 0.25 16,65
5 1.06 0.34 16,04
é 1.23 0.40 15,84
7 1.53 0.50 14,17
3 1.69 0.55 13.65
9 1.98 0.64 13,04
10 2.1k 0.69 12,50
11 2.30 0.75 12.24
12 2.46 0.80 12,29
13 2,61 0.85 12.43
14 2,76 0.90C 12.86
15 2.99 C.97 13.24
16 3.13 1.02 14.03
17 3.37 1.09 14.13
18 3.50 1.1% 1. 68
19 3.71 1.21 14.68
20 3.83 1.25 14,60
21 I, 22 1.37 14, 27
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arc given in Table 35.

2.7. .The Noture of the Sorbed finse.
Lo oonol-ver on thie extericr of a eolid vy be

considcered e being cituer ::obile or locolized. depending

on the J“JQJCUHG of tiwe t.aer:inl encrsy of the sorbite coopared

o

vitihh tic suyface~ener.;y barricrs. If the sorbed .iolecules
cncounter osotentinl barriers on tihe surface grexter tnan
their thernal encrzy tncn tiaey will tendé to be confined o
one re ion f twe solid ~nd tae phirse will be locnlizecd
wlternatively with lower potentinl borriers or at nigaer
te. per turce. the .cle.ules anyr possess considercble
tranelational frecd .

he crneept of a sorbed phasce being either coupletely

locali

N

el o1 Cu.wletely mcobpile 1s 3bvicu§ly oversinplified,
and there is thoe possibili ty that a localized-mobile Transition
culd oceur. For ecnizple. o ponse whicih is conpletely

.obile ot lov sor .ate concenor tiosng must becoue localized

=2t dzh concentitione. The caging ection f neizanring
-

aolecules will resunlt 1n o free tranglation passing over
to o2 viczation of Jro ressively Gecrevsing ~oolitude with
increreing concentr~tisn 2f soroed iolecules.

Gorden 2nd wingt mil996) hve consicered the

o

entr ooy of & loezllzed phrse onan euersetically
hoiygeneons set of sites. The s0lic¢ is agsuien to be

1 1

ungserturbed by the sorbate ~ndé tihe sycton ie¢ troited as 2
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one co.ponent pacse of sorbate in the presence of o

icld provided by tie sorpent.

(1) . Mo mber] interactlons | higignenems surface.

The entropy 27 o localized phasc iy conveniently be

-— ——

Sg = taern Scanf.

The thernnl entropy will incluce entropy originating

N

fro the eleevronic stoates of tuoe iolecule viorations

:

about ciuceiical bonde, rotitione nd rostricted rotation

Pl

ané vibratione ~bwt o ean position on - osite. The
condigurational entrors arises froo tiie ma.ber of

o N molecules on N sites; and

[mh
p=te
n
()
-
&
'\?
o
p=te
n
,.::).;
]
o
-
¢
]
H
2
3
'3
p
,C .
.’IJ

taie expression £or t.c differenticl configurational entropy

Ceduccd by Garden and wingt-n (1956)

a - /S .
SCDD.'E. = R ¢n (%

Eal

Scong, froa this equation ie plotted as o function of ©
in Fige. 30 onc 31

(ii)  Hotwal intersctions. haoogene g surfice,

i

Everott (1950) has shown thot the difs

configurotional ents 2y, Talidng int: account tie effect of

[_.v.
D

cutuel intoractiones oy be obtoined fraon tie partit

function f Fowler ~nd Gugsennei (1939) as

4

— o 21 -.8) 4+ W (R -1+ 206)
Scong, = F 40 @‘- l)-ZR& (p+1-29) T

"

where Zis the muiper of nearest neisnbrure of any site and B
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ig given by
( . . ' )
B = Ll -« 468(1 -~ ©) |1 - exp (20/2iT) }%F

Garden 2nd Kington (1956) have shown that the effect of

introdueiny wwtval intersctions for the systen»argan in

chabrzite is s221l in the range 6 = 0.1 to 0.9, In any
case Spopp, is zero ot € = 0.5.

