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The clay minerals and their relationship with weter have
attracted increasing interest in recent decades due to their considex
sble importanmce in many £i¢lds of study and becauss of the iight that
puch studies can throw on the fundamentala of swrface phencwens,

From an agrioulturdl point of view the stability of scil
aggroegatos to procssses of wetting end drying and also t¢ tho mechan~
doul stress applisd during cultiveation is of considerabls importance,
In acdition water retention and perweability ave important soll
propextics, Soil aggregates consist of a coyous mixture of particles
ranging in sige from coerse sand to fise clay. OF these the olay
fraotion due to its mwll particle plge and consequent lavge specific
gurfane ares, is of most importance in Jetermining the physico~
cherndeoal reacticns of the soil, Consaquently may practical problens
in agriculture are dependent for their scluticn ot a betier undvze
standing of the intoraciion batween water and the soll clay minerals,

Similerly soil enginmering studles are congerned with the
consolidation and shear strength of the soilewater mass and thus are
fundamsata)ly depondsnt to a cerisin extent on the clay-water intere
sction as wall as mechanicel particle to particls interection, Iuch
of the work carried out in thiz fisld Les boen empiricel but lately
the dmportance of fundmmental inowledge concerning claye-water inter-
astions has been more {ully realised,
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Ad3itional intsrest has arisan due to the applications
found for the clay minsrels in the ceramic, oil &rilling end other
industries and their general usefuliwss as colloidal materdials,

The adsorption of water on solid surfaces and thes nature
of the reaction betwsen a charged surface and the icns in e solution
in contast with it ave deteywined by fundmwmental atamic end molecular
forees, Soil clay minerals coasist foar the mejor part of nsgatively«
charged, plate-shaped particies of colloidal dimensions, Consecuently
an elucidation of the dbehavicur of clay-watar aystems in terms of
thene foress can provide information of interest to many fields of
selence concernad with surface and interface phencoens,

In this thesia the hydration and swolling of a range of
common cloy minerals have been studind in velotion to the clay species ,
specific mulaos exen, exchangssble eatim, clectrolyte concentration
sl hydrostatic suction of the surrounding soiution and the structural
characteriatios of the cley mass, Thie has been dons uging samples of
the olays compressed into smell oylindrical cores to facilitate
sxparimental determinations.

The aln of this investigation was to éntedblish preciss
experissntal deta on which swelling theories based on Gouy-Chopman
$lffuze double layer considerations ocould be thoroughly tested and
to provide a genersl overall plobure of the behaviour of clay-weter
systoms, Both monovalent (sodium, potassium) end divalent (oalciwm,
magnoaine) systems heve been studled, Although thsorotioal considsro=-
tions are simpler fobr monovalent systewms, the situstion whers caleium
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is the exchsngoeble cation warrants particular sttention as this is
the circumstance mont freguently encountersd in natural soils, It
was hopad that such work would establish a connection betwsan the
physical swelling of olays in peneral and the intre-arystalliine
svelling of the mmtmcrillonites to which Zeray &iffraction techniques
have Yboen spplied,

The thesis is divided inte five sections, Sectlon 1 contalis
a gonerel meviey of the relative literature, In Ssoiion 2 the pre-
paration of the clay meterisle is described end s mumber of experimental
techniques have beon used to exemine the clay core systems in terms
of their physico-chemical and steuctural characteristics, Although the
nitrogon adsorption spparatus was not constructed and the electron
wiorogrephs were not obtained until the majority of the awelling wark
hed beer oomploted, the results of both wre presented first as a basls
{for tho discussion of the awelling results, In the light of probable
structural sonfisurations of the oclayewater muss the anelysis of
solution contentesuction dota in terms of £ildw thickansss develcpod om
the olay surface is brisfly dlacussed in Section 5. In Section & a
masher of experimental techniques bave besn ussd to ensbls sciution
ocontent-suotion relationahipa Por tha differsat clay minerals tc ba
chiainod, The results sre discussed in terme of the results obisined
in Section 2 and also in terme of the posusible models discussed in
Sootion 3. Pinally in Section 5 the gomersl conclusions are sumrarized
and discussed,
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Previcus to sbout 19350 corparatiwely littie was known oo
cerning the styucture of tho common clay minerais and they wexe
generally considered to e amorphous hydrous alusindum or Waﬁm
silisa;tea. The application of Neray Giffraction techoiques to the study
of olays providsd conclusive svidence of their cxystalline nsture and
rapidly lsd to their classification into different groups in terms of
their aystalline structure,

The more commonly ocoutring clay sdasrals are those of the

kaolin, 1llite snd montmorillocite groups and two bemic strmotural
| gheets sve invoived in the formation of the plate like crystale of
these minerais.

The silicate shost consists of silicon telrahedrally oo-
ordinated with axygen atoms or hydrosyl growps and the tetrabedrons
erranged in o hoxagonel potwork whlch is repoated indefinltely o form
a sheet of composition 5&@3(@3)“; |

The secund sheet cousists of eluminiwn atoms la octehedral
co-prdisation botwean two layors of closely packed oxygens or hydroxyls.

The exchangs capacity of the olays results mainly {rom the
dfferense in valenoe of trivalent sluminium subatituting for tetre-
valent ailica jo the silicate shest, or of dvalent megpesiun or
forrous Aron sbstituting for triveleat aluminiwn in the aluminets
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sheot, Eadh such substitution leaves one negative charge upon the
lattics which has to be compernsatsd by free positive ions uwpon or
near ite surface,

In the koolin or 111 lattioe fype group, one silica and one
alumine sheet ccobine ¢6 form the basic repeet unit, with the oxygen
atoms at the spicics of the silice tetrabedra being shared by both
shoets, This structure iz ropresented by Flgwe 1. (Gruner, 1932),

The hydrated mics or illitic group has a 231 lattice structure
consisting of an cootehedral sheet sandwichod Letwoen two silics tetrashedral
aheots, The tips of the tetrahedrons in vach silica shest point towards
the centre of the undt and are otnbined with the ootshodrsl sheet in a
xingle laysy. The eﬁ.liaate deyers in $1litic elays always carxy a
charge due to the mibstitution of trivalent sluminium for tetravalent
gilica and this cherge deficiency is belenced by potessium iens partially
exbedded in the silicete sheet end providing such strong <lectrostatic
attractions between adjecent sheets thot these ions aves not exchangeable,

The montrorillonite or expanding lattioe group hus essentielly
the same repeat unit as the 1illites but poasesess sansidersbly less
charge on tha silicete shiects, Sxchangesble eations ocour betwoen the
silicete sheets snd the cutstending feature of this group is the ability
of water and other polar molscules to entey between theuwt layera
csusing the arystal lattice to sxpand in the direction of the O exis,

The lattios structure of both illite and montworillonite are
similar to thet of pyrophyllite shown in Figuwre 2  (Pauling, 1930),

Mors genorsl peviews snd detailed dsscriotions of the
eryatalline structures of the clay mirersls as determined by munerous
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werkers notably Feuling (1930), Cruner (1932), Jockson and West (1930,
1833}, Hofusnn, Sndell and Wilm (1933), Hendricks et al (1936, 1938),
Yarstsll (1935), Mesgdefrsu end Hofmenu (1937), snd Brindley et al
(1946, 1951) have been given by Mershall (1949) and Grim (1953).
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Binoe the confirmation by Xe-ray inveatigators of the
cryatalline neture of the cloy minsrels, mich wark hes been done in
an attempt to clucddate the factors involwed in the uptake of water and

the consequent swelling exhibited by these minerals, The results of
this work have shown that there are soveral mechenisms involved, their
spplicability depending cn the state of hydration and expansion of the
clay matrdx, For convenience wabor sorbtion ecan be divided into the
following eategardas,

fe Surfapss Adstrpbtion and Hydrstion of Cations,

2, Capillaxy Condensation,
3. Geolling.

¥ater vapour adsorption has recwived cousiderable attention
from nmanerous workers wver the past forty years., The early wesz f
Thomas (1921, 1925}, Puri, Orowther snd Keen (1925) and Alexander and
Haring {1936) ¢a the adsovption of water vapour by soils end soil colicide
of rather indefinite cumposition, indicated that the amount of walsr
vapour adsorbed by a soil incressed with the vepwur pressure, decreasing
temperature ond mpseific surface aves,  Falconer and Mattsen (1933),
Bever and Wintorioran (1935) 2zél Imts (1935) showsd thet the ewchangesble
cationa alse influonced the woter uptale of clays,

Sinoce the initisl water taken up is undoubledly ezsociated
with the exchengseble cations or adsorbed dirsctly onto the clay surface
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B.
the attention of soil and colloid scientists has in recent years been
focussed on a number of admerpiion equationsa.
Zelet heories of jdsorption
Five isotherm types have been distinguished by Frunsmer
(1943) as occurring in physical adsorption, These are shown in

Figure J.

| T
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) ' ' '
: }
: | . |
! | [ !
' : 1 | '
I ! | | l
: : | | |
1 I i l| !
! | I | l
P P P P P P P P P F
o ) (o] 0 (o]

FIGURE 3

At the preasent time most theories of adsorption are based on
the asmmption that a unimolecular layer ig formed first with subsequent
miltimoleculer layer formation es the gas or vapour pressure is increasgoed,
The main difference in the theories lies in the acsunption as o the
nature of the sdsorbate in the film.

Lengmiir (1916) assuned that the adscrbed layer was uni=-
moleculiar @nd that o dynamic equilibrium was set up in the sdsorption
gystem between the rate of condensation of a gas on the surface of the
adsorbont and the rate of evaporstion, The Lengmuir isotherm equation
is writtens
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By ot
it i (1)

whors v is the quantity sdsmbed st pressure p, ¥, is the smount required
to form e monalayer and B ie o mtgnt for sny particular temperature.
This equation is Jimited to giving appreximetions to caly Type I isctherm
of Brunsner's classification,

In 19353 Brunsuer, Nmmett and Teller by a generaliszation of

the Lengmir monolayar adsorption theory to multdlayer formetion derived

the equation :

P .=l +gdl. g (2)

for adsorption on a free suwrfece where v, v, aud p ere a8 bafore, p, is
the saturation vepour pressurs god ¢ io a constsnt releted to the heat
of adsorption of the firet layer (i’%) and the heat of liquefaction (EL)
by the relation g

= %P2 - B
¢ ,-,;;2% e %1 B (3)

in which &, aa.h1 amiba are rate constants,
The main fundsmentel sssumption in the dsrivation of equatiom
(2) is that the Divst layer of melecules is adscrbed at o particular energy
end that all subsequent layers arve sdsorbed at an energy equal to that
for the condensation of the vure liquid, Tids is a Muear equation and

the plot of ;(;;-_-9-3' against p/p, should give a straight line if the
L

theory is chayed, The intercept is;i: and the sznpe?% so that the two
w =
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constants eméﬁvumba cbtained from experimental data,

| For limited or resiricted muitilayer formation e.g. in small
pores of capillaries, the equation derived (Brunsner, Deming, Deming and
Teller, 1940 is

%@["'{m? P o ]
e Y[teiet)e = ]

(&)

v

where P = % and R is the maisum musber of sdsorbed layews,
Py .

For n = 1 ths eqstion raduced to
wm@ -
Ve TSy (51
which is identiecal with the Lengmuir squetion,

For n =oaqustion (2) is cbtaived, However for values of n
groater then 3 o 4 oquation (2) is o felr yyrodsation to eqetion (4)
providing ¢ is considerably groater than wndiy.

Bquation (2) has esiso been derived by Hill (1549) from
statistical mechanical reasening using sbwilar ssswmptions to Brunaner,
Emmett and Tellox,

e MHadtizoloculer sdsorption ar D.4.%. Theery accounts
satisfactorily in & generai way for the five isvthevs Gpes deescribed by
Brunaner and is the most widely spplied twary in use ot the proseat tima,
For u = 1, Type I isothern ave cbiained and forn > 1; Iype L or II
isotherm ave cbteined, according to wiether £, is » ar <K, In wiier 0
explain Type IV and ¥ isotherms, capillory condensation iz usually
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In practios equation (2} is found to be cheyed very cloeely
by most adsorbates over the rangs P/p, = 0,05 to 6,35,

From the sssumption that the adsorbent polarised the molecules
of the first layer ol adsorbate and that thia polarization was transe
mitiod from cne layer of molscules to the next with decreasing magnitude
Bradley (1936) derived the thyee constant equation

g 3 = TR+ Ky ©

for adsorbed molsoules with large permenent dipoles, x is the mess of
ges adsorbed, p the vupour pressure and p, the saturation yspour pressure,
equation of state for a condensed monolayer with the thermodynemic
adsorption equation davived by Gibbs for adsarption on solid surfaces

and cbtained the squation :

1wk «n- & t)

Py x°

in which A and B sre constsnts, g- is the relative pressure and x the
: -]

mags of the adsorbate,

he possibility of using thess eguations in conjunstion with
water vapour adsorphion isotherms to provide an sstimate of the muface
ercas of soils and soil colloids and to examine the affect of exchange-
sble sstion hos besn investigated, The B.E.T. aquation {2) in particular
has vecsived attention from mmerous workers.
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In & series of papsrs Keenan, Mooney and Weood (1951, 1952)
spplied the B,E.T, Theory to the adscyption of water vepouw by homcionic
keolinite end memtmerillenite slays, They pointed out that the term
menglayer was not strictly correct for polar molecules in the presence
of exchangeabls cations tut that the fundamentsl assumption of the B.ET.
Thecry probsbly still epplied vith the parametsr ¥, representing a well
defined quantity cherecteristic of & given system. & correlation of

their resulis with smufacs areas deotermined by low temperature ndtrogen
adsorption demenstrated that the sffect of & particular cetion cu water
adsorption was determined hy both its sise and cherge., For ksolinites
the monovelent sikeli metal ions showed s decreasing effect with inoressing
sise in the order Ha> E > B » Os a8 would be espooted, the smaller lons
having o greater alfinity for waber of hydration, Iithium ions were
conzideved to be stearically hindered from sdsorption by acommodation
in lattics boles in the clay surfaces. The dlwelent ions with thelr
dovble charge were again move stromgly hydrated; their effect else
dscreased with incressing sise in the order Mg > Ca > Sr > Ba

In the case of the mentmorillonite olays the applicatisen of
the B.5,T, Theory wis further complicated by the ebility of the polar
water molecules to enter betwesn the wiit lamsllas composing the olay

crystals, The adsorption isotherms for the montmorillonites were found
to be very dspendant on the indtisl water coutent at whiich the adscrption
was begin and these workers conoluded that reproducible sdscrption dats
on mentmorillondites ocould not be obkained for this reason, For the

rption date the B.E.T. peremeter v, was interpreted as isdicabing
the adsorption when only one layer of melecules cocurred between each
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pair of lamellseplus the monolayer on the external surfaces, The totel
surface areas caloulated on this assuzption were in general agreement
with those calculated from the constitution of the unlt csll,

Costes and Hateh (1953) daveloped the B.E.7. equatien using
& thermodynemic sgproach and showed the constsnt ¢ to be related ¢o
the rtandsmd Gibbs fres energy of sdsorption (stendard adsorption
potential) of the first layer of molocules by the equation 3

onel P10~ ) (8)
in wich ¥,° is the standard Cilbs fiee energy of adsorption of the
gas on the bare solid surfsce and F,’ is the standard Gibbe free
ensrgy of condensation of the adsorbste, Uging ilexander end Bariig's
(1936) data thess workers indicated ths usefulmess of Ff‘" a5 & means
of dharasterising ﬁﬁ surfaces of soil collodds aince it ls determined
only by properties of the adisorbate and the nature of the surfave,

Crehiston (1953) conpared tho B,E.T., Bradley and Herkins end
Jura sdsorption theories and derived thres semi~empirical equations o
snsble specific surfacs aress of soils to be determined at 25°C from a
single sdsorption point on the isotherm, Using adscrption lsutherms
he found that for a mmber of New Zesland soils the monolayer was

camplete ot a relotive vapour pressure of (.21, Iater wwking with a
montmorillonite from Yavapad Gounty, Arisona, he (1954, 1955) found that
the monolayer wes canpleted at relative vepour pressures rauging from
0,16 to O, 34 depending on the exchangseble cation present, JFor an
31lite and keolinite the mnolnyera wore oorpleted at spprosimately

0. 25 and U, 14 relative pressure respectively. In the case of the
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montmorillonite a linser relation betweecn the heats of hydration of
the cation and the ¢ parameter in the 5,5 7T, equation was demonstroted
thius emphasising the predominsnt role of the cation in the adsorption
process,

Using the date of a mmber of previous workers Quirk (1955)
evaluated the surface areas of clays determined by applying the B,E, T,
theory to water vepour sorption date and from the retention of ethylene
glycol {Dyal and Hendricks, 1950), e concluded thot such measurements
were unrelisble due to the polar molecules being preferentially
adsorbed arcund the cation sites and thet the surface srea determined
would therefore obviously depend on the surface density of charge, lie
suggested thet the water retained by a calcium saturated soil or cley
at o relative vapour pressure of 0, 20 would provide Jjust as useful an
estimate of the surface area as that obtained dy application of the B,E.7,
theory to water vapouw adscrption,

Yepray diffraction techmiques have beexn used to study the
veristion in interluwellsr spacing of the expanding lattioce clays with
the amcunt of water vepour adsorbed, comwmonly referred to as orystelliine
swelling. Bradley, Clsrk snd Grim (1937) using a hydrogen mentmorillonite
obtained by electrodyalysis of s Vyomizng bentonite oconcluded that the
spacing did not chenge contimuoualy with water content but in & dlscrete
stepwise fashion, only spacings correeponding to integral layers of
water molecules between the sheets being found, 7This conclusion was
supported by the resulte of Hendricks, Nelson snd Alexander (1940) who
éstermined the water adworption, c-axis spacing and corresponding
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differential thermal curves at various relative humidities for
montmorillonite saturated with various cations, Ths results of Moonsy,
Keenan and Wood (1952) and Norrish (1954) showed this stepwise hydration
of the montmorilionite lattioce to be quite general although dependant
on the hydration ensrgy of the cations, #hen the clay carried

an adsorbed ion that hydrates it has been suggested (Mering, 1946;
¥alker, 1951) that the development of discrete monomolecular water
layers is prevented by the co-ordination of water of hydration sbout

the cation,

2‘1'3l

Opinions hiave bgen veried as to the state of ths first layers
of water molecules adsorbed on a clay surface but it is generally
accepted that it is different to that of the normal liquid and thet
some form of structural crder exists, There is strong ovidence from
colloid science to suggeet that an adsorbed water layer with highly
ordented molecules doos exist on the surface of ocollodd particles, but
the actual thickness has been estimated as being from a few angatroms
to many thousends of engstrom urdts (McSain, 1950; Kruyt, 1549).
Howaver, it must be remembered that the change from bonded water to
fres water would not be abrupt, The eastimated thickeess would therefore
depend on an arbitrary selection of the boundary between free and

bondad water,
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The Handricks snd Jefferson (1938) concept visualized the
initial water molecules as arrangsd in a hexagonal netwerk bound to the
surface of the clay by the attraction betwesen those hydrogen atoms not
involved in bonding within the net and the surfece oxygen layer of the
clay mineral unit, This hypothetical structure was based partly on
Bernal and Fowlers (1933) concspt of the tetrahedral charge distribution
of a water molecule in liquid water,

¥asey (1942) has muggested that the indtislly adsorbed water
has the structure of ice since the oxygen atoms exposed at the surface of
the cley minerals possess & similiar arrang

Thess conospts have been oriticised since thoy neglect tha
probable influence of the adsarbed caticns which must be in close
proximity to ths clsy surface.

Mathieson and Walker (195h) carried out a single crystel X-ray
analysis of an hydrated magnesium vermioulite (4(001) = 148 %), e
vermiculites which bear & striking similerity to the montmordllonite clays
both in structural configuration and dspendsnce of intermlemeller spacdrng
on the exchangesble cation, hawe the sdvantsge experimentally that
comparatively large simgle crystals can be cbtained thereby facilitating
A-rgy inveatigation, Mathleson and Walker located the exchangzeble
magnesivn cations in a plane midwey between the silicate layers and from
their results they concluded that the intarlamellar wailer wassranged
in two sheets of hexagonal olose packed water meclecules, bound o the
silicate megg by hydrogen bending, whose relationship to oach other was
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determined by the requiresent of an octahydral co-ordination of the
water molsoulea around the cetion,

Yore recently low (1959) has provided experimental evidence
indicating a density less than unity for water held on the plassr
surfaces of montmorillanite olay particles and favours an explenation
in terms of the tendency oif' each water molecule to bond itself tetrs-
hedrally to four neighbouring water molecules as in ice, The polarizing
influence of the negatively cherged clay surface and possibly hydrogen
bonding to it sre considered to have s stabilizing effect wn this
*proken down ioe structure®, The adsorbed ions are considsred ez having
a disrupting influence on this stabilisation.

As sugpested earlier the nature of the adsorbed water will
undoubtedly vary considersbly from the lmuediate vicindty of the clay
surface to positions further cut im the adscrbed film,

The idos of condensation in amsll csplllaries at pressures
far below tho saturation vepour pressure was first formulsted by
Leipgrondy in 1911 and since then this phenomenon has bheen generally
acoepted by most workers as playing some part in the sorption proocess.
The fundemantal equation usually aploysd iz the Kelvin relation,

:ﬂv.sz;;g - HlLosee, (%)

vhere p is the equilibrium pressure, p, is the saturation vapour

pressure, Y is the surfece tension and V is the molar volume of the
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1liquid at tesperature T, © is the contact angle and r is the Kelvin
radiua,
Tha use of the Xelvir equation t¢ cbtain comperative data
usually invelves the following assumptions,
(1) Either the adsorption or desorptioniranch of the isotherm
rapresents 2n aquilibrium across a concave menlseus

acourding to the Kelvin equation,

(2) aAdeorption is entirely due to capillary condensation.

(3) The physicel properties of the adsorbed layer are identical
with those of the bulk ligquid adsorbals,

(&) A1 pores are cylindricsl.

By expreasing the isotherm as volume of liquid adsorbate
adsorbed versus relative pressure, a pore volume - equivalent gylindricel
radius cuwrve oan be constructed,

Both Zsigmondy, end later Foster (1932) considsred that
copillary condensation Zid not occur until after the initlel formation
of an adsorbed layer., In recent yeers oplnions soem to favour a
conbination of layer formation and capillary condensation, (Foster,
1948; Barrett, Joyner and Halenda, 1951),

The applicability of the Kelvin equatisa to pores of moleocular
dimonsions has been open to some doubt pincs at these dmensicng the
values of ) sand ¥, both statistical uentities may vary considersbly
from thoes for the liquid in bulk, Howsver, Foster (1948) hes expressed
the view that for comparative purposes in the adsorption of tws liquida
go0d agreement is Pound down to pore radii of about 8 £,
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A muber of workers (Foster, 1932; Cohan, 1938) have maintainsd
that a ehsvecteristic of espillary condensetion is ihe gpprarsnce of
hysteresis in the sorption isotherms Genoting that for the same volume
of vapour adsorbed, the squilibrium preasure of the adsorpiion side is
higher than that of the dssorption side.

25 Hystereais,

Phe phonnneucs of hysteresie in the vapour pressue - liquié
content relation has long beea of eonsidersble interest to workers in

The first sucoesaful explanaticn of irreversible hysteresis
was given by Zsigmondy (1911) in terms of the capillery econdsnsation
theory by asswaing incomplete wetiing of the pors wells Ly the vepour
during adsorption, d&ue %o the presence uof impurities such as alr
adscrbed on the mlls, giving rise %o an incvesse in ihe cngle of omatact

Reversible hysteresis has usually been regerded as evidence
for ihe presence of pores snd sarly explenstions of it were generally
centered on some facet of the geomstry of the aystem,

Fsines in 1930 cuggested that tihe cellular naturs of the soil
pore space imposed n quantum-like character on the modature changes
Suzing wetting and drying aund thet o fundemontal alfierence in the
mecherdans involved in £illing and empiving a csll gave rise to hysteresis,
grith (1936) considered hysteresis t¢ arise frae the isolation during
the dehydration process of dlscrete liquid masses due to ths configuration

of the pors space, During hydration these identical configurations could
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ramein unsaturated for the seme Vapour pressured,

A similiar delay in desorption was envisaged by Kraemer (1931)
ol by MoBein (1935): Reo, (1341) und Kats, (1945), This
8o called *ink bottle® theory postulates thet the water content is
determined by the reiius ¢f the body of s bottle shaped pore on wotting
and by the radius of the neck on drying from satwration,

Foster (1932) dsveloped an “open pore® thecry in widich he

considered the irreversible process to be the formation of the meniscus
prior to capillary condensstiom, Ouring adscrption the formation of

a mepiscus in & pore and the corresponding cocurrence of capiliary
condensation would ocour only when the adscrbod film is thick enough to
block the pore at ite narvowest point., At thic stege the wider pores
would still only have adsorbed filme,

LAy

4 the ascending brench of
the loop would cowrespond to adsorption and cepillery condsnsation
ccourring simultaneously. Dehydration from saturation with o meniscus
in every pore would then be dstormined sclely by capillery condensation,
Oiber workers (Uchan, 1938; Coolingh, 1939) have suggusted
thet the meniscus of a licuid condensed in o espillary has e ¢ylindrical
shape on adsorption and a spherical shape on desorption, fShis leads to
the yesult that the eguivalent radius of curvature dwing the adsorption
process is twice as large as during dosorption,
The theories reviewed so far are alike in that they all requixe

the presence of both vepour and liquid in the pore space to account for
hysteresis, However, both lrvevermibls and rewwraible hysteresis have
boen chserved in expanding porous systems with compiete liquid saturation
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throughout the adserption and desorption aycle, Schofield (1938) in
decussing the sexly work of faines (1923) en clay bloaks poluted ot
that hysteresis cocurred vhen there wes no siv in the system and honce
none of the shove theories would apply, Zids cbservation was confirmed
by Creney end Coleman (1954) and later lolmes (1955). Uolwos found
from mepsurementa of the water uptaks and seelliing of moulded clay
cores that the leowr degres of saturation for the wetting carve eould
anly acoount for a smell part of the chserved diffevence betwoen the

two bronches of the water content-suction ¢urves, He concluded that
most of the hysteresis was assoviated with plastie readjustments of the
clay particies relative to thsir neighbours as suggested by Schofield
{1955); A zindlax idea has r@mzxtl} bsen elsborated by Barias {1946)
from studiss of the hysteresis in a two phuse aystan of wood gol end
water,

Coilde-George (1955) compared the hysteresis moisture «
snargy relationship for wetting and drying of a constant structuved
sintered gless systes with that of o colloidel sodium mentwmerillonite
gol. e gugupsted that lor pores that empty the major pard of the
phenomanon was dus to the poometry of the system and about G5 dus to
angle of contact theory,whilet for nou suptying pores wideh could
expand and contract a third mschavism based on the interaction of
colloidsl particles wes nacessexy.

