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INTRODUCTION

Aocérding to Taylor (75), "The structural strength of a
801l has been referred to by such names as bond, cdngealing,
the development‘of preferred orientations of molecules, and
the squeezing of adsorbed water films from between fine ma-
terial partic;es”. Research and field investigations have‘
established that clay, especlally the colloidal éize fréction,
is largely responsible for the plasticlty characteristics of
so0lls under various moisture'conditions. However, a true
explanation of soll strength where clay 1s involved depends
to a large degree on a basic understanding of the colloidal
phenomena that govern soil particle interactions (73).

Montmorillonite is a chéracteristic clay mineral exhi~
bitlng large volume'and phyélcal property changes at varying
moisture cohtent. The phenomena of clay-ﬁate: 1ntéraction
aré of great interest 1n.sﬁch fields as the ceramic industry
wheré montmorillonite is used in manufacturelof ceramics and
binding of core sands, and in the pet;oleum industry where
thelimportant ﬁses aré as muds for drilling oil wells and as
absorbents for purifying of petroleum products (21). 1In soil
mechanics, clay-water guspensioné~have been extgnsively 1nf
vestigated in relatién to strength, load bearing capacity,
swelling and shrinkage, énd consoiidation. However, thé dil
rect application of the colloidal principles of surface chemise



try has not progressed sufficiently to give the engineer much
aid in his 1nterprétations of various‘curious behavioré ob-
served in clay materials, At the'ﬁrésent_time, engineers re-
;y to a great extent 6n purely empirical tests for the indl-
cation of the surface chemical characteristics. Many problems
of soil mechanics, such as secondary cénsolidation and cohe-
sion, can not be solved by the basic mechanical approach. As
a result many constfuction fallures occur and continue t046c-
cur because the strength and sensitivity of the soil materials
could not be predicted adequately from the empiricél labora-
tory testing data (73). o |

It has begn generally accepted that ciay strength re-
lates to the water films surrounding the 1ndividual grains
(69). The amount of wﬁter normally associated with cohesive
soiis is characterized by the associéted cation, the surface
activity of the clay, and the type of clay minerale Water
can be held rigidly to the surface as surface film water, or
in the case of expanding ﬁinerals, to internal surfaces as
_ interlamﬁinar'water. When the ésséciated surface films are
8o thick as té allow individual or groups of particles to -
sllp past each other, the cohesive attraction is reduced. If,
however, the water 1is removed as hw evaporation, the surface
tension forces at the air-water interface aré increased and
the wéter becomes more viscous until such a time as only solid

or highly viscous water_remains; effectively cementing parti-
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' cles together (58, 67). 'An,understanding of the relationship
between clay and water is eséential for a_pjoper appreciation
of water retention and the bésic mechaﬁism of soil strength
and soil struéture; |

‘Since natural scil clays ére'préddﬁinantly éalcium sat-
urate@ and because montmorillonites are perhaps the most a-
bupdant as well as beihg thé most troublesome in engineering,
.a montmorillonite saturated with:calciumlions was selected
for this lnvestigation.' The obJectiﬁes were to obtain a'com-
plete adsorptlon-desorption water vapor isotherm, and tO-pb-
tain analogous X-ray diffraction data during adsorption énd
desorption of water on caleium montmorili&nite; to deteimine
the surfaée free energy changes during adsorption, expansion
energies ond swelling pressures, and by applying the EET
theory and other accepted adsorption models; if possible Bug-

gest possible mechanisms of adsorption.
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THEORY AND REVIEW OF LITERATURE

Clay mineralogy suddenly progressed from an art to a
science with the adoption of X-ray camera and goniometric
techniques; In 1930, Pauling (67) proposed a crystal struc=-
ture for the mineral pyrophyllite. Hofmann, Endel, and Wilm
(42), using an X-ray camera, were the first to demonstrate
that the clay mineral montmorillonite has a layer lattice
simllar to pyroﬁhyllite in chemical composition and crystal
structure, but different 1in that thelinner layer distances
are variable and depend upon the water content. - It is now
generally accepted that montmorillonite 1s composed of unit
layers -- a central alumina octahedral sheet sandwiched be-
tween two silica tetrahedral sheets, All tetrahedra are ori-
ented pointing towards the center of the unit,'and the tetra-
hedral and octahedral sheets are so combined that the tips
of the tetrahedrons of each silica sheet and part of the hy-
droxyls of the octahedrai sheet form a common layer, the
atoms common“to both the silica and alumina sheets being oxy-
gens (Figure 1). The layers are continuous in the a and b
directions and stacked above one another in the ¢ direction
(36, 77). They are held together by van der Haals'forceé,
which are weak compared to the piimary valence and ionic
forces which hold the atoms in the unit layer together. Con-

sequently, cleavage parallel to the unit layers is relative-



Figure 1, Atom arrangement in the unit cell of a three layer mineral (schematic)
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ly easy. Figure 1 18 a schematic atom arrﬁugement of the
montmorillonite structure (77). | |

Figure 2 is an electron m-v:osraph of a typical»célciug
montmoriiionite. As can be seen from electron difrraction
pattern in the upper left-hand corner, and from a careful
examination of the micrograph, the material is hexagonal or '
psuedohexagonal, The montmorillonite ‘appears fluffy or
clcudlike and shows only slight gvidence of crystallinity,
in contrast to sharp crystal outlines of clay minerals'sugh
as keolinite or dickite. The fluffy thin flakes with irreg- |
ular outlines would appear to be entirely commensurate with
high adsorptive properties (24). The dark'thin lines may
be curled-up edges of'mOntmorilionite sheets, alfhough pré-
gently there is no conclusive evidence 6f this.*

The theoretical formula for zeio lattice change mont-
morillonite'is:

[?12 (0H), (81205)é] . nHZO (1nter1ayer)

Marshall (56) points out that the theoretical formula is al-
tered by substitutions of Al"'3 for Si‘u in the tetrahedral

coordination and/or Mg'Z or Fe*? for 21*3 1n the octahedral
coordination within the lgttice. Thié snbstitution; cailed
isomorphous éhbstitution, tends to ﬁroduce an electrically .

(Personal Communication Dr. E. A. Rosauer, Department '
of Ceramic Engineering, Ioua State University of Scienoe and
Technology, Ames, Iowa, 1966.)



Figire 2. Electron micrograph of calcium montmorillonite.
Inset 1in upper left corner 1s a diffraction
pattern of the material =






10

negative charge on the clay. The excess of négative lattice
charge 1s compensated by adsorption ofyéétions on the inter-
layer surfaces. The size and charge of the exchangeable ca-
tion and the charge density of the clay surface both affect
the collapsed lattice spacing of a montmorillonite, as well
as 1ts swelling properties.

Montmorillonite is almost unique among the clay minerals
in that it has an expanding ¢ axis (64)., Whereas in the min-
eral pyrophyllite the distaﬁce between related and identical
planes éf atoms 1s approximately 9.2 3,* in the case of mont-
morillonite this distance will vary due to the cation adsorbed}
‘between the platelets as well as associated water molecules
retained as interlayer water. ﬁofmann, Endel and Wilm (42)
first determined that_swelling of montmorillonite 1s a one-
dimensional phenomenon and that the lattice separation in the
¢ direction is not constant but varies with water content.

Maegdefrau and Hofmaqn (55) used samples of Ca-mont-
morillonites from Unterrupsrotﬁ; Bhoén, énd Montmorillon,
France, and determined that swelling takeé place in a contine
uous manner and’thét the 1nter1ayer’adsorption of water mole-
cules takes place 1n discrete jumps indicative of water lay-
ers, Nagelschmidt (62) sealed and equilibrated the above-re=-

' ferenced Unterrupsroth montmorillonite in glass capilléries

*1 Angstrom = 10‘8 cm.
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and determined that there was a gradual proportional change

in basal spacing from 10.5 R to 15.4 g as the water increases
to four water molecules per unit cell. Adsorption of the next
six molecules of water per unit cell was accompanied by a
slight change of 0.% R in the basal spacing. -On further in-
creasing wate:, up to 40 molecules per unit cell, the spac=
ing went up to 18,4 g. Nagelschmidt concluded that the basal
spacing at high water content depends upon the cation pre-
sent. However, Bradley, Grim, and Clark (12) reached a dif-
ferent Qonclusion: After equilibrating Wyoming hydrogen
bentonite over salt solutions they concluded that there was
no evidence of gradual swelling, but that the hydrates have

2, 8, 14; 20, and 26 water molecules per-unit cell correspond-
ing to 10.6 X, 12,4 K{ 15.4 K, 18;4 3, and 21.4 & respective-
1yQ They further concluded that the first adsorbed water
layer occgpies 2.8 3 vertically and that the unit cell heights
in the ¢ direction vary due to water molecules hexagonally
close-packed around the adsorbed cation. Q@Quirk and Aylmore
(68) point out that in calcium montmorillonite-water sjstems
a basal spacing of 19 3 is always found. Although authors
dlsagree as to the manner in which water is adsorbed, it is
now generally accepted that the observed changes'in basal
spacing (d001) can be attributed to a discrete number of
molecular watér layers adsorbed on interlayer surfaces.

Brunauer (16) states that "The term physical adsorption
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may be defined as the disappearance of molecules from the gas
phase and the remaining of these molecules attached to the
surface of the solid and there held in place byva weak in-
teraction between the solid and the gas" (16). Physical
adsorption takes place spontaneously. The process ls rever-
sible and the adsorbate may be removed by lowering the pres;
sure and 1s then recovered unchanged chemically (1). Other
terms assoclated with physical adsorption are low temperature
adsorption, secondary adsorption, and capillgry condensation.