(iii) Heteromeneous surface.

For o heterogenecus surface the treatient of Drain
and Morrison (1952) following Hill .mst be used, In o
later cormnication, Drain and Morrison (1953) have shown
that at © = 0.5 thc difference pectwveen the values of the
configurational entropy for the hoiogeneous and the
heterogeneous surfaces is very saall.

By confinins our considerations ©92 entropy values
at 8 = 0.5 it 1s thereforc fully sufficient to use the

sinple localized tacory on o hoaogencous suriace.

5.8.  The Theriunl sntropy of wrzon and Woter on Sodium

Kaolinite.

In genertl, the theruinl entropy caen be obtained by
subtracting the valucs of the confisgurational entropys
caleculated by meins of the equation in paragraph (1)
above. Ffra: the experiient:lly observed differential
entropy

Sthern = Ss ~ Seonf.
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The values o7 Sther” are ziven in Tables 36 to 38 and
od €
plotted in Figs. 30 to 33,

>

Now, in tace case of argon, tvhe tneruial entropy
consists of the entropy of t..e three vibrational degre:zs
of freedai. ageuciated with the ioveaent of the molecule

about ite mean oosition on & cite.
Sthera. = 3SV

Froi Piz. 30 it can be seen that at @ = 0,5

assuine thrt the three vibrational entropjles care equal.
Gonsider the entropy o7 2n harmonic oscillator at

77.36%x (Mayer and Mayers; 1940)

hv s
unw o= T =
T T

. -27 .
5,626 x 18 crg.sec.; Planck's constant,

where h

1.3804 x 10718 erg./cen. s the Boltziann constant,

k=
and ¥V = the visratiomal frequency

.14
. L,850 x 10

77.36

0.6205 x 10712y
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. . - - - . -~ e

The Configurati-ml and _T‘lu 021 Entrvpieq Jf wrzon

am——_ o o i

-

on S 70111,’ Ke, ollmt t 7/ 36 N

| .
Run 2nd | Volmie Sorbed| . Vv, | 3 1% & =5 |
Tnere ent To | le b pdSm 6= Yy S%O%E 85"50315 tnem |
13/1 0.65 .24 | .2.29 9.76
13/2 1.7% .65 | .1.23 11.04%
14/1 c.9%2 C.34 .1.32 10.73
14/2 1.6C 0.60 | -0.81 18,70
Table 37

The Coan. aurationel and Therio l ﬂu.’lb.'[' ‘plOC‘ of ;.r ;0n on

s e e i R i e

}f!g-:b..v?.x;&gf_qf.qd Sodiu: an; “hﬂlte 2t 770 3~ 5.

Run and Vaire Sabed | o= VA, [E S .5
| Incresent o ades.top st &= /v | scea.nuf,‘ “ﬂ’f{ . st‘lem
P .
10/1 .58 0.24% | 2.29 8.831
1c/2 1.1¢ 0.46 |.0.32 10.55%5
10/3 1.43 C.6C 2*0,81 11.9%
1C/\4 2,17 .91 i-L,60C 15.28
11/1 .65 C.27 |.1.98 3.96
11/2 1.61 0.67 ‘vl.hl 12.19
11/3 2.35 .98 §~7.7u 18.99




The Confiqurationel onc Theral Bn

Pttty ARt it

Toble 38

152

tropies of Water

o, was it A s e -

on Sodiwa Kaolinite at 25°C.

EEPSRRERENPUE L et

Increnent g Weight y B o _
No. | Sorbed | € = /y..| Scanf| Ss - Scong = Sthera
';EBS@D e.11, e.U.
1 l 0.09 0.03 6.91 4,85
2 0,27 0.09 L. 60 ».68
3 0.58 0.19 2.88 8.84
b 0.76 G.25 2.18 1447
5 1.C6 C.3k4 1.32 14. 72
6 1.23 .40 0.81 15,03
7 153 | o.50 | o 14,17
8 % 1.69 0.55 | -0.40 1k4. 06
9 L 1.98 0.6k | 1.1k 14.18
10 2.1k 0.69 | -1.59 14, 09
11 | 230 | 0.75 | -2.18 1412
12 L o.u6 0.80 | -2.76 15.05
13 i 2.61 0.85 =3.45 15.88
1Y f 2.76 2.90 | 1437 17,23
15 i‘2.99 .97 6,91 20.15
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Now N can be calenlated £ vorious values of o, and

corregponain; values of S/R and therefore 15y,can be

o

abtained froi ©

1

he Tables in dMryer ond dayer,

0 ~N (scc“i) S/R 1Sv (c.u.)