A pengesl thecry to explain hysitercsis phenomena has been
postulated by Lverett and Whitten (i952) in whioh hysteresis is
attributed to the existenoe in a gystos of a very lerge muwber of

independsnt domains, ot least some of which osn cxhiblt metastebility,



%4 Swelling,

The sdsorption of water between clay plates causes them to
move gpart resulting Iin a overall change in the wyolume of thz clay-water
system reforred to as swelling, The extent to which the water film on
a clay surfacs develops lins been shown to depend on such factors as the
nature of the exdmn@g&}gﬁaﬁm, swfuge ﬂﬁi}{ﬁf charge, electrolyte

concentration and the suction spplied to thes external solution, For any
syatom of particles in eguilibrium there is a balauce between the

ropulsive forees tanding to separate them and the stiractive forces

tending to compact them, The nature of this equilibrium in olay-water
systems and the origin of the repulsive and attsactive foroes operative
has instigeted considereble resscarch both theorstical and experimental,

Soil clay particles cerry s negative charge due to the londe
substitutions within the ocryastal lattice, Owrall dlectroncutrality is
maintained by the presence of an exvess of positive counterions in close
prozimity to the clay surface, %“hon lmwersed in a licuid medium the
lenbic attraction of the clay plates for the countsrions is opposed
by the disporsive action of themmal soption giving rise to a diffuse

distridbution of the counterions, Hegative snions and positive cations
of any dissociated clectrolyte present will be respsctively repelied
from and attracted to the clay surface giving rise to similax @iffuse

&‘mﬁimo
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The nature of this distribution was firat investigated by Gowy
in 1910 and later by Chepman (1913) in ordor to obtain the relationship
betwoen the surface dsnsity of charge on the solid and the potential
across the diffuse component of the electric double layer, In the Gouy~
Chapman theory the sverage ooncentration of the ioms at & given point is
azoumed to follow the Boltsmann dlstribution law,

ny = B, exp. (,., ‘%ﬁ) (10)
where nj equals the muder of ione of type J per cm’ at an axdbitrery
point in the diffuse layer where the potential uwgm%u the
corvesponding concentration at a point far removed firam the solid surface
whers = 0. v i3 the valence & the ion, © is tho clectric charge
or minus the charge of the clectron depending on the sign of the charge
on the ion, k is the Boitsmann oonstant and T the sbsolute temperature,

The relation between the electric potential ¢/ and the space
net charge density? ie given by the Polssca equation 3

L (11)

where both ¢~ ani O ave functions of the wo-ordinates x, y and & and € 18
the dielectric constant of the medium, A is the Leplace opsrator,
| For a direction perpondiculsr to the suwrface this equation .

e (12)

Coubining equations 10 and 12 leads to the fundamental Poisson -

reduces to

Doltzmenn differentisl equation
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(13)

Solutions of this squation for the case of a single clay
particle surface are obtainsd by integrating between limits corresponding
tox =0 zd x =00, The eloctric potential betuoen two interacting
plans parallel surfaces is obtained by integrating vetween z = O and
X = % where d is the seperstion between the plates,

The theary developed by Gowy-Chupmen ignores the Pimdte
dimensions of the ions in solution ssswning thém to be point charges
capsble of unlimited spproach to the charged surface, In dilute solutions
M the development of the diffuse layer is considereble the éiror
due to this assuwpiion is smell, In wore concantrated sclutions
however, veluss obtained for the concentration of ions nesr the surface
are shsurdly high in view of the finits dimensions of the ions,

Storn in 192, suggested that the counterions could be divided
into two parts : a layer of ions several angstroms thick adsorbed
directly onto the elay surface sand the remeindsr in a diffuse distrie-
bution ss enviseged by the Couy-Chapmon theory., Within the Stern layer
the electric potentiel is ssmmed to decline linesrly as in the
dieloctric of s plete condanser, Therealter the potential declines
as for the Couy~Chapmen theory. For dilute solutions only e smell
part of the potentiel drop will ccour in the Stern layer and the
yotential Sistridution spproaches that of the Couy«Chmpmen concept,

For more concentrated solutions o larger proportion of the potential
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drop will occur in the Sterm layer ss the diffuse componsnt is
progresasively conpressed, |

Langmair (1950) pointed out that an additional repulsive
force to tho electrostatic repulsion of like charges was necessary o
acoount for the stebility of colloids and ¢btained approximate solutions
of the Poisson-Boltsmann differentinl equation for the repulsive
pressure between two charged suxfaces arising from the osmotic astivity
of the ioms in the intervening sclution,

¥ore recantly a theoretical troatment based cn the Gouy-
Chepmn diffuse double layex theory has Yeen presented by Yerwey and
Overbeek (1943), In this the nscesssry repulsive forece is regarded
ag srising from the interaction of the &iffuse double layers associated
with the individual claoy particles,

From slightly gifferent considerations Schofield (1946)
serived at a similiar zelution of the Poisson-foltumann differontiel
equation and derived an cquation to desoribe the thickness of a liguid
film adhering to o charged surface in torms of the churge dsraily o
the surface end the concentration of exchangeallle icns at the cuter
boundary of the film, This equation is

- 2 /G

xofe oot ™! 2% (14)
v/3¢, T/3

vhere £ is either the thiclmess of the liquidAlm adhering to a single

solid surface on vidch there are chorged atom groupe at surface
dansdty T, or half the thiciess of o film between two such mmfaces,
In chtaining this equation it was assumed that ions of one kind only

and of velsnce v constituted the diffuse component of the electric
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double layer and that these ions exe in idesl solution, [ is a
constant depending on the temperature and the dlslectric constant.

C, is the ionic oomsentration ot the cuter surfece of the £ilm on one
surface or thet in the centre of ths film betwsen twe surfaces, It

in equilibriwe with the bulk liquid at the seme height wos ma.
Schofisld compared the film thickness on gloss end mics surfaces as
measured by Derjaguln et sl (1939, 1940) with that celculated using
this equation, Excellent agreenent was cbiained betwsen theoretical and
experimentol date for distilled water but for dllute sodivm chloride
solutions rather large Jdoviations were observed,

Schofield (1947) elso used diffuse dwble layer consddere~
tions to depive o relation betwsen the negative sdsorption of the
repelled ions end their conce

ntration in sclution thus permitting the
estimation of spacifie swiace areas of clays from experimental dute on
negative adsorption,

At plote separstions below sbout twenty angstroms the diffuse
layer of counterions cennot form and nlternate sources of repulsion
st be found, Undaibtsdly the hydretion emergy of the exchangesble
cations themsolves ih one such sourcs of repulsion snd Maclwan (1948)
has demonstrated that the surface adscrption of polar molecule is also
of considersbie importance im this respeat, In general in clay~water
gvsiems the spproach of one clay crystal to another is probebly
not close ensugh to significantly iuvolve the Born repulsion arising
fram the matual repulsion of iondc shells,
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2.4.2 Attractive Forces,

The principel contribution to the attractive forces has been
conaidered to coms from the ven der Wasl's forces : universal forcss
acting between all pairs of atoms or molecules and verying inversely
su the seventh powoer of the distance betwesn them, Thess ettractive forces
are almost independant of surrounding atoms and are essentially additive
so that the attractive force between two plates veries inversely as
the third power of the distesnce between them, Fram London's (1930,
1931) theory of attraction between two atows De Boer (1936) and Hemaker
(1937) derived the ecuation

e (15)

61T &

where F is the force in dynes/cm® and d the distance between two
paralicl plates,

Owe Gifficuity in this approach has been ths uncertsinty in
the valus of the constant A, veluss varying by nearly a thousand fold
having beei gbtained by the Lutch (Uvezbesk and Sparnsay, 1954) and
Rusaian (Derjagiun and sbricossova, 1954) schools respsctively.

Overbesk and Sparnsay measured the small deflection of a
spring produced by the attraction between parallel glass plates, &
plot of their messured force against separation showsd considersble
scatter but obeyed approximately the sbove relation with the constent
a=38x 10" ergs compared with a theoretical value of 1012 ergs,

Derjaguin and Abricpssovs, using an sleotronlcally balanced
knife edge microbaslance, measured the atiractive force betwsen a plene

quarts surface resting on one arm of the balanwe besm and & convex lens
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placed at a mnall distance sbove the plate, They clained good

&

ibility of results giving a value of § 2 10”1 exgs for the

couatant 4, This velue hos sl oe been confirmed by Frosser and Kltchensr
{1956) using an apparetus similar fo thet of Overbéek snd Sparnsay but
claized to be of improved sensitivity.

It should be noted thet in these sypariments plate separations
of the order of 1000 § were used and extrems cere was taken to
sliminate electrostatic dharges from the eyperimontal suxrfaces, FProuser
and Kitchenor pointed out that the Cesimir and Polder (i948) relation
where the fores is inversely proportiocnsl %o the fourth power of the
separation wyae more eppropriste for separation of this cedex,

Mackwan {(1943) podnted cut thet the van der Wesls' foroes
caloulated in this menner were far too small to account for the small
ssperation equilibrium cbesrved by leray workers in the crystalline
gwelling of sontmorillonite wad suggested the possibility of an elechro-
atatic origin for the sttractive foroes ot low plate separations, AY
seperations below ebout 10 £ the Stern layers moy ocelesce %o form a
sinele layer of cations between the negative shseta, This wenldd giw
rise to a cundenser like systes: vith 2 strong attractive force whose
potentisl would incresse wiiformly with sepsration at a rete depending
on tae disleotric constent of the mediun, This concept is strongly
supported by Mathieson and Waller's (1954) location of the exchangseble
megnesium ions in o plane wdway betwoen the silicate sheets of an
hydrated magnesiun vermiculite whore the separation is sbout 5 .

The mein Afficulty in using this convept to coloulate mttractive
forces srises from the uncortainty in the degres of dlelectric saturatiae
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tc be assumod for the intervening medium,
Prom a comparison of the caloulsted van der Waals®' and

alectricnl cnergles with the cbserved energy a
of silicate sheets from s &{001) wolue of 12.4 & to 15.4 & Creens-

ssociated with an expangion

Kelly (1953) concluded that electrostatic forcas were largely respounsible
for the interlameller adtractions in mden like minerals, He caloulated
160 m/ 100& as the maxivyw

charge density consistent with interlemellar
expansion for mountmorillondte {ype minerels and pointed out that this
agreed fairly well with the observed swelling of the verious loyer lattioe
silicates,

At separstions grester then sbout 10 & Mackwan suggests that
the electrostatic attractions would be reduced sopewhat by the segregation
of the cations into separate layers attached to each plate and finally
with the complete formation of the diffuse double layer the foree would
becone repulsive,

In studying the swelliug of sodium ond calciun Wyoming Bentonite
Mering (1945) observed s 2 & specing in boih cuses and concluded that
intracrystalline swelling did not proosed beyond 20 R despite the
ineresse Iin volume by eboui twenty tiwea in the sedlum cese,

Bore recently Norrish end Ouisie {(1954) using low angle i-ray
Aiffreciion tocniques have shown that while the &(001) spacing for
calcium montmorillonite remsins st 19 ¥ oven in distilled water, sodium
rentmorillonite expands to 43 & at a concentration of sbout 0.3 I end

Norrish (1954) hes shown ihat for hydrogem, lithium end sodium montmor-
illonites this expansion contimes with spacing proportional o }% where
i is the noymality of the solution, Hoaveish comsiders that the ratio
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of the repulsive to attrective potentiel for a particuler ion is given

by L5 where U is the hyaration onergy and v the valence of the ion and
huviwmtea that small variations in dlelectric saturation would also
effoct swolling, Good egrecment was cbtained between this swelling index
and the msximum crystalline swelling for a psrticular cation, The surface
density of charge wes also shown to be importent in determining the
maximum velue of 4(001) in erystalline swelling for expanding lattioe
minerals,

Cnee over the potential barrier the attractive force for sodium
montwerilionite was shown by Norrish to Gecresse as the inverse 1,81 power
of sheet separation instead of 4 i as required by Verwey and Overboek's
(1948) treatment of ven der Yesls' forces, This slow rate of decay of
sttractive fores even at large ceperations is strongly indicative of an

elsctrostatic rather than a molscular origin,

There is little satisfactory experimental data with which s
comperison betwsen the internal swelling of expending lattioce minerals
and the film thickness developed on the external surfaces of clay crystals
in general can be mads, Attempts to correalate physical swelling data
for clay materials with theoreticel treatwments have proved less conolusive
than the more direct Xersy sprroach. The main difficulty exparienced has
been due to tha fact that the water content of & clay mess at any particuler
woater suction value has proved to be merkedly dependant on its previous

history.
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The data obtained by Mattson (1932) for the water content-
pressure relationship or montmorillonite gels over the pressure
range 0,1 = 1 atmosphere was interpreted by Triksson (1950) en the
basis of a similler sclution of the Polsson-Boltsmenn differential
squation to those cbtained by Schofield (1946) and Verwey and Overbeek
(1948). Similerly Bolt end his co-workers (1955, 1956, 1957) atarting
with their materials in e gel state and applying progressively higher
water suctions considered they had found mesoneble sgreement between
the observed water film thickness-water suction éhpmemca for mono-
velent systems and that to be expected from diffuse double layer
theories, For divalent icn systems the sgreement wes less satisfactory,
These workers caiculated the water film thickness on the clay suwrface
simply by dividing the water content by the specific surface ares of
the clay, For the montmorillordtes the full theoretical swface area
of approximately 800 :nz/g was used for both sodium end calcium clays
in these caleulations, The magnitudes of the detemmined film thicknesses
for illitic clays were somsvwhat larger than those theoretically
predicted and to account for this, the presence of a "dead® volume of
water attributed to the terracsd nature of the clay particles had to
be invoked, The maximum pressure used by these workers naver exceeded
20 ptmospheres so that their matorials were mlways in a saturated state,

Esrlier the results of Oronsy and Coleman (1954) end also
Holmes (1955) had shown that at any one partioular water suction it
was rossible for a clay mase to have a range of different wator
ewitents depending on its previous hiatory and that in faoct a disturbed

cloy mass deacridbed a series of hystaresis loops on repeated wetting
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and &rying This effect of terminail pressure on the dscompression curve
for olays in the gel state was alsc well illustrated by the results of
Yerkentin, Bolt and idlier (1957). &oil enginsering workers (Lambe,
4953; Parry, 1959) have alsoc been awnxs of the presence of this
ivreveraible hystereais in the water contente-suction relationship,
referring to consolidated and overconsolidated clays depending on
whather the clay mass has been subjected to sufficient pressure to
cnuse a decreass or an increasse in volume on the epplication of shesring
forves,

The romilts of Cronsy and Colemsn {1954) and Holmew (1955)
infioated that for a cloy mess to dosowribe what may be termed a final
raproducible hysteresis loop it was necessary to &y it to ite shirinkage
limit, Fresumebly in this etate the clsy matrix has settled down to
the situstion where the clay particles are in a atate of ndnimum
rotentlal energy with respect to each other, Hence in the present work
the clay cores were fipst taken beyond their shrinkage limit, the
relevent structiral and phyeico-cheudoal dhurs

pteristios determined and
their behaviour on subsequent wetiing and drylng studied with the aystoms

as gleegdy defined pe pussible,



1o DESCRIPTION OF CLAY MINERALS USED,

Initially 5 work was conmenced with the following aix clays :
Rocky Gully Xeolinite - from pellid zone of laterite, Rocky
Gully, Westorn Australia,
Mercks I Kaolinite =~ obtained from Mercks Chemical Company,
Gergany, lsbelled DAB-&,
roiz County Grundy Illinods, supplied
hy %sxd's Natural Scleonce Masewn,

Grundite Iilite -

U 5o Ao

®illalocka I11ite = B horizon from o sslanised solonets
fundred of Laffer, South .ustralia,

Wyomdng Bentonite - montmorilionite from Upton, VWyaalng,
U Bo de

Redhill iontmorillonite - from Redhlll, Gurrey, Snglend,
supplied by Pallers Zarth Coupany.

The mejority of the work wes carried cut with thess clays,
Howover, as the work progressed it bocame obviocus that conmidersble
veriations between minerals of the spme species existed and to enable
wider comperisons to Le mede, sdditionmel informetion was cbtained
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Malone Eaolindte ~ from Malone, Victarisz, sustralia,
supplied by ths Ceramdce Section,
Ciopsiosl Resesrch Lsboratories,
Co Se L R Uy , Tioctoria, austirelia,
Mercks II Kaplindte « eolloddel kaplinite supplied by
Yapcoks Chandoal Company, U8
New Zealand Kaolinite « hydrothermal keolinite, supplied by

Seramic Resesrch Jeotiom, D5, L,

Now Zealand,
Tayaeics, Balloysite « fyom Hureka, Utsh, supplied by

Fards Hotursl Solences Museun, U,S.4;
preheated to 110%, to remove intre-
orystalline water,

Urroras B Clay - B1 horison of Urrbrae loam, & Red-brown
Sexth, Adelside, South Anstealie;
Clay content 6% Clay froctiss 603
111ite, 40K kaolinits,

Panther Creek Montncrillonite - from Fanther Croek, Mississippi,
supplied by imericsn Colloid Company,
Chicago, Iilineis, U,5.4

Volclay Bentonite « from Wyomdng, U.S.4., supplied by
fericen Collold Company, Chdcago,
I1linods, U.S.4

¥esga ibatworillonite ~ from aAlmeris, Spain, obtsined from
ir, H, RempelleColom, Clay Minerslogy
Sectien, C.5,I, G 0. Mivision of Soils,
Adelaide, South Australis,
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Tidinit Montmorillomite ~ from North Moroeco, obtained
from Dr, . YNsusell-Colom, Clay
Minerelogy Section, C,S5.L ER.G,
Division of Suils, Adesleide, South
amstrelie,



Samples of the clays were saturated with the desired cations
by repeated washing and oentrifuging using in genersl a molar solution
of the sppropriaste chloride, Six washes were corried out including a
£inal overnight end over end shaking io the centrifuge bottles. ZIxcess
salt was removed by washing the meterials with distilled water until they
commenced to diaperse or the chloride concentration in the supernatant
was less them 40°°N, Volclay Dentonite snd Tidi:it montmorillondtes
were uot self-dlepersing when sedium safwrabed and were thovefore roweshed
with the moler salt includiog 10K hydrechloric scdd o remove any
unexchenged eluminium, O washing with distilled water theae clays
(when scdium saturated) were then Pound to disperse readily, Halt froe
semples of the clays were obbained Ly dlalysing fov two weeks using
*Visking® eellulose coslog

A rough decsntation process was cerried out ¢ resove the
coarse sand fraction snd the remeinger filtered oun a Buchnor fummsl
using & Vhatman Mubor 50 filter peper; the glay was then gllowed ¢
eir dry, Violent dispersicn bechuiques vers specifically avoided to
prevent the possible disruption of ey natural clay structurss which
might exist, porticularly for the divalent clays,

The clays were then gently groumnd o a povder and placed
in a desiccator over a satureted solution of potassium sulphate giving
o velative vopour pressure of 0,96 at 20°C, evacuated and allowed to
equilibrate, Sampies (200 and 400 mg, ) ¢f the homoionic clays were
placed in 4he stainless steel mould (Figure &) and capreased to 1200

stmospheres pressure by means of sn hydranlic jack (Figure 5), The



FIGURE b,



FIGURE 5o
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water contents of the illite and rmontmorillonite powders in equilibrium
with 0,96 relstive vapour pressure were sufficient to give saturatien
undsr oompression end hence mm wepaction, The water ccntents of
the kaolin powders on wetting to €, 96 relative vapcur pressure were not
however sofficlent &0 @.w ssturation during the conpression into

cores resulting in less uniformity of packing, ZImcressing the water
content by spraying with an atomiszer to glve mtmtion on campression,
reduced the strength of the cores and made it virtually lmpossible to
remove them from the mould and for this w;@nmmmmaqm_ﬂ:m
with €, 96 veletive vapour pressure were used. Although this procedure
yogultsd in s slightly greater varistion between wres 'fér %&% eecl

minerals the interpretation of e results cbtalned is unulfected,
The meall cley cores produced in this manner provided o very
convenient mediunm for the vecuired experimsntsl detorminaticna.
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3. DETERMINATION OF KUCHANGE CAPACITIES,

S@m of the clays s previcusly prepared were saturated
with amum by washing with a meutral solution of melar styemtium
bromide, Excess salt was removed by washing with distilled wuter and
the clays allowed to air dry. The exchsngs cepacities were cbtained
as the @ifference between the strontium and bromine contents determined
using an X-ray spectrogrophic method, In ell semples the bromine eentents
wore vexy low,

Em me dabarmin

atinns were carzied out by Ix. K Borrish,
Clay Manerslogy Section, 6.5, 5K . Division of Soils, idolelde, The

wnge copacities in milliequivalonts per 100 gras
are given in Table 1.

of gwen dry clay

Clay Copasity e &"ﬁ:&%’

| /1008, " /100g.

Na® Rocky Gully Kaclimite 4.0 Melone Keolimite g he3
ca*" Rooky Gully Kaolindtes 6.2 Nercke II Kaclinite 2.1
Morcks I Keolinlte 7.0  New Zealand Kaolinite 303
Na* Grundite Illite 2,0 Bureka Halloysite 7.7
Ca't Crundite Illite 28,2 Measa Nontmorilionite 120
fe* Willalooka Illite 39,1 FNa' Panther Creek Montmorilionite 84,1

ca'* villslocke Iilite L1.4 Ca' Penthar Creek Montmorillomite 77.3
¥a' Wycming Bentonite 92,4 Tidindt Hontmorillonite 84,0
Ou'" ¥yoming Bentomite 101 Voleley Bentonite 96, 2
Ns* Redhill Montmorillonits 95,7 Urrbras B Clay 27.6

Co*’ Redhill Nontmorillouite 93,1




Specific gravities of the six prineipsl clays were determined
on the oven dried material by the volume displacement methad using kerc-
sons end 25 ml pyonomsters, The spperent density of the oven dried clay
cores after one wetting and deying loop were determined fyom the oven
dried mass and overall volume of the clsy cores, The porosities of the
oven dried cores can then be obtained sither from the relationship

i -4
Ferosity = %—I_QA x 100 ca/100g,

shore &, and 4, ero the real amgpymt densities respectively, or from
the difference betwsen real and apparvent volumss of ths dvy cores,

For the additional clays s spocific gravity of 2,62 gn/oo was
ansumed and henos ihe porosities caloulated for these clays can only be
rogarded as satisfactory estimates,

The gpecific gravities, sppervent densities and saleulated
porosities of the clay cores are given in Table 2, The variation of
porosity with exchangesble cation was inaignificent for the six principal
alays used with the exception of Wyomding Bentonite for which lower values
of poroaity were obtained for the monovalent then for the &lvsient cores,
This point is dlscussed later,

The metheds of core volume measurement avre described in Section
by



Specific pperent Porosity

-  H B o
Body Qully 2.59 1,75 18,5
ﬁ;:'fﬁ:};n I 2, 61 1,75 18,8
m 2, 62% Te 73 18, 9
exden 11 2, 620 1,73 19,6
5 o 2,62+ 156 259
gﬁ; - 2, 62 1.75 8.9
- ond 2,74 204 12,4
b e 2,65 1677 15,8
i P 2,72 2,00 131
- T E e O - S v
e oty B 1,85 15,2
ity NO® 190 ok
TN B . B 1.93 13,6
B omite 26 177 18,3
Volalay 2,62 1,95 1304

tentonite

® Assumed,



OF THE GLAY CO

In the determinetion of the surface aveas of finely divided
materials the B,E. T, method using low taspevature van dor Weals
adsorption of non polar gases suchk as nitrogen has heen universally
accepted as the most reliedle. Among the earliest studies usling this
method to determine the swrface areas of soils andi soil colloids were
those of Bwmett, Brunauer and love (1938) using nitrogen st -183°C;
¥skower, Shaw and Alexender (1938) using nitrogen at -183°C and Melson
and Hondricks (1943) using nitrogen at -195°C and ethars at ~78%C, Uther
workars to utilise this methud in the study of dlay minsrals were
Yooney, Keensn snd Wood (1951, 1952), Barver and Noleod (195, 1955}
end Birrel and Packard (1956).

Recently Brooks (1555) hes made p detailed study of the effest
of debydration st varicus temperatures between 25°C and 1000°C on the
dtrogen sorption isotherms and surface areas determined by the B,5. 7T,
method for aeveral clay minernls, For such clays 8 keolinite end
pyrophylliite which are characterized by smell cation exchengs capacdity
and comparatively lerge pertlcle size the ritrogen surface area abhamed
little dependence on the waier content of the olay until lattive
éastruction commenced at temperatures in the vigialty of 800°%, an
illite clay showed o consistent variastion of the nitrogen surface area
with water content in the indtial stages of debydration at cutgassing
tesperatures below 100°C but the surface ares rumsimsd sasentlially



b2,

constant theresfter until lattice destruction commenced at sbout 6007,
The montmorillonite ¢lay (Wyoming Bentonite) not only showed considersble
variation in nitrogen surfacs ares with water content but also a merked
dependence of nitrogen adscrption on the natuve of the exchazngeable
cation, whether modium v caleium, W¥hen sodium was the exchangesbls
ention the surface szea consistently increassed as the water content decreased
until the meximun was aitaeined at the point shere only the water of
constitution rempined, For the calciun montmorilicnite the surface area
as a function of woter content in the iritial stages of dshydration was
aifficult to reproducs even vhen the outgnasing conditions were oarefully
duplicated, Outgaseing at 330°C produced the most reproducible surface
areas without appeerding to cause any loss of water of constifution and
consequently this tempereture was chosen for cuigsasing in the following
determinetions,

The volumetric spparatus, a line diegram and sctual photograph
of which are shown in Mpures § and 7 was built to cbtaln nitrogen
sorption isotherms, The apperstus is similer to that of Culver and ieath
{(1954) which in %urn was based on the original spparatus of Dmmett and
Bruneuer (1934) and incorporated many of the refinements suggested by
Harkins end Jura (1944) and Joymer (1949). The essentiel featuves of
the spperatus are the swwple buldb attached at 5 contelning ths dlay
adsorbent, s gas burette, a low pressure mamcmeter and o high pressure

] eier with mereury cut-off, The gas buretts and meroury cut-off
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are enclosed in Jjackets through which water iTom s constant temperature
water bath at 25°% 4s pwmped, The apparatus was constructed of Eyrex
glass supported on o steel frame end high vaouum stopoocks greased with
ipiezon N were used throughout. The wacuum wes obtained by means of a
two stage glase mercury diffusion pusmp backed by a single stage aivy
ballasted rotery cil pump (Bdwards "Spesdivac*® 18030), Diffusion of
mepreury fron the diffusion pump into the apparatus was prevented by means
of the liquid air trep.