Atoms or ﬁolecules constitﬁting a solid are held to-
gether by different forces: van der Waals or ionic forceé
or chemical bonds are involved. Whatever the nature of these
forces, an atoﬂ located within the body of .the éolid is sub~
Jected to balanced forces 1n‘a11 directions or it would mévé
out. An atom in the plane of a surface 1s subjected to un-
balanced forceé; the inward pull being éreater than the out-
ward pull, creating a surface energy or surface tension. The
unbalaﬁced forces of a solid surface tend to be decreased by
the adsorption of molecules of a gas, and therefore all ad-
sorption phenomena result in a decrease in the free'energy
of the systenm.

In 1915, different theorles were proposed by Polanyil,
. Zslgmandy, and Langmulr in order to satisfy theoretical
treatments of surface adsorption_of gases and vapors.

Brunauer (16) has stated that "The Langmuir equation
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is perhaps the most important sing;e equation in the field

of adsorptiqn." Using the assumption that the molecules
striking the bare surface condense on the solid and the ofher
molecule-molecule actions result in an elastic reflection,
and secondiy, that there 1s no interaction between neighbor-

ing adsorbed molecules, Langmuir_(#?) derived the following:

-

T p
* _ (1)
ab b

where q 1s the volume of gas adsorbed at pressure p, a 1s
the adsorption coefficient, and.b is the volume of gas ad-
sorbed when the surface is covered by a complete condensed
single layer of molecules. When.p/q is plotted as a function
of p, a straight line is obtained with a slope of 1/b and
having the intercept 1/ab on the vértical axlis. These con-
stants are nelther arbitrary nor empirical constants, but
well defined physical quantitles, as seen in the equation.

The multimolecular adsorptloh (BET) theory was devel=-
oped in 1938 by Brunauer, Emmett, and Teller (16, 19) is based
on the folloﬁing assumptionéz

a. The same forces that produce condensation are also
chlefly responsible for the binding energy of multimolecular
adsorption.

be The first adsorbed layer is attracted strongly by
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the surface, thé second layer'esséntiélly not by the surface
but by the first adsorbed layer, and thé adsorption thus pro-
pogates from layer to layer. Their derivation 1§ a generali-
zatioﬁ of the Langmulr treatment of unimolecular adsofptibn
and 1s based on a detailed balancing of forward and reverse
rates of reaction (16). For adsorption on a free surface,

they derived the equation:

. Vo Cpr ,
Vv = (2)
(o - P) [1 4 (C=-1)p/p,]

which can be more easily handled ﬁith relative vapor pressure

An the form:

P
Py - 1 _ c-1 p A (3)
= +
v(1 - p/p,) WwC v C Po

In the above equationg v is the vblﬁﬁe of vapor adsorbed at
pressure p, v, the volume of‘thevvapor adsorbed when the.surw
face of the adsorbant i1s covered by a unimolecular layer of
adsorbate, and P, 18 the saturation preésuré.

The constant C can be determined by the equations

¢c=ke (Bt = EL)/RT (4)
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Since it can be shown that k does not differ much from unity,
C is approximately given by the eQﬁation:

c=e (B - E.)/RT (5)
where Ei is the average heat of adsorption in the first layer
and EL is the heat of liquification. Equation‘j becomes?

o
P 1 C=-1 )

_ 2 = * — (6)

a (1 -p/p,) ayC aQ ¢ P,

when the amount of vapor adsorbed is determined in terms of
mass where q 1s the mass of the vépor adsorbed at pressure
p, and qp is the m;ss adsorbed at monolayer coverage at the
adsorbant surface.

The multimolecular adsorption egquation was developed
assuming no caplllary condensation. However, a more general-
ized isotherm equation which considers factors limiting the
number of layers that can be adsorbed and 2lso includes cap-
illary condensation has been developed by Brunauer, Deming;
Deming, and Teller (}8) pointing out that there_is a range
of abnormally high adsorption and this adsorption is due to
a higher heat of vaporiation of the last adsorbed layer than
for preceding layers. '

This more gene;alized equation reduces. to equations 3
or 6 at low values of relative pressures,

“According to the EET theory, physlcal adsorption may



16

be characterized at low préssures by the'two parameters an
and C. The isotherm equatlon of multimolecuiar adsorption

taking place on & free surface is a 11near equation; that
p/Po

a(l - p/py)
strailght line. The intercept of the straight line on th°

is, the plot of

versus p/po should give a

vertical axis is 1/q C, and the slope is C-1/q,C. One can
therefore obtain the two constants qm and C. Brunauer (16)
points out, however, that "It may be worth emphasizing that
the correétness of the theory 1s not proven with a pldt of

the data acdording to the isotherm equation that gives a

straight line. It 1s also necessary that the evaluated con- . .0 "

stants should have reasonable values,"

The values of E1

first layer calculated by equation 5 are less than,measured

’ the average heat of adsorption in_ the

heats of adsorption but of the same order of megnitude (17).
Clampitt and German (23) poinf out that the aésumption.is
commonly made in gas édsorption theories that the heat of
adsorption of'theAéeeond and higher layers of molecules 1é
equal to the heat of vaporization of the bulk liquid and is
independent of the number of adsorbed layers. This assump-
tion fails to take into accounf that even if the molecules
behave as if they were in a true liquid, thé heaf of vaporié
zabion is dgpendent'upon ﬁhe number of layers of liquid pre-
sent., The heat of vaporization of the finalvlayer is sub~
stantially different from the bulk liquid; this causes the
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total heat of vaporization of the liquid above the first
layer to be a function of_the,fhickness.' Clampitt ahd Ger-'
man (23) rederived the constant C from the EET equatipn; and
glthough the form is the same, the gonstant C assumed a new
meaning. C is;
oo e (E, - E) 4 (AH, - B )V/ED
wherelaﬁs 1s the heat of vaporizafioh of the surface layer.
The correction term (AE% - EL)-accountﬁ for the d;fference‘
in the heat of vapbrization of successive lgyers. .The:héaf
of vaporizat;on of the liquid may be considered as a measure
of the ease with uhich'the holecules hay belfemovéd from the
liquid, and the ratio between the heats o? vaporization of
the_surface and the bulk molecﬁles should represent the mea-
sure of the strength.of the bonding between the molecules in
the condensed states. By applyihg this correction, they ob-
tained much better agreémént between (El - EL) values deter-
mined from adsorptidn data and heat of immersion experimehts
(17, 23). The correction value for water (0H, - E) is equal
to -1.7 kCal/Nole. - |
Goates and Hatch (35), using & slightly different ap-
proach, alqo developed a multimolecular adsorptibn equation.
Although the form of the eqﬁation remains the same, the con-

stant C is given by:

(o]
c=e (OF = OF)/RT (8)
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wherelAFi i1s the standard Gibbs free gnergy of adsorption |
(standard adsorption potential) of the gas on the bare solid
surface and‘AgL is the standard Gibbs free energy of the ad-
sorbate. | _

Ross (72) compafed the muiti;molecular adsorption theory
of Huettig with that of Brunauer and coworkers. Huettig's
derivation assumes that the rate of evaporation of molecules
in the first layer 1is propoftlonal'to the total number of
molecules of that layer minus a certaln effect produced by
those molecules that are covered by one or more higher layers.
In the ﬂET théory, this effect is powerful enough to prevént
- evaporation of the first layer of molecules, whereas Huettig
uses the opposite viewpoint, namely that moleéules covered
by second and higher iayeré stili play a role . in efaporafion
as freely as if the higher layers were not present. In gen-
eral, from Huettig's equation the values of the specific
surféce of adsorbants agree rather well with those calculated
using the BET theory, while the valueé of C are higher by as
mach as two or three times‘that of the BET. Deitz (25) has
pointed out that the study of multi-molecular adsorption has
developed in severalsdiréctiops since the BET theory was
proposed, but, “...Othér than to demoﬁstrate the great com-
plexity of the problem, there has been no real breakthrough
since the BET theory was formulated".

A direct method for the determination of the éurface
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'areé.br a powde:ed solid from th§ adsorption isotherm for a |
gas or a vapor on a solid has been suggested by Brﬁnauer,
Emmett and Teller on the basls of their multimolecular theory.
When the data are plotted, the weight of vapor may be .deter=-
mined at which the surface of the solid 1s covered with a

monomolecular layer of the vapor.

S- s 9 * : (9)

M

where NA is Awogadrpfs number, M 1s the molecular weight Qf
the adsorbate, 8 is the area of an adsorbed molecule, and 9,
is expressed for one gram of the adsorbant. Assuming that
the adsorbed molecules have the.same packing on the surface
as the molecules of the liquified or solidified gas have in
thelr plane of closest packing, we can obtaln for the aiea

covered by a molecule:
Area (s) = 4(0.866) <m-—z')2/3 1091 (¥’ (10)

wherec's is the density of the solidified or liquified adsor-
bate. Livingston (49) has defined the coefficient 1,091 as
the packing factor and its value can vary from one adsorbant

to another dépending on the packing and adsorbant pores.

Thus the equétion :§:é. NA qm 8 can be used to deliver the
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specific surface areas of adsorbents if the cross seciional
area of the adsorbafe molecules is known, or the“equation can
be used to determine the area occﬁpied by an adsorbate mole-
cule if'the specific su:face is known.

For clays with platelike particles; the total surface
area per gram of clay may “be computed from the unit cell di-
mensions. In montmorillonites, this total unit-layer surface
area per gram of clay represents both the external and in-
~ ternal area which 18 accessible to exchange 1ons and to water
or other polar molecules. 'Hater is able to penetrate between
the layers of monthorillonite while nitrogen and oxygen mere-
1y measure the external surface areas of the organized crystal
particles. Therefore, the use of nitrogen can give us a good
ldeal of the external surface area.