z 10%% | 1.923

x 10%% | 1.807
x 10%2 | 1.703

040
O+45
005‘0

.
no

Ll Lo o
W g 30
0 N0

O oo
«
O ~3 O
RS2 RN
[S
4

O™
A
Bl

Interpolating. when 1Sy 3.6C e.u.

N

C.72 x 1012 sec“i

orr (1939b) calecul-ted tine vibratiosnal freguencics of
ar;on anove varisus points on T.e potassive. cnloride lattice.

012 e

27
He obteined v-1lues for NV of fro. 0.81 t2 1.00 x cec”v,

Usin. the 2bove arzon dat we can estinate the
vibrati-nnl freguency -f water
N o [T
%' /
A

=1

wacere £ is tne restoring force and 1 the mase of the iolecule.

Therciore, o sswoing tihnt
-
t
N 0‘/ ety

where Dst is the heat of sorption and i is tne wclecular

welznt
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Vg, ) 7320 .
Vo4 HR0

/13 L 39,9k
J/ 2.35 18.02

= 3&555

3.555 x 0.72 x 10*2

12
2.56 x 10 sec™

g,0

H

. 4 \ , ; . . . 0,
Nov comsider thic entropy of an hamonie oscillator ot 25 C

vy 4.800 x 107V
298,16

u = =
0.161 x 10-12V

—

|

M

i

L8 before, N can be caleulated £ or various values oF us
and corregponding v lues of S/R. and therefore 15y, can be

obtained fro: the toblee in tinyer and kayer.

w Y(sec*"-) S/R 15y (e.u.) ]
0.35 2.17 x 10*2 | 5 o559 L. 08
0.140 2.43 x 10%2 ] 1.923 3.82
0.45 | 2.80 x 10*? | 1.807 3.59
B} food 'f\ ~ 12 se-1

Therel sre waen VHZG 2.56 x 10 sec
18, = 3.76 c.u.
o.l 3Sv | - 11128 e.U..

Q HQO - 9- 56 X 101 2 Sec-_& ;
= 2. 56 X 1\12 = 85 C'_',}."i
3 x 10%°
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Frai Fig. 33 it can be secen that the theruzl
entropy F weter on sodiw: anolinite when © = C.5 is

14.5 e,u.

Sthern
Now, for water

Stheru - 3§V + 38 Sint. vib.
ynere 3§g ie the entr o py associated with free rotation or
librati n. The entrqpy assoclated with internal vibrations
ie nepli ible 2t 2500. Theref ore

3% = Biper - 35y
= 3,22 S.U,

I

Moclwyn-Hughes (1957a) hos shown that the rotational
entropy of water 2t 25°¢ ig 10.48 e.u. Therefore, the
soegeibility ~f free rotation for the sorbed phase of
water on sodivi: kaclinite can obviously be ruled out.
5.9,. The Frequency of Libration of adgorbed Woter at 25°C
wSsuning 211 tae libration frecuencies to be equal

22
15, = 3'§' = 1.07 e.u.

Fron the relationenip for the entropy of an har..onic

oscillator at 2500
w o= 0.161 x 103y

N F£or various values of v c:n asain be caleculated and

the corresy-nding V1lues:ﬁ?S/R obt:ined from hayer and
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1 Yo(see™d) S/R 15, (e.us)
1.75 lng7 x 1042 0.559 1.11
1.80 | 11.18 x 10*?| 0,537 1.07
1.85 | 11.49 x 102 | 0.516 1.03
Tacref 7we whei ‘1Sk = 1.07 e.u.