The vacuum in the mpin high vacuum line wes measured by mesns
of a Pirani gauge down to pressures of 10™° mn and by a Mcleod gauge for
lower pressures.

4 mmall portable furnace consisting of a i4* diaweter silica
tube wound with nicrome wire and enclosed in an insulsting container was
used to heet the ssmples during the outgmssing peried, Ruasse tinperatures
were controlled by a "Sunvic® energy repulator,

Serple bulbs were mads from short lengths of 9 mm, lass tubing
sepled at ons end and drewn down efter £illing to Join to o 6% length of
2 mm, dismeter capillery tubing, The saumple bulbs were attached to the
apparatus by pesis of A standerd grownd pgless taperad Jjolat,

The liouid oxygen or nitrogen bath wao cuntained in a ome pint
“Thermos® flank,

5 2 Yolume

SvZe1 Eres Space Volume.
Thi= is the wolume bounded by the top velference mark of the gas
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burettie, the three way tap, the level of the mercury in either manmmter

E or eut off b depending on vhich maremeter is in use, The free spacs

was caplibreted indirectly from pressurs-volume relations (see fypendiz 1,1, 2)
using the gas buretts and sings it iz subject to fluetuations in roowm
temperature was kept as small s possible by using 2 mm, capillery tubing,
Variations in free space temperature were kept to a mininum by the
ingtallation of a Chxysler “ilrterp® room conditioner,

This is the voluns of the sappls bulb and comnooting tube to
the three way tep excluding the volume occuplied by the sesple, The volume
of the dead space at tho temperature of the free space is much smnlier
than that at the temperature of the liquid mitvogen {oxygen) bath and can
be neglacted, The dead space is determined from volume and pressure
changes using belium which is assumed $o be unedso

bed at liquid nitrogen
(oxvgen) vesperatures (sse Appondics 1,1,3).

Sadels ey Fressups Range,

Gap presmures uy to 100 mm, in the adsorption aystem were
messured by the low pressure mercury meacmster., This manceier was ocon~
structed of 25 mm, intsrnal dismcter precision bore tubing and the mevoury
levels were resd by means of a cathetomster reading te 0,01 ma, by Vernier,
Due to the large dimsster of the (ubing and its wniformity, errors due
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to eapillary effects are megligible, The voluwe increment in the free
space can be calculated readily from the kmown faetor for the volums per
unit length of the precision bove tubing (see ippendix 1.1, 2),

5¢3.2. High Pressurs Range.

SAnce 4%t is impractical to use precisisn bores tubing to reduce
eapillary ef fouts, the high pressure mancosber was constructed of
standerd 0 mn, tubing snabling manometer resdings scourage to 0.1 mm.
to be odtained, The intexposition of g meroury outecff (Smmott and
Brunsuer, 1934 Harkins snc Jura, 1944) of 2 mm, diarwter between the
adsorption system endt the high pressure manuueter, removes the neoeasity
to bring the wercuxy lewsl in the short arm of the maucemter to a fimed
referencs mark and reducés the volume wvariation in the fyee space dus W
inaccurets pettings of the mercury level to less than 0,00 m}. T
sdjustment of the mercury levels in the cut-ofi is facilitated by the
inglusion of & three iitre surpe chamber between the manomster and the
cut~off, Free space calibration for this mencreter is given in jppendix

Yo Veile

Se4s Gases,

"snectrally pure® holium sss obteined in 1 litre Byrex rlasks
from the British Cxmygen Ucmpany. These (lasis were sesled cato the
spparstus, svamabed snd opensd iu the usual way wiih & magret 2nd dron
rod.
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Pure nitrogen was propared by the thermal decomposition of

AR, sodium azids, (Homig and Reyersan, 1952). Sufficient sodium

to give three litres of aitwogen at 5.7.F, wes placed in the tube,
avacuated for twelve houre at o temperature of 200% end then thermally
dcomposed at 300°C in vacuo,

% pall degs e N A G fiskinz
-ntbrogen wee weed In

dotermination of complete adsovytlon-desorption istthorms, Cormerciald
liquid nitrogen was found uwnsatisfectory for use as a bath as it gave o
saturation vepour pressure in excess of %0 mm, A puver licdd wes
obtainsd by passing aylinder nitrogen af 200 1ba/sq.io. lnto » copper
epirel immersed in the impure liquid nitrogen, This providsd o saturation
vopour pressurs vory clese to 760 mo,

fdouid oxygen wes used as a bath for some of the swface area
determinationz and for those the seturation vepour pressure was sssuned
to be that at the boilins point of the liquid exygen, Waere surface area
determinations wore made by both methods on the same sanple agreement
was excellent,

The left arm of 4w low pressure mancweter is conmeted by &
tap to the vapour pressure thexmww&m thet it cen bo used to
register (p@ « p) divectly and relative pressures spproaching unity cen be
measured accurately, This is achisved by opening tap T, shown in Flgure é
M&W@w@z to the main wacuum line,
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5.6 Erocedure,

e cley coves were placed in the sample bLulb, conmscted to the
apparatus and outgassed at a temperature of 300% for 25 hours or until
the pressure resained below 0™ ms, after isclation from the pumps for
half an hour, e sample buldb was then Lmmersed in the liquid nitrogen
or oxygen bath and the dead space dstermined using lwlium gas, The
system was re-svacuated and the lsotherm cbtalned essentially in the
manner described by Rummett (1942) by measuring successive guantities of nitrogen
into the gss burette-froe space systom snd then opening to the sample at the
temperature of the bath, At equilibrium the sppropriste pressure and
temperature messurements were rmade and the volume of gas adsorbed at .S, T.P,
calaulated s shown in Appendix 1,2, Zquilibrium was found to ccour falrly
rapidly (510 mins,) for relative pressures below 0.5, inereasing to sbout

20 mina, for points near saturation,

Surface sreas of the clay meterials, cbiained by application of
the B,5.%, theory to nitrogen sdecrption isothemms, ave given in Teble j.
The B,E.T. plots for these sre reproduced in Appendix 1.3, For the clays
for which the send decantation could produce asignificent veriations, surlace
aress wore determined on both monovalent and divalent semples, For the
remeinder the surface areas were detemmined on the ealolum clays, The
laxger surface area of the cslcium Grundite illite campared with the sodium
Grundite illite can therefore be ascribed to o more efflcient sand

deesntation in the caleium cese, The progressive increase in surface area
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of the Wyeming Bentonite fram the natural to the calcium to the sodium
clay, does however seem to indicate a gsruine deorease in average
perticles sise with consequent increase in surface ares since the indtial
sand content being less than 10 per cent eould not account for tids

enps, This veriation is later considered in mowe detail,

To examine the micro-structure of the clay cores used in the
swelling work complete nitrogen adsorpiion-descrption Laotheems wore
obtainsd for cores of the six principsl clays, e isotherms for the
calolum cores are shows in Flgures 8 to 13, To illustrate thw
dstribution of pores within the cores difforentisl plots of the volume
adsozbed per pram with respect o a;ﬂhuva Vapour presmire agalinat
relative vapour prossure i,o, m sgainst p/p , a6 given in Flgures
14 to 19, The equivalent @ylmwu?l pore radii w;mmm on the basis
of the Kalvin ecuation are indicated on the bottom ordinate, The linesr
mient for the purposc of illustration
thm a faue pore slze distribution plot of ﬂ spainet r, since the latter
jwvolves thw luwsse logaritheic mmmwap botweon ¥/ and r and
provides iittle further informmtion, |

The interpretation of equivelont pore redii caloulated on the
basis of the Holvin equation must be made with some caution. The wvapour
pressure lowering over a ourved meniscus is caleulated es a function of

(P/zp )} scale was considered more conve

(%-1-1» %;m»,m:»ammaprm&mm@rmmwm
meniscus, It is apvumed thet the meniscus hae o hemisphoricel shepe
on desorption zmd the vapour pressure loworing is then a function of

(% " -;f;) a%. However in the case of pores existing between large
4 1 4



VOLUME ADSORBED [cc.(s.T.P.)/g.]

160

140

120

100

80

60

40

20

Ca*ROCKY GULLY KAOLINITE 1601 Ca"*MERCKS I KAOLINITE
140
O ADSORPTION O ADSORPTION
® DESORPTION 120- ® DESORPTION
Ly |
L=
~
' 100f-
& ﬁ
(3]
=
A
@ 80
o
[=]
(72}
a
<
S
= 6o
= [
8
40
20}
— T
1 l L | ] 1 L ] J Lt I ] | 1 J I ! |
014 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08 09 10
RELATIVE PRESSURE RELATIVE PRESSURE

FIGURE 8, PIG 9.



VOLUME ADSORBED [cc(SIR)/g.]

60

50

&
o

[N]
(=]

N
o

10

Ca""GRUNDITE ILLITE

O ADSORPTION
® DESORPTION

| 1 { ! | 1 t

C&*WILLALOOKA ILLITE

O ADSORPTION
120 ©® DESORPTION

s
Q
o

60

VOLUME ADSORBED [cc.(s.r.e)/g,]

40

20|~

1 { ] | 1 1 | | l 1 | i J

01 02 03 04 05 06 07
RELATIVE PRESSURE

FIGURE 10,

08 09 10 o1 02 03 04 05 06 07 O08 09 10
RELATIVE PRESSURE

FIGURE 11,



VOLUME ADSORBED [ec(STR) /g.]

60

Ca"* WYOMING BENTONITE

O ADSORPTION
® DESORPTION

I

J

1
01

02

03 04 05 06 07
RELATIVE PRESSURE

FIGURE 12,

08

09

10

VOLUME ADSORBED [cc.(SIP) /g ]

80

70

60

50

40

30

20

10

- Ca'*REDHILL MON TMORILLONITE

O ADSORPTION
@ DESORPTION

1 [ | | ] | | L l J

04 02 03 04 05 O06 07 08 09 10
RELATIVE PRESSURE

FIGURE 13,



Ca*ROCKY GULLY KAOLINITE

l f\

AV/A[P/p,]

L | 1 L i | L [ J

0T 02 03 04 05 06 07 06 05 10
RELATVE PRESSURE [P/p]
| ] | I I | ] |
5 10 15 2025 50 100 500
KELVIN RADIUS (R)

FIGURE 14,

Ca'MERCKS I KAOLINITE

1200 |-

01 0z 03 0% 05 06 07 08 09 10
RELATIVE PRESSURE ["/n,
) | Lo L
10 15 2025 50 100 500
KELVIN RADIUS (R)

FIGURE 15,

o



av/a[e/e.]

C4*GRUNDITE ILLITE

300}
200}
100}~

1 1 L 1 1 | 1 i | - |

0T 02 03 04 05 06 07 08 09 10

RELATVE PRESSURE [P/g]
] | I N N |-
10 15 2025 S0 100 500

KELVIN RADIUS (R)

FIGURE 16.

300}

200

AV/a[o/ol]

2001

Cd*WILLALOOKA ILLITE

i 1 1 1

041

L [
03 03 0% 05 08 07 08 59

RELATIVE PRESSURE [P/n,]
| Lo L

10 15 20 25 50
KELVIN RaDIUS (R)

FIGURE 17,

100 500



A/ lopn]

300

Ca*WYOMING BENTONITE

81 02 03 04 05 06 07 08 08 10
RELATIVE PRESSWRE [P/g]

| | I il 1 B

5 10 15 20 25 S0 100 500
KELVIN RADIUS (R)

FIGURE 418.

300 ~ C3*REDHILL MONTMORILLONITE

AV/ale/e]

100 |-

L L 1 i -

L X |
01 02 03 04 05 06

9708 03 10

RELATIVE PRESSURE [P ]
| | L1 L
5 0 15 2025 50 100 500

KELVIN RaDIUS (R)

FIGURE 19.



g oy Sacbae Ave
os S, Lol ace
/e, A

ca™ Bocky Gully Xeolimite 8,33 36,3
ca™ Mercks I Eaolinite 2, 64 1.5
Ca'™ Mercks II Kaclinite 2,58 11,2
ca*t Bureks Halloysite 25, 21 109,8
Ca** N.Z Eaclinite 90 2 40,2
Ca™ elone Keolimite 3.99 7ok
Na' Grundite Illite 12,55 She7
Ca** Grundite Iilite 73 6l 2
Na' Willelooka Illite e b5 150, 4
ca™ ¥Willalooks Illite 35,18 153, 3
Natural Yyocedng Bentonite 5,32 23,2
Na' Wycming Bentonite 11,06 48,2
K wyosdag Dentonite 10,83 47,2
Ca' Yyoming Bentonite e he 38,1
Mo - Ca*™* Wyoming Bentonite 8, 38,3
Ne' Rodnill Montmorillenite 23,81 103.8
ca'" Rednill Monimorillordte 22,82 9904
Ca™ Mamze Montmorillondte 15, 28 66,6
Ca*t Panther Creek Montmorille

onite 15.83 B9
Ca*" Tidiait Momtmorillonite 21,39 93.2
Ca** Vololay Bentonite Tob? 32,5
g e S 21,53 9.8
Ca’” Urcbres B Clay 20,83 9.7




N
perallel or znesr pecrallsl opposed plates the shape of the meniscus on
desorption would be cylindrical and T, would sppeoscimete to dnfinity,
mwmmammmmmﬁaafmﬁmofﬁ-} + .35) = '3;1.
Since it seems probable that a considersble proposrtion of t;ﬂ; porosity
of a mass of compacted plate sheped particles would arise in this fasion,
the equivalent gylindrical radii caloculated on the basis of the <elvin
squation could possibly be hetter regerded as estimates of average plate
separations at least for pores amall in oomparisen with plate dinensions
(say < 100 %), If Foster's (1932) suggestion is correct this estimate
should be incressed by twice ths thidmess of an adedrbed ponolayer
(spprox. 8 ).

The isutherms for the two kuo

s are ehaxucteristic for

materials of volatively coarse perticle sise and are of type II of Brunsuer's
classification, Both isotherms show little hysteresis eaud the majority

of the porosity conteinsd in relatively large porss, For Roeky Gully
kaolinite, sfiur the initial monclayer uptaie the diffevential plot

rosading flat until o relstive pressurs of 0,7 snd then rises to & pesk ak

of 130 £  Por verdce I keolinite the majority of the desorption takes
place at equivalent aylindrical pore radii in exoess of 200 £, Tus 4o

consistent with the larger perticlie sise of the Hercks ksollmite as
indicated by the smaller specific surface aron, It iz concsivable that
with the relatively large orystals encountersd in keolinites, equivelent
gylindricel pors radli or rather swface separations up to the order of
100 & oould easily srise fyom steps in the crystal surfaces betwoen

parallel orystals as well as from separations between nelghbouring arystals,
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The isotherms for the illits snd montmorillonite cores have
a mmber of interesting festures in common, &ll are characterized by
apprecisble hysteresis sbove O.4 rolative pressure followed by a emall
but peraistent hysteresis dova to very low relpstive pressures. Similar
hysterosia effects in nitrogen isotherms on finely dvided material have
been noted by several other workers, Brooks (1955) explsined the
presonce of hysteresis at low rolative pressures (< 0.4) in the nitrogen
sorption isotherms for calcium montmorillonite ss being due to the
propping epart of interlamellsr spacings by residual water molecules
giving risa to » structural instobility of the moderial, This could
account for the augmented nitrogrn adsorpticn capacity on the
desorption branch of the isotherm down to very low relative pressures,
The dissppesrance of this micropove lysteresis after the removel of mosi
of the water of adscrption spd hydretion by a prolonged outgassing for
152 hours st 25°C and b hours st €% at 107> ms, mevewry pressure,
gave support to this soncept, Low relative preesure hysteresis was not
hewever evident in the isotherms cbtained by Nrooks for native (sodium)

Wyoming Bentonite and in this cass he considered that the intra crystalline
spacing (2,80 { corresponding to cnc weter layer) was oo small to allow
nitrogen penstration (demeter of nitrogen moleculs = by 2 ).

MoDsrmot and Arnell (1955, 1956) in studying the proporties of
brominated graphites where thd situation is not uniike that for the mont=-
morillonites with both intercrystalline and intracryetalline sorption
of bromine, have alsc desons

trated the existenve of two types of

hysteresis in nitrogen isotherma for these structures with an expanding
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C axis, These workeys believed the troad hysterssis loop extending from
saturation down to rslative pressures of approximately O.45 to be dun to
the porous mature of the graphite end desigpated it as “pore® hystevesis,
T™he second type of hysteresis which they tormed “swelling® hysteresis was
sttributed to the aveilability of wiame within fhe swollen praphite
mﬁtela@ftarthemmwﬁmateftmbrm The term intercrystelline
swelling was used by these worksrs dut ths phenomenon as described is
probebly more aptly tormed intracrystalline,
mmmofwutmmwmmnmm present
work ou eplcium Wyoamng Bentondte after the stronger outgasaing procadure
and its presence for the illite cores puxl possibly iGrdcss I keclinite as

well, seams to indicats its origin in Hds cese es w2 intercrystelline
ratber then en intracrystailine phenomencn, This could erise ¥ thore werd
any spprecicble stacking of the plate-like crystals of these minerals in
the drying or consolidation process. Similar condltions for s structural
instebility as enwiseged by Brocke wodld then ooour,

It is intorssting $o note that Berrer and Macleod (1956) after
creating what might be considered the idesl situation for this swolling
hysteresis by the jnterlomellar sdsorption of tetra sligl ewonium ions,
cbserved this swelling hysteresis in sorptien isothaws of srgea ol
methane on a ra(czaa)"‘mmmmu at 90% but not as 78%5.  The values
sbtained Por aurface srees indicated that uxygen end nitrogen vere alse
intercalated in the tetra alyl smmonius

montoorillonites but swelling
hysteresis wes not evident for these games, The woambs of the
respoctive gases adsorbed in the ﬁ(cz!i‘,‘)"-e:tay at a given relative pressure
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were in the order 62%5{2 %A%Gﬁ#m&xia the inverse of the molaculsr
cross-ssotionsl dismeter indlecating that size has a definite effact on the
amount which can be intercaleted, Temperature of adsorption was alse
found to be imsurbant in determining the amount of gpe adsorbed, more being
adsarbed at 90°K than at 78°K,

It can be seen that for both montworillonites sad ithe Grundite
i1lite there is a characteristic shoulder in the desorption branch of the
aitrogen isothemm at a relative prossurs of sbout O,45. An explanation of
these shoulders has been postulated by Barrer and Maclood (1954) who
suggested the possibility of the clay particles being drewn by surface
tension forces intc a thixotropic structure (after lubrication by & £ilm
of oapillery ocondensstu} and that this more reguler erray retains cepillery
sondensadl sorbste mors tenagiously on dasorption than doss a purely random
erray. When the £ilm of copillary condensate becomes sufficiently
attemusted howsver the sugpestion is that it mey fall to lubricate and
hold together the thlxotropic structure which would then randomize agsin

snd must in dodng so give up the remeining condonsate. Such behaviour

would indicats & very wesk atiraction between individusl crystels of theas
clays end a very strong thixotropic tendency.

On the other hand the isotherm for the Willslooka illute exhibits
ne such shoulder which may indicambe that very strong bonding occurs botween
the crysteis of thiz clay tims preventing movemsnt by suwface tension
foress,

Alternatively it may be srgaed thzt littie significent resrrange~
ment of the olay particles, aftsr the progressive removel o water, will

cecur in ths prescnoce of a non-polar liquid such es aitrogen. That is,
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the gheuldsrs in the desorption branch of the isothernm may actuelly reflect
the presence of a narrow roage of pores of spproximately 12 2 aquivalent
cylindricel redius {corresponding ¥ D.4H pelative pressure). applylsg
the considerations dlscussed eariicr this would currespond o plate
geperstions of the order of 20 &,

It is euelly interesting o conpare the distribution of the
pores within the clay cores. In Teble & the volumes of liquid nitrogen

retained at various relative gressures on ihe desorption isothern are

ocmpared with the total oven dry (110° G) poresitics ss previously measured,

g 1] .'i- v s "“‘ “,si-::ﬁ I

Relaiive Pressure 09 .8 0. 75 Specifie
' _ . Agea
Bouivelent Kelvin Radius (8) 90 L2 33 2
N _ | n/e
Cwan Loy
Clay Porosity Volume of ILiquid Hitzogon retained
oa/100g. I ©a/100g,
ca™ Rodky Cully ‘ g . "
Keolirdte 185 %9 kB b 36,3
4+ - -
e 18,8 W3 W7 NS 11,5
ca'™ Grungite 3 ‘
T1lite 12,1 bel Tote 7o €l 2
++ ,
Ga  Willalocics v -
Ti1ite 18,8 18,7 8,6 18,2 1533
ca*t Hyoming ‘
Bentonite i35 6. & e G 45 8.1
Ca'* Reanill

Mostworilloni te 15.2 | 12,0 11.8 11l ek
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The volume of liquid nitrogen retained at eny particuler velue
of veletive pressure is relsted to the particie sizme and specific surface
ares a8 is to be expected, However, it is interesting %o note that elmost
the entive porosity of hs ¥Willelooka cores is acocmmndated in pores having
equivalont oylindrical radii less then 33 . From the differentisl plot
it com be seen that the peak of the pore size distribution for this clay
oocure at o relative pressure of approximately 0,625 corresponding to an
scuivalont cylindricel pore radius of 20 §, Since the erystal plates of
this cley are probehly of the order of 0 8 across the leavape fsce, this
aquivaleont aylindrical radius way be interpreted, on the addition of twicee
the monolayer thickness, ss a sepereticn betweon orystal shects of the
ovder of 28 8, If the oven duy purosity of the clay is divided by the
specific swrisce sron the avorage half distonce botwean crystals »0
caloulated is 13 % It mey therefors be inforred that the matrix of the
®illalooke cores coasists of the dlay plates highly ergardsed on & micro-

scale iuio paciets or domeins with wery fev largs pores between
demeing, £ is @iffieult to visualise such s melatively narrow bend of

pore sizes srising iu eny othor fasidon then fhis. for plate shoged
nersicles, although the yeason for wystals remaining at such high pepale
nidone in the doy state is not clesr, The presonos of suxfecs irreguiar-
ities on the dlay crystals may be ervisaged as holding the majerity of
the surfaces ot sprrecisble separations, Alternatively the ssparalione
mey be ccnsidersd o srise Trom matuel repulsion of the surfecs charge
distributions, Iu this regard the spproad: of one plabe %o wnother in
the dry stats could possibly provide a net repulaive foroe such as may
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result from the spproach of s pesitive charge (surface cation) to a
dipole {arising from the separation of the mm%msm cation co the
adjacent sheet from the site of isomorphous replacement by the layer
of omygen atoms),

It moy be argued of course that the erystal ahests may dbe
vory mch closer within domains with o large wolume of interdomeinel
pores of the order of 26 %, but uuless & large proportion of the surface
sros is pot availeble to nitrogen adsorpiics this would necsssitete the
prosence of a considerable volume of mach larger pores between domping
tu provide the same tolal porosily. Considerstions discussed later do
however indicate that essentially the total surface area is availahle
to nitrogen adsorption.

Fopr the Crundite illite the nitrogon desorption imotherm and
the differential plot indicate that after the Lidtial shoulder st approx-
imately O.45 relative pressure, there is o contirucus range of pore sises
up to several hundred angstrome end greeter, This may be interpreted
as infleating a less developed dommln strucktwrs for this clay resulting
in a greater varistion in pore dimensions betwaen domsins, alternatively

if the forwation ¢f & thixotropic structure by surfeve tenslon forces
as suggested by Barrer and Macleod is corrvect, the range of pore sizes
might simply reflect the nature of this structure singe it is aiffioult
to prodot at what point on the descrpiion isothers such foress would
axert an influsnoe,

For the montmorillonites tho second peak on each of the
differential curves (at 0.885 and 0,675 relative pressures correspondiag
to squivalent cylindricel radii of 77 £ and 24 & or plate soparations of
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85 % ond 32 £ for Wymming Sentonite and Redhill wontmorillonite respect-
ively) may be interpreted as arising from lLavger intradonninal spacings
regulting from the contraction of the coystals after the formation of the
clay matrix structure during the drying process. The incressed separation
for the Wyoming Bentondte possibly results from the larger cvystel

gige, The first pesk on sach curve (indicating plate separations of
agpmthﬁ@wmﬁincmhm)w then correspond either to the sress
of closest posaible spproach of the clay crystels in a flmd structure, in
vhich case some mechamiesl hindrance or repulsive fores is implied or
else to s reshufiling of the c¢lay orysbtals by surfacs tension forces ae
envisaged by Barrer and Macleod

& relezation as the liquid
£l boocess attemated,

The isotherms sud differentiel plots for the keslimite <lays
give little indication of a similiar packdng into domains ot here the
large crystel diwensions and pos:ibly lerper surface ivvogularities such
as stepping may prevent the close spproach of the major part of the clay
swrfaoss to less than 50 « 100 2. The relatively small surlface srsas
of the kaolindtes, in particuler the liercks I kaolivdte, may result in
comperatively insignificant volumes of liquid aitrogen holng retalind
between the areas of closer approach (say 20 - 30 £J,

Oryatal aurfecs soparatione of less then & 4 would prevent
the measurement of these surfaces by nitrogen adsovption due to
dimonalons of the nonepolar nitropen molecules, Howevsr, such
muwfaces would be accessible to polsr molecules such s water, If it is

assumod thet a monolsyer of water moleculss is adsorbed on a olay surface

at a relative vapour pressure of spproximately 0,20 (Cmcdusten, 19533



Gudal, 1955), some indication of the swrface area not accessibls to
nitrogen adsorption may be sbtainsd.
caloulated from water wvapour

of surface arean,
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adsorption data on the sodium ¢lays (given
in Section A) have been compared with those cbtainsd by the nitrogen
adsorption method, The sodium clays were chomen to reduce the effect
of hydrstion of the exchangeable cations on the watexr vapour eatimate

Hnolinite

Mercks 1
Kapldnite

Grundite
Ilite
I1lite

Bﬁamta
Redhill
dontmorillonite

% 36

1% 11.5

5he 2 547
166 150
184 (5. 2)* W8
129 104

* Velue in drackets vas cbteired from wator ocontent at
. 0,13 relative vepour pressure affer clay had been

oven-dried at 110 C.