Using water,vapof, Emerson (28) determined by use of
the BET equation that the total surface aréa of the calcium
montmorillonite system was 710 m2/gm. Nitiogen adsorption
indicated that the external surface as 38 n’/gm, giving a
calculated internal surface of 672 m>/gm. Aylmore and Quirk
(4) determined a total crystallographic surface area of 760
m?/gm and 112 mz/gm for the external area using nltrogen ad-
sorption. Therefore, the calculated internal surface area
was 648 mz/sm. |

Hendricks, Nelson, and Alexander (39) investigated thé

effect of various chemisorbed cations'og.the adsorption of
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wate; by the clay mineral montmorillonite. The different
samples of montmorillonite had the same specific surface
areas_an& the same number of equivalent weights of poéitive
ions adsorbed, but differed from each other with the respect
to the nature of the positive ions. They found that the ad-
sorption of water at equal relative pressures depended strong-.
ly on the nature of the positive adsorbed ions, particularly
at low relative pressures. Brunauver (16), using the water |
adsorption data of Hendricks et al. (39), calculated a speci-
fic surface of 4001m2/gm. Zettlemoyer, Young, and Chessick
(82) used ammonié adsorptiénidn Wyoming bentonite.and obtained
a value of 556 mz/gm, and 34,5 mz/gm wiﬁh nitrogen as the ad-
sorbate. Mooney, Keenan, and Wood (60) used water desorption
‘data to obtain values of about 800 n®/gm, but could not obtain
similar values during a later study (61). Goates and Hatch
(35) found é‘value of 303'm2/gm using water adsorption data
for montmorillonite.

The above specific éurfaces calculated from ammonla
and water adsorption data assumed a closest packing of the
adsorbate on the clay surfaée, énd except for the data of
Mooney gﬁ gi. (60), are less than those which may be calculated
from crystallographic data, which give a total surface as
high as 800 m%/gm (77).

It 1s possible to determine the free surface energy

changes that occur during adsorption of vapors on solid sur-.
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faces using the Gibbs equation. This indirect method was
first proposed by-Bangham and Razouk in 1937 (5,.6). ?heir
treatment was rigorously applied to nonporoue solids (11, 45);
and later the ﬁethod ﬁas shown to apply'for porous adsorbent
and not to depend on the degree of compression (9, 27, 33).
Inness and Bbwley (43) have shown that the free energy of
immersion of a solid in saturated vapor can be calculated
ffem vapor adsorption data. Arthermodynemie relationship
between the spreading foree and the data from adsorptioﬁ iso-
therms was derived considering ﬁwo reveisible processes where=-
by the surface film could be formed. Jura and Harkins (45)
ﬁointed out thaﬁ‘in order to obtain the value of the decrease
of the free surface energy of the surface of a solid caused
by the'preseﬁee of a thin film adsorbed from a vapor, it is
necessary to gather a considerable amount of experimental data
in the low pressure region, which give the pressure of the
vapor and the amount of vapor adsorbed when the temperature
is constant. They further point out that, when expanded, the
Gibbs equation fof the free energy of a solid surface in sat-
ﬁrated vapor is identical to that proposed by Bengham for
the free energy of a solid surface.

Boyd and Livingston (11) have shown thaﬁ if the adsorp-
" tion isotherm fof a vapor on & crystalline nonporbus powder
13 oﬁtained and if the specific sﬁrface area determined by

the BET method (16) is employed, the change in free energy



23

of a clean sblid surface upon immersion in a saturated vapor
can be calculated. Using the Gibbsian adsbrptioh equation,
Boyd and Livingston (11) derived an equation for the free
energy of immersion of a nonporous wettable surface in a sat=-
urated vapor. It can be made to read?

RT Po q

AF = (vsl = vs0 4 Y71V) = = =— - dp (11)
, MZ P :

o .

whereY g1 1s the solid liquid interfacisal tension, 7 go the
surface tension of the solid in a vacuum,’flvithe surface
tension in contact with its own vapor; a 1s the mass of the
vapor adsorbed by a unit mass of the solid and the saturation
pressure, respectively.

| Demirel (26) has presented a somewhat simpler derivation
based on thermodynamics, by considering that when a vapor at
pressure p 1s in equilibrium with anAadsorbed layer, the
differentlal free energy change involved in lsothermal trans-
fer of one mole of saturated vapor onto a solid surface of
unit area 1s equal to the difference between the chémical
potential of the vapor at pressure p and ét saturation pres-
sure. The transfer involves the compression'of the vapor,
and the expansion of the adsorbed layer. Hé further points
out that by substituting p, d(p/po) for dp, the-expressioh ’
may be changed to the following:
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AF:-%AIW%JM%) | (12)
which 1s a more convenient form to use when relative wvapor
pressures are employed.

The value for AF, the free energy change accompanying the.
process of transferring the saturated ﬁapor onto a unit area
of solid surface can be calculated from equation 12. This
transfer is c;ﬁplefed when the equilibrium relatlive vapor |
pressure p/p° equals cne. BRoyd and Livingston (1i1) and Jura
and Harkins (45) recommend graphical integration of;this e-'
quation as a simple and accurate means of determining F.

Boyd and Livingston (11), and Jura and Harkins (45) calculated
the free energy change by extrapolating the adsorption iso-
therm to saturation pressure with the assumption that no cap-
11llary condenéation occurs. They make a correction which a-
mounts to subtracting the surface tenslon of the liquid (T1v)
from the equation-forzﬁF for obtaining the free energy of wet-
ting, which presumes a zero contact angle., However, Cralg et
al. (22) have pointed out that this method leads to difficul-
ties for nonporous powders because 1t 1is not possible to ac-
curately extrapolate the adsorption isotherm to a definite'lim-
iting value, and a "nonporous" powder acts as a porous solid
so that large numbers of'capiilary spaces are actually formed
due to particle-to-particle contacts. The main difference

in behavior between porous and nonporous solids 1s that dur-
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ing adsorption of a vapor on a porous solid, the solid-vacuum
interface is replaced by a liquid-vapor interface and a solid-
liquid interface, and‘at p/po = 1 because of filling of the
pores, the liquid-vapor interface 1s completely destroyed.

In the case of a vapor oﬁ a nonporoﬁs solid, the area of
liquid-vaper ihterface”at p/p° = 1 is not destroyed, and the
area ls considered to be essentially equal to that of the
solid-vacuum interface (22). Becausé of the difficulties
outlined above, a determined effort“was made in this experi-
ment to reach saturation as'outiined latei'in procedures.

If the adsorbent is a noﬁ-interacting”fine particle
wettable by the liquid, capillary condensation in the con-
tact zones of the particles woﬁld theoretically fill the volds
with the liquid before final saturation is attained. In
these cases, the change in free surface energy may be cal-

culated by the equation:

AF = (sl -Tso) ' (13)

where AF would be the free ehergy of immersion of a unit
area of solid surface in a bulk liquid. Cralg gg gl. (22), .
Dobay et al. (27), and Fu and Bartell (33) concur in this
viewpoint. The free energy of wetting was calculated from
the equation: "'1 ,

-RT q p

AF = = d(—) (11"')
MzJo p/p, P




and the values determined by graphical integration.

In this study, the clay mineral being investigated con-
sists of'g so0lid powder adsorbent that has a rigid structure.
This structure is not influencéd-by the adsorption of water
vapor except as far as the adsprbate enters the interstices
of the interacting solid surface and causes swelling between
the platelets. Thls separation is manifested in;separation
against the forces of interaction'(45) and the equation for
the free surface energy must be modified as given by Demirel

(26).
AF =. (Tsl =Tso) 4=<AV (15)

The AF is the free energy of wetting of the solid by the
liquid;zﬁv is the change in potential energy of;interaction,

2 of‘the intersticial surface due

or the free energy per cm
to the separation of particles agalnst the force of inter-
action, and x is the interfacial surface area per cm? of
total surface (66, p. 253). The free energy change given by

equation 15 for the clay mineral being investigated;
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MATERIALS
Calolum Montmorillonite

To eliminate any difficulties that might arise from the
- 1ntioduction of foreigﬁvmatter; the clay used was of a highly
purified nature; The clay'selectéd was a commercially qygil;
able Wyoming hentonitq known by the trade name VbldlayQSPv;
a product of the American qulo;d Company; :The major clay
mineral whioch constitutés 904 of the Volclay is essentially
sodium montmorillonite. The other 10% of the.vblclay includes
such materials as‘reldspar; quartz; and volcanic glass. The
Volclay-SPV material was further purified from coarse-grained
impurities by sedimentation{ This sedimentation pfocess wﬁs
‘repéated for ﬁuelve cyciesAuntil ﬁhe suspended matefial was
| less than one microh diameter and practicaily freed from
coarse impurities. | '.'

Calcium montmorillonite was prépared by mixing a 190
cu ocm saturated solution of calecium chloride (1;100 mili-
quivalents of calcium ions per 100 ou cm) with the 200
gn per liter clay suspension obtained after the last sedi-
mentation cycle. Calcium ohloridé was slqyiy added to |
-3.5 liters of the suspension:and was stirréd cbnstantly for
2k hours. The amount of calcium lons added by this process

was about 16 times as much as required to satisfy thé cation
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exchange of the montmbrilloﬁité 1# guspension,- The oléy was'
then'separéted from‘the aolufion by means of a Sharples.supe:-'
centrifuge. The clay was then redispersed in 3.0 1iters of
distilled water snd again treated with 100 ou om of the cal-
cium chloride solution, This prbcédure was.fepeated five
times to insure that the calcium ilons replaced all the cations
normally assoclated with the mbntmor;llonite., The effactive
diameter of the'material suspending 1a the wﬁter was 0.3 mi=-
ocron. The clay was washed free of all free electrolyte by
dispersion in distilled water and centrifuging until a silver
nitrate test shéwed the rinse wgter'uas free of all chloride
ions., The calcium montmorillonite was then dried in a 40°

C oven and ground to pass a No. 140 sieve, The physical and
chemical properties were determined by standarﬁ procedures

and are presented in Table 1.
‘Mercury

Mercury used in the manometers was C.P. grade triple- -
distilled mercury. |
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Téble 1, ?roperties of the minerallused

Mineral , ‘Calcium montmorillonie

Physical properties

Liquid 1imit, # | - 341
Plastic 1imit, #° : 46
Plasticity index, % 295
Shrinksge 1imit, % 34
Centrifuge moisture equivalent; ﬁu | 173

Chemical properties ' .
Cation exchansewcapabgfﬁ; m§e§/100 gm? 103
pﬂé : o ' 6.60

1source (23 pp. 1286-1290).
2Source (23 pp. 1291-1293).
3source (23 pp. 1297-1300).
¥Source (23 pp. 129#41296f;
5Ammoﬁium aceﬁatewmethod;

6Gléss electrode method using suspension of 1 gm soil
in 30 oc distilled water.