Vo 11.18 x 10Y2 see?

11.18 2 1012 . _4
3 x 10%0°
= 373 et

a. CC‘J“TlSJn “f the VlbLth\n“l 2nd LlDT ElJnDl

f e mamia aabe e s W e eeares i e AW e e s e 3 T e Ae S

NN O
o)
(]

cquoncies of Solid. Liquic and ud°0fbeu Jﬂter.

Ty

Values of the vibrationel frecuency of ice and water
have been obtained by Cartwright (1936) by wirect
obeervatin 2 the infra red spectiuwa, wlso by direct
observatim, Giguers and darvey (19956, have obtained values
for tae librationcl Freguency 20 ice and witsr. These
are listed in the £ollovin: table. together with tiue
veluecs for ~dsorbed water caleculated fryi this stucy of

vater on s>diw: ‘mzlinite.
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Table 39

Freguency, N (em”

Ice| Liguic water wdsorbed Woter

Librati-onal 1800 L.00

|
I
Vibrational [160 160 \ 85

(] )

It can tuerefore be seen that:

(1) the vibratinal frecuency. i.e. the vibration
about the tean positim ~n a site 1s considerably saaller
in adsorbed water than in elther bul.: phase. The
frequency calculated ag the frequency - vibraticon of the
adeorbed witer ig in fact the eain of -ne vibration
noraal to the suri:ce and two vibrations parallel to the
suri'ace. Since the neat of sorption is greater than the
heat of licquefaction or cublinstion, tae frequency norial

to the surface .aust be greater than the vibrational

frequency of the bul.. state. It .ust therefore be

concluded that the transverse vibrationes ~xdouv the adsorption
site cxrc of lower fre vency tarn in toae bull phase, Tais
conclusi m ieg entirely fearsible since ©oe restorins ff”ces

in thig direction vwill be l-wer in the adgorbed phase.
(ii) the lib:sotion Frequency is lower than in the
buli phase. Since the rogtorin forces for librational

iotion in the sorbed phense are s:aller tion thoss in the
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buls phase. thais wresult ie =2sain perfectly reasonable.
The cbwe ¢onclusiong roonrdin; both vibrational ~nd
libincioml f3ecuencics 2re in asrcec.ent with the resulbs

£ FronnsdorsF (fh.D. thesis. 1959) wat. in his study of

water corped in = 81w, A ghiowel tuat the heat chpacity of
! B

:.
jarp
o]
i
Q
L]
o
@
=

)

.
CJ
5

J
€]
"o
@]
o

-
@]
’-d
i
i
5
=]
[
"
[
o2
o+
Q
—
[

s
o
}_n
[l
-
=

4
cl
[0}
Ly

2

5.10, _ Swusary of Conclusitns.
(i) Thc arver ~ccupicd b, 2 wotor .2lecule in the

‘ . o . , - p2
il mdlindite is 11.0 to 11.0 X .

hl

firet layer n &2
This elininctes iircey's theory tant the ~deorbed w-ter has
the structurc o ice.

(1i) 20 per cent of tue «nolinite surface is
subet noinlly ioie active in paysicnl adsorptiom of argong

nitrozen and water than the re.aining 80 per cent.
This activity ic identified with the electrostatic field ot
the surf~ce rather thon with Glepersion fxces. There is
one ~ctive site 7w water olgaptlion For cvery N2t izn

on the suri.ce.

(iii) The nheat of adsorption of water ia the second
and hishcer layers if between the aext of sublisation ond
the heat of vaporization :nd thers is no evidence of any
long ronge effect ennmiing frol the .aolinitce lattice.

(iv) Caleculationg of tiie eleetrostatic fiele over
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two postti~me on tho ice covered lLavlinite surfice saow
thrt tue veunl i ple u;olea:ion.%qu for the inducition
encL 3y is nmble o 2ceung Fov tiae difference botween
she neat of adewnbion of Arson - vuais surfice ~ne the
et of sualinatisp.