In Teble 5, the wmpface svens
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The water vapour adsorption values used were those obtained
in equilidrium with 0,19 relative vepour pressure after predrying by
nouation over phosphorus pentoxide powdar by means of a water puap,
s value in brackets for the Wyoming Bentonite was caloulated from

the water vapour adsorbed at 0,19 relative vepour pressure zfter oven
arying at 110%C, In view of the probsble effects of hydration of the
exchangesble sodium cations the water vapour estimats of swface area
can only bu regerded as very spproximete but should provide if wmyihing
an overestimate of the smurface aros, The general agreement for tha
kaolinite snd in particular the illite clays can thevefore be teken as
an indication that emsentially the sams sufrcoe ares is svaileble for
both watsr and nitrogen adacxption on these claye. GCertainly laxge
areas do not appear to be impccessible to mitrogen molecules, Howover

for the Wywuing Bentonite the discrepancy between the walue cbtained
aiter apparently incomplete &rying over phosphorus psntexide and the
nitrogen surface ares cuan be ascribed to the greater evailebility of
intracrystelline zurfaces o water melecules in the former case, I%
is spparvent that this aveilebility is cousidersbly less afier oven dry-
ing st 110%, Oven arying appears to be cspeble of removing almost all
the intorismellsr water from the scodius clay resulting in the collapse
of most intracrystallins spacings, On rewstting to 0,19 relative veypour
pressure the surface srea dbtainad showshbetter agresment with the
nitrogen surface aree. The remeining dlays including Redidll monte
morillordte showed little varietion in water content at 0,19 relative
pressure betwen the twe predrying procedures,

These considerations sppear to support the concept of the
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orystal sheets being held at appreciable aeparations and being cnly in
contect at very few points,

An additional check oa the distances of approech of erystel
surfaces may be made by calcoulating the sguivalent pore radius at whieh
the surface arss of the wepour<liquid interface cyeasted by desorption
is oqual to that celoulated by the B,E.T. method, The area of a vepour-
quui& interface created by descrption in & capillary (Peyne, 1953) is given
by

S = iﬂ / P &v
where S iz the eree of the liquid surface, v is the volume of liquld
retained at pressure p m&/ﬁ.ﬁa surface tonslon, By pleotting v, ths
volume in oo o Jdquid nitrogeiz rotained againgt the applied suction in
ayoen/em® 1o, $1nF/p, the value of [p v at any particular valus
of p can be cbisined from the arva enclossd by the curve and the walue of
the ovdinate v, The value of relative pressure and henve equivslent
aylindrical pore radivs at which the surface area cslculated by this
method iz equal to the B.E. T, suwrfsece ares can then be obtainsd fran the
nitrogen isotherm, The minimm values of squivalent cylindricel radii
and hencs by the addition of two mouclaysrs thicknass the squivalent
plate seperations within which the total sucface areas of the clays are
conteined are shown in Tadble 6,
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TABIR 6

Glay Rocky Gully Iercks I Grundite Willalooka Wyoming Redhill

Eaolin Kaoldn Illite Illiite Bentonlte Montmorw
illonite
g;uim?lnlmt 26 39 7 6.5 11.8 7
; . A .'} s e 5
Radius (A)
Separeation
Betweon 36 % 16 15 2 1%
Plates (1)

his method is again only approximate but nevertheless s be
taken ae additional evidence thet the olay suwriagces are for the major part
held at apprecisble separations since the entire surface area sppears o
be acocmodated in porws eguivalant to secarations groster than 14 £

The progressive incresse in specific surfacs aree ifram the
natural to the calcium to the sodium Yyoming Bentonite could be interpreted
s arising from the loss of one or two lamelle from individual orystels
whilst in suspension, Alternatively it mey indicate that the wonovalent
¢lay is disperzed inte unit lawellsein suspension snd that a strongor
statistical reformation of crystals ocours for the calciun clay on drying
than for the sodium clay, This latter conoept is strongly supported by
the fact that a sarple of the sodium saturated clsy on dispersing in
distilled water and then caloium satursting with meder calciunm cohlordde,
on washing end drying, has an almost identicel surface sree as the
original calodum clay. In Figures 20 and 21 the nitrogen isotherms for
the sodium and sodium —> calcdum Yyoming Bentenite clays respectively
are shown, The sodlum clay cbviowsly has a groater muber of pores
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below 35 & equivalent eylindrical redius (0,75 relative pressure) than
hes the sodium—pesleium ¢lay, The isotherm for the sodium —> calaium
clay whilst being similar to that for the celcium clay is still inter-
mediate between thuss for the caledum and sodium clays respectively,
This variation in structural ecomficuration coupled with the dependence
of external surface area of the clay crystals on the nature of the
exchangeable cation doos seem to lead to the conclusion that the sodium
monteorillonite lamellsc are monodispersed in suspension and wndergo

a statistical reformation inte crystals either on drying or in the
prassence of pirong salt solutlons,

A oompariscn between the structural status of the ocores
produced by the previcus moulding process and that of the natural soil
sgeregates was mads using the predesinetsly lllitic Urrbres B clay.

The rdtregen adsorption~desorption iscthorms for the corea and natursl
ageregates of this msterial eve shoun in Figures 22 and 25 vespactively
and the &ifferential plots sre given in Flgure 24, Although the toltal
porosity of ths cores is reduced in ocamparison with that for the naturel
aggregates, presumebly by the removel of many of the ccarse pores pressnt
in the aggropates, the genmeral sheps of the isotherms and conassquently
the distribution of plate sepsrations appsar to be very similar,

It in interosting to note that the diege of the nitrogen iso-
therm for the cores of this clay, used by Holmes (1955) in atudying
the ewelling of moulded clay blocks, is very similer to that for the
Willalooka illite, There is no indication of s shoulder at spproximately

0.45 relative pressure as shown by Grundite illite end the montmorillonite
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clays and almost the entire porcaity appears to be contained in
soparations ¢f gbout 28 £ vetween clay plates, The totsl oven ary
poresity of this clay 131 60/100g,divided by its specific surface area
91 n?/g leads to on average value of plate separations oqual to 28 R as
for the Willalooka illite, Consequently the Urrbrae B cley sppears to
bave a similer highly oriented domain etructure,

If it could be amscssed accurately at just what point on the
desorption isotherm the surface eres cbotalned from the vepour-liquid
interface formed was equivalent to the external surface evea of the
domains, an estimate of the average mumber of crystals forming a domedn
could then be chtained from the total surfece arse. fowever the rangs
of pore dimencions spparontly present within a domein, although relatively
small, mekes such a quantitative epproach very ¢ifficult. For instance
in the case of Willelooks illite the point at whichk the area of the
liquid interface is squal to the externel surfecs aves of the dommine,
could equally well be oconsidered to ocour st aay point ¢n the descrption
isothern betwoen those corresponding to the conter of the pesk on the
differential omrve (0,625 relstive pressure) and the upper Mmit of this
pore class represented by the cowpletion of the differentiel pesk (sey
G, 75 relative pressure), Although this only corvesponds t¢ e variation
in pore dissnsions fram 20 %o 35 § squivaient qylindrical radius, the
Zwnedn calonlebed by dividing the total surfeos

manbor of orystals par

ares by sz / p @v at these points varies from ebout 7 %o 40. In addition

it is probeble that such & sisple model for domelne is unrealistic in
view of the probable interleaving and variavion in msige and shaepe of the

erystels forming o clay maas,



The development of the electron microscope has enabled the

exppination and dlrect mo pmeat of objecte whose dirensicns iie

between 10 X and one micron, lost clay minersls fall within this range
and considereble use has been made of this instrument in atudying the
morphology and structure of theses cleys.

A maber of replica techniques for detailed reproduction of
surface structures have been developed and in the aope of cbtsiniug more
information of the structural configuration and pessibls eviduncs of
stacking of orystal units into dospine, a muber of electron wmierographs
of the fracture sufaces of the ciay mineral cores wore talen in
collsboration with Nr, L, ¥ Rall of the Iupertwsnt of Scientific and
Industrial Keseerch, Dosdndon Physical leboratury, Hew Zealand, These
micrographs are shosn in Figures 25 to 30, A three stage replica procues
was used to produce the replicas Vgaing pdlydiylens for the {first stepe
end a cexrbon film for the last, Phe intermediste stage replics was
shadowed twics with urandum, The first shadow was rade at 20° to the
plane of tho replica and the second at 45°; the replics being twwmed 90°
betyeen the first and ssoond shedowecasting The Yeplice was shadowed
twios bocsuse of the rough naturs of the surface, In the micrographs
the shadows show as light areas end the direction of shadowing is
indloated by an arrow, The thin dark lines iudicate a werticsl discon~
tinuity and are due to the carbon f£ilm being cprqua to the electron beam
when sdgewise on, The earbon ilm has & thickness of 200400

T



65,

heavy dark areas are due to some of the clay particles being transferred
to ihe yeplioa.

There are several nweas in which the packing of the plate shaped
particles into oriented groups can be distinguished, These appear &s
stristed areas of siternate light and dark strips, Referring to Figure 28
for ¥illalooks illite for exemple, the areca showing the clay particles
stacked vertically appears in the centre of the microgrsph and can be
rosolved be reference to Figure 31, The length of domein shown in this
micrograph is spproximately 10 microns, but it also extends just beyond
the edge of the mic
particles cen be clearly sssn neer the edge of this aroa.

ogreph, The change in orvientation of some of the

Similar sreas of this natwre can be seen for the other clay
species and besr same golation o the coystal sisze as is %o be expected.

The size of the domain area for Willelooke illite (approx. 10
microns long) in comparison to the cwystel sise fox this clay seems $0
indicate that a domein ctructurs mey consist not only of crystal sheets
oriented and stacked but also interleaved scross a considerabls gistance,

Additicnel evidence frem the electron microscope of orpanization
of clay orystals into orisnted groups has been presented by Shew (1542)
and Betoe (1958},
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SHCTION 3
ANALYSIS OF WATER CONTENP-SUCTION DATA IN TERMS OF FLLM-

The water content of & dlay mess ab any particuler suction
is a function of both the adsorpticn cspacity of the clay surface and
the structurel status o the clay mass, Swelling soconpeanying surfece
adseeniion snd hydvaticn of exchangesble cotlons has been pdequately
Esmpnstrated by Je-ray workers as cutlined in Section 1, B mm
of attuctural status is ovidonoed t0 soos exbent by the existence of
hysteresiz in the «lay watsrwenergy relationsldy even in the saturated
state as has been chnerved by many worksrs (falnes, 192%; Croney and
Colemon, 195h; Holmes, 1950; Werkentin, Belt smd Miller, 1957 etc. ).
In peyiiculer Croney and Colemsn dumonotrated that althouwsh s
thoroughly slhurried cley mose doscribed a contimueus drying eurve to
complete dessication (normal consclidation cwrve) en the spplication of
progressively Righer suctionm, this curve was not retraced on decreasing
the suetion. Hewetting end subseguent diyling from different positions
on the normel conoolidaticn curve resulted in » saries of closed hysteresis
doops. Howsver, 1t wap found that o unicsd water contentesuction
relationship ooculd be cutained by continual dlshubence of the slay
nmass duving the wetting and drying yprocesses, Pexrry (1959) has receatly
sttenpted o explain the veriation from thiz unique line (tormed oritical
volds ratic line) snd the rebuwrn to it on the spplication of shsaring
forces in terms of latent interparticle forces of moleocular origin,
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As a purely ommotic phenomenon the development of the water
film on a clay surface shouwld be goupletely reversible and for any valus
of the spplied suction, both hydrostatic and ommotic, it seems reosscusble
to expect that & unioue value for water film thickness or haif plate
separation should be cbtaired, The exisience of potentisl barriers such
a3 observed by Horrish (1954) at low plate ssparations for the intro-
arystalline swelling of montsorillanite clays may be more gereral than
MMWWWWMMMMdW contribute to hysteresis
effects, However, the nature of the imreversible hysteresis cbserved
in the saturated stete, sooms 4o indicate that struotursl glterations
due to particle resdjustment are of major importence in dstermindng
this hysteresis (Schofield, 1935). Consecuently before sny attempt cen
be made to interpret the weter contemt of a clay-water system in teyms
of the water film thickness developed on the olay surface, a satisfactory
model for the structursl configurstion of the clay matrix is cbviously
DB LMK

In the diapersad state the clay crystals may be considared as
randomly placed with respect to each other and behaving simost independent-
Iy a8 dapioted in Figwre 32 {a). As ths water content is decreased inberw
particle forces becwm operative and in eddition mechanicel inter-actions
between the solid particles leading to the formation of a loosely paciked,
randomly ariented, gel network such as illustrated in Ppue 32 (b) are
poscidble, Various workers (McDowell and Usher, 1951; Broughton and
Squires, 1936; Goodeve, 1939; Schofield and Dakshinasmrtd, 1948; Van Olphen,
1951, and MeZwen and Pratt, 1957) have postulated the formation of
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%unaffolding® or “house of cards® structurss by rod and plabte shaped
partlcles either by edge to edge or edge to face contacts o explein
thixotvopic behaviour and it is epperent thut such nstworks could
enmesh and retusn large quentities of water,

£ further drying or alternatively on inecrsased compression
of the cluy wator system, e cxystals would tend to daks up poaitions
of minime: potential energy with respect to each other and tiis would
be achieved maiuly by oriented stacking, s follows from mechanical
a Yariation in repulsive potontial would exist at the mide-plans between

derations and alse from osmotic conalderations, since

opposed plates whidh are not corpletely eligned, The extent io which
this oriented stacking occurrsd would be datermived largely by factors
such as arystal mize and shape, rapidity apd dnpes of doying, degree
of flocculaticn determined by the alactmma, concentration present,

roplied pressure sol possibly the physico-ches nature ol the clay
surfaces, Dspendent on these factors the configicution of ihe olay
matrix could therefars be expected to vary betwoen the completely &ie-
orgardzed state and a high degree of orientation an dllustrated in o
simplifisd mennor by Figars 32(b) to 32(d). Thic degree of crientation
and cousoquent variation in volume of water siuwly crmeshed within a
gol-like structuve, s compered with that assochated with clay surfaces,
mey well cxplain the nature of the rebound curvus cbeerved on rewetiing
from different positions on the novmel consclidetion curvs (Cronay and
Colemun, 1954 Waricentin, Bolt and Mlier, 1357) and the subsequent
behavicouy of the ¢lay-water mess on the spplication of shearing forces
(Parzy, 1959)
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As the clsy-water aystem dried from & sitmeticn epproadidng
the gel gtate, the formation of domsine of oriented crystals end the
subsequent re-orientation of those domeds

potential energy would cuzuse the volume of enmeshed water to decroase
contizaally. On rewetting from positions on the normel oonsolidation
ourve with gifferent velumes of ermwshed water the duswdins msy retain
their ontity snd swell as such, csusing the pore wulume to swell
proporticnately to the overall volume of the clay mass tias giving
rise to a seories of

bowsd curves as observed by Croney and Colemen
and Workontin, Bolt snd Hller, 7This also ensbles the same water
content (volds ratio) to be chtained with quite different structural
arrangements within the cloy mess and must of neosaaity result in
apprecisble differences in the strength of the scil structure despend.
dng on the ratio of the water held in poves to that held within the

domaing, The gpplicetion of shearing forees or mecherdcel disturb-
anoe to a gel structure would tend to accelerate its destruction and

inevsase the porticle alipgmment thms giviag rise 4 the decrease in

volume chaerved for olay mosses on the normal consulidation curve in
those ciromstences, Beyond s curtain dogree of aligoment into dampine
howewer, the spplication of shearing forces or mechanicsl distwbance
may tend to either disrupt the domnine thamselves or if* thay sre
strong enoush to resit such disruption, the tendsncy may be to increase
the volume betweon edjeacent domedne, Bither process conld leed to the
roesultant increase in volume and suction cbserved for overconsolidated

clays in these civoumstences, The critical woids ratic line may
therefore be considered as indicating the equilibrium position between
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complete plignment and completely random packing of the clay particles
on disturbance for esch partiouler suetion value,

The form of each ¢f the serdes of essentizlly reproducible
hysteresis loops dascribed on mcceanive wetting and drying feam verdsus
points on the pormal conmolidation curve as illustrated by Cronsy and
Coleman can be sttributed to the existsnce of slight differences in
gwelling behaviour betwosn domeins of crystels, giving rise to e large
mwber of greups in s metastoble state thus conforming to the domadn

thoory of hysteresis ms postulated by Sverett and Whitton (1952,
In view of the great divorsity pomsible in

: fortuitous
structure developed on drying e olay frem the suspengion or gel state
it ic epparent et the interpreisticn of vater

meatent-smotion data
obtained in this manner in terms of wator £ilm thiclkness developed on
the clay surfaces is upsound,

(n repeated wetting and drying, however, the clay mass tends
to desoribe what may bo termed a finel reproducible hystsrosis loop
4z which the cley particles appser to have reached & state of mwclmum
preotical orientation, In oxdsr to obtain this reproducible hysteresis
loop for & clay material it is neccasary to dry it to its shrinkage
1imit, It therefore scems possible that in this stote the degres of
fortuity in the structural status of the dlay mass would be radussd to
& minimum and hense interpretation of total water eptent on wetting
in terms of surface adsorbed and pore enmeshed water would be greatly
facilitated, provided the particie arrengenent wes satisfactorily

deficed for a perticular olay., Fox this reason the techniques (as
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described in Section 4) using smell campressed and predrisd cores of
the clay maieriels to study swelling were adopted,

It is sppevent fyom the investigntions caryied cut in Scotion
2 of this thesis and those of other workers that varying degrees of
crientation of crystal platos with respest to each other are present
in dry olay messes., A simple ploture of the clay matrix as s porous
media consisting of the dlay orystels oriented on & miaroscals into
smail packets or dumeine say thevefore be sssumed, In this regard it
is interesting to note that Terzaghd (1956) has drawn attention o
the fact that the bulk of the clay froction of natural clay soils,
determined by machanicel enalysis, consists of particies of the ovder
of magnaitude of 1w which in view of the uuch smaller crystel sizs rust
therefore consist of mimo-eggrogntes or clusters of o great mumber
of olay crystals, It scens likely that these clusters are in actusl
fact the oriented groups previocusly evidersed and sines the temm
“Joowein® has bean used in ths theory of mognetism to infer an oligned
atate 4% may he o uere aprropriate term. These domsine of oxieatsaied
erystals can in a genersl way be regarded as analogous in siructure
to aingle grystals of montmorillovite and since they appear o
of retaining their entity even in gusponsion, must possess
approciable internel strength, From the slectvon microgrephs
pitrogen adsorption dats the trus cley status is ohﬁnmy far more
complex than the above simple model hut it may nevertheless serve
as a reascnable first spproximabion,

1

If thdis model is sccepted it seoms ressconsble to assume that

on initial swolling of the clay media from tihe dry wstate the pores
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within the clay matrix will expand gs the oversll wolume of the clay-
water system incresses (Pigure 32(a)) im suuch the sowe way as the
internal velune of a metal pipe oxpands on heating. The extent to which
this proportional expacsion of pores would conti:ue befare structursl
resrrangement of particles and internal accommodation of inter and
intracrystolline (where applicable) swelling dlsrupts the criginel
porous structure is diffioult to sey. This would undoubtedly depand
on the magnitude of tho pores and the mature of their construction,
However, Lw fact that the cloy mass resches a state In which it wild
describe the sams hysterssis loop on muccessive wetbing asd drylug
dous meen Lo indicete thet for auy ome perticuleyr oloy there la a
unique "pore® wolume which is inkerent for thet particiler material.
This ®pore® volume may be sither swso function of the originel oven
dry porosity or mey siaply arise from a gel struetwre which forms
sibsequently, Thersfore to évide the totel water content by the
specific surface arvea of the clay rust in o1l but éxcepticnal clrown-
atanoes provide an overestimate of the sctual water directly associsted
with the dlay surfaces, cincs this procedure attributes water simply
emmsshed in the porous structurs %o be muface retained, s
procedure would only be valid in the esse of & clay mass with couplete
parallel orientation of pariicles with respeot o each other and this
is s highly improbsble stete for a natural clay mess sithough the
eFpor 4n socepting this situation for certain highly criented clays
may not be large,

For olay materigls wilch do not oxhibit extremely large water
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uptakes and in which therefure considersble particle rearrsngement is
unlikely, it seems a reassonsble procedure o consider that the wmter
not held direotly on the dloy surfaces should bear some reletionship to
the cven dry porosity. An inorease in pore volume on swelling,
proportional to the overall volume of the clay-water mgsze, as previcusly
suggested, moy be sppropriate im these circumstences, The calculation
of surface film thickness in the saturated state would then be wads es
follows :

_ ) Totel Volume of Clay ~ Water Mass
Swollen FPoroaity = Oven lry Porosity x Appmm Yolume of Oven Dry Clay

and henoe

Surfase Film Thickness = JSoves Nater Ccntent = Swillon Porosly
Specilio Surface Ares.

One obvious cbjection to this model of course, is thet a
sertein proportion of the oven dry porosity will arise frowm incomplete
contact of parsllel crystsl cleavege faces in the dry state, On the
edsorption of water this volume would bs vocupled by water divectly
associated with the cley surfaces, From Section 2 of this thesis
such peperations would sppear to contribute the major part of the oven
dry porosity for certain of the clays ezamined, in particular Willalooka
411ite end Urrbras B olay. The subtraction of a proporticnately swollen
total pore volume from the total water content should therefore in the
sbsence of any complications such as the formation of thixetropie gel
structures, lesd to an wndersstimate of the coxrect Lilm thickness,

Consequently some ides of the limits betwesn which the correct

film thickness might be expected to lie should be ¢btained by spplication
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of these caloulations to a clay matrix previcusly adjusted to the final
reproducible hysteresis loop, lHowsver, the possibllity of the formation
of thixotropic gel structures and conseguent recrganization of structure
even on controlled wetting from the dry state has also #o be considered
and may invalidate this computation of structure emmeshed water on the
basis of the oven dry porosity.

These considerations have been used in the following seotion to
snglyse the solution contonteepargy data ddtained,



te1 Apperatus,
i rangs of hydrostatioc suctions from zero €o complete
dennication was obtained using the following apparatus,
totets g (p# O - 2.8)

Flgure 33 shows oue of the battery of coramic povspex oslls
used for the low pP renge. The reservoir bensath the ceramic plate is
sonnscted to a amall constant head of ligquid and a oconstant pressure of
nitrogen gas is maintained in the perspex dwe sbove the cversmioc plete
by means of & gas cylinder and m series of bubble towsps (Migure 34),

The ceramic plate (pore diemeter < 1a) is wealed into the dottom

perspex plate with “Araldite® casting rosin U and Neoprens rings provide
an excellent sesl between the two sections of perspsx, The pressure
plate in only open to the atwosphers during sampling thus reducing
evaporation loases to a minimum, This is of considersble importance
when ¢lectrolyte sclutions and not distilled water mre being used, The
gas cylinder-tubble towsr system for cbtaining the required water suction
on the alay matericis up to 700 em, suction has the sdvantage of being
leas complicated and more oompact than systoms working on a vecuum
prinsiple (Holmes, 1955) which require an extensive wacuwn pump-reserveire
electrical cut off arrangement. The equivelence of the two methods waw



FIGURE 33.
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verified by comparison of preliminary data cbtained for clay materials
by both methods,
Before relsasing the pressure in the chamber, pricr to sanpling,
the tap connecting the porous plate to the solution reserwoir is cloased
to prevent the flow of sclution from reservoir to plate during sampling,

3 {(pF 3 ~ 5)

Figures 35 and 36 show the two designs of pressure mesbrane
apparatus used to obtain the middle pPF renge. The low pressure nembrans
(Figure 35) is sn improvemsnt on the spperatus described by Richards
(1947), incorporating O range seals hotween sections, The high pressure
menbrane (Figure 36) was specifically designed to ensble pressures up
to 200 atmospheres to be exerted sbove the cellophane membrane, Both
dosigne have an inlet mnd an outlet to the space below the membrane to
snable it to be fiushed with the particular solution in use to prevent
the formstion of air bubbles and the posaibility of drying ocut of the
menbrane through ovaporation, The mmbrane of “Visking® cslluloss
casing was soaked overnight in the sclution in use end sllowed teo
squilibrate with the required pressure in the chazber before the
ssmples wera placed on it, The use of the high pressure menbrene ensbled
some overlap between the licuid and vepour phase transport points to
be obtained,

In this prangs the clay cores were placed in dessicators cver
saturated sclutions of the foliowing salts and equilibrium was accelerated



FIGURE 35.



FIGURE 36,
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by evacuation on a water pump,

Solution Vﬁﬁmﬁ pF Equivalent
K S0, 0. 96 b7
HeCl 0.76 5.6
Ca (3@03}2 0. 51 6.0
KoL, 0.32 6.2
CaBr, 0,19 6o
2001, 0.0 6.5

Complete dessication was obtained by evacuating the cores in a dessicator
over phosphorus pentoxids powdsr by neans of a water pump,

The water suction epparatus previcusly described were set wp in
a constant terperatuye laborstory maintsined at 2% % @/&?c.

Yo 1e 5

In the liquid twansport range pF < & the volurme displacement
method (McIntyre and Stirk, 1954) was used for volume determinations
gince the cores were found to be sstureted over this range, In the
highar pF runge the cores were in various stsges of saturstion and the
total volume of the cores ware determined from dlrect messurements of
the dmensions using sither a travelling microscope or a micrometer,
Water content chanpes during this yrocedure were found to be insignificant,

To incoresase the scouragy of the wolume measursments 400 mg cores wers
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used,

For volumes of the order of 0,2 cc both methods gave better

than one per cent, acCUraGy.