Calcium Chloride

The calcium chloride used was reagent-grade calcium

chloride dihydrate meeting A.C.S. specificationsi
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Distilled Water

Throughout the laboratory work the distilled water used
w#é obtained from a steam-heated'type SLH-2 Barnstead Auto-
matic Still. This still produces practically'carbon'dioxide-
free d;stilled water with a pH approaching 7. The principle
of operation is for all purposes a double diétilling processé
Incoming steam is condensed in coils; afﬁer'cobling, the li-
quid is passed around the outside éf the stéam-condensing
colls and 1s redistilled. In addition, for the adsorption
experiments the distilled water waS'trible-distilled Jﬁst be=-

fore introduction into the apparatus.
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'METHODS OF INVESTIGATION

The adsorption and desorption isotherms ﬁere dete;mined
gravimetrically (by weilghing). ZX-ray diffraction was used
for studying the interlayer spacings at varying relative va-

por pressures of water.
Adsorption Apparatus

A schematic dliagram of the adsorption apparatﬁsﬂis shown
in Figure 3. The adsorption apparatus‘employed consisted of
an electrobalance system comprised of a beam balance (s), con1
trol unit (p); and vacuum flask (G), connected to a Sargent
model SR recorder (R). The electrobalance was connected to
the vacuum train by means of a large ground'glass stopcock
(S-1) and a mercury‘duai-limb cut-off (K). The sample (C),
suspended from the electrobalance in a hangdown tube (F),
and the water reservoir (A), were both suspended in a con-
stanf-temperature bath (B) having a capacity of 16 liters.

The vacuum train was é portable un;t consisting of a
rotary single stage forepump, an air-cooledvoil diffusion
pump, a 4ary 1ce;acetone>cold trap, and a Cenco.vacuum dis-
charge géuge, ali mounted on a rolling cart.

The constant temperature bath was equipped with a tap

water coolling coil, a Beckman thermometer reading to 0.01°C,



- ‘Flgure 3. Schematic drawing of adsorption apparatus
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a continuous heater, and an intérmittent heateerercury
regulator-relay circuit. The Beckman thermometer was call-
brated against a N.B.S. éertified thermometer at the.thérmo-
stat_temperature, The ;mmersed‘heaters were two 100-watt
ligﬁt bulbs with variable transformer voltage control. Room
teﬁperature was maintained at about 2° C above that of the
thermostat by using an alr conditioner, elecir;c space heater
and normel room steam heat. Temperature variation in the
thermostat (B) was not more than plus or minus 0.02° C through-
out the entire investigation.

The tube A was the water reservoir used for introducing
water into the system, and was_attached'to the éystem‘bw
means of an ultra-high vacuum valve V-1, obtained from the'
Granville-Phillips Company of Boul&er; Colorado. The leak
rate of the valve can be controlled from 1 liter/sec to

-1k liters/sec. M is a simple mercury menometer used to

1x10
determine the pressure in the adsorption chamber. The level
of the mercury in the manometer was maintained by use of a

mercury reservoir, the water‘aspirator and stépcocks‘(s-u)

and (S-5). D is a mercury réservoir used to'supply the cut-
off K;.étopcocks S-2 and S-8 being used to control the level
of the mercury in the cut-off. A 6qid trap (T) was used dur-
ing degassing to trap mercury vapor in the system. Stopcocks
(8-2, S<4, and 3-6‘1solated the system from the water aspir—i

ator. All glass parts in the system were Pyrex, and a high-
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| vecuum silicone grease was used for all Jdints.

A cathetometer (E) used to read thejmanometér (M) was
rigidly mounted on a soapstone table top tied to a steel
7 framework to eliminate any movement during unattended.periods.
The eleqtrobélance was supplied by the Cahn Instrument Com-
pany of Paramount, California and was afixed to a ten inch
steel pipe'which extended thfough the floo:'and was embedded
at the bottom 1n several feet of chipped hard ruBber to eli-
minate room vibrations. The load capacity of the balancelis
1.0 gm. 'Thevsmallest welght that can be relliably detected
5depends on the total 16ad‘and the magnitude of the weight
change; for the sméll sample used 10'6 gh was the precision
lgf the balance, representing a balance sehsitivity of 0.05%
change in weight. .The method of operation of the balance
was essentially as'follows: Changes in the sample weight
cause the beam S to deflect momentarily; this motion changes
the photbtube current which is amplified and applied to the
coil aftached_to the beam. The coil is in a mégnetic field,
so the current passing through it exefts a moment on thé beam,
restoring it to balance. The current is an exact measure of
the sample weight. A signal is sent to the control unit P
where 1t 1s amplified and the final signal is fed to the
automatic rbcorder R.

Item J attached to the electrobalance is a cadmium trap
whereby small strips of cadmium were placed in this well to
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'trap any mercury vapor from the manometer{ This was found
to be necessary to prévent merocury adsbrption on the beém
bélance;~ The stopcocks in the system were sealed wifh mer-
cury, and ground Jjoints were ‘gealed with Viton "O" rings
'to reduce the possibility of leaks into the system.
Fisures 4 and 5 are photographs of the adsorption ap-

paratus.
X-ray Apparatus

A speciél adsorptionAacceésory for use with a Geneiél
Electric XRD-5 diffractometér consisted of a Rigakuénenki
controliédéatmosphere high temperaturg-!hray dlffractometer -
furnace modified to serve as an adsorption chamber and e-
quipped with a mercuri manomefer and a,wbter reservolr
(Figures 6, 7; and 8). Figure 9 15 a schematic diégram,of 5

the X-ray apparatus. The furnace heating élement and ele-
ment base were removed and a stalnless steel sample holder
was put in thelir place. This sample holder was 8o constructed
that the clay adsorbent sample could be positioned in. proper
orientation by using the translation, rotation, and inclina-
tion controls provided for the'allgﬁment of the original furn-
ace. Also, a constant temperature bath could be used to maine
| tain the temperature in thé adsorption chamber and in the

water reservoir vapor source; since the original furnace ine



Figure 4. Equipment for adsorption measurements

.Figure 5. Sorption isotherm equipment--thermostat and
electrobalance in the foreground with the
automatic recording device in the bgckground
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s

Figure 6. X-ray adsorption chamber mounted on the diffrac-
tometer with immerslion cooler bath installed
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Figure 7. X-ray adsorption apparatus

Figure 8. X-ray adsorption chamber base showing sample
holder :
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Figure 9. Schematic drawing of X-ray apparatus
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corporated cooling coils. The bath consisted of a polysty-
rene plenlc cooler equipped with a circulating pump, a motor
stirrer, a tap water cooling coll, intermediate and contin-
uous 1mmersion~heaters with variable transformer voltage con-
trols, a mercury thermoregulator-electronic relay circuit to
control the intermedlate heater, and a Beckman thermometer
reading to 0.01° ¢. The constant temperature water was cir-
culated through the cooling coils fastened in a water-filled
Dewar flask to mgintain a constant temperature in the water
vapof reservoir, and through the colls in tﬁe adsorption
chamber. The temperature of the thermostat was maintained
at 25.02° c. 4The measured temﬁerature in the Dewar flask
surrounding the water wvapor soufce was 25.0° C. All glass
tubing and fittings were Pyrex glass, and high vacuum sili-
cone grease was used on all moving parts.

For introduction of water inte the adsorption chamber,
a glass stopcock connecting the watgr reservoilr to the ad-
sorption chamber was cemented with epoxy into a small brass
cyiinder, which in turn was bolted to a large brass cylinder
tightly fit and surrounding the top‘of the adsorption chamber.
The male portion of the glass stopcock had a small horfzontal
slot flled adjacent to the port so that small increments of
wWater %apor could be introduced to the clay sample. A large
knurled brass kpoﬁ was attached to the stopcock. Connedtion

between the adsorption chamber and the vacuum train was made
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by anothér tube attached to the exhaust port coupling by a
Kovar metal tube and a large stopcock.

The same portable vacuum train was used as previously
described. |

A cathetometer capable of reading to 0.02 mm was used
in measuring tﬁe differences 1n_the'mercur& levels in each
1limb of the manometer. A Generél Electric XRD-5 diffracto-
meter using copper Kuradiation was.utilized in detérmining
basal spacihg and intensity throughout the investigation.
The X-ray windbw on the adsorption chamber was formed by a
1/2 mil "Mylar" polyester £ilm necessary tq prevent pinhole

corrosion of the aluminum folil by water.

Correctibﬂ'gg mercury manometers for temperature and gravity
Vapor pressure detérminations.were converted to the
standard scale by the relationships ho go do =hgd whe;e
h, is the corrected manometer reading, 8o and g are standard

and local aéceleration of gravity in cm/secz, and do and d
are the density of mercury at 0° C anngt the test tempera-

ture in gm/cmB. Values of g, = 980.665 cm/sec?, and 4, =
135,951 gm/cc were used. Values of d at test temperafures
were obtained from the literature (41). The local value of
the acceleration of gravity is g = 980.297 cm/sec2 (26).
When these values are substituted in the above relatiohship,

the following correction value was obtained:
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h, = 0.75353 d h
for both the adsorption apparatus and the X-ray apparatus.