(v) Thec n-n . cppearance of 2 oaxdca: in the differential
heat curve f ~rzon ot high concentrotvions on tuae unif or
jce surface et be explrine. in teiiiz f roipulsion
petween iaduced dipolcow. oah explancti-n in ter:s of close
pac.ing of tac arzon 2tons 1s Ldvance. .

(vi) Tac difjcrenticl hexte of adscrption f nitrogen
show that the combtripption frz: tae interrctiom of the
guacrupole with the surf-ce field zracient 1s of iiportznce
boeh -~ tue dipnlar surf .ce of witer olecules anc on tae
knolinite surf .ce. which ig iove ionic in nature.

(vii) ot 8 = 0.5 ©he ean vibprational freguency of
~n adscrped water .polecule b ub its site position is c.a.
35 ot Fres 1 obotion o bue wiitsi :olecvles is nat

£

per.itived but o libr . tionnl otion witi o iean Freguency of

c.2. 400 et ig required by tic enbrouy bz, ootly
frecuencies ove lower than in tac buls duase = ice or liquid
A

vater and suosest thnt the restoring fTorce fo3 any lateral

~ce ileg gunller tann toe corrogy)s néing
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WPPEIDIX I

The Calculetion of the

Bloctrostatic Ficld above an Infinitc Plane

1

of Dipolgs Oricnted Perpendicular to the Planc

For this calculation the layer of watoer ..oleculcs
on the Xoolinite surface was asswict £o consist of a
close paciod houzzonal array cbtended in an infinite

ictonce

(&R

planc, The water zolecuvles Lore a
and the palir 2oes wore all or;ontcd in tac sa:ne scnse
and perpeniicular to tie planc.

The Ffield at any point duo tg onc ¢ipolo of strength

ple sivoen vy tis ccuations (vioclwyn -duglics. 19570)

Fy = {4‘3 (1 - 3 cos? @)
Py =*-%% sin © cos ©

vhore 'a' is tho distance between the dipole centre and

the point congidore and 6 is the anjle detween tie polar

axis and tas line joining thc polar centre to tais point.

[

Fy is The Ficld parallcl to Tt polar axds ana Fy is tiuc

da

ficld perpendicular ©

9]

Tie polar azds.
In tids cacse for an indinite planc of dipoles,
tihic total Fficld peipendiculn to thc peolar axes is zcro.

Congider. tacrersre. I'x due to one dipole =t any point



i above the planc of dipoles.

WF

B e i ot e

/A.a
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3 ie tho point in tic planc of dipole centres

dircectly bolovw i,

Fy = 2 (1 - 3 cos?® 9)
a‘:)
a2 = nh 2 + Jg 2
- ~ a
and cos @ = = = 5 Lgn)
=4 (he + g~ 2

- A2
» 1 1 - 2
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Lot h = zd and R
where 'd' is thne distance wetween the water dipolos.
Theng
P ' fz - .4';.2
i:x_ = o
a3(:? + £2YE| o+ 5P

ey | D 2t S (1)
a1 ( £2)2 ’
The total ficld at point & duce €5 an infinite
planc of divolce was caleulated by ..canc of 2 sumation
For tho 63 or 73 dipolcos ncarest t2 point o, Ffollowed by
an intcsration to inrinity for the raiaining centripution.
The swi 2tion was oorior.ed by calculating thc
valuce of f frosz tac _coactrr off th )lanb of Gipoless
giving x variius valuce froi 0.4 o 2.0 and substituting
in cquation (1),  Thc ficld Jue to tie £3 or 73 noarcst
noizhiboure was thercb obtaincd (in t teris of,;/d3) as a
functi-n of the noizht above tac nlanc of dipole ccntres.
Thc cqua inn yor the inte,ration was Gcorived as
follows.
Consider tho Ficld at p int w at a pcrpendicular
¢istance f;a_ an infiﬁitc layer of dipolcs cach of

strensth . Bach dipole is porpendic.lar € o the Hlang

and the Censity of dipolcs ie f per ¢,  wWll tihc Qy'

cosponents will canccel oubt e vnat tuc totol ificld at 4
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'.‘_‘ - e .:‘ A
Vv Y
s \@
i : R ¥ /A
{ . ! #
L ’: i
§ B4}
2V /
7,
\\\ ::‘.
will be duc only To the Fx Ol onviluc. 5 is the point

in the pl.nc of dipole centres directl, bolow .
The Ficld cousponent 2t « duc to one dipolc is