1,1.4  Chlorids determination,

Chloride determinations were carried out by the electrometric
titration method (Kolthoff end Kuroda, 1951) using e quinhydrone half-
cell, silver-silver chlorides electrode in econjunction with a Cambridge
millivoit meter,

1.2 Prgcsdure,

After mamifecturs the cores were wet in stages (pF 47— 28—
2,0} to pF 2 and then dried via 0,75 and 0,19 relative vapour pressure
to complete dsssication over phosphorus pentoxide before determination of
thoe isotherms, This step was taken to allow the clay matrix to adjust to
& natural state from any structural charscteristics enfarced by the
marufacturing procedure and to examine the effect of successive weiting
and drying uycles on the hysteresis loop desoribed by the clay ocores.
Yerying but small decreases in water content between the first snd -
second wetting to pF 2 were cbserved. For the divalent montmordllonites
these differences were cuits significant but further wetting and drying
cycles produowd 1ittle change, For the monovalent montmorillondtes
which exhibit large swelling and the remaining clays the differences
were of lLittle siguifiocance,

The gpproach of a disturbed clay mass to the Iicel reproducidble
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kmstexasia lcop is undoubtedly an asymptotic eme but for all practical
purposes the cley cores after describisg one wetting end drying loop
after the initisl compressicn procsss can be conaidered to <losely
spproximete this state of minimum potential energy. This preliminary
wetting was carried out for all cores except the magnesium saturated
clays for vhich the curves shown represent the first loop described
after drying the mmymfectured corus over phosphorus pentoxide powder,

he water content-energy velationships were cbtained by
taking a sufficient nunber of cores and bringing duplicates to set values
of pF, 200 wmg cores were used in goneral for equilidbrium water content
determinations end 400 mg cores for volume determinations, In practlce
even with such small weights of material it was found necessary to wet
and dry in seversl stages to prevent dlsxuption of the cores due to
#Afferential swelling, particularly in the cese of the montmorillordte
clays, This procedure ensbled the same point to bs chedked soveral -
times vhilst taking considersbly icss time then the procedure wherein
individual cores are sllowed to come to equildibriuw ol each point on the
wetting and drying isotherms befars proceeding to the next point, %The
variation betwean cores on the secand wettiog wes very small, the
differences in water content betwesn duplicaiss ot pFf 1 belng, in general,
loss than ane per cent, of the total water content,

In the case of the clectrolyte solutione the determinations were
gonfined to the liquid transport range since the vapowr pressure
meagurenents involve a conti uous veriation in camotic pressure component
of the total pressure us the water content charges, for all but salt free
clays, Farthermore the effect of electrolyte is not important below
PF de 5.
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It was found neosssery %o pre-determine the oven dry weights of
the clay cores before wotting with the salt soluticus, particulerly in the
esse of the stroag calcium chloride solutions, since oven drylng et 110%
was insufficient to completely remove the water of hydration from the salt
in the clay end this factor produced mignificant varistions in the oven
dry weights, Thie wag done by {irst weighing the cores in egullibwrium
over phosphorus pentoxide snd adjusting for the water content dstormined
on the oven &y basis.

The denaity of the atrons salt solutions increased considorably
from thot of distilled water snd to make the results for difierent
conoentrations directly compersble the sclufion contents are given in
volume of solution sbsorbed per 100 greme of oven dry olay, Thia also
facilitates the caloulation of film thicknosses dewveloped cu the <lay
surfaces, (he volums of solution was cbtained by dividing the weight of
solution by the apyropriate solution donsity, 1.33 gw/oe end 1,09 gw/co
for four moler and molar caloium chleride respoctively ex:d 1.0k gu/co
for moler sodiuk chlorids solution, Volume meacuremsnts on the clay cores
saturated with these sclutions, cenfirmed these values for sclution
densities for the sbscrbed solution within experimental ervcr, For the
remsining solutions the assumption of a solution density equel to unity
lesds to ingignificant exrrer,

The solution contents are plotted ageinet p¥, %he pf values
do not imdicste the total lowering of the free energy dw to both hydroe
static ond cemotic cumponents as initially defined by Sohofield (1935)
but only that component avising frowm the epplisd hydrostatic suction,

In several instances the values of solution content on drying
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$o variocus suctions frem the suspsnsion state were cbtainged to provide a
eomparison with the bebaviour of the clay cores wet from the dry state,
Suspensions of different glectrolyte ooncentration were cbteined by
ghaking the powdsred homoionic clays with dgistilled water for two days
on a Criffin and Tetlock Microid flask shalkr and then sdjusting the
concentration by the addition of the sppropriate electrolyte, The
suspensions wore dried in 1" perspex rings seeled onto the oeramic
plates or cellophsns inembrane by a thin lsyer of vaseline, Sempling
was carried out from the centre of the ring to aveid contamination

by the vesclins,

o3 Equilibrium,

Time for equilibrium varied betwsen the clays and sinoe the
montmorillonites required the longest period they wers used to esteblish
a criterion for squilibrium, The spproach to equilibrium is agymptotic
but in geveral for the 200 mg cores, 15 and 25 days were found to be
satisfagtory times for the divelent and monovslent clays respectively
in the liquid Mﬁﬂ cgion, In the vegpeur transport region the
semples were sliowed to attein constant weight. Thias wes uvsuslly
reached within 7 days for sll but the 0,96 relative vppour pressure
degsicator where soversl weeks vere sometinse required and equilibrium
wss not a¢ satisfectory as for the other poiats, Typicsl spprosch to
oquilibrivn eurves for sodium Vyoming Pentonite and Hedhill montmorill~
cxites sre shown in Figure 78.
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2. RESOLIS

21 Eaplirs.

21696 ed W

The weier content-miction relationships obtained for Rooky
Guily and Mercks I kaclinite when saturated with various cations, are
shown in Figures 37, 38, and 39 to 42 respectively, The Rocky Gully
keolinite coves describe spproximately the same hysteresis loop regard-
less of the oxchangesble cation present and behave rather like constent
structured matorials the majority of whose pores £ill and empty between
¥ 5.0 and 5,25 scrresponding to equivalent cylindricel pore radii
in the vicinity of 100 £ as indicated by the nltrogen studles, At lewer
pF values there is a relatively small swellilng ecoosp

hysteresis, Mercis I keclinite on the other hend Jesplie its very much
wealler specific surface ares uxhibits cousidsrsble swelling and sn
sppracisble Gependance of water contont at low pl' values on the exchange-
sble cation present, There is a large hysteresis effect evident between
p¥ 1 and 5 possibly indicating considersble resdjustmwent of particles
with yespoct to esch other,

e behaviour of these two clays is therefore in the yeverse
order to that to be expocted in reiation to their spocific surface areas
since Hoecky Gully ksolinite has more than thyee times the specifice
surface ares of Sordes I kaolinite, From this it appeers thet the
pwsliing of the Rocky Gully cores is subjeet €5 some reastriction not in
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evidence for the Mercka I cores,

Sshofield and Samson {1954) have demonstrated the existence
of ptrong positive adge to negative face attrections in keclinite olays
causing {looculation in salt free suspsnsion, Deflocculation was found
to be brought sbout in several waye 3

(1) By proton transfer on sddition of NaOH and consequent
ramoval of positive cherges.

{2) By snion afsciption, causing neutrelization of positive
charges and

(3) By somll negatively chawged platelets of aunother elsy such

58 montmorillonite or illte overlying the positive cherges

on the cdge facss of the larger keclinite crystals,

Since the Mercks I kaolinite contalns & wwmall proportion of
mico as an irpurity and i deterndne vhether the cbove forces were
operative in restricting the swalling of ihe Rocky Cully keoliuit
sample of the sodium clay was titrated with suificient sodlum $ri-polye
phosphate (iias?}aw) to csuse deflecculation, The suspension wes
filtered, dried snd cores made as before., On wetting to 00 am suction

gimiler wator vontonis as thoge for the untreated clay were obtainsd,

The addition of 5 per cent end 10 per cent by weight of the < 0,2
fractive of sodium Crundlie Adlite to 2 suspension of Xocky Cully
kaolinite was similarly Lmeffective producing only ean incresse in water
content for the cores at 100 ¢m suction equivalent to that for the filiite
present, It can thexefore be concluded that the observed restriction
to swslling for the Bodky Gully keolinite cemnot he attributed to
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positive edge to nsgetive face attracticue,

The water contents at several pF wvalues for a number of other
keolin materials were cbtained and theose are recorded iu Teble 7 in
addition to the corresponding velues for Rocky Gully and Mercks I
kaolinites,

. Water Content {c/100g) Specific surface

Clay fon area

pF 28 20 1.0 u’/g

Ry, Zh 330 355 56,3
& 27.5 3.1 B
ce't 28,0 32,0 338
A 2.4 324 355

Mercks I Na® 29,7 5O 402 1.5
o 2,3 k2.2 66,8
G"H‘ 27.0 35,5 48,0
¥g™ 434 S0

Yercks IZ ' 2Bk 208 1.2
ca*” 20,8 225 2n3

¥alone  Na' 22,5 30,7 303 17l
ca*t 234 26,3 28,3

Bureks Na* 21,6 22,7 109,8
Halloysite, ++ 18,1  1%.2  20.5

New Ka* .1 LS b0, 2
Zoalend o ¢+ 32,8 357  39.6

The vaviaztion that exists botween the different kecliin
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minerele on wetting is obvious; the outstanding feature ¢l the results
being the epparent lack of correlation detwesn water content at low pF
values and factors such as specific muface sréa and exchangsable
cation, The sharp contrest between the behavieour ¢f lJepeks I kaolirdte
and the remainder of tho keplins ie illustrated by the water contents
on wetting to pF 1 listed in column 5. It hes the same specifiec
surfaos sroe as Merchs II keolinite yet tekes up approximately four
times as much water when sodium saturated. On the other hend Bureks
Helloysite with approximately ten times the specdific swiace ares of

the Yeroks kaolinites takes up less water theu sny of ths other keclizs,
barely excesding ths ovsn dry porosdty valus, The behaviour of the
¥elone and liew Zesland kaolirdtes like that of Hooky Cully sppeave to
be intermediate betwoen the extremes typified by Bureks Halloyeite and
M¥ercks i kaolins,

Complete nitrogen adsorpilon~-dssorption isotherms were not
obtalnsd for these additionsl keolinites., However, a gonersl idea of
the shwpe of the waler vapour descrption lsotherm and hence of tho pore
gize dlstribution for the coves of theme moterials cen be ¢btainsd from
the water contunts for the oslodum clays at severel »elative vepgus
pressures liated in Teble &,

It can be seen thet with the wsception of Zurchka Halloysite the
desorption lsotherms of the additional koolinites are similar to those
of Hocky Gully and ¥erdks I kaclins indicsting the mejority of the
poresity in pores in excess of approximately 50 £ cquivalent cylindricel
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radius, This point is dlscussed laber in more detail,

The experimentelly determined relationsiiips between total
volwne and water content for Rocky Cully and Mercks I kaolinites are
shown. in Pigures 43 and bl Tuspactively, The paints plotted are those
for the ealciwa saturated clays but within experimentsl ervor the
curves are equally repressniative of the relationships cbtained for the
other cations, agh the variation betwean cores results in
apprecisble scatter for Rooky Gully keelin it is apperent that for beth
cloye normal shrinksge cesses abt s value equal to the final porosity,
Any further reduction in film thickasss is acotmmodated within the rigid
notwork Formwed by the large kaolinits crystals,

Water Content
1008
Relative Vapour Ovan vy
Frossure 096 075 O3 poronity (oe/100.)
24 7 W 56 &0
E@iﬁlm‘b Pore m 262 8 15
Bk %2 2.2 18,5
8.0 1.9 Yol 18,8
8.8 T 73 1o b 18,9
157 2.75 2,26 18.9
11 11.6 93 18,9

Ca* Now Zealand 25,1 2,92 249 259
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eve ofber wetting to pF 1 was determinsd for both the

for Roeky Cully for all the concentraticns used wore idsutical with
that cbtained for distilled water and are thsyeforc not reproduced,
The merksd effoct of increesing eongentration of sodium chlorids on
the behaviour of Meroks I keolin is shown in Figuve 45, The distilled
wator drying ourvo is ineluded for compariscns

In Teble 9 w insensitivity of the remsining ksolinites to
inervasing concentrations of sodium chloride is illustrated by the
golution contents at pF 1.

Solution Gontent (es/100g)

o PL
Fa" Rocky Cully 355 55,1 31 353 I3
xﬂ* Hercies 1 H0e TiaT 69.5 5.5 495
No' Mopels IX Z1.8 8,6 L2 ZhE B
Na' Halone 3.3 36,5 355 351 el
Ho' New Zealend 46,9 k. W1T Wb 460
Ha* Bureka 22,7 22,7 249 2 20
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The drying curves aftor wetting to pf 1 with different
concentrations of esleium chloride solution for cslabum Rocky Gully
and Mercks I kaoline are shouwn in Pigures LS and 47 respectively.
in volume of sciution taken up with incveasing concentration. This

incrense is accomparied by a slightly more plestic end sticky texture
for the clay sowes, Mercks I wiilst showing little sigificant
varietion in velums takes up between distilled water snd molex calelum
chiloride, shows o spprecisble rostriction in swelling in feur welev

The remainder of the keolisdtes behewe in a slodlsr mencer
to Rocky Cully sbawing varying increases in wolume of solution taken wp
with inevossing conocentration at pF 1 (Table 10).

TaRIE 10

. Solutien cmem (m/mg)

Cocentoation | Distiiimk o ¥
 wber 6

Cley
ca'™ Rody Gully 33.8 33.8 9 36,2  38.6
ca'™ Mercks I 48,0 L6k LL.e W5 W7
va™ Mercks IX 2o 3 255 253 2.8 252
a'" Malaoe 2,3 2.1 Wb 37 353
ca't New fealand 39.6 40,7 M3 k2T k6
Ca* Suraka 20,5 21,3 21,5 225 23,0
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Z1e3. ascussion,

Although the keolin minerals have generally been regarded as
nou-swelling it is sppervent that syprecicble swelling does ocour and
that wide variations in bebhaviour are possible, In this regard the
bohaviour of the keolinsstudied muy be dividad into three categories,

Bureke halloysite shows almost negiigh

view of its large mpecific muface sres and consequent smell particle
ZAdity of this material oven when saturated with monovelent

eiwe, ths ri
ions indloatos the existenes of very steoug attractive foross Letween
individual ¢lay particles,

into a seoond catepory may Lo grouped the rempindex of the
keoling with the exception of Meyoks I keolinlte, These clays do exhibit
a limited amount of swelling with vayyias smell dependance ¢z the
exchangesshle cation present,

Por these twe eategovios thore is no indication of any incresse
in solution upteke for either monuwmient or divelsnt systems with
dacraaying electrolyis concentration as would be expected from diffuse
double layer cumsdderstions.

¥erckz I keolinite provides the third cstegory in whioh
considsrable swelling ooours and the conzentration of electvolyte present
has & significsnt offuct on soluiion uptake eithough in the divelent ion
case this effect wmtularggmumba sxpeated,

Since there is 1ittle correlation between swelling end spocifio
surface ares it would soem that the ifptal ebsorption of sclutions by

thess reterials is determined almost entirely by the stiuedurnl strength
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of the system rether than by the physico-chemionl development of &iffuse
double layers o the clay surfaces,
kmwdwphhﬂwﬂﬁmmmmmdm
strong short renge alirastive foroes is hydrogen bonding between the
alese packed hydrexyl sbeet of the octahedral layer of one arystal and
the cpen pacied cxygen network of the Getrshedral layer of sn adissent
sryatal, Such forcen have bess suggestsd as responsible for the
ara ovisnted into meww&mwmﬁm&
WMMM%MW@%WW#MWWW
m;&mﬁhmmmamntm-w,mmn swelling of thie
matorial. This saggestion is clearly not teonshble ainoe the suface sres
of the halleysite crystels is readily meswmiced by nitvoges sdsorption
a0 thet mindmom separations spproaciing 10 § would ve exmpected, It is
ponsible howover, that thix genersl parsilel errangemsnt owulid exish and
restricied swiiling may be the vesult of a muiber of hydrogen bonds in
The interpretation of the solution content-energy dets for the
vemaining keolin meberisls in temms of filn thidmess deweloped an the
mmwmmwnwwmm@w

for Rooky Cully and Mercks I keslinmites by ndirogen dssorpticn, mad the
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water vapour descrption points for the additicnel keolinites, indicate
that more than thres querters of the totel porosity of the keolinits
cores avises frox pores in excess of ehout 50 R equivalent eylindrical
redius., As pointed cut in Secticn 2 surface separations of up to 100 £
or more could easily ovise from steps in erystal faces between parailel
crystals for such large crystals es well as betweon randomly scves
orystals wid because of the relatively small specific surface areas of
the keolirdtes the degree of orientation into domeins is difficult ¢o

vl A

anscertain,

Consequantly the relatively smell swelling snd independence of
sleotrolyte concentration exhibited by the keclinites of the intermediate
sategory could be interpreted in o nmber of ways.

If a relatively large proportion of the surfece aree is acconmodated
in steps between orientsd crystals it is possible that considersble
development of diffuss double layers could oocur without much resullant
swelling pressure within the cley mass,

Alternatively if the surfaces of #he crystels are not apprecishly
stepped the shsence of apprecisble cxternal swelling could be brought sbout
by intermal accommodation of the ewslling between peralel plates within the
large pores between adjacent domaiva, With cvystals as large as those
for the kaolinites this posaibility does, however, sacm unliiely,

4 sbmilisr leck of swelling pressure in spite of the development
of Aiffuse double layers could equally well arise from their seoomsd

withda a network of the lerge ksolinite erystals randosly pleced (unstecked)
and only in contact at relatively few points as in Figars 32(b).
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In actual fast all three atrustural fastors may contridute to
& non~dependence of swelling on surfase film thickness, In cach case
lerge varizticos in film thicmess with elsctrolyte concemtration could
oocur without affeeting total sclutien uptake sinoe the perous structuxe
oould retain soluticn by cepillsry sction,

Froo this it is spparent thet sither of the matheds of
saloulation proposed in Seetion 3 eould b2 squelly ooawedt iu giving sn
estimete ¢f the film thickness pegerdless of the nature of the siructusl
oonfigiration whether highly orisnted or not, Howsver, in the sbsence of
dviding total solution content by specific muwfaoce area should at ieast
oqual that predicted by dffuse double layer theory if &iffuve dcuble

In Ble 11 the weter film thickncse on the olay surfaces for
the Tmoling on wetting te pF 1 with dlstilled watér has been caloulated
by both procodures (Seotiom 3),

The thespotical valus of fils thicknsas for s concsnivaticn of
sonovalent ions of 107 moler at pF 1 4s 400 2. Henos 1% is sppavent that
wAth the oxception of Mercks I kaolimite the mexiwum film thicdmess
possible in &5a%idlsd water is much less than that prodicted by diffuss
double layer theory indicating that additional restrieticns to swlliing

If, o5 the other hend, the olay erystals sre considered as well
oriented iato parallel positions with the mejority of the pavceify erdsivg
betwsen domains s valuos obésined by spplication of swelling pere

theary may provide better estimetes of the actusl film thiccwas, In this



Method of Total Vater Gontent Swelling Pore - W
Caloulation Specifie Buface Aves  Thessy = 10°7 mafon

Rocky Gully Hs”
Keolinite X'
gatt

] 1.1
55
93
't 98
887
584

29
27
26 1.7
2
&

Mercks I '
Keolinite X' 72
ca™t 418 163

" 5% 198
Mercks II R’ 28 &8 1.8
Esolinite  Ca*™* 217
Helome Fa't #h 2]
Kaoldzdte  Ca'™ 163 37
Rurska n' 1 2,7 0,7
Hallaysite Ca'" 19 Tob
Hew Sealond Na' 117 28 0,8
Keolinite OCa' 99 12

6.1

2.5

case it is apparent thet the filu tddmesses for o1l but Mewrcks I
keoldn are not at ail cowputidble with &ffuse double layer theory,

It is interesting to note hgvever thet the water film thick-
nesses caloulated qn $him bosis Por the sollum clays do bear zcme relation

$o the sarfese denmity of change for the respectiw cley minevels,
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Increasing surfase density of changy is coupled with increasing wber
£ils thickness, in fact, for the clays in the intermediate category
the relationsbdp between cileulated film thickness and surfsce aonsiyy
of changs iz limear {(Figare 48),

Sinee pasitive odge o nagative face attraction does not
appasr o be significantly eperstive in restrictiag sweiling scme other
origin for interpartiale bonding or attractions is indisated for thuse
matorials, One possidility avises from the suggestion by Cashen {1959)
that as the keslizite cleys sre washed fyes of elecizolyte the arystals
booows unsteble s to a rise in potentisl difference botwesn nogative
planar and positive edge faces allowing the migration of sdge fece

dndwe dons to axchenge sites on the plansr faces, Thue by the pressnt
method of proparation the mwlling of the kaolinite eloys eould possibly
be dsminated by the presence of aluminium ions, However, if thia is
the cese it is Aifficult to moe why s Newcks I keolinite is not sgually
a3 restricted sz Mercks II keolimite, In addition the treatment of
sodium Roalky Gully keolinite with sodlum tripelyphosphate should millify
the effect of aluminium on planar faces snd prevent further migration
fran the edge fecss as shown by Cashan with pyrophosphate,

The poseibility of hydrogen bonding between the silics end
gitbaite sheots of adjavent orystals ss suggested sarlier for Rureka
halloysite is ence again a likely scurcs of restriction to swolling.
fhe mmber ¢f such hydrogen bends oould defersdne the fures necessary
to compe apprecisble swslling in mesh the seme fasion ss the swelling
of exahange resins is cetermined by the mwber of wross-linksgsspresent

(Downx, 1958), Clearly at close distances of spproach elestrustatic



FILM THICKNESS [AT]

100 ™

90—
80 -

70 —

o
o
i

50 (—

30 -

20 -

10—

Na KAOLINITES

N MALONE

nif MERCKS T

na" Rocky suLLy

N NEW ZEALAND

] L | l ] J

05 10 15 20 25 30
SURFACE DENSITY OF CHARGE [ X1 me/cm]

FIGURE 48,



9%
forces would elso be involwed and here the repien of dlelectris
saburstion sssscisted with the cuchangeabls eations wouwid exord an
irdluence, This latter conajderaticn could possibly explein thes dflerence
in swelling of the manovalent sad diveleat Som keolinites grouped into
the intermadiste category.

The inevile end frictionsl resistencs o movessnt of the lerge

kaolinite avystals wey clze provide an additionael

& @ swelling
forovs,

The repuluive forge opposing the shart range attractive foross
would o the hydration spergy of the axshsngweblie catiene and the
effectivensss of this repulaion would be detenuined largely by the surface
dansity of charge possibly giving rise to ths increase in swelling
comerved wilh increasing maface Jonalty of charge for the sodium clays,.

If the surfuce Sensity of charge is sufficiently large the
hydration ensrgy of the aschangesble cations may be sufficient to ovarcome
the short rengs attractive foress allowdng the full dsvalopment of the
water film on the olay swrfacss. This mey ve the ease for Mercks I

In Fawe 49 the variation in film thickness with sodium
dhiloride eonceatiation and incressing sustion after wetiing to pFf 1 for
sodium Hereks I ksolinite caloulated by both methods has bees plotted in
copardacn with the theorotionl filis thickness on the basis of diffuse
double laysxr theory, The points chtained by dviding solution ccutents
by the specific surface siea are obvicusly Par in exoves of diffuse

sodium ahloride solutdon buing larger then Ahat predieted for 1077 molar
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sodium chleride sciution, Mmm@amﬁhmoﬂn
dry porosity from the selution econtenis whilst reducing Uie magid tuds
#m«mmmrmm&Mummsmmem
thooretiesl and celculatsd vedues, For & moxovalent ksolin after
correotion for positive adserption on edge frusa Quisi (1957) bas obtained
good sgresment between messured chiovide axclusion in suspension sand that
predisted by Schofield's{1947) megative adsorption theery indicsting
Mﬁ&wmmmmmfmm@za@umm Hence the
mmmwmmmmmmwmmmmw
mmmmmwatwmﬁmwmmW@ Wmmkl
m&wmmwshumimnmtmmmm“
surface yetained theyshy masking to some extent the effect of electrolyte
Sindlerly the negligible depandance of the ewelling of the
esleimn ¥arcks I kaslinite on electralyte concentration for concemtrations
Jess than melar ocould equally well be sttwibuted to the gel fommtisn,
Mnmwmﬁewwmw&mm
toh%qdulmt,ﬁmht%rhﬁngfmmﬂﬂaﬁwwnm@m
muwwmmwmxw‘ This again mey be due %o the
mewxmmmwauwnw&mmmmwm
tha go) steucture could collapee it more efféstively than a changs in
slsotrolyts concantration which doss not spply as an actusl foroe on
the pore water,
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%2 Illitee

2,21, Distilled Water,

The weter content-suction relstionships obtained for Grundite
and #illalooks iliites when snturated with various cations ere stown in
Figures 50 to 53 and 5k to 57 vespectively. Both cleys show & macked
variation in behaviour with velency of ihe exchangesble catlon present
but the Gependence in the cuee of ¥illalooka illite is particularly
dramatic, At water suctions below 100 om ihe sodium saturated cores of
this clay end to a lesser extent the potassium saturated, become fluid and
collapse, Tids collapse is accompanied by the dissppearsuce of hysteresis
from the water content-snergy relationsidp, At these values of pF the
water content changss rapidly with agplied suction.

when saturated with divalent calclum or wagnesium ions the
yillalooke 11lite coves remein giite rigid and exhibit comparatively
little swelling the megnituds of which changes little with inerease in
wi* from O %0 4.

4 sdrdlap though less sztrems variation in behaviour with
velency of the exchangeeble cation is shown by the Grundite illite, The
swelling of the dlvelent clay although restricted, shows s greater
depondence on applied suction then is the case for Willalooka illite.
The monovalent coves do not, however, collapse even ai sero temsion, I
is interesting to note the similerity in the water content of the o
clays when saturated with divalent ions compared with the large
differences observed in the monovalent cleys. U wetting to pF 1 both
calcium claye have a water content of approximately 45 ©o/100g vhilst
at the sare suction sodium ¥illalooks hes a water content of 8i1 eco/100g
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compared with 130 co/100g for the sodium Grundite illite.

In view of the much greater gpecific surface area of the ¥illalooka
i1lite it is obvious that when satursied with divalent ions the swelling of
tiis clay is subjected to o far grester restviction then iz the case for
the Grundite clsy. ihe vosaibility of tne presence of unsxchanged sluminium
iohs causing this restriction was sxemined by washing the clay several
times with molar calcium chloride plus 1677 N 0l during the saturation
crocess, he clay so {reated geve identicol vesults as those cbtained for
the untreated clay.

45 an pdditional check on the nawre of this pestriction, its
reversibility after sodium saturating was exumined by reseturating 2
sample of ihe selfedlspersing sodium clay using moler celeiun chloride, The
cores of this clay showed the sams restricted swelling ss the origii
colcium saturated clay.

Pram these regulis it can be inferred thet this resivlction iz
5ot ane due to the presence of inorgezde csments but is provsbly assoclated
with the noture of the elsctrostatic ettractive {orees Lutuwsen adjacent
particles,

It is worth noting et this voing that the waler-contentesuotion
relationships cbteined by Holmes (1355 for natural {&ivalent) Urcbree
% clay cores are very similar to those sbiained for the divalent
#illaloocks cores in the present work., From the aditrogen sbudles in
Section 2 these two clays appear to have similar structural conliguratione
for the dry eley metrix; the difference in their behaviour fran that of
the Grundite illite may theorefore be associated with the nature of this
structurel configuration,
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It csn be geen that for the monovalent Willalocka cores there
appears bo be a silght tendency for the wetting curves to {latten between
pF 3 and & before the major swelling ocours and this suggents the
presence of o potsntial barrier at this point, The potassium clay appears
to be less capsble of exceeding this barrier and the degree of swelling
is reduced in comparison with that for the sodium clay. Thers is w0
indication of an equivelent flattening for the monovalent Grundite clays
but the degroe of swelling for the potassium clay ia once again raduced
in comparison with that for the sodium olav,

In the drying curves for the monovalent Willalooka clay the
influence of exchengesble cation whether potassium or sodlum is insignifi-
cont for p¥ veluss groater than 3 and the curves are similer indicating
st the formation of o structural configuretion mey ewsct more control
then the neture of the oxchangeeble cation,

In Teble 2 the water content cbtained on drylng suspensicns of

the caloium cleyz in distilied water to several values of pF are shoutl.