Meniécus correction for observed mercury levels

The mercuiy levels in each limb of the manometers for
both the adsorption apparatus and the X-ray chamber were cor-
rected for.capiilary depreééion of the apex of the mercury
columns, since water vapor:caused the menlscus heights to dif-
fer slightly. After the 1nsiﬁe diameter of the manometer
limbs was determined, data from the International Critical
Tables (63) were used to construct graphs of apex depression
versus meniscus height (Figures 10 énd 11){ The corrected
meniscus height was determined for each mercury level by
| adding to the measured meniscus height the correction factor |

corresponding to apex depression.
Procedures

Determipétion of the édééggtion¥désoggtibh isotherm

Three hundred five mg of calcium montmorillonite were
.placed in a stainleSSCSteel ring (I.D. 0.375 inch) and then
equilibrgted under a bell Jar‘containing hot water for two
hburs. The final humidty recorded under the bell jar was
91% as measured by a dial type Air Guide room humidity indi-

cator. The loose sample and the ring were removed from the



Figure 10, Capillary depression of the apex of a mercurlal
column in a glass tube ten millimeters in di-
ameter versus meniscus helght for the adsorp-
tion chamber

Figure 11, Capillary depression of a mercurial column in',
a glass tube four millimeters in diameter
versus menlscus helght for the X-ray apparatus
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bell jJjar and placed on a press where the sample was subjected
to a load of 25 Kg/cm? for two hours under amblient conditions
of 23° C and 27% relative'humidity. After removal of fhe |
1oad; the sample was extruded from the mold and the weight
was‘found to be 300.52 mg. The sgmple was allowed to air_dry
for one day. Freshly boiled, triple-distilled water was in-
troduced into the reservoir A; the reservolr was attached to
the adsorption chamber and the pill-shaped samplé was placed
on the electrobalance pan., The thermostat_water was'brought
to 25.00° C immediately .after placing the sample in the hang-
down tube of the electrobalance. The level of the mercury

in cut-off K was lowered by means of the'watef aspirator and
stopcock S-2, and the sample aﬁd bélance were evacuated by
using the aspirator throﬁgh.stopcock's-z. After evacuating
the system with the water aspirator for one day, the sample -
welght was measuréd on the electrobalance and found to be
287.0 mg. Stopcock S-2 was closed and fhe system was con-
nected to the high vacuum train;-stopcock S-1 opened thé sysS=
tem to the vacuum train. The system was pumped for 37 days
with the mechanical and oll diffusion pumps.

To degas the water reservqir, the wéter in the reservolr
was quickly frozen with a mixture of dry ice and acetone with
valve V-1 closed. The valve V-1 was.opened'and the gases in
the water resepvoir and the sampie were evacuated for 15

minutes., A pressure of 4.5 x 10‘5'mm Hg was recorded on the
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Cenco vacuum gage. After 15'minutes, valve V-1 was closed
and the water allowed to théw and feléase its tfapped gases.
This procedure for degassing of the water 1ln the reservoir
was repeated five times. |

After 37 days of pumpiﬁg, the welght of the sample and
-5

the préssure on the vacuum gage were 265.04 mg and &4 x 10
mm Hé respectively. Throughout the entire pumping period
- with the forepump and oil diffusioﬁ'pump, cold traps were
empioyed to trap molsture and mercﬁry vapdr in the lines,
During the degassing as much 6f the apparatus as possible was
heated with a hand torch, but because of the sensitivity of
the balance and the clay to heat, they were not hgated. Dur-
ing this period, mercury in the manometer M and in the cut-
off K was dealred several times by ralsing and 1ower1ng the
mercury. After degassing, the mercury level in thé maﬁometer
H and in the cut-off K was raised and the main stopcock S-1
joining the adsorption chamber and the vacuumltrain was
closed. Manometer readings were taken as soon as the evacu-
ation was completed. Three readings of both the apex.and
lower edge of the mercury of both the left and right 1limbs

of the manometer were taken and averaged to determine the
pressure in the system. After correcting for temperature,
gravity, and meniscus depression, the bressure was found to
be 0.00 mm Hg. Immediatéiy after taking thelmanomeéer read-

ings, a reading of the automatic recording device was made
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to determine the equilibrium weight in milligrams.

Vapor was transferred tq fhe adsorption chamber in the
following manners: AVhlve V-1 was opened slightly by uge of
a torque wrench; to allow a small increment of water vapor
to enter the adsorption chamber. Valve V-1 was then closed
with the torgque wrench, and the welght automatically recorded
on the apparatus as adsorption proceeded on the sample. Very
small 1ncremenfs.of water vapor were introduced in order to
obtain the maximum number of points dufing adsorption., It
was found that thé equilibrium condition of adsorption on
the sample was attained about three to four hburs after in-
troduction of the vapor. However, pressure readings and
welght readings were recorded for a perliod of from four to
elght hours. Equilibrium readings were taken intermittantly
between four and eight hours and immediately prior to an ad-
ditional transfer of vapor. In this manner, more and more
vapor was introduced info the adsorption chamber and the
pressures up to saturation at constant temperature‘ﬁere in-
vestigated.,

In the vicinity of saturation two additional techniques
werevused tq insure complete saturation. The high vacuunm
valve V-1 was left open and after there was no additional
rise in weight of the sample, a small amount of ice~water
was introduced against the side of the hangdown tube (F)

containing the sample. This produced a small amount of dew
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on the hangdown tube, énd thé time for the deﬁ to disappear
was observed. At pressures below saturation the dew disap-
péared rapidly, whereas at saturation the time of disappear-
ance sharply 1ncreased.’ The welght as recorded on the auto-
matic recorder showed very littlé change in the weight of
the sample while the dew persiéted on the side»of the chamber.
Secondly, at saturaﬁion, the room temperature was raised one‘
degree centigrade. This slightly higher temperature in ef-
fect forced a condensation on the sample due to increase in
pressure. Thls was continued until there was no further in-
crease in the welght of the sample. -

The desorption process was performed by cooling a dewar
flask bath immediately surrounding the water reservoir A
with chipped ice. When the dewar flask temperature reached
equilibrium, valve V-1 was opened and small amounts of water
that had been adsorbed on the samplé were redistilied back
into the water reservoir. A point at a saturation pressure
of p/p = O.§994 ﬁas selected as the point of departure for
the desorption isotherm. It was possible to cause the return
of water to the reservoir.from saturation to a p/po = 0,30
in this manner. For a p/p, 0.3 to 0.15, a dry ice trap was
applied to the Pyrex tubing near the water reservoir. For
p/po of 0.15 to 0.00, the water reservoir was cooled with a
'dry ice-acetone mixture. For the final removal of adsorbed

water from the sample, the water bafh was removed and the sys-
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' tem was again pumped by using the vacuum train,

Determination of interlayer spacing
Approximately 1.0 gm of calcium montmorillonite was

dispersed in 250 ml of distilled water and then placed on a
méchanical shaker and gently shaken at two-hour intervals for
two days. A thin layer of clay was deposited on a 30 mm dia-
mefer fritted medium-porosity glass disk by pulling-thé clay
suspension through the disk using a water aspirator. The
sample was set aside to air dry for 6ne day; on the féllowing
day it was placed in a desiccator containing phosphorous
pentoxlide, and the system was evacuated. After five days,
the sample was removed from the desiccator and placed in the
‘sample holder of the X-ray adsorption apparatus and the top
was fastened into place; All joints were iubricated with

' high-vacuum grease to eliminate leaks. Freshly boiled, triple
distilled water was placed in the water reservolr, the water
reservolr attached to the apparatus, and the system degassed.
Stopcock S=-1 connecting the water-reservoir and the chamber
was closed and the water in the reservolir waS'quickly'frpzen
by immersion of the reservolr in a dewar flask containing a
mixture of dry-ice acetone. - Stopcock S-1 was then opened énd
the sample and frozen water were evacuated with the fofepump
of the vacuum train to a wvacuum of 10'3 mm Hg. Stopcock S-1

was then closed and the ice allowed to melt and release the
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dissolved gases in the water. This degassing cycle was re-
peated three times with the forepump of the vacuum train im-
mediately after attaching the water reservolr to tﬁe appara- -
tus, and subsequently repeated three_mo:e times with the oil
diffusion pump two days prior to the start of testing. Im-
medlately aftef the iniﬁial degassing of the water reservoir
with the forepump, stopcock S-1 ﬁas closed and the sample
was continuously pumped for 26 days. ‘A dry-ice acetone cold
trap was utilized in the evacuation line. buring the last
eight days of degassing of the system, a vacuum of 5 x 10~5
mm Hg'wgs mainﬁained. |

A constant temperature bath was prepared and'brought to
25.02° C. After the 26-day evacuation period, stopcock S-2
was closed ahd the Suétion line between ground glass stop-
cock S=2 gnd the vacuum train was cut and sealed with a torch,
and the adsorption apparatus.was discpnnected from the vacuunm
train. The adsorption apparatus was then connected to the.
constant temperature water clirculating system, placed on the
Xkréy diffractometer and the sample was aligned according to.
the menufacturer's procedures. As soon as the system came
to thermal equilibrium, the sample was X-rayed using copper
K radiation, and a series of five diffractometer traces of
the initial 001 peak was made. During the X-ray period, mano=-
meter readings were taken twice and corrected for tempeiature,

gravity, and meniscus. The values obtained agreed with water
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vapor pressures given in the 11terature (#1) The initial
001 traces indicated a peak position at 10.15 X ‘and a line
breath at half-maximum intensity of By = O.98ldegrees at a
celculated relative vapor pressure equal to zero.
_ Immedlately after obtaining the traces of the original
peak and determining the pressures, stopcock S-1 was partially
:opened to allow a small increment of water vapor to be dis-
tilled into the adsorption chamber. X-ray traces were then
run at four-minute 1ntervals'for a period of 40 minutes, dur-
ing which most change occurred. 'Traoes of the 001 peak posi-
tions and pressure readings were recorded a minimum of four
more times in the 24 hour perlod between the 1ntroduot1ou of
water vapor, and the equilibrium peak was recorded after 24
hours. The eduilibrium peak was recorded five times and the
manometer readings.were recorded twice during each x#ray pe-~
riod and the equilibrium pressures and p/p were calculated
as before: This procedure was repeated, with water being
transferred from the water reservoir to the adsorption cham-
ber in small iucrements, until saturation pressure was ob-
tained. |

In the vicinity of saturation,.the following technique
was employed to determine the position of the 001 peak spac-
ing: The ground‘glass stopoook S-1 was left open and the
water allowed to transfer over to the sample very siowly.