~ 2
in - ‘i? (l - 3 Cco8 9/

Theroi ore. tioe fiocld at 4 dvue to all dipoles in

-

the annilus of radiuve ¢ 2and wivta di.is



j B .. ’ -
Px = = 5.21:((-.&4—9»3 (13 cos® @)

Therefore, tihc #icld at o duc to all éiposles botween
f' andoe 18

14

Yellysoe) = (2ap) PE! (1 - 3 cns? 0)al

= 2nj)u, 5 3 (1L -3 cos? 6. al
4

3
- T . 1 o]
Now cos @8 = :;1’, e cwse
L a 11
ton & = 0? 5 /= htano
A 47
C{ = 0 SCCze
n
al = —=—de
cog @

-~

“/;z 2
(1L - 3 ¢c0os"®)sin © de

.‘, Fx (il’l‘be__:,;;&tiqn) =~:‘r%ﬁ=g_/2
i
1

,?ﬁ ™ L 7 r\‘/l V 2ﬁ 1, 3 -“/&
=—-—7L [ cos@) ——i——1 {.,- cos G}
©1 1 B1

= cos 01 - ©c08 0y
Howvsw oo cog © = b
a

and. ag above vien considering tac suwuationg lot
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N
- .3
. , ZI] a 2'_’, 1’1 ;
.. Folintc-zation) = i —_— - =
x ’ N30, xd . ?3

Tho contribution to Fo fro. 2ll dipoles not

incluced in the svmation s thore

-
4o

ore obtained by
subetituting in cquation (2) thc value of £ for tac noarsst
dipole to point B (cueludin, tirsc taxon in the suanation
by:@;gns 9f couation (1) ), and values of x between 0,5 and
2.0, The total value of the field at any sivon x value
vias then tue total f;om the susoation plus tiie contribution
fro. the integration. The total £ield as a function of
the Qcight 2bove tue planc of dipole cenurces is shown in
Pig. 25. Thce caleculetion was perforucet for two positions
avovs the dipole array. (i) where point B coincides with

2 dipole centre and (ii) whore point B is at the centre of

&

o triangle of dipolcs.
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Ll Pudl) X L1

The Calculation oi the

of wmtcr miclecules

~

on the Imeolinite surface wig ascwiod to consiet of o close
paclked hewagenal arrvay cxtended in an infinitce planc. The
wvator miolcculcs weore o distance 'd' apart and taeir pclar

axos wor o o1l ovientced in thio same sensc and parallel to

The field 2t any point ¢ue to one dipolc of
+ .

shroncth v is siven by tic couations ( Loclwyn .vshes, 1957b)
Fxr - %, (1 . 3 cos®0)

By = “;ii- sin © cos ©

a
vhore '2's Fx and Fy are as dofined in appondix L. For
an infinite planc of c¢ipolcs the total ficld porpendicular
to tuu polar axes is zero. Tuoroforc  only tuae Fy
colponents nect be consi.erca. Considory theroforc, Fx
duc to onc dipole atb any point 4 above the planc of dipoles.
Talic First thac planc 0D in whichk CD is aravn in tace plene
of »wolar centraes an@lparallel to the polar alos. Lngle

”~
.CU is o wmight anplc.
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) s
Lo
ﬁ x“} t T ’g — -
AL >

0 is the 2ncle in tiie WD planc hotween L) and the

polar odis.