Water Content (ec/100g)

Glay  Ga'* Grundite  Ga™ ¥illalookas

Xllite Illite
P
4 123 188
b Bl § 92, 6

4 7.7 3de 1

At low p? veluss a considershle smount mese water is retained
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by the gel structures formed thsn by the cores but this is rapidly
reduced LY ineressing hydrostatic suction and the wator coutents at pF &4
ere similar o the drying values sbtained for the calaium cores,

Figures 58 and 59 show the experimentally determined ralations
ship between total wlume and water content for {he Grundite and
7illalooke illite cores respectively., The points plotted are those for
the calcium saturated claye but the points for the other cations lie
esasentially on the same line within experimental error, For both clays
alr gppears to snter the system at & water contort velue just in oxcess
of the oven dry porosity indicsting thet sirinkesge is virtually complote
at this point, Uoth wetting and drying points 1ie cn the swue line
within experimental limits in gpreewens with the conclusions that
hysteresis arises irom plastic readjustments oi’ particles with respect
to sach sther and not from entrepped sir giving variations in degrse

of gaturation,

The effect of concentration of scdium chloride soiution on the
drying esrves of the sodium saturated Grundite and Willelooks illites
eftar wetting to pf 1 ave shown in Figures 60 and €1 respectively, The
distilled water curves are included for comparison, Although theve is
& continuous reduction in swelling for Loth clays with iccreasing
concentration of sodium chloride us would be expeeted frem diffuse double
leyer considerations, the effect is obviously fer greater for the
Willalooka 3liite then for the Crundite illite, At pf {1 the sclution
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LIBRARY
2 Ghl 6¢/100s for dl

water to 4.2 cc/100g for normal sodium chloride solution wheveas that

uptake for #illalooke iliite is redu

vor Crundite illite is reduced fram 131 og/100g for distilied water to

wyes for the

57.5 oo/100z for normel sodium chioride, %The deying
stronger (N and L\Tz: )  sodium chioride sclution concentrations for
§illslooks illite ere similer to those for the divelent csleium and
aggmesium cleye in distilled water s Showing very restricted swelling

the megnitude of which changes comparatively little with increasing
voiues of p¥ from 9 %o & The swelling of the Grundite illite although
restricted by the higher concentratione shows & greater dependence on
gpplied suction at these concentratlons,

The effect of concentration of sodium chloride cn the solution
content on érying to pF 1 from the suspension stste for sodium Grundite
end Willslockn illites is showm in Teble 13, Suspensions of the sodium
clays in distilled weier were sdjusted to the recuired eoncentraticns
by the sddition of & i sodium ciiloride solution mad then dried to p¥ 1
in persper rings Iu the pressurs plate anparatius,

TABLR 13

SCUTUM CHIORIDE CONCEI RATICN LN SULUTTION GONTIENE
¥ : SUSPERSICHS TU pb 4

Solution Content p¥ 1 {6e/100g) |

Concentration i N N B

00
Clay
Na¥ Grundite Yilite 252 A6 219 139
Mot willalocka Illite 216 282 309 371

#lthough the sodium Grundite gel shows an spprecisble reduction
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in soluticn content with increasing slectrolytie mtram at pF 1
the sodium Willalocks gel shows an overn more merksé. increase with
increaeing electrelyts oonoentration,

The velues of solution ecutent obtained on wetting potassium

Grundite and ¥illalooka illite mawwommmw%m%

potassiun chloride aclutions i comparison with those dotained on distilled
weter are shown in Tsble 14,

TEBIE 14

Solution Content pF 2 (co/100g)

Congentration Distill X .
vatey , %&’ ‘1’% '

5.3 &5 557

As for the sodium clays the swelling of ths potassium
¥illaleoks 1llite is fer nore seneitive to increasing cloctrolybe
caneentratlon than is the case for the potassium Crundite illite,

The effect of inoressing concentrations of csledum chlorids



103.
solution on the drying curve af'ter wetting to p# 1 for caleium Grundite
and %Willalooks illites ave shown in Piuges 62 and 63 respectively. It
is immediately obvious that variailons ir caleiuwm chloride solution
concentration between that of distilled water and molar have little if any
effeci a the solution upteke of the calcium 1llites and only for the &
molar concentration is thers any apprecisble restriction. It is inter-
esting to note, however, that this restriction in 4 wmolar is sppreciably
lsrger for the Crundite illite then the Willalooka 1llite presumably
because the swelling of the Willalooka illite is already mors severely
restricted.

The effect of concentration of caleium ohloride solution om the
solution content on drying suspensions of the clay to pF 1 is shown in
Table 15. ‘hese sugpensions wsve xade as for thw sodium clay Yy shaking
the powdered clay with distilled water and wdjusting the concentration
with & molar caicium chloride solution The sodium — celeium Willalooka
clay waz obtained %Ly calcium saturating a suspension of the sodium cley
with zz;élar celoium chloride, removing excess salt by washing with distilled

water and then edjusting to the required concenirations.

TABLE 15

=

TC¥ C0_SCLUTION CONTENT

Solution Content pF 1 (0o/100g)

Cancentration Distilled ¥ )} i

water 100 10
Clay
Ca** Grundite Illite 123 17 118 M7
ca** wllalooka Illite 188 165 173 179

NaT = ca*™ willalooka Illite 264 329 M3 267
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Cnee again it is apparent that increase in concentration of
caleium chloride solution hes little effect in reducing the sclution
eontent off the calclum clays even at the higher values cbtained by

drying from suspension,

2.4.3. Dlscussion,

It is obvious that there is a marked difference in behaviour
between the two illites studied, In dilute soiutions the weonovelent clays
behave mach as would be expected from diffuse double layer considerations
with solution contents besring mome relationshiy to specific surface arsa
and showing = marked dependence on both hydrestatic and osmotic compononts
of the fyee ¢nerygy. However, for concentrations of sodium chloride, greater
than %— and when saturated vith éivelent cetions it is spparent that
the ﬁ*’il&alo&ka illite is subjoct to a considersbly greater restricticn in
swelling; than is the (rundite illite, 7This is illustrated by the {act

that for these situations the swe e of the Willalookes illite is reduced

below that of the Crundite 1llits in spite off its ppecific surface area
being spproximately Hivse times greater, This behaviour clearly indicates
the existence of a potential bervier for the Willaloocks illite, "hie
barrier is exceeded in dilute solutions for the monovalent clays but not
in higher concentrations or wisn saturated with divaleit loms in much the
same fashion as the intra crystelline swelling of the menimorillonite
clays is restricted by a potential bexwier in simllar circungtences, It
has boen suggested in Jectien 2 of this thesis that ¥illalooka illite

possesses a highily organized estructure with the orystal sheets oriented

oa & microscele into domains and thet almoat the entire cven dry porosity
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arises from average separations of the ordsr «f 28 % betwesn these
oriented arystals, If this is so, the domain system has much in common
with that of the montmorillonite crystal aud provides an ideel sltuation
for the greration of large slectrostatic attractions as mggsaté& by
Vaciwan (1548) with the exchaungsable cations lying betwesn the negatively
c%xm;gad clay plates, 1n these circumstances the volume of solution not
directly associsted with crystal surfaces would be less significant and
a fairly close estimste of the film thicimess dovelioped on the clay
supfecss should be obtained by dividing the water content by the specifiec
eurfues area,

Cm wetting to pf 1 the water content of the caledum Willalooka
coves is £5.0 oo/100g. Ihviding by the specific surface aree of the clay,
150 mg/g, indicates sa sverage film thickness of spyrovimately 30 4
Application of the swe 2 pors theory on the other hand leads to & value
of 11 % for ihe fila thidmess weich 1s cbviously incorrect if the surfaces
srve pocepted as starting ut an sverage of 2 ¥ spart, since the void volume
of the clay-weler system has nore than dowlled,

Holmes (1955) cbtained e water content of &5 6¢/100g for naturel
{divalant; Urrbrae B cley cowves nu..tha second wettling to pi 2, Siave it
appesrs Fran Seetion 2 that thie ¢lay has a sdmilar high degree of
orientatios io that of the Willalooks 111ite, a gpod estimate of the
average film thickness may also be obtained by dividing the water content
by the specific surface sren, O m/g This leads %o a value of 31 %
whichk is in excellent agroement with that celouleted for Willalocks
illite sincs although not shown in Holmes' dota the Urrbras B cores show
sagligible further water uptake betwmen p? 2 wnd O,
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Sodium #illalocks illite takes up 48,2 co/100g of normel sodium
chloride solution at pF 1 whichk onee agein indicstes a £ilm thickness
of the ordsr of 30 %, strongly sugpssting the existence of a potential
baxrier at this point,

Although the intra-dcmein film thickness may be quite regular,
it would not be meesursivle by Hersy diffracticn techniques becanss of
she pendosness of the thickuess of the illite crystals forming the donains,

whe sxistence of this votential barrier lis either lacking or
lese spperent for the Grundite 1llite since with its nuch smaller specific
surfece aree it tokes up ap much water vhen calciwr seturated es does
¥i1ladooka illite, move then the Urrbree B cores, and siiows o greater
gependence of water content ea hydrostatic suotion, Ly the soame token
this cley sppeared to have far lese domein éeveloprent than Willalooka
i1lite snd Urbres B clay with & contimious disteibution of pores up to
severel hundred sngetroms ja Cismoter; frem this it follows that en
apprecishle correction for swollen porosity may be necsssaxy. Applylng
the swelllng pore thoory leeds to o velue of 3% £ for the caloium
saturated clay on wetting to pF 1 which is again in good agreemsat with
thet caloulated for the other dlays.

e magrdtude of these Pilm thicimesses plus the ladk of
sensitivity of solution content to electreolyte concantrations below molar
sndicates quite clearly that diffuse double layer tiworles are not
soplicable to the swelling of the &ivalent illites,

e large mber contents attained in dilute solutlons by the
sodium ¥illalooks cores, 4o, however suggest the possibility of the

Formetion of diffuse double loyers once the potential barrier has bwen
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exceedsd, Ly referencs to FMlgure & in which the values of Iilm thickness
caleslated by dlviding solution content by specific surface area are
compared with the theoreticel diffuse double layer values .it cen be ssen
that the agreemsnt for low pP velues is quite good. At higher p¥ valuss
roorgandgation of structure probebly ceuses the larger deviations, The
diseppearence of hysteresis fram the water content-suction relationship
for the sodium Willalooka clay in distilled watsr at low pi values
indicates vory little depundence ou gel structure st these points.

for the sodium Grundite illite cores, however, the azreczent
with difruse double leyer theory by sither wethod of caleulation is not
at 811 satisfactory (Migure 65) and the development of aiffuse double
layers gppeers to be Inr outweighed by structural configuration of the
clay mass, 1t Le relterated that the pP 1 polnts eve wetting points and
the rempluder drying, 4s hysteresis is still very evident for this aley
at low pi values the effect of the strusture developed un wetting may
be to hinder the diffuse doudble layer duvelopment, Subsccuently on
drying the effect of this doweloped structure may be the reverss, incresse
ing the amount of solution retained shove that nold on the clay surfaces
and thereby mesidng to some extent the dscrssse in il idkhess with
incressing oamotic and hydrostatic suction,

It is spparent that on deying from the suspension state the
formetion of gol structures by mechenical intersetion of the clay plates
ensbles a considercble umount of additional solution to be enmeshed, The
depandence of the solution contents obbaiued in this fasion on the method
of preparation emphasises the futility of such procedures as & means of
estimating film thickaesses for comparison with theoreticel dstas, For
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the calcium claye this formation of gel structures appears to be
winffected by ihe concentration of electrolyte present which may be taken
se on indication that the film thicknesses developed en the clay surfaces
oven in dilute scluiions are aot sufficient to effect the mochanical
interaction of the clay particles, Contrasting with this lack of
sensitivity to electrolyte concentration is the rapid decrease in selution
content with increasing hydrostatic suction widich undoubtedly evises fvom
e collepse of the gel structure under mechanicel foros,

The lerger solution contents cbiained with the sodium —» caleium
¥illalocks clay probably arises from o moye open network of elay orystals,
po.8ibly vosulting from the disruption of sowe dompins, These dunslne
are sppasently reformed on deying sinee tie sofium —> coleiun cores show
the same beheviour ss the ariginal ¢aicium cores.

The snesslous behevigur of the sodiwm ¥illalooka suspensions
on &iying to pf 1 at varicus concontrations is Jiffiocult to interpret,
However, unpublishisd negntlve adsorption data of Gulsk indicute the
possible existence of positive edgs charges for Willalooks illits, Cone
sequently the sddition of wlectrolyts to the dispersed sodium suspensions
mey by reducing dffuse double loyer repulsion, schansy the formstion
of a stronger gel network by edse te face atirections,

The éifference in the extent of the domein foxrmation and con-
sequent differences in behavicur on wetting between ¥illelocka illite,
Urrbrae b clay and the Grundite illite must arise fyrom ¢ basic differonce
in morghology, One irmsdiete possible explanstion srises from ths larger
surface density of charge of ths Grundite illite as shown in Teble 16.



Clay Crundite  Urrbrac B Tillalooke
Illite Clay T1lite

Surface Lensity
of Charge belp JuQ 7

(x10™7 o/ om®)

The larger particle size of the Grundite illite could alsc
influsnce the extent to wiich downin Cormation occurs ou dyyiag end in
these cireumstences the lsvger surfece density of cherge and consmequent
groater hydration energy avallsble msy be capeble of oxpsnding the domedsns
past the potentisl barrier oven in the diveient omse, This, of couwrse,
is in roverse to the conclusicns of Greene~Kelly (1953) regarding the
dependence of inter lamellar swolling of the layer latiice silicales on
surface density of charge but it is gointed out thet the initial distance
of separation of cuyatels forming & domsin (28 %y sppesrs to be mach
greater ﬁm‘x those discussed by Geeene-lelly.

slternatively the larger aversge film thickness for Crundite
111ite i the divalent don and stronger sodium chiloride solution ceses oould
arise frow the dsvelopment of thicker leyers on the external surfaces of the
domping where there is no potential barrier sincs no upposing parallel
crystal, This external domein surface area would sppesr to be larger for
Grundélte illite than for Fillelooks illits,

If the suggestion of Barrer and icieod (1954) regarding the
moversnt of clay particles by surface tonsion forees ¢ the adsarption of
liquid sitrogen is curpect, then it is spparent that the interparticle
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bonding for Grundite illite is mach weaker than for the other two illitic
wlaye since these show no chierecteristic shoulder in the aitrogen

desorpticn isotherm,
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23 Montmorillonites,
2.3.1, Distilled Water,

The water content-suction relationships obtained for Wyoming
Bentonite and Redhill montmorillonites when saturated with varicus
cations are shown in Fligures 66 to 69 and 70 to 73 respectively,

The low angle X-ray diffraction studies of Norrish and Quirk
(1954) and Norrish (1954) have shown that whilst the internal spacing
of divalent montmorillonites is restivioted by a potential barrier to
& moximam 4(001) = 19 &, sodium and other monavelent ion montmorillond tes
axe capable of expanding internally pest this barrier to soparations of
at leant saveral hundrod engstroaas, This preperty is clearly shown in
the difference betwsen the monovalant and divaelent clsys in the preseat
work, Both sodium montmorillomites show a tremendous water uptake at
low pF values accompenied by the formation of gel or thixotrepio liks
structures, 4n interesting difference between the two montmorillonites
is that the sodium Wyoming Rentonite cores retein their rigidity to
very high water contents whilst the Redhill cores become fluld and
collspse at water contents spproaching 1000 ©6/100g, This indicates
@ stronger thixotropie tendency for the Wyuming Bentonite possibly es a
result of its larger particle size,

Since the divelent montmorillonites show limited intracrystal-
line expansion (maximum d(001) = 19 %) the megnituds of the externsl
surface area of the arystals would be expected to play an important
part in determining the water content et low pF values (pF < 5), At
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first sight this sppeaxrs to be the case with fedhill montmorillonite
retaining spprecisbly more water, iowever, the differences at high
water contents after sllowing for the intercelated water (34 oa/100g
and 29 0o/100g for calcium Wyoming Bentonite and Redhill mentmorillondte
respoctively) appuar o be less than might be expected since the
external surface ares of the Hedhill montworillenite is more than double
that of Wyoming Bentonite, In ad@ition the water uptake of the divelent
tyoming Bentondte cores shows & marked dependance on applied suction
between pF 1 end O whilst that of the Redhlll montmorillonite is less
susceptible, These considerstions are discussed further after the
presectation of the data for the additional montmorillonmites.

T+ cen be seen from Figure 66 that the adsorpition of water
vepour at high p¥ veluss by the sodium Wyomdng Bentonite is markedly
dspendant on the previcus drying procsdure whather by evasuation cver
phosphorus pentoxide or by oven deying at 110°C, Despite only swall
d@ifferences in actusl weight lose between ths two drying procedurcs
the difference on resdsorpiion is maintained to pF valuos lcss then 5
but disappears after the cempletion of the inditial orystailine swelling
to 4(001) = 19 §. Presumsbly the heating process results in the collapae
of move interlamellar spacings, This dependance of the adscrption
isotherm for sodium Uyeming Bentonite on the predrying procedure is
gimiliar to that cbserved by Moecney, Keenan and Wood (1952), This effect
was not noticed for the divalent clays in the present work and this
posaibly results from the greater hydration ensrgy of the divalent ions
either preventing the collspse of internal spacings $ill mach higher
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temperatures or being more capshle of expsnding them after collapse,

Tre formation of discrete integral layers of water molecules
within the interlamellsr spacing gives rise to changs in slope of the
sorption isotherms in the high pF renge (Bredley, Grim and Clark, 1937;
Mering, 1946; looney, Keenan and Wood, 1952; and Newrish, 1954}, For the
divaient calcium and magnesium jons the ootahedral oco-ordination of
hydration weter sbout the ions prevents the formation of an integral single
layer (Mering, 1946) below 0,32 relative vepour pressurs (pF 6,2). The
conpletion of the sscond and third interlamellar water layers are
discernable from the chonge in slope of the sodiuwm cslolum and magnesium
igotherms at 0,51 and 0,96 relative vapour pressure (pF 6,0 and 4 7)
respectively.

By pf 4.5 this internal hydration of the ¢lay lattice is
completed and theresfter mecroswelling ocours in the sodium clays ss the
potential barrier is exeseded whilst the rouedidng uptske of the divalent
clays is determined by external surface avea and porosity considerstionus,

Pue crystalline swelling of the potassiwm montmorillonites
only proceeds te a(001) = 15 & (Norrish, 1954); ocorresponding to the
Flattening of the isothsrm between 0,51 and 0,76 relative vapour pressure
(pP G0 snd 5 &) but thereafter the cores do exhibit macroswelling in
contrast with the findinge of Nexrish,

The present results for adsorption at high p¥ values therefore
eppoar to be in agreement with the stepwise hydration of the crystel
lattice as observed by previous workers using X-rey diffyaction techudques,

In sddition %o the relationships obtained using the clay cores
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the effect of drying from the gel state wes investigeted for both calcium
clays. One gel sample was obtained by shaking the ealclum saturated monte
morillonite powders with distilled water ag previcusly dssaribed and the
other by calcium sstureting a suspension of the sodium saturated clays
using molar caleium chloride and then washing with distilled water to
remove excoss salt., The resultant gele had initial water contents of
373 0o/100g snd 167 0e/100g for the Wyowding Bentonite emd 709 oo/100g
and 150 ¢o/100g for the Redhill montworillonite for the sodium —> caleium
and eslcium sanples respectively, From Figures 68 and 72 it can be
geen that the effect of previous history is not removed until p¥ wveluos
in excens of 4.5, once agein illustrating the complexity of the problem
of deteimining film thicknesses for olays by drying from the gel state,
The experimentelly determined relationship between total volume
ard water content for ¥yomdng Bentonite and Redhill montmorillonite when
seturated with various cations are shown in Figures 7 and 75
respectively, The decrease in volume does not crase with divergence from
the rormal ashrinkege line as for the keolinite end illite cores but
continues with dscreaming water content to the walne obtained for the oven
dry volume of the enres. For sodium, celcium andé megnesium Yyoming
Bentonite the divergence fram the normal shrinkege line ocours st &
weter content of approximately 24 c0/100g and for potassium Wyowing
Bentondte et epprroximately 16 06/100z both values indicating that air
eéntry on drying first ocours at a pF velue of epproximately 5.4, The
final spparent dry volume for the monovalent oleys (49 oo/100g) is

spprecisbly less than that for the divalent clays (52 0o/100g) which
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gacms to confirm the sugpestion that more interlamellar gpacings sre
proped spart hy residual water mplecules in the divalent then in the
monovelent caze, The large surface sreas cbisined by Hrooks (1955)
for calcium Wyoming Bentonite i particl desorption also supports his
idoe,

For the Redhill montmorillonite the fotal volume - water
content curve wes found to be the smme within the linits of experimental
ervor regardiess of the exchangweble catlon present, The divergonce
from the normel shrinksge line cocurs at a water content of approximutely
28 0c/100g corresponding on the drying cwves & & pF value of
approximately 5.6 for the sodium, celcium and magnosium clays snd to pf
%35 for the potassiun olay,.

The values of pi* for initiel air entry into the caleium mont-
morillonite cores indieste meximum pore sices of less then 50 1 equivnlont
cylinﬁrim‘l radius for these cores, Iince from the nitrogen studies
the dry cores eppesr to heve a considereble volure of pores with
aquivalent cylindries) redii of several bundyed sngatvame it may be
concluded that cmmsidersble internal seommodstion of swelling producing
an effective roduction in pore dimensions has scoured, This considwration
is later discussed in more detail,

it is intevesting to note that the value of clay particle
volume caleulated from specific gravity determinations (36.6 we/100g
and 38,8 0o/100g for Vyoming Bentonite and Redsill montmorillonite
respectively) sre slightly grester than the 37.5 ¢¢/100g cbtained in

dach case by sxtrapolation of the novmal

shrinksge iine,



The effect of concentration of sodium chloride solution on the
drying aurvés sfter wotting to pF 1 for sodium ¥yoming Bentonite and
sodium Redhill montmorillonite sre shown in Figures 76 and 77 respectively.
Tas distilled water curves are includsd for comparison, In Table 17 the
solution contents on wetting to pF 1 for these and the additional mont-
morillonites ez listed,

TASLE 17

Solution Content pF 4
(es/100g)

Concuntraiicn Distilled N

L. N F  Htrogen Surface
water 00 10 & Areas

e (a/g)
Clay

Ne* Wyosdng 1590 763 488 35k 95,3 LB, 2
Bentonk

Na¥ Redhill 2275 635 Mbh 319 13k 10k
Hmtmorillonite

Mo’ Maasa M2 180 W7 879
Montmord llend e

Ha® Penther Croek 638 398 288 99,8 &8, 9*
Montmorillonite

Ha® Tidinit 639 362 188 895 93, 2%
Yontmorillonite

Na* Volclay goh 605 475 94,2 32, 5%

Bentonite

¥ Surfaoce Ares of csloium clay
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The wegnitudesof the sslution contents decrease repidly with
increasing slectralyte oconcsntration as would be expected both firom
diffuse double layer iheory and the i-ray measurementz of Norrish (1954},
The values in molar sodium chloride are not, however, in proportion to
the external surface ares of the clays and there are wide variation in

values between the claye fur mowe (illute soluticns, indicating that
factors other then £ilm thiciness on the clay surface gre influencing
solution uptake,

Trom Figures 76 and 77 it cen be saen that the osmotlic
eomponsnt of the free snergy lowering has svlatively litils effact for
sodium Wyurdng Bentonite and Redhill montmorillondite sbove oF &

An attempt to memsure the actual internel spacing of the sodium
¥yoming Bentoudtie on %{' wﬂ % sodium chloride sclutions by £illing glass
capillaries with the swollen gels eud using low angle X-ray diffraction
techiiques was made, In cach case only Siffuse patterns weve obiained,

The spproach o equilibrium for the sodium ¥Wyewing Bentonite
and Hedndll Montmorillordts cores on watbding %o pP 2 ond subsoquent
wetting to pf 1 with various concentrations of sodium chloride solutlions
are shomn in Figure 75,

The effect of concentration of sodium chloride on the solution
contant on drying suspessions to pF 1 is shown ia Teble 18, The suspensions
were prépaved by sheking ssmples of the sodlunm clays =ith diatilled water
and pdjusting to the demired concentration by the addition ¢ 2N sodium
. chloride solution,
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Solution Content pP 1

(ec/‘mg)
Concentration % it B H
| T% 10 L
Clay
Ha't Wyoming 937 %08 827 655
Bentonite
Na' Ro@hill yiie 1080 1060 892

Montmordillondte

The dominance of gel structure formation in determining solution
vetontion is svident, psrticularly in view of ths large solution contents
retained in ¥ sodium ciiloride solution oumpared with those ¢aken up by
the cores under the same conditions,

The veluss of solution content obtained on wetting potasaium
Wyoming Bentonite and Redhill montmorillordte cores to 100 am suction
on & and 7%= potessium chlorids solutlons in comparison with those
obtained on distilled water ere shown in Table 19,



Sclution Content p¥ 2

| (ec/100g)
Concentraticn © Distilled . "
water 100 10
Clay |
£* wyoming 268 193 725
Bentonite
K'Y Redhill 269 157 8% 5

Although both clays sppesr to be well restricted by the
potential barrier in j= potasstun chloride solution st this suction,
it is apparent thet e certein amount of macroswelling hes ocourred in

i
the 150 solution,

The sffect of concentration of calelum ohloyids solution on the
drying curve afer wetting to pF 1 for ccloium Yyoming Sentomite and
Redhill montmorillondte are shown in Figures 79 and 80 respectively,

The effect of comcantration on the caloium ehloride solution uptake at
PF 1 for theme two clays and also the sdditionsl montmorilliondtes are
given in Teble 20,
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CONI'EBNT ON WETTING TG pF 4