This stopcock was not closed during the entire period of 334
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hours. Traces were run of the 001 peak 1nterﬁ1ttantly and
with a six hour maximum time interval between readings. After
242 hours, no shift in peak position was observed. A small
amount of lce was appliéd'to the Pyrex tubling extending from
the water reservolr A to the édsorption chamber D; a small

dew was pr&duced in the Pyrex tubing, and since the dew did
not disappear quickly, saturation had in fact been completed
in the system. o | '

Immediately prior to the start of the desorption studies,
the Dewar flask surrounding the water reservoir was removed
from the adsorption apparatus and the water reservolir A was
immersed in a constant temperature bath (Figure 6). The ther-
mostat consisted of the following: 'a'3.5 liter Plexiglass
container insulated with two inch glass wool; a solid-state
1mmersiqn cooler~heater purchased from fthe Chemical Rubber
Company, Cleveland, Ohio; a motor-driven stirring device with
a Plexiglass screw type paddle; a thermoregulator; a micro-
relays and a 25 ampere power source. The bath was filled
with an ethylene glycol automobile antifreeze to allow the
investigation to be carriéd out below freezing temperatures.,
With stopcock S-1 left open, the bath temperature was lowered
in small increments, causing the water to redistill from the
adsérption chamber back into the water reservoir A, . X-ray
traces of the equilibrium"peak were taken a minimum of 24
hours after each thermal equilibrium was established. Thé
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temperature of the bath was recorded for ten minutes during
the X-ray period b& means of a cathetometer and thermometer
suspended in the bath immediately adjacent_to the wafer re-
servoir A, This procsdure was continﬁed until a temperature
of -15.8° C was attained, corresponding to a relative vapor
pressure of 0.048, For values of p/p, less than 0.0#8, the
thermostat was femoved and the water in the water reservolr
- quickly rrozen'bw use of a dry lce-acetone mixture, finally,
the vacuum train was used to obtain a relative vapor pressure

of zero.
Errors

Experimental error in determining p/pa

The errors in determining p/po for'the electrobalance
adsorption chamber were determined as followss . The readings
of the mercury manometer were maQe with a cathetbmeter the
reproduc;bility of which 13-50.065 mnm, The maximum efror
in the value of po.due to temperature vgriations‘was esti-.
mated tofbe 0.62 mm. The error in p/p° was'obtained through
the use §r the following relationship (76, p. 20):

2
| QP AR,
p d "p D
Po d AP | d Po
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which can be made to read:

o [6) 7 R e

where Sp/p,s OPos 8nd Sap. are the errors in p/po, P,» and

d

the pressure difference respectively. The error in p/po cal-
culated by this expression was found to be f0.0004 for all
pressure ranges. - ; ' |

The error in determining p/pé for‘thélx-ray apparatus
was determined from the equat;on 16‘above:. The readings of
the cathetometer was found to be reproducible'withih f0.02
hm, and the maximum error in the value of Po due to tempera-

ture variations was estimated to be fb.006 for all pressure

ranges.

~ The eggerimental error in determining g

The automatic recording device had a reliability of
0.05% at the range selected. The error in grams_of water va-
por adsorbed per gram of clay specimen was estimated to be\a
maximum of fé x 1075 gm/gm as determined from an average of
four series of 20 recordings at selected equilibrium condi-

tions.
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DISCUSSION AND PRESENTATION OF RESULTS
X-ray Data

The accuracy 1in determinatioh of X-ray diffraction peak
positions depended on the angle at which the peak position
appeared, the relative sharpness of the peak, the accuracy
in alignment of the samplé, and the alignment of the instru-
ment. Ordinary commercial difffactometers 1ncorporaﬁe a
.sﬁall migaliéngent becaﬁée the sample 1s flat and 1s pene=-
 trated a certain distancé by the X-rays, so part of the sam-

pie~1s struck by the beam beyond the instrument axis or out-
sidé the parafbcusing circle, ~ For best 1ntensity, it 1s es-
gsentlal that the sample be‘of sufficient length tb 1ntercépt
the full incident beam at the 1oﬁest angle to be recordeds;
therefore, with the 30'mm diameter sample holder, a 1° beam
slit was used 1in conjunction wWith a medium resolution éoller
811t and a 0.2° detector slit. ) |
| ' The alignment of the 1nstrument.;nd effect of systematic
errors were tested by X-raying an‘Ethylene'Diamine-d-rartrate
.(EDDE) crystal and an Ammonium D&hjdrogen Phosphaté (ADP) crys-
tal with copper radiation at 40 KV and 20 ma and a 0.007 inch
Ni filter. These crystals normally are used for Xbray fluo-
rescence analysis. Table 2 shows the results of the tests.

For highly precise lattice parameters one would plot the
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Table 2. Calculated dyg; spacings for the EDDT crystal and
ADP crystal from secondary reflections '

Sample 20 a, 2" hKl Calculated g, )
- EDDT 20.15  h.4382 001 b.4382
40.95 2.2196 002 h,4392
63.40 1.4776 003 4,4328
88.95 1.1082 ool b,4328
ADP 16.62  5.3753 001 5.3753
33,52 2.6901 002 . 5.3802
51.30 1.7936 - 003 5.3808
70450 1.3453 ook 5.3812

*‘I‘he Pd¥ value was calculated using unresalved Ko
doublet wavelength of 1.5418 §.

calculated dom versus a function of 6 and extrapola.teA to

O= 90°, at which misalignment errors would disappear. How-
ever, thg values for d001 1p the' Table agree within 1'0;003 R,
80 no correction was made.

| A standard: _déviation, c, for the s’a;qple dyoy Was eval-
nated at one relativ_e vapor pressure, ‘and found tvo be f0.03°.
In terms of basal spacing, this gives #0.03 £ at 9° 26 and
*0.10 ] at 5° 20. |
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The variations of'measured line breadths from the
average values were from f0,01° to f0,10° 20, The line
breaths were determined as in Figure 12._

Intensities were measured by peakparea measurement
nith a planimeter, and by digital eounting and print-out
during the scans. Peak-intensities at selected equilibrium
pressures were evaluated by averaging three peak areas, It
was round that for the basal spacing pattern run prior to
the introduction of .the first increment of water vapor, the
differences between the digltal printer counts and planime-
tering method were *5% Therefore, the intensities indicat-
ed in Figure 12 and in Tables 3 and 4 were measured by pla-
nimetering the diffraetion patterns, and then eorreeted for
‘the Lorentz-polarization factor bw use of the International
Tables for X-ray Crystallography (44, p. 270) and expressed
relative to ‘the starting intensities.

Figures 13 and 14 are plots of the apparent first order:
.basal spacings iersus'the relative vapor pressure at wkich
they were observed.' The upper plots of Figures 13 and 14
are the line-breadths and.intensities rersus‘the selected
relative'vapor pressures, respeetively, expressed relative_
to the referenee 1ine breadth‘and,intensity observed prior
to the introduction of water vapor intovthe system, The
data for.theseAeurves are presented in Tables 3 and 4.

As can be seen from the eurves, the changes in average -



Figure 12, Sketch showing the determination of X-ray dif-
fraction _ peaks
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Table 3. X-ray diffraction data during adsorption

Py P , | Apparent Intensity Re].ativ'eb | Line Relative

°© p/p  basal of dooi. intensity,  breadth 1line breadth
mm Hg mm Hg - © spacing, ll-
| dootr 4 n°x10” I B, B
| I I degrees B,

0,00 23.756 0,000 10.15 5.65 1.00 0.98 1.00
0.31 0,013  10.39 8.38 1.48 1.12 . 1.1k
2.19 0.092 12,32 11.32 2.00 1.20 1,22
330 0.139 12,58 11.32 2,00 1.23 1.25
3.78 0.159 12.62 12,56 2422 - 1.30 1.33
13 0,174 12.68 i2.41 2,20 1.36 1.39
L 47 0.188 12,79 11.50 2,04 1.2& 1.38
4,60 0,194 12,98 10.71 . 1.90 1, 1.47
5&32 0. 224 1305"" 11 .66 ’ 2.'06 10“’9 1 152
546 0.230 66 12.4o 2.19 1.43 ' 1.46
- 6.04 0.254 11.47 2,03 1.42 . 1.45
6.49 0.273 1 5u 11.81 2.09 1.35 1.38
7.15 0,301 14.85 12,77 2.26 1.16 1.18
7.41 0.312 14,93 12,90 2.28 1.12 1.14
751 0333 15.01  13.1 2.33 1.06 1.08
8.48 0.357  15.05 12,9 ' 2.29 1.02 1.0k
9.48. 0.399  15.35 10.30 1.82 0.91 0.93
1041 0438  13.5% 10.88 1.93 0.87 0.89
10.67 0.449 15.60 10.93 1.93 0.84 0.86
10.79 0. 454 15.63 10.42 1.86 0.84 0.85

&9



Table 3. (Continued)