8) = - cce B = g%

Thare fore coz ( 130

LBD ig the planc porpendicular ©o the planc of

Jo

A
oolar centres, anglc ..BD boiny a right angle

2 _ .2 42
a® = h” +¢

. o / b
R B O "‘/Zg)%(l' o+ ¢
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Dofining all distoncoe in terae of 'd' ag in

wopenciz I, 1ot

/
\
r ' % + 52 322 I (1)
{ foomd _"3 . 2 ——‘—-—u-—-—-——;———-%
¥~ d (=% + 7 J
The teotal ricld at point w duc To cn infinite

5

planc of dinvolcos wag calculatod by .icans of a suwration

for the 5% wipolee nearest to point B. followed by an |

intcegiation €2 dinfinity for toc ro aininz contribution.
The suwation was periorice by caleulating tac

valucs >F £ z2ad gz Fraoon the sconctzy oFf the planc of dipoles,

LJiving x varicus valucs syl 0.5 to 2.0 and substituting

in ceuation (1).  Tae rficld due ©o tuae 54 nearest neighbours

vas therceby obtained (in tovr.s of w/d3) 2: a function of

o

the hedght above thc nlane »F dipdlce centres,
For tnis particular _odel. in the cxpression

Fy = -35 (1 - 3 cos?e)
a



€ and 'a' arc variable:. In order to integrate for all
dipoleos fro. a = ag—= oo we thercefore procecd as Follows,

Considcor iiret Clhac intceiration of tihe cipression
ifor viao clectrsstatic Jield duc to o circle of dipoles cach
o rodius § fron point 3. In this cese 'a' and £ are

constante.

Toke a .01l clauent of arca dc.dd. Lot f o= the

muibcr of dipoles pcer ¢z 2
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271
_m -
E (1 - 3 cog’'8) de.
X= 0
. b
Now cos (180 - @) = - cos B8 = 3
. b
and cos & = g
.o -acos® = fcosox
cos © - - Aqg COSal
Llso de = Jax
2T
re B
o fx =3 -3 cost Yldcl
=0
, 27 e
P! al 3,03
sk T ol
= 0 0(: 0
21
___pffaf _ 34.]2 [ sin 204)
a3 a? \ 2 [
0
Hv(jdé 2
i} o . 3




This oxphyession uet nov

i

of = l1— 00, i.e. 8

d/ = h.d tan B
ay h
ag cos?p

. i h

. QZ dp

cos 8
cos@-—EL
‘ a
e L cos3n
L 3
a 1,V13
Thereforce

P :ﬁf.a'Mwlﬁ.

T/ 2

h

/
B=B4

o

B=01

be int.zrate

175

¢ Dor valuces

c3 . 2 2 h 2
cos B o . 3h"tan E.cos CIRi} ad

h

25ind cos2B - 3 £in3p cosg?B

2 sing - 3 sin’s | dg

"3 p oS '
cosd| - —-ﬁf Sngwg -~ cos P

h
-— G
cos B P

T/ 2

Be
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T/ 2

-
= ~L¢f cos B - 00536

0
Ba

. .m '
Joo Fx =*4%f cos By - cos By

In tho nodel under consideration one dipole

. 2
occupice en 2rca of 4 3d /5

.:f: 2/fv 3@.2.

I}
Lt
r
)

wlgo

r
o}
o
o
o \ a
il 1]
N =
Q.
+
joy
N
H
—
!—DJ
n
+
1S
r
N
s
o

]
1
H
=
]
Uu}
ot}
[y%]
-
N,
¥
(@
C
wm
(U]
™w
>
Q
(@]
n
w
[L )

Hi

~
i xe [2%a® - (r% + x%)d®
T3 x (£2 + x2)3,43

" r 20/ 72
L. 0y (iuntesration) = = e g 5
* S E d3) (r2 + Xz)% — (2)

The contribution to Fy fro. 211 dipoles not
included in tae swiatin wegs taercefore obt
substituting in cquation (2) the value of £ for the ncarest

dinole t» point B (cxcluding tiosc considered in the
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between 0.5 and 2,0. The total value of The field atb
any ziven . value vag toacn the total froo the suamotion
plus thc contribution fro: the intozration. The total
field c¢ a function >f the heiznt ;bave tone planc of
dinole centrcs is shown in Fig. 25. The calculation wes
perforacd for tiuc position cbove the dipole arr.y wiacre

point B ig 2t thce contro of a trianzle »f dipolcs.
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