Solution Content pF 1

| (e0/100g)
Concentration Mstilled K K 4 Y
| water 100 €]
Clay
QIM W 77.0 ?@-9 6709 57.‘? ,yhlb
Bentonite
ca** Rednili 9,2 80,2 750 .5 46,9
oy Vontooriilonits :
Ca"" yaaza 59,9 58,1 574 554 40,0
Montmorillonite
ca't Panther Cresk 68,1 63.5  59.8 56,7  36.1
Hontmorillonite
Montmorillonite
cat* volclay Ti 6 71k 66,0 550 30,8
Eentonite

Although there are verying small decreases in zolution upteks
at pF 1 between those in distilled water and those in o~ caleium
chloride solution it is obvious that concentrations of the order of ¥
and sometines oven LM are nacsssery to couse arpreciable restriction
in swelling for these divelent montmorilionites, It is interesting to
note that the hysterssis effect at pF 2,84 is significently greater for
the M than for the less concentrated solutions particularly in tie case
of the Redhlll montmorillonite,

After weighing, the cores which had boen wot to p# 1 with

caladum chloride solutionz, were sosked overnight in distilled water end
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their chloride contents determined by titration with silver nitrate
solutions, The volume of solution in the cores from which the chloride
ions were excluded (Schofield, 1947} was celculated gnd these values ave
shown in Teble 21,

Chloride Zzclusion Intzracrystelline Volume

(co/100g) : " (ea/100g)

Conoentration Y, B %5 ;gﬁ-
a(oo1)* 1A 8.5 18,5 18.9 15, 19,0
Cley |

Ca’t Wyoming 8.3 18,1 &7.0 369 18,1 32,5
Bentoni te _

cat" Rednsll 9.4 18,6 28,0 59,2 16,5 29,8
Hontmorillonite "

Ca*t Moaza 65 13,5 225 2.0 179 0.7
Yontmorillonite '

Ca** Panther Creek T 7.4 257 38,3 17.3 311
Vontmorillondte

Ca'™t Tidinit 8.0 163 237 332 16.7 30,0
| Montmorilionite

ca** Volelay 8,1 19,6 258 36,4 8.2 327

% Norrieh (1954)
It is interesting to note thet the chloride ions are cepsble
of entering the intracrystalline spacings certsinly at concentrations
as low as 75 indlcating thet very little development of diffuse double
layers has otourred,
The effect of electrolyte concantration on the solution content

on deyive susponsions of celoium Tyoming Bentonite sand Redhill montmorillonite
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to pF 1 is shown in Tsble 22,

Solution Gontent pF 1

__{oo/100g)
Congentration % 7%_ X
Slay |
ca™* T 142 141 130
ca™ Bl llamite 66 16 157

Theas suspensicns were made by sheking semples of the powdered
calodum saturatesd olays with distilled water and adding sufficient &4 M
caloium chloride soluticn to adjust the conscentrations to the desired
lsvele, Omes again the solution content appesrs to be determined morve
by the gel siructure formed thon by the consentration of cisctrolyte
pressnt,

In terms of thecaleulation of film thickness developed on the
clay surfeces the montmorillonits mingrals possess the added complication
that they exhibit both intracrystellins end intercrysialline swelling and
consequently the possibility of differences in bshaviour botwesn internsl

and oxternal surfaces of the corystals has to be considered, Alsc the
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question as ¢o whether the montmorillonite ¢rysteis in the dispersed

state ave broken up into unit lamellse which recondense to form crystals

on drying, or in concentrated salt solutions, or whether the erystals retain
their entity even in the dispersed state, hes to be considersd,

The structure of the dry montmorillonite cores sppear frgm the
mitrogen studles in Soction 2 to be simillier to that of the Crundite illite
in that the rengs of pore sizes extends to comparatively lsarge pores in
oxcess of 100 § equivelent oylindrical radius, The shoulder op the desarption
isotherm may also indicate relatively weak bonding foroes between crystals,
There iz however, more evidence to indicate the stacking of erystals into
domains if the second peak on the differentisl curve is regarded as
arising from erystal separations within demeing

if it is considered that
the moncvelent montmorillonite lamellae are unidisperscd in suspension,
the formation of crystals on drying may then be regardsd as a particular
case of dumsin formation 28 cutlined in Section 3, The formation of one
large zingle crystal by the whole montmorillonite clay mass on drying is
probebly prevented by the non-hwgeneity of the nmass and consequent
mechanical interparticle friction snd structural hindrences, Domains of
these crystals (domsing within domains) would be formed with the crystels
fully swollen and on further drying, with the removal of the intre-
crystalline water, the crystale would contrect resulting in the larger
intradomsinal spacings observed in the nitrogen studies,

OUn celcium ssturating the suspension the arystals may be
formed eithoer immediately by the larger electrostatic gttractive forces or
the high selt concentration, or progressively on drying as for the sodium

elay. In either sase it appears from the smaller extermsl surface sres
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obtained that this statisticsl reformstion of crystals is more effective
for ¢hs divalent than for the monovalent clay.

From the maximum pors dmensions (epproximately 50 £) indicated
by the point of divergemce of the totel volume ~ water ocontent curves
from the normal shrinkege line compared with those indlcated by the
ritrogen desorption isotherms (> 100 £) and also the shays of the residual
shrizksge line for the montmorillonite cores ocompared with those for the
keolinite and illite cores, it seoems clear that the internal acconmodation
of intracrystalline swelling produces s considorsble reduction in effeective
pore dimensions for the montmorillonite cures, The dagree of this

internal sccumsodation of intracrystalline swelling cun be obtained from
the difference between the total void volums of the olay cores and the
wolume of the admorbed water sguivalent to the adsorpiion of succsssive
layers, With the adsorption of ons layer of water molecules betwoen
each pair of lamellse the extermel surface may reascnsbly be assumed to
have at leest one layer of water molecules sdeorbed en it., Similarly
with the formation of the amecond and thivd internal lsyers the external
surfece probubly has something likes two and three laysrs adsorbed
respectively.

Froa Teble 23 it can be scen that with the fermation of the
first internal layer of water molecules the woid volumes of the cores
have incrsased from the oven dvy values and an spprecisble portion of the
void volume is stil) unfilled, With the completion of the second
internal layer however, U wid volumes are wmuw aqual to the
ystalline swelling plus the adsorption of two layers om the externsl

surfacs, Similarly for the adscrption of three internnl layers of water



TABLE 23
AL ACCQMDTATION OF TNPRACRYSFALLING SURLLIN CF VORTMOKILLONTTES

- Equivnient Total voluee of Bxtrepolated Volume of Oven Dy

water Clay from Zxperimentally Real Volume Voids Porpsi
contont Determined . of Clay (ee/100g,
_ Relationshdip {ec/100g)
{oc/100g} (0c/100g) {ec/100g)
Exchangesble Gation ™ m' o Y ot g™ W
catt ca*t ce™ x*
Clay famber of Internsl
Vater layers
s ] % X j » i > 15; 1 ™
—— i 1.9 550 5 50 52,0 305 8.0 5 b5 13,5 0.4
Bentoni.te 2 23,8 62,0 62,0 62,0 . b b 2.5
3 359 73.0 73.0 730 o 35.5 35s5 355
1 12,9 57,0 3.5 15.5 15 2
Redhill
25.8 &40 - 26,5
¥ontworillonite

3 38.7 5.3 s 37.8
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molecules plus the external contribution, From this it can be oconcluded
thet by the adsorption of the second internal lsyer, the pore volume of the
montmorillonite clay cores has besn cuipletely filled by internal accommoda~
tion of this intracrystalline swelling, Consequently sny further water
uptake by these clays mist arise either from an incyease in £ilm thickness
or gel structure formation and not from an expansion of the initisl oven
dry porosity.

Poe - differencs in point of divergence fyom the uormel shrinkege 1

between the sodium, calcium snd magnesium ¥yowdng Bentonlte cores and the
potassium Wyening Bentonite cores is undoubtedly associated with the
difference in hydvation energies of the ions and consequent differences in
lattice specings. From the data of Bondricks, ielson and Alexander {1940)
and iboney, ¥eenan snd Good (1952), the &(001) spacing at pF 5.4 (0,80
relative vapour pressure) is spproximately 15.5 & for sodium, ealaium and
magnesium wontzorillonite. For rotassium montrorillondte, Hendricks,
Welson and Alexendsr ($940) obteined a aiftuse 11.9 % spacing between 0,70
and 0,90 relative vepour pressure, Hence 1t is possible that both the
formation of pores by the collapse of intracrystalline spacings from a
double woter loyer to a single water layer end unsaturetion due to the
proping epert of interlamellar spacings by the hydration sheels sround the
cations ere responsible for the divergense from the normal shrinksge line,
The former mechanism sppecrs to be more effective in the potassium Wyaming
Bentonite cese snd the ssemd in the case of the remaining

For Redhill montmorillonite the very mmch swaller arystal sisze
and consequent larger volume of smaller pores may result in the earlier

entry of sir in terus of encrgy for the potessium ion (pF 5.3%) than for the
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remaining ions (pF 5.6). These factors may also account for the absence of
variation in water conisnt on readsorption at high pF values between the
twe predrying procsdurcs,

For the macroswelling monovalent montmorillonites it is obvious
that if the crystal entity iz retained on swelling without mechanical
disturbance then the mjority of the solution retained would be that
actually essociated directly with the surfases of the clay lamellae. The
messurement of repeat dlstancss in sxcess of one lpndred angstioms by
Norprish (1954) for sodium montmorillonite supports this picture of orystal
entity at least %o cuits high separatiouns, The pressnce of hysteresis in
the water content < sucticn falaﬁnmﬂip 0 low pf values for the monovalent
clays and the variation betwsen the different montmorillordtes dves however,
indicats that other factors within the gel structure sre also influencing
solution uptaie,

The Didm thickoeases on wotting the sodium montmoriliomites to
pF 1 with 4ifferent electrolyte concentrations, caloulated by dividing
solution content by specilic surface area are shown in Tgble 24, For solution
concentrations of % and less a total specific surface area of 760 u?’/g was
used, The velusse for i sodium chloride solution wore chbiained by d&ﬁm the
solution content remsining after subtraction of that equivalont to a film
thickness of 4.5 & on the internal surfaces, by the externsl surfoce ares
of the arystals messured by nitrogen adsorption, For the additionsl
montmorillonites the external surface areas uwed were those determined for
the calcium clays and as pointed cut for the Wyoming Bontonite, the sodium

clay may howe slightly different external suriace arsas,



Concantration  Distilled N B N N
water »wa 10 &
Clay |

Na tyoag 249 100 6 &7 1M
el W 8 5 b2 104
aully - R & % W
. il lanite 91 52 3B 0
e o taerilicnite %o B &
Ha' Vgiﬁéfm“ Hg 80 63 189
Theoretical | | 400° itk 48 | 33 12
Xevey (Norrish) ¥ 6 25 16 kS

* Pilm thickness for 10“" moler aolution
+ #ves Solution

The film thicknesses caloulasted in dhis fashion for il sodium

diloride solution are cbvicusly unrsasonsble both from thseratical

considerations and in comperison with those ovtainsd for the more dilute

concentrations, This gross overestimetion con only be attributed to a

considersble volume of solution cnmeshed in a gel structure even if it vere

argued that some intornal epacings may heve expandsd past the potential
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verrier at d(001) = 19 £ which seems unlikely, The measurement of a (001) =
19 £ by X-ray tochniques requires a minimum of sbout 5 lamellae per crystal.
This means that the maxizum external surface area consistent with such X-rey
messurements is sbout 150 m>/g. The film thickuesses on external curfsoss
for N sodium chloride solution calouleted using this value would still be in
exvass of those obtained for & using the total surface sres of 760 n°/g tius
supporting the sbove conciusion,

For the mors dilute conventrations the variation between calcoulated
£ilm thicknesses for the various montmorillonites and the lack of sgresment
with @iffuse doubls layer theory may arise from both g=l formation and the
existence of potential berriers, With the exeeption of the Masse montmorillon-
ite, for wvhich the swelling is unduly restricted, the sgrcement with diffuse
double layor theory improves with deswasing sodium chioride consentration to
7 s sgresment is however, quilitative rather then quentitative. The
improvement may result fram the internal accommod
swolling within and consequent mllifying of the effest of the gl structure
proviously fermed, HNorrish (1954) found thet between water oontents of 37 ac/
100g snd 119 €0/100g for en oriented flake both 19 £ and 40 £ spacings were
prosent but beyend 11§ @¢/100g the clay erystals ware entirely expended over
the barrler. Since the solution contents involved ot pF 1 for concentrations

of {! and 1eas are far groster than 119 €0/100g, the incamlete developmsnt
of diffuse double layers way result sirply from interparticle friction,

The film thicknesses osleulated for $he dislyssd Wyoming Bentonits
and Redhill montworillenite cn diatilled water are vory smoh loss than those
predioted for 107 I sodium culoride solution. From Schofield's (1946)
galoulations diffuse double lsyer theory appears to apply extremely well
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in very dilute solutions giving & slight overestimate of the actusl
measured film thickness, lowever the film thickness cbserved on lead glsss
ofter the addition of electrolyte tends to remein at sbout 500 % for 8
and greater concentrations whereas theory predicts a drep to about 60 %
for 75 sodium chloride salution, The results of Bolt and Warkentin (1956)
and Guirk {unpublished data) indicete that valuss very closs to the
correct surfece area for sodium montmorilionite are chtsined by measurement
of the negative adsorption of chloride lons whers the theoretical require-
ment is that the surfaces be sepsrated by four times the csloulated depth
of exclusion of the cbloride iong, wuirk (1957) has noted in fact that
Schofield's — gives & good estimate of the £ilm thickusss cbiained by
Norrish from his Xeray data., It mey therefore bs possible to explain thias
apparent dlscrepancy on the grounds that there is a secund potential
barrier at sbout 250 = 300 % and that much higher spacings msy be cbtained
on agitation in suspension then ls indicated by leruy measurements of
oriented flakes in glass tubss or those developed in cley coves on slow
watting,

On the other kand if the film thicknesses messsured by Nerrish
{1954) ars thoss actually present in the covss the overestimation epparent
in most cases could once again result fyomr the additional solution enmeshed
in the gel structure, It must be remenbored of course that each spacing
recorded by liovrish is in actuel fact the mede ofa distribution of spacings,

Tae observation by Eolaian {see Low, 1959) of an increase in
water suction from near zero after stirring to an equilidrium value

with time and the consequent transformation from a thick fluid to e
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thixotropsc gol for en 11 per cent sodium bentonite suspension, could
possibly be interpreted as arising frem the development of & similiar gel
structure as formed by the cores in the present work,

In Figure 81 the decresse in calculated film thickness for
aistilled water, 7he and 75 sodium chloride salution with incressing pF
aftor wetting to pF 1 for sodium Wyoming Bentonite and Kedhill montworillonite
are plotted in comparison with the theoreticel diffuse double layor curves.
For these soncontrations there is a very spproximate egrosment beiwesn
position and shape of the drying curves end those predicted by theory,

The X~ray observations of Norrish (1954) on the intrecrystelline
expansion of potassium montmorillonite with respect to the potential barrier
appoar to be very much in contrast with the present results, Norrish found
that potessium montmorillonite having on initial spacing 4(001) less than
15 % 4ia not swell beyons 15 & s the concentration of electrolyte
decressed, By saturating with sodlun, expanding over the poteutisl dbarrier
and then leaching with dilute potassium chloride he found it was possible
to ohtain larpe spacings with potassium montmorillonite, On dxying jthis
clay showed no physical swelling and gave s mecimam crystalline spacing of
15 8 on rveadoorption confirming the progsence of potassium ns the
exchangeeble cation, If the large swelling of the scdium montuorillonite
is ascribed to large intermal spacings it mst Lo concluded that the
rotessiun montmorillonite in the present work iz alse expanding internelly
to large spacings. The potassium cation does, however, appear to be less
effsctive in pushing interlsmeller spacings over the barvier and the degree
of swelling is reduced compared with that for the sodium clays. It is

impartant to note that the hysteresis for the potassium cl.ys at pF valuss
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below 4 is consistently greater &hen that for the sodium clays and may be
dne o a delay in expansion of many interlameller spacings past the
potential barrier even at very low pF values, At pi 2 an electrolyte
concentration of 3 appears to completely prevent the expension of the
potassium clay pest the potential barrier, The nonesxpansion beyond 15 £
of the highly criented flakes used by iorrish may therefore be less
remarkable in view of the obvicusly delicate balance botween attractive and
repulsive forces at the limil of crystalline expansion for the potassium
montmoriliondte,

Galoulation of £ilm thickness on the external surfaces of the
divalent celcium clays onoe sgain requires sn allowance for the volums
of solution adsorbed by crystalline swelling, The film thicknesses on the
external surfaces on wetting to pF 1, obtained by subtracting the volume
of sclution equivalent to a d{001) = 5.4 & for 4 M ena a(001) = 19 § for
N and lessz concentrated solutions (Norrish, 1954) from the totel solution
eontent end then dividing by the nitrogen surface avea, sre shown in Table

25



Caloulated Film Thickness pF 1

)
Concentrabicn Distilled _% A O M
water 1 10

Clay
Ca*t Wyondng . . |

mt oni e 117 101 9% 65 33
ca'™ Redniil . » ,.

o @ 51 46 42 27
ca** Voaze ‘ ; 74

- W w39 3 B
Sa*t Panther Cresk | ;

Yontmorillonite % bt W2 51 =2
ca*t midinit .

Montmorillomite ¢ » »n B =2
ca'™ voldley |

Sentonite 129 13 103 6 B

Theoretical 200% 51 2 10

-l

* 40 Calcium Chloride Solution

The situstion is similiar to that for the nortwl sodium chloride
solution in that the lack of agreement with theory snd the wide varistion
betweon clays can wnly be teken oo an indieation of varistions in gel
forming properties of the clays, What is surprising however, is the
megnitude of this gel formation at low pF values in solutions as strong
as ¥ and & ¥, These values aye obviously excessive in terms of double

layer formation and styongly sugpest ihe rossibility of o relaxation on
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wvotting of & stralned state existing for the dry clay matrix, The électron
micrographs shown in figurves 25 to 30 indicste that the olay crystals in
the dry cley metrix gere subject to considersble distortisi., Hance
Torgeghi's (1927) idea of erystal bending on drying and subssquent relaxation
on rowstting oould be oporative in increasing ths solution upteke above that
equivelent %o suriface film development and mey sccount for the largss
hysteresis cbscrvod at pF 2,84 for the i calcium chloride solution and the
severe restriction fo sweiling in 4M, Both calaium illites (Figures 62

end 63) show a similiar increase in hystoresis at pF 2.8, with inoreasing
slectrolyte conocentraticn, With the reduction in the slectroustatic
attreactive forces ss euvissged by MacEwen (1948) st separations of sbout

30 « 40 R the clastic properties of the eley crystals may be sufficient

e overcame the efiective rotential barrier and initiate the fommation of
gel structures, Unoe the structure has undsrgone this relszation of
mechanical strain the inorease in suction necessary to csuse a subsequent
recampression of the structure, appears to be comparatively independant

of the concentration of electrolyts present,

It may still be argued that diffuse double laysr development for
cpleium montmorillondte systems could ocour within such particle networks
sinocs the film thicknesses for a mumber of the calciwe montmorillondtes to
cancentrations a5 low as j55 oould be compatible with diffuse double
layer theory, lowsver, in every case the ilm thickness for distilled
water is considergbly less than diffuse double laysr prediction, In
sddition the entry of diloride ions into intracrystelline spacings for 75
and the relatively small exclusion fram external surfeces even for —

100
caleium chloride sclution seem to indloate 1ittls developmont of &iffuse



dounle layers.

The posiibility of tha values caiculated for 4M beling a genuing
indieation of {ilm thickness on the external swiaces and not dus to the
formation of & gel structurs canoot bs overlocked, In this cose s
explanaticn other thau diffogse double layer considerations ie nscessary
to acceount for film thickness dovelopment et distences of gyproach of
surfaces of the oxdse of 30 ~ 40 8,
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2.4 Effect of lesating,

Following on the dstemmination of specific surface areas and pore
sige dlstributiocus by meens of the nitrogen sdscrption spparatus, a rumber
of the cores used in these determinstions were rewst to low pF values to
dotermine the effect of the strong desorption at 300°0 and 10™ mm mercury pressure
on the swelling charscteristics of the clays. These preliminary observations
indigated that whilst the montmorillonite clays were not significantly
affeoted, the illite and to » leasser extent the kaslin olays showed
apprecisble reductions in swelling after thls procedure, The reductions in
swelling for the illites, particulerly in the monovalent cases wers guite
dramatic, the water content at pF 1 of the sodium Willslooke illite cores
being reduced from 841 oo/100g to 30,6 0o/100g, the cores remaining quite
rigid, and that of the sodium Grundite illite cores being reduced from
171 ©6/100g to 53.4 ¢¢/100g,

In view of the possible sssociation between this reduction in
swelling sfter desorption and the dagree of domein Formation for those clays,
further details of the effect of heating on Crundlte and Yillalocka illites
and 4n addition the predominately 31litic Urrbrae B clay were coteined, The
natural Urrbree B clay was saturated with verious cations am previously
described, washed with distilled water and filtered, The clay was not
alelysed and no sand decantetion was carried out.

4 1. Erovsduze,
After memifacture a muber of cores of each of the clays saturated

with verious cations were placed in weighing bottles snd the weight logses
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on heating to succesaively higher temperatures up to 400°C determined,
Heating was carvied out in an electric muffle furnace and weight losses
detemined af'ter three days at sach temperature by cooling the ground
glass stoppered weighing bottles in a dessicator over phosphorus peatoxids
powder and welghing,

| The amounts of water readsorbed in equilibrium with 0,19 and
0, 76 relative vapour pressure (pF 6,4 and 5. 6) were dstermined by weighing
to constant welght over the sppropriats saturated salt splutions in
dsssicators,

 Finally ths cores were wet to pF 2 on the pressure plate apparatus

and the water contents at equilibrium determined on the oven dary (110°%)
basis,

2442, Hesults and Discussi

In Teble 26 the dscrcase in weight of the clay cores between
successive temperatures and 400% Loe been expressed as a perosntage on the
basis of the weight of olay ofter drying to 400%C, The possible sources
of weight loss on heating to incressing temperatures sre suriace adsorbed
water, water of hydration of the exchsnpcsble cations, hydroxonium ions
in interlayer rvositions normally cecupled ly potessium jons in unweathered
micas (Norrish and Brown, 1952) and hydroxyl groups fxom the clay lestice,
Same weight lose may also ocour from the charing of any srgenic matter
presont but this is probably insignificant for these materials, Surface
adsorbed water is probsbly cupletely vemoved by 110% corresponding to
the large decresses in water content between room temperature (2000‘) end



s AND 500°C_FOR ILLITRS

wedght Loss
(a/100g clsy at 400%)
Temperature 2% 110% 200%  300%
Clay |

ca't crmdite 7,19 2,05 1. 31 0.68
™ Goundite 759 2,15  1.18 0,55
Na" Crundite 6. 67 1,60 1,05 Go bils
K*  Grunaite 6. 01 1. 57 1. 14 0. 60

Ca™ Willelooks 16,39 W92 247 1,22
Hg* Willalooka 21,07 482 2,36 1. 20
Na* willslooks 18,47 458 2,28 121
E' #illalocka 17.36 3,89 1.87 1,10

Ca*t Urrbrae B 1483 571 .67 0,75
1g** trrores B 13,07  3.92 1,80 0,85
Ha® Urrbres B 1347 327 .58 0.8
Y Urrbrae B 11,27 32 - 153 .73

110%. In genersl the water contents from 110°C o highor temperatures
show some relationship to the hydration encrgies of the sxchengeable
cations snd the specific surface areas of the clays but e veristion
betwean different ions is aot a8 large as might be expocted if the water
losaes were entirely sssociated with exchangeable cations, Henoe it
seems posaidble that the loss of hydroxzonium and hydroxyl ions ere mainly
responsibls for the weight losses between 110% and 400% althouch the
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loss of hydroxyl greups from ihe crystal lattice has geperally been
considered to be very small at temperatures below 400°C,

In Tables 27 end 28 the water contents on rewstting to 0,19 amd 0,76
relative vepouy pressure respectively after heating to successive torperatures
up to 400% are shown, The water comtents are again calculated on the basis
of the weight of cley ofter dnying to 400°%C, The water lomses at
temperatures greater than 110°C smypear o be permanent losses from ihe
erystal lattice since they are not regained on resdacrption and spprowimataly
the same differences between successive itepperstures are maintalned with
incressc in relative vapour pressure from 0,19 to 0,76, Iecreases in B, H, 7.
surface greas calculated using water vapour adscrption data between unhsated
samples of sn 11lite safursted with vavicus cations and sanples prebeated
to 600°% were attributed by Oraxiston (1959) to deserssses in hydratesdls
internal surfaces of the illite crystels, Hovever, the Jeray data svailable
on the 11lites used in the present work show no evidence to suggest that
the interlamcllar surfacges or cations are hydrated.

ke water contentm on wetting the cores to pP 2 after heating te
successively higher temperatures up 6 400°C caloulsted on the oven dry
{110%) basis ars shown in Figures 82, 8§35 and 84 for Geundite illite, Willa-
locka illite and Urxrbree B olay respsotively. 4L this low sustion the
differencas due to the heating process between the clays and betwsen the
sxchangeabls cations becuzne most apparent., For the diwvglent Grundits illlte
corea the heal treatment has iittle significant effect over the rangs of
temperatures used, The senowalont cvres, however, show an epprecisble
reduction in the wator content at pFf 2 with inercasing temporature., Un
the uther hand thes dlvalont Willalooka illite and Uribrae B clay cores
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vater Content

(g/100g clay at 1400°c)

Temperature 1%  =200% 0% w0’
Cloy

ca*t Crundite W72 3039 3.8 2,48
¥g™ Grundite 5,39 3.95 3.30 243
ot Crundite 387 2,83 2,6 2,01
K Grundite 3054 2,47 2,31 1,62
ca’™ willslooks 10,48 7.63 6,82 b 79
¥t willalooke 10,61 7.24 5,63 3,88
Nat Willelooks %50 7. €7 5,68 by 10
¥ willslooka  B.18 6o 28 5035 1,20
ca™ urrbres 3 7.36 lw 54 2,95 2,91
Vg™ Urrbree B Toti7 4,32 337 260
Ne® Urrbree B 6,29 3. 60 247 2,0
5057 3.40 3,02 212

K*  Urrbres B




Yater Content at 0,76
Relstive Vapowr Pressure

{(g/100g clay et 400°%C) |

Temperature 110%  200%  300% 0%
Clay

ca*t Crunaite 0,83 8.86 B.46 7455
1"t Grundite 11,12 970 87 7. 52
Hat Crundite 10,01 8.78 8,22 7. 60
¥ crundite 8,99 7056 Tobe3 6,87
Ca*t vilisdooka 82,35 1970 18, 55 16, 23
ug*t willalocke 22,86 19,65 1797 15,52
Ne' ®illalooka 21,78 19.2%  17.6% 15, 22
X @llalocks 19,7 1767 16, M 15,19
Ca'™ Urrbreas B 2,80 19.19 o Sl 9o 28
't Urrbrae B 13,31 11,06 10,20 8.52
Het Urtbras B 1297 10,64 9,40 8.26
x* 9, 20 8.16

ixrbres B

el

9.38
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altisugh unaffected by preheating v 200°C show apprecisble reductions in
swelling aftsr prsheeting to higher temperatures, he monovalent cores of
these clays show a marked contimmeus reduction in swelling with increasing
temperature, Since there sppesrs to be e potential baryier dotermining
the diffsrence batween the swelling of the monovalent and dlvalent coves af
these cleys, the preheating procses evan at relatively low temperatures
appears to csuse a progressive reducticn in the sbility of the monovelent
clays to excesd this barrler,

The sause of these restrictions iz not immediately apparent.