Apparent Intensity Relative  Line Relative

P ¢ Pgs p/Po .
. basal of d001' intensity, breadth 1line breadth
mm Hg mm Hg - spacing, 2 - - :
o a o1' & in“x10 I Bo B
0 I I degrees B,
12,09 0.509 15,66 10,67 1.89 0.80 0.82
12.19 04513 15,63 11,00 1.95 0.79 0.80
12,90 . 0.543 15.63 11,15 1,97 0.77 0.78
13.#7 ' 0.567 15,66 v11,.13 1.97 0.74 0.76
14,71 0.619 15,66 11,52 2,04 0.68 0.69
14,97 0.630 15,69 11.39 2,02 0.68 0.69
15,85 0,667 15,6 11,76 2,08 0.68 0,69 -
17.01 0,716 15.79 12.00 2,12 0.66 0.67
18.32 : 0.771 15.94 11,64 ‘2.06 0.64 0.66
19.13 0,805 16,03 11.86 2,10 0.64 0.66
20,31 . 0855 - 16,03 11,78 2,08 0.62 0.64
21,91 0.922 16,26 11,70 2,08 - 0,66 - 10,68
22,19 . 0.934 16.23 11.49 2.02 0,64 0.65
22.83 0.961 16.41 11,63 2.0 0,70 . 0.71
23;30 0.989 16,63 11.40 2,02 1.32 1.25
23 .47 0.988 17.25 10.92 1.93 1.38 1.41
23,50 0.989 18.02 9.89 1.75 1.27 1.30
23.756 1,000 19,25 792 1.40 0.68 0.69

99



Table U4, x?ray diffraction data during~¢esorption

Py ~ p, p/P_ Apparent Intensity Relative Line Relative
o o basal of dgg1 intensity, breadth 1line breadth
mm Hg mm Hg spaclng, 2 . b I By B
- d.°°10 in"xl0 IO degrees EO
21.38 0.900 19,19 8456 1.52 - 0.76 0.77
20,01 0,842 19,07 8.95 1.58 0.76 0.77
19.25 0.810 19.15 8.63 1.53 0.76 0.77
17.96 0.756  19.19 12,10 2.14 0.76 0.78
15,63 0.658 - 18.9 8.64 1.52 0.86 0.88
14,42 0,607  16.1 12,12 2.1 0.78 0.80
12,07 0.508 . 15.77 12,15 2.15 0.62 0.6
11.07 0.466 15.73 12,18 2,16 0.64 0.65
10.00 0.421 15,60 12.41 2,20 0.65 0.66
9.08 0.382 15.)22‘ 12,73 2.25 0.67 0.68
7.01 : 0.295 15.39 12.45 2.20 0.71 . 0.72
6.11 0.257 12.23 12.35 2.18 0.72 0.74
4,66 0.196 14,97 12,76 2,26 0.94 0.95
J.42 0.144 14,27 13.17 2.33 1.43 1.46
2.95 o 0.124 13.82 13.41 2.37 1.48 1.51
1.95 0.082 13.16 14,63 2.59 1.46 1.49
0.000 0,000 . 10.70 10.60 1.82 1.4 1.43

49




Figuré 13, Variations in the first order basal spacings
' and relative line breadths versus relative
vapor pressure for calcium montmorillonite
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Figure 14, Varlations in the first order bé.sal spacings
. and relative intensities versus relative vapor
pressure for calclum montmorillonite



] L

71

15.0

Relative intensities
o
o

5.0

L 1 1 1 L { ! L b
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

20

Y
A,

Basal spacing, dool’ )3

10

eseeee adsorption
hepoiieebd desorption

«®
»®
o

X

kS

X o . .
x X X

1 L A i i

0

1 I 1 L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative vapor pressure, p/Dp,



72

basal spacing take place 1ﬁ a continuous but néh—ﬁniform
manner with changes in relative vapor pressures. Hendricks
and Jefferson (38) hypothesized that the XFray diffrﬁctien
patterns fromvan'expanding powder should show that the‘basdl |
| spacing would vary continuously’uith water content. As the
relative vapor pressure 1s increased from zero; there 1s é.'
slight increase in d spacing up 'to-p/'po ;'0.015.’ This would |
seem to indicate that only a small portion of wvapor 1is ad-
sorbed in the interlayer reglon, uhile,tﬁe rest 1s adsorbed
on the external surfaces. The etﬁansion then rapidly in-
creases to 11.9 i between p/po = 0,015 and;é/po 0{08,~1nd1;
cating an expansion equivaleht-to one mqleculai'layer.of
uater‘when 1.8 molecules ﬁer unit celi aié adsorbed, Figure
15, There is a small hump in the curve between »/p, = 0.68:
and p/po - 0;11; perhaps associated with the space occupled
by a calcium catlon. The d spacing is stable from p/p, =
0.11 to p/'po = 0.19; then the second major expansion from
12.6 & to 15;1 R occurs between p/p° = 0.19 to p/po = 0,30
with the uptake of 5.5 molecules per unit cell, Figure 15,
There i1s a second hump in the curve betieenlb/po ;‘.
0.38 and p/po = 0.42 perhaps associated with the coordinaﬁion
of molecules of water with the cation. The total uptake of
water necessary to aﬁtéin the stable,15;6 3 oonfiguratioh
is 7.5 molecules per unit cell. Between'p/po = 0.42 and
/3, = 0.98, there i1s a stable range of d spacing where the
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spacing increases only 0.8 x‘while adsorbing twelvé mole-~
cules of water per unit,oell.‘ The final increment of ex-
| pansion occurred between a relative vapor pressure p/po
of 0.99 and saturation. This final expansion to 19.26 2
requires the a@sorptioo of approximately 14 moiecules per
unit cell and requiredu2k2ohOurs to attain equilibrium.
The 19.26 & was.the maximum spacing that could be obtalned
with this 1ﬁterlayer cation (59). |

The desorption curve experienced two'hysteresié loeps,
the first ocourrlné between saturation and p/po = 0,60, and
the second, which 18 less pronounced, between p/p ; 0.3
and zero. Figure 16 i1s a plot of the molecules of watzsry
adsorbed during desorption. |

The effect of time and pressure gradient were evident
in the final expansion during adsorption, and the first col-
lapse during deSorption.' The pressure gradieht for the last
expansion Was very small (0.24 mm), oorpesponding to p/po =
0.99 to p/po = 1,00, and full expansion took place after
242 nours. Prior to this point, all expansion had been come
pleted almost immediately arter 1ntroducfion of each 1nore-
ment of water vapor. The equilibrium p;essures.and peak po-
sitions were determined after twenty-four houré, although
fhe expansion had been oompleted-within'the first 30 minutes{
During desorption; all collapse was completéd not latei than
16 hours after the water bath temperature had reached the

-



Figure 15. Plot of the number of water molecules adsorbed
per unit cell versus the basal spacing, first
adsorption cycle

Figure 16. Plot of the number of water molecules adsorbed
per unit cell versus the basal spacing, first
desorption cycle
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equilibriﬁﬁ temperature. The first collapse of the plate=-
let system took place between p/po 5_9.65 and p/po = 0.60,
but the~desor§tion curve did not return to the original d
spacing. Thils suggesfa that 1nteilayer‘water was trapped
in the pores or‘remained'associated with the cation. A
pumping period of ten days utilizing a dry-ice acetbng bath
surrounding the water reservolir produced a shift from 11.5°
R to 10.7° 8, but the relative line breadth increased as
water was removed; indicating a disordered system: It is
reasonable to visuaiize.that the isolated water islands are
well ﬁithin the platelet structure; theilr exit being blocked
or impeded as the -clay surfaces'on'each slde of the islands:
mévé more clbsely together.

The plot of the X-ray line breadth versus relative va-
por pressure, Figure 15, tends'to substantiate the conclu-
sion that there are varying numbers of mélecular interlayers,
i.e. 0, 1, 2, etc., and that an octahedral coardinat;on of
water a:ound the cation may exist within the interlaminar
spaces. Between a relative vapor pressﬁfe of zero and p/po
= 0.08, the line breadth increases corresponding to an up-
take of water, indicating non-uniform spacing in the inter-
layef regions., We may note that line‘bieadth reaches a max-
imum near the.center of the steeper port;ons of the basal
spacing plot, and then decreases to a minimnm'value or re-

mains cohstant as the basal spacing plot approaches flatter



77

sections. A low value of line breadth is indlicative of a
uniform spacing (15). | |

When d o1 ¥as between 10. 5 X and 15 X a broad peak ap=-
péareﬁ.at approximately twice the d0015 indicating a possi-
ble repeating dOuble'layerlstructure (superlaﬁtice)}includ-
ing uater molécules. The cléan porous disc on which the
clay sample was deposited, had been. tested using copper ra-
diation, and gave a typlcal amorphous pattern expected from
a glassy material ‘with no indication of the peaks obtained
with the calcium montmorillonite sample. A superlattice
has been reported by Brindley (13, p. 151) for chlorites,
Brindley (13, pp. 93-96) for serpentine, and Gillery (34)
and Demirel (26) for caléinm nontmqrillonite. Demirel sug-
gestes that the offset stacking of platelets to match the
water molecules with oxygen atoms of the silica surfaces must
"repeat in an 6rsanlzed manner in the ¢ direction. Glllery
attributes the diffuse band to a two-layer natural stack-
1ng of the layers which may be.due to a tendency to form‘twb
types of-montmorillonite'lattices which alternate, or hy-
dration tending to take plaée in alternate layers, Using
copper radiation and the beam slit-detector élit cﬁnfisura-
tion in this 1nvestigafion, the diffuse band could:not be
clearly resolved. In future experiments, chromium and iron
radiation should bé used to resolve the peak and obtain more

evidence and information on the possible superlattice.
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Comparison with work of other investigators
Nagelschmidt (62) dried calcium montmorillonite samples