Geim (1953) in reviewing the dshydration proportiss of illltes chtained by
numercus workers (Roy, 1948; Grim snd Bredley, 1940, end Mesgdefrau wid
efimnn, 1937 indicstes that there is no loss of structure even with the
loas of hydrosyl greups until temperatures in exosss of 850°C. In sadition
Brooks (1955) found that the surface area of an illite oley wes ssecntially
constent after ihe loss of surface sdsorbed water sad ien hydration water
until temperaturss in excess of 600% were reached, Hongce it 'aem very
wunlikely that eny erystal deterioration has ocourred in ths present
detoxmdnations,

T ¥illalocka 1l3ite and Urvbrae B ¢lay agein show differences
in behsvicur from that of the Crundite illite which may possibly indicate
some somnection betwaen the degree of restviciion to swelldsy on heating,
and the degrre of domain i’nmtim as indicsted by the structural
charagteristions obtained earlier in this section, It is conceiveble that
the strong descrption could in some mennsr produce & partial or cozplete

collspse in some spacings between parallel crystale within a demedn, Partisl
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collapse may result in sufficient incresse in electrostatic attractive
forces to prevent re-expansion. Cuamplete collapse ocould prevent the
rehydration of the exchangeeble cations, However, no significant differenioss
in exchange capacities could be dstected between unheated samples of the
clays snd samples prehsated to 400°C, The measured volumes of the cores
were unchanged by the desorption at 300°C and 10™° mm meroury presswre, In
addition the volumes of liquid nitrogen adsorbed by the Willalooke iliite
and Urrbras B clay cores at near saturation sre very close to the oven dry
(110%) porosities of the cores indicating little structural collspse,

In these ciroumstances 1t appoars that the restrictions must
arise from a cementing sction et arees of ocntact of individusl crystals
within domeins thus preventing m#z'uémaim éxpansion on rewetting, This
could scoount for the grester restriction in the botter oriented ¥illslocka
and Urrbrae B clays and the asmpll veriations in swelling bstween exchangssble
cations after beating to 400°C,

The greater surface density of charge For mimmu and the
posaibility of increased hydrogen bonding in the keolin clays mey explaiz
the sppesvence of thle restriction after heating at relatively low tempers~
ture for these clays und the non sppearsnce in the cuse of the montmerilionite
clays.



SECTLUM
GENERAL VESCUSSIO

The faet that a tremendous variation in behavicur of clay-
water systems exists between clay species and between individual menbers
of the same clay specles is very apparent from the results of this thesisa,
In addition it is cbvious that mechanical particle to particle inter-
action and the formstion of éal—l,tke structures as represented in a simplc
fashion by Flgure 32(b), can play e predominant role in determining the
volume of solution retained by & clay maes at suctions below pF 4, These
factors sppeer to be of parsmount importance in drying from the suspension
state but can also be important to o lesser extent in welting fram the
dry state,

On arying from the suspension state large volumss of solution
cen be rotained which are not directly essociated with the clay surfaces
but are simply emmeshed in a gel framework farmed by the alay particles,
In the majority of cases this factor prevents any satisfactory comparison
betwsen thecreticel surface film thicknesses sand those calculated from
water ocontent-suction data obtained in this fashion,

The reproducible hysteresis loops described on subsequent re-
wetting and drying after drying e clay mass beyond its shrinkege limit,
provide a better indication of the surface film development.

The evidence cbtained fram the nitvogen sorption isotherms and
the electron micrographs indicates that in the dry state clay masses exist
with verying degrees of particle orientation into groups which have been
termed “domains®. It is suggested that the formation of these domains of
oriented crystals curing the drying process, ie produced by the reguirements

of osmotic eguilibrium and the tendency to a state of minimum potential
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energy. This condensation into domeins as outlined in Section J end also
in a preliminary peper (Aylmore and Quirk, 1959) is considered to be a
general phenomenon for all plate shoped clay minsrals, The extent to which
it ocours and the strength of the dompins once tormed being governed
primarily by physico-chemical surface charscteristics and structural
considerations such as perticle sisze and shape,

Irreversible hysteresis in clay-water systems (normal consoli-
dation curve) snd the difference in behaviour on shearing between consoli=
dated and mruéomoliﬂme& clays a8 cbserved by soll mechenics workers,
can be explained in terms of this condensetion process, Reversible
hysteresis in the saturated state cen on the other hand be considered to
arise from the presence of a lerge sumbsr of independsnt domains in meta-
stable states thus conforming to the domain theory of hystereais as
postulated by iverstt and Waitton (1952). A combination of both phenomena
undoubtedly ocours in the cases vhere large ewelling and consequent re-
arvangenent of the cluy particles occurs on wetting from the dry state,
When relatively little swelling ocours and alsoc in the case of macrospores
such as axist in natural ageregates, soms consideration must be given to
the additional sclution absorbed due to an increase in volume of the pores
within the clay matrix, For c¢lagy minerals with smell pearticle size and a
nigh degree of domain formetion such considerations may be relatively
unimportant, For the montmorillonite clay cores it has been shown that
internal acoommodation of intracrystalline swelling effectively removes
that porosity not assoclated with separations between crystal faces,

in the oriented state it appears that potential barriers

resulting from short range electrostatic attractive forces exist at close
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distences of spproach, The surmounting of these barriers on the adsorption
of sclutions is determined largely by the wvalency of the exchangeasble
cations, surface denaity of charge and the concentration of electrolyte
present, Domain behaviocur is consequently characterized in general by
restricted swelling in divalent systems or in high electrolyte concentra-
tion monovalent systems and large swelling in dilute monovalent systems,

Such behaviou# is particularly wcll illustrated by the intrae~
erystalline swelling of the montworillonites and alsc by the ¥Willslooks
illite for which only intercrystelline swelling occurs, The montmorillonites
ocoupy a special category since the low surface density of a@ha{z:ga enebles
swelling %o ocour not only between crystals forming domains but zlsc between
the individuel lamellse forming cryataln. The erystals thamsclves may
therefore be considersd as particulsar types of dompins if the individual
lamellae are regarded as the basic unite in swelling,

The illites oxhibit differing degrees of domain behaviour, the
Grundite illite with the highest surface density of charge and the largest
perticle sige exhibiting less than the Urrbree B cley and Willalooka illite,

The degree of domain formstion for the kaolins is difficult to
assess in view of the large crystel sizes and poscible stepped nature of
the orystal surfaces, Lowever, it sppesrs that the presence of additional
attractive forces at low separations for these materisls restricts
swelling in the majority of cases,

In the dry state the surfaces of the crystals forming domains
appear to be held at appreciable neparations of about 30 2 or grester, The
montmorillonite lamellee on the other hand return to essentially complete

contact (a(001) = 9,6 £) thersby excluding nitcogen adsorption, even after
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expansion to relatively lerge spscings, The larger interorystalline spscings
within domaine sust thovelors arise froe greater sechanicsl hindranoes or
else from the presence of repulsions which exist Between surfeace chorge
distributions in the dry state, The latter repulsions mey correspond to the
potentisl berricr existing between 33 R and 9 £ as cbserves for the intrs-
crystalline swslling of the montworillonites, It is concoivable that the
drop back across this potential berwisr wiich occurs for the montmorillonite
lamelles in the satursted state, may be sroventsd fram cecuring for the
larger crystals axcept at emell eress of closest approach,

e vestricted swalling of the divalent illiites cguld therefore
be explained as resulting either from e further potential barrier at
spproxinately 60 % separetion as srevicusly outlined (Section &) or
siternatively frem the large electrostatic attractions st swell aress below
a potential Larvier ss shove, The gwelling of the illites (particuierly
the monovalent cores) hes been shoen to be sarkedly reduosd by heating to
rolatively low temperatures (< h00C) at which little wrystal deterioration
is likely. & probsble explanation of this phenomenon is that on the cmplete
removal of water of hydrstion of the exchengesble cntions, mica-liles bonding
ooours at the smell aress of closest spproach in the oriented state, Such
sress nust be very sall sinee little surifsce ores gppesrs to be jlost and
also the exchange capaciiies of the clays sve not signdficantly affected
by the heating, The absense of such restrictions for the montmorillonite
clays lands support to this bonding sz the weuree of pestriction sines theiy
surface density of charge is to0 low to provent interlumeller xvansion,

e simple dumsin model can only of course be considered an

approzimation to yeality since the wvewiation in size and shepe ané pussible
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interleaving of the clay ¢rystals s indicated by the e¢lectron micrographs -
must inevitebly result in far more complicated aystems,

4 good deal of consideration has been given by many workers to
the applicebility of diffuse double layer formation to the swelling of clay-
wnter systems, However, it should be remembered thet such theories dsal
exalusively with repulsions and the film thicknesses predicted teke no
account of possible attractive forees arising from the presence of an opposing
surfacs, Iackwan (1948) has suggested that electrostatic attractive forces
vill extend to at least 30 £, From Norrish's results for the intracrystsiline
swelling of montmorillouite it appeers that these electrostatic attractions
extend to separations in excvess of 100 i Consequently although diffuse
double layer repulsions may exist the megnitude of the spacings developed
may be sppreciably lowsr than those predicted by this theory.

¥or the monovalent systoms it seems likely that onge the potential
barrier within e dumein ha® beon overcome, the developmunt of diffusa double
layers as envisaged by the Gouy~Chepman theory plays a significant pach in -
datermining the solution uptake, Its applicebility i a qualitative way is
indicated by the marked effect of clectrolyte concentration on tha solutdon
content of the sodium cores on wetting from the dry state., This sensitivity
$0 electrolyte concentration is far less evident in drying from the
sugpencion state as shown by the larpe solution contents retained in N sodium
chiloride solution, This seems to indicate that slthough diffuse duuble
layers are present, their cellepse with increasing eleclzolyte concentration
takes place within the gel structure formed and hence does not give vise
to an squivalent shrinkage. As diffuse double layer theory in a general way
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implies an cquivalence betwsen muchanical and osmotlc componenis of the
free ensrgy, the existence of these gel structures is strongly supperted
by the sensitivity of tho gols to increased mechanical pressure which
induces particle resrrvangement.

For divelent syatems, however, the magnitude of the film thickness-
as davsioped on wetting from the dry state and its insensitivity to
variations in electrolyte conventrations less then M lead to the conclusion
thet swelling resulting from the formation of diffuse double layors doses
not become sipndficantly cperative in these cirocumstances., This is
presumebly beceuse the strong electrostatic attractions prevent the expansion
of the demein over the potential barrier. %here suwrisoes are not dirsetly
opposed it is possible that diffuse double layers do form but such formation
sopears t0 be of little significance in regard to divalent clay ewslling,

It rdght be argued that the lack of semsitivity to electrolyte concentras
tion st the nuch higher solution contoats cbtained on drying from the
susponsion state could bo attributed to the aceumsodation of diffuse double
layers within the gel structure as for the sodivm clayw, However, there

i8 no evidence to substantiate this suggestion and in view of the low valuss
reparted heve sad elgewhers (Quirk, 1957) for chloride exclusion from ‘
osloium aysteme such developmont soenms uililely.

The megrnitude of the film thicknssses spparently daveloped in
solutions as concsntrated as M and 4 ¥ where the condition of ideal
solution required by Giffuse deuble layer theory is certainly not fulfilled,
poems to indicate that solution uptake ls increased by a relaxaticon of
structural strains within the clsy matrix on Jubrication by solutions,

These streins may srise frow the datortion of the orystal sheets in
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packing during the drying process. Such relaxations which sppesr to oocur
betwesn pi 4 and 3 could possibly initiate the further development of
gel structure,

In view of the obvicus effect of the mechanicsl interaction
between dlay particles it must be concluded that before film thicknesses
on clay surfaces can be estinmated with accursoy from water content data
the nature of the gel structure formation must be further clarified, The
relevance of diffuse double layer concepts to divalent ion systems could
ba Pinglly rescived by further dstailed studies of chleride exclusion
from such gystems,
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SUMMARY.

The hydration and swelling of a range of cocemon clay minerals
(kaolins, illites and montmorillonites) have been studied in relation to
the clay species, specific surface wrea, exchangsaible oaticn, electrolyte
concentration and hydrestatic suction of the surrounding sclution and the
structural cheracteristics of the clay mass, This has been done using
semples of the homoionic olays campressed at 1200 atmospheres pressure into
small cylindrical cores to facilitate srperimental determinations,

The specific surface areas of the clay cores were obtained and
their structursl stetus examined by the determination of low temperaturs
nitrogen adscrption - desorption ieotherms. Hlestron microgrsphs of fracture
aurfaces of the clay messes were also cbtained, In the dry state varylng dsgrees
of perallel orientstion of crystals with respect to oach other have been
shown to exist for the different clay minsrals,

A simple wodel for the condsncation of cley erystals on drying
inte oriented groups termed “domeins® has been sugjested and the effect of
strong attractive forces, presumshly electrostatic, within theae Jomein
structures on tho swelling of the clays has been illustrated. The struc-
tural stotus of the clay mass and in particular the Pormation of gel-like
structureas has been shown to exert a considerable influence on the sclution
ratention of clay wmasses,

In forms of theorotical considerations the formation of diffuse
double layers appsars to play & significent part in determining the swelling
of monovalent systems but not in the case of divelent sysiems,
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¥ ARD USE OF VOLIRGTRIC

fetst. Gas Burette Volumes,

Volues of the cwmilative volumes from the referencs mark of the
gas burette to successive merks between the bulbs were 2,514, 5,300,
10,797, 16,437, 28,225, 39,859, 69,609 and 99,379 cc respectively, The
volumes were ohtained by direct celibration with meroury before Jjoining
the burette to the spparstus, ZHach value ie the mean ol several deter-
minations and errors involved should be lems than 0,005 oxfs

Por the low pressure mencmeter the wlume of the frese spece
varies with the pressure reading, The wplume of the precision bore tubing
was detormined ss %, 126 cofomy honos if V, is the free space at pressure
Pom nd Vg the free space at pressure P = O,

Vo= vg’ + 0, 25639

vy is determined by admitting a velwm of gas to give a prossure
reading of about 100 mu when the pas burette is {illed with mereury,
Pressurs readings are taken vhon the merawy level in the ges burette is
lowered to successive reference merks, then

% g Ty

3

) ; <
BV , P(0A2563R) | poner, - FVp
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where V‘B is the burette volume and Ty and T the burette and room tenpara=
tures respectively, Thus ~vp° is gbtuined as the gradient of a plot of the
left hend side egainst T/T, .

The fres space for the high pressure manometer used in conjunction
with the cut-off is constant ot any one temperature since the syms of the
mercury in the mt«d‘fmalﬁaysmmm&tat&w same mark. In ﬁaiscan
the equation becomes
F.XE = songt, - f_v};‘;@

£" *r

The free space iz obtained as for the low pressure manometer Ly
adnitting & voluae of gas to give spproximately 700 mms pressure when the
gas burette is filled with mercury and then lowering to successive refereunce
marks, ’Wy is then glven by mimue the gradient of & plot of the left hend

EJ
pids sgainst /w, since

Un the sssumption that helium iz not adsorbed st liquid nitrogen
{oxygen) temperatures, the dead space is determined by introducing a lergs
quantity of helium into the gas burette-fres space volume and calculsiing
ita volume ‘5?1 st 5, T.P, from known values of the free space, gos burette
volumss gl the cbserved temperature and pressure, On opering to the sample
bulb at the temperaturs of the liquid nitrogsn bath the pressure falls to
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Fz Mvaws (30T’P') of gas remain in the gas burette - fres space system,
ir “@'@, ia the volume of the dszad space,

V. x 273 =
V-V, e B T, 7%

Pardng the dstermination of the nitrogex lsotherm when there
is pressure Pmm dn the aystem and the dead spsoe temperature Iy the volume
of nitvogen (S.T.F.) in the dead speos Vj, (5.1.P.) is given by

¥y (BateFs ) ffﬁ?}; (1 + %)

whwre &3 = Vi} %@_ gad » is o factor vhich allows for the devistion of
sdtvopen fron ths idegl gos laws, snd eguels Q.05 at 77.4%K wad 0,0267 at

90, 2%,

teZ1, Yolume of Mtroses adfed to las Buretts = Free Space System,

Ty = 993790 %, = 208°K B = 26,75 m

e (oraka) = 99,379 = 58 < B2 . 51,3500
caleulatod ax in Appendix 1,1,2 = hebBos Ty s 2009

y?
Se Y (8E) = a8 x B2 x BEIR . 15700
Vp=0

s Total Yoluwe of Mtrogen (SeTePe) = 35 + 1,57 + O = 35 952ce
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1422, Qn Opening to Smmple Bulb at 70°%

V= 9%379 ce T = 268% P = 122,10 mm

oo Ty (LR = 99579 x Sl x 1520 o w6200
VL(S.T.P. ) = 4odB xég}% x 2288 - 0,670

¥ (S, 7.7, ), caleulated as in Appendix i.1.3 = & 33 c¢

.'e Total Volums (S.T.P.) Unadsoxbed = 14,62 + 0,67 + £33 = 17,62 co
J* Volume (8,%.7,) Adsorbed = 35,92 = 17.62 = 18,50 oo

Desorhed Welght of Samle = 1,72%0g.
4

¢, Volome (5.7, ) Adsorbed pay gram = el = 10,58 oo
?07&%3‘
Measured Seturstion Vepour Fressure = 769,9 mn
.%o Telative Fresmuwe (%) « 32§, 10 = 0,159
7639, 9

1.9, 10,58 oo, (5.7.7 Ve edecrbod at 0,159 relative pressure,

The gurface areas given in Teble 3 were obtained from the B,E, T,
rlots recrodaced in Figures 85 to 106,

k] "y 1
Intercept = wvem Cradlont s wwew o mwwe
T Vo .

Henoe v ;m%* gean exn be obtaioed
Surface aros per gram = "B 36,023 x 10% 2 1 16,22 1076 x 1077

PR A NI

2%h x 1
sinoe 25,4 litres st S.T.F, conbedns 6,023 x 10% molecules and packing area

of rdtrogen moleols = 16,2 8 % at 78° K
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Na* GRUNDITE ILLITE 902°K

px le’/v [r-5]

@
R

Ca®* GRUNDITE ILLITE 902°K

201
]
15
=
&
[ -]
=
©
x
2 10
5 -
| 1 1 I
0 o 02 93
RELATIVE PRESSURE [p/p,]
FIGURE 91
Na’WILLAI..OOKA ILLITE
902 K
] 1 { 1 |
N [X] 02 03 04

RELATIVE PRESSURE [p/p]

FIGURE 93,

px 107v [rs—r]

o1 02 03
RELATIVE PRESSURE [p/p,

Ca"™ WILLALOOKA ILLITE
902°K

| 1 !

] 02 73
RELATIVE PRESSURE [p/p,]

FIGURE 94e

04



NATURAL WYOMING BENTONITE  902°K

/

px m’/v[p.-g

Ca WYOMING BENTONITE 802K

% o ™ % ™ % 4 ™ % %
RELATIVE PRESSURE [’Ip.] RELATIVE PRESSURE [p/p.]
FIGURE 95. FIGURE 96.
- Na' WYOMING BENTONITE  902°K 26 ~ K WYOMING BENTONITE  902°K
20 20}
=" .
& 2
5 o3
“w & 10
5 5
% o 52 o3 w o 0z 53 %
RELATIVE PRESSURE [p/p,] RELATIVE PRESSURE [p/p,]
FIGURE 97. FIGURE 98,



Ca® REDHILL MONTMORILLONITE
902°K

Na' REDHILL MONTMORILLONITE
90-2°K
12 12L
10 10
— 8 B 8
1 do
5 5
e N
x x
¢ 4
2 2
0 ] H 1 J 0 1 i 1 ]
[ (Y] 02 03 04 0 o4 02 03 0+
RELATIVE PRESSURE [p/p,] RELATIVE PRESSURE [p/po]
FIGURE 99. FIGURE 100,
20[_ Cd*URRBRAE B CORES ZOF NATURAL URRBRAE B AGGREGATES
15 15
& iy
1 l
L L-‘.;‘T. "
10
a a
5}- 5
i ! J t I
o1 0.2 03 04 01 02 03 04
RELATIVE PRESSURE RELATIVE PRESSURE
FIGURE 102.

FIGURE 101.



25r Ca’* MAAZA MONTMORILLONITE 90-2°K
20
|sk»
&
&
=
5
a
mk—
sl
oL 1 L 1 )
0 of 02 03
RELATIVE PRESSURE [p/p]
FIGURE 102.
Ca* TIDINIT MONTMORILLONITE 90-2° K
=
]
>
e~
5
-9
0 | 1 1 1
‘o Y] 02 04

03
RELATIVE PRESSURE [p/p,]

FIGURE 105.

25 Ca** PANTHER CREEK MONTMORILLONITE 90-2°K

20*—

)
<
oy
x
& 10&7
0 1 | H |
0 01 02 03 04
RELATIVE PRESSURE [p/p,
FIGURE 104,
R Y
,_,!_ Ca"™ VOLCLAY MONTMORILLONITE 802" K
401~
22
"y
&
>
=
a
16
]
9 1 1 J

i
0 01 02 03 04
RELATIVE PRESSURE [p/p,]

FIGURE 106.



157

APPENDIX 2
WA ¥, SORPTION A_FOR CORES OF SIX PRINCIPAL CLATS

Except where indicated the adsorption data was obtained after predrying by

evacuation over phosphorus pentoxide powder, The dssorption data was obtained

by deying fzem pF 1

Ro 111 3d
Yater Content .
(eo/100g. clay (110°C))
Cation Na* K* ca** Mgt
Relative _
vepour Wetting Irying Wetting Imying WUetting Drying WYetting Iwying
Presmire ‘

0,96 180 20,0 180 21,3 184 2.5 1181  19.9
0. 76 30 3.1 2.9 3.1 b2 57 35 3.8

0, 54 1.6 109 1.8 2,0 22 2% 2.1 2,5 T
0,32 1.8 13 1.3 o ds 1. 6 18 T Yo
0,19 0,8 0.8 1.0 4.0 1,2 1.3 0.9 1.3

0.‘30 0.7 0.7 606 0'7 006 Gog 0.7 009
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Mercks I Keolinite
Eater Content a
(e0/100g. clay (1107C))
Cation Hat o ca'*t yg**
Helative

vapour . Wetting Drying Wetting Drying Yetting Drying Wetiing Drying

pressure
0, 76 2,0 22 te3 15 19 21 1.2 22

0. 51 1.1 13 0.7 0.9 (N 16 1od 1o 6
0, 32 0.8 0.9 0.6 G.7 (7 e 1.1 1.0
0, 19 04 05 O G %8 08 0.8 08

0, 10 Cods 0.5 0.2 Qe 2 0.3 0.5 0. 6 Q.7
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Grundite Illite
Water Contont 2 '
(ea/100g. olay (110°%C})
Cation sa® x* « ce** | et
Eelative

vapour Uetting Ixylng Vetting Irying Wetting Irying Wetting Iwviag
DrRsSsure

0, 96 17.6 2104 15.2 i 15. 5 7.9 16,1 18,0

0,76 %3 10,0 &z 8.0 %5 %8 N7 9u8
0. 54 kO 6.0 335 A7 8 6.5 ’ 6.5
G. 32 24 Jed 1.9 2.4 3.2 3.6 Sels 56
0. 19 1.5 20 .2 tods 20 &1 &2 %5

O. 10 G.B 'ﬂ.@ &6 0.6 53.9 “Qa 101 ‘3."’
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Yater Content °
{ca/100g, dlay (110 c))

Cation Ne* x* ca’t gt
fizlative

wapour VWetilng Drying Wotting Irying Vetiing Irying Vetting Drying
Prossure

0,96 30,9 3.9 27.9 33.0 26,5 30,2 26.3 3ol
C. 76 i7.8 25,7 15,5 21,0 16,8 20,6 16,9 20,7

0. 5% 11, 2 13.5 8,7 10. 5 1.0 1357 11.3 13,8
0. 32 6.7 BB 51 63 Tk B.1 &.2
0.9 46 53 39 i2 5.2 56 50 5.7

. 10 2.8 32 2.3 2.3 3.0 3 29 3.8
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Hy Be te
Watexr Content "
{ce/100g, elay (110%c}))
Cation #a’ i ca** ug*t
Relative
vapour Vetting Ixyinmg Vetting Drying Wetting Irying Wetiing Drying
Pressure

0.96 38,2 (357) 42,0 21,9 266 351 379 327 35,6
0,76 19,5 (16.2) 2.7 10,6 .1 Z.5 21,7 194  20.8
251 133 (%4) 158 8.7 16G.2 18,0 19.2 16,4 18,0
0.32 8.5 (57) 1140 57 7.6 138 15,7 1%
0,13 51 (1.5) &0 2e5 b & Fo 10, 5 S 6 10,2
0.10 3.1 (0.5) 3.9 ok 17 50 60 5.7 6,7

(' ) prodéried at $10%
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Yaber Content o
(co/100g. clay {110%¢))
Cation Na* o Ca " et
falative

vapour Vetting Drying Wettding Drylng Wetting Lrying Welting Drying
Preagure

0. 96 524 T2 257 4. W7 7.2 4.3 LB

0.76 %5 2B W8 205 5.0  2b4  2WD 261
0. 51 160 &y 9 1.0 e 5 2,2 22,7 18.5 T
G, 32 6.8 18,6 6,6 £.3 14 2 17.0 158 15,7

© 0,19 55 9.0 35 k9 15 126 90 .9

3,10 15 35 1s6 16 6.5 8.0 Sed 7.8
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