in a furnace at'tempergtures between 85° € and 245° ¢, rehy-
drated theh over salt'solutioné, sealed them in capillaries
of 6;77 mm internal diameter, and took X-ray photographs.
He noted a proportional increase in the basal sbacing from
10.5 3 to 15 3 during the uptake of the first‘four molecules
of water per unit cell, and an increase of 0.6 & during the
- uptake of the next ten molecules of uater: He explained
that the small increase in d specing was due to the adsorp-
tion only on the external surfaces, o ' .
Mooney et al. (60, 61) used a Wyoming bentonlte, Vol-
elay-SPV, obtained from the American Colloid COmpany;;and
prepared a homionic calclum montmorillenite from this bene
tonite. The sample was sealed in aAPyrei capillary and
placed in a X-ray camera and irradlated with coppef K
radietion, The system was mainjl:ained.-‘at.ZOo Ce. Ina plbt
of 4 spacing versus relative vapor pressure;'they found that
the spacing levelled off between 12 X and 13 X and between
15 A and 16 X‘ which values corresponded to integral number |
of layers of water molecules_between platelets. They ob-
talned a spacing of 16.5 3; which was apparently ignered in
their‘conclusions, but were not able to obtain a 19'3.spac-'
ing, perhaps due:to 1nsufficient.time for hydration{ Iyey
reported no hjsteresis in thelr curves although they apﬁar-
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véntly cohpleted their adsorption cycle ét a relative vapor
pressure of approximately 0.90. In the present study, the
last platelet separation occurred between p/p, = 0.98 and
saturation;‘the.present data indicate that 1if Mooney gg al.
(60, 61) actually began their desorption at p/po = 0,90 and
the second desorption equilibrium preséure poinf was lower
than p/p; = 0.60, ho hysteresis would hﬁve been observed.
These data 1llustrate the 1mportance of dbtaining.complete.'
evacuation of the systeﬁ prior to adsorption; and ocemplete
adsorption te saturation prior to desorption.

Gillery (34) used a natural Hyoming bentonite supplied
by the National Lead Company. After running adsorption stud-
les on sodium montmoriilonite; he resatufated'the material
with CaCl2 and obtaining a homoionic calcium montmorillonite.
The relative humldity was controlled by passing compressed
alr through apprbpriate saturated salt solutions and'into
the sample chambers; humidities were measured with wet ahd
dry thermocouples. The type of X radiation was not specl.-
fied and the sample was investigated during the deéorption
phase; Gillery states that the plot of basal spacing ver-
sug percent :elative humidity suggests a mixture of sodium
and calcium cations. He suggests that the adso:bed'cation
effects the characteriétics of adsorbed water by.showing hy-
drates of 12,3 £ over a very small stabillty range of about
5% relative humidity, while the second hydrate of 15.5 &
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has a stabllity range from about 35% relative humidity to
saturation. He suggests that a hydrate of 18 & exists, ‘bu‘\b
that p/p, = 1,00 is not sufficient water vapor pressure to
produce this hydrate in a pure form, and the final hydrates
exists only in a mixed layer form with the 15.5 R.hydrate.'
The present study indicates that if sufficlent timelis al-
lowed fbr hydration, the 19;2 R hydfafe can be obtalned.

Hendricks et gl; (39) used montmorillonites from Call-
fornia, Mississippi and Wwoming;-éaturated with various cat=-
- lons. The Wyoming material was the Wyoming bgntonite sqld
under the trade name"Vblclay'. Their material was equili-
brated over salt solutlons and the sampies seleqted for X=
ray 1nvestigation'wer§ sealed in glass capillary tubes to
prevent loss of uﬁter. The samples were placed in x?:ay '
cameras fof diffraction mkasufements.ror periocds of ten to
48 hours. There ias considerable scatter in the dﬁta{ The
relative humidities ieported were those'deteimined while the
samples were in the adsorption chamber or desicecator. No
reference was made to any method for temperature control,
which may account for the scafter. |

Demirél (26) equilibrated his dry samplés at room tem-
perature in vacuum desiccators maintained at the desired
relative humidities by a;propriate salt solutions. A plexie
glass hood equipped with a Mylar X-ray window covered thé
sample and salt solution during X-ray studies. Although
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only four polnts were obtained for adsorption; he was able
to aﬁtain full expansion at saturation by immersing his
sample in dlstille@ water.' His data éoﬁpare f#vorably with
the data in the presemt study, including the desorption hy-
steresis.

The data of these varlous lnvestigators are pfesented

in Figure 17 for comparison to the present study.

Color chggges _25;55 ;g;ggigglgg

Upon completion of the X=ray studies, the sample had
been under copper irradiation for approximately 1,000 hours.
When 1t was removed from the apparatus, a very distinct color
change was evident; whereas the sample had been a yellowish
~ white prior to testing, it was a dark greenish blue after
irradiation. Norméllehemical tests and fluorescent analysis
were performed to determine i1f some 1mpur1t1eé' may have been
in the sample or if coppezx contaminatioﬁ from thé adsorption
chamber had’taken place. The 1A£ter 1§ completely lined
with stainless steel, and the sample holder is manﬁfacﬁured
out of stalnless steel. The cooling colls are copper but
are imbedded into the walls of the original furnace and com-
pleteiy shielded from the sample by a stalnless steel lining
of the chamber,

A strip of pure copper was placed in‘a watch glass con-

taining a suspension of calcium montmorillonite, and the



Figure 17. Variations in the first order spacings versus
relative vapor pressure for calclium montmoril-
lonites reported by various authors
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watch glass was placed in a 100% relative humidity room.
After more than 700 hours no change in color was observed.
Later, a portion of the irradiafed sample was placed in a
50 ml beaker and a solution of NH,,C,H,0, and ammonium hy-
droxide was added. The resulting solution was clear while
a small piece of copper #n a similar solution caused the so=-
lution to turn blue. |

The fluorescent analysis was‘ruﬁ‘using tungstgn radia-
tion with ILiF, NaCl, and EDDT analyzing crystais on four
different speciﬁens: a) the 1;00@ hour irradiated sample,
b) a sample that had been evacuated to 10~5 mm Hg for"ZO
days and irradiated with cepper radiatioh for 26 hours, e¢)
an air-dried sample of calcium montmorillonite, and d) a
plain fritted porous dlsc similar to that used 1n'fhe sample .
holder of the apparatus. ane.or the four specimens showed
any trace of copper.

The fluorescent dlagrams did show‘smallltraces of tung-
sten and iron; the fungsten was attributed to tungstesn uséd_
in the mahufacﬁure of the porous disé, and the iron peaks
in all three clay samples wére of the same magnitude of in-
tensity and can Be'atﬁiibuted to ‘the iron substitution in
the octahedral layer (1somorphoué substitution).

The only other material‘that could come into contact
with the clay specimen 1s mercury from thg manometer, The

possibility mercury contamination was eliminated for two
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reasonss &) no traces of mercury were found dﬁring flucres-
cent analysis, and b)'the clay specimen in the electrobal- '
ance was exposed to a greater surface area of mercuryAin
the 1limbs of the manometer attabhed to thé electrobalance
than the surface of the limbs of the manometer attached to
the X-ray apparatus, this sample was under 1nvestiga£;on
and vacuum for aﬁproximately 5,500 hours, and ne discolora-
tion occurred in the samp;e. |

Therefore,. the discoloration can be dge tos a)-a
~ change 1n'the valence‘étate of a naturally’dccu:ring metal-
lic impurity in the host crystal (e.g. Fb'in MgO is a known
example of this) or,bf a radiation-induced_coior‘center in
thé crystal (e.g;.electron trapped at a halogen ien vacancy
in an alkiii hglide). In either case; about ten ppm could
produce the'observed effect;i

A series of éhort‘expériments were‘conducted subse=
quently to determine possible color changes by different
forms of X radlation. A 99.6% sample of pure NaCl meeting
A.C.S. specifications, was 1rradi€ted using copper radiation,
and a dull yellow-white was observed after 26 hours of radi-
ation. Later a porous disc 1/2 of which was covered by a
thin layer of calcium montmorillonite and the other 1/2 left

ipr. D. W. Lynch, Department of Physics, Iowa State
University of Science and Technology, Ames, Iowa, 1966.
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undisturbed; was 1rradiated using copper and'tungstén radi- -
ation. Usling cocpper radiation; there was no noticeab&g color
change after 26 hours of irradiation on thé undisturbed sec-
' tien of the plate or in the clay specimen. . However, while
using tungsten radiation; the:porous disthﬁrngd brown after
four hours gt any section through.the‘entire thickness where
the radiation was impinging on the plate. There was no dis-
coloration of the clay specimeh artef four hours'br after

26 hours. After 26 hours, the plate became slightly darker
brown. From the above observation, it can be deduced that
the colqr change ;sla function of the length of exposure, the‘
type of radiation employed, and the atoms and structure of
the matefial irradiated.

Reflection intensity during transfer of vapor
Intensity data from the X-ray diffraction study during

adsorption and desorption of water vapor on calcium mont=-
morillonite are presented in Tables 5 and 6. The Tables in-
clude intensitles of observed first; second, thiid, fourth,'
fifth, and sixth order spacings, When observed. As can be
seen from Figures 18 and 19 and the data, the peaks of the
secondary reflections disappear and reappear throﬁghout the
study. MecEwan et sl. (51) point out that pesks migrate be-
tween positions as the relative proportions of the two species

change., This investigation shows that during migration, the



Table 5; X-ray diffraction 1ntensity data during adsorptionf

»/p, (001) - (002) - - (003) - __(00) - _ (005) _ — (006)
d Ix10°. d I 4 -I d I d I d

0,000 10.15 5.65 h,92 1,80 3.07 6.27

0.013 10.39 8.38 5.15 1.50 3.09 7.07

0.046 11,78 9,65 5.70 1.80 3.12 3.30

0,068 11,93 10.98 ~ 5.86 1.90 3.12 3,01

0.097 12,32 11.32 6,06 1.10 3.12

0.139 12,58 11.32 6.30 0.60 4,23 3.12

0.174 12,68 12,41 6.23 0.4 b 27

0,188 12,79 11,50 6.30 0.30

0019'4' 12098 10.71

0.224 13,54 11,66 u.9o 0,90

0.230 13,66 12,40 : 4,95 1.20

0.254 14,08 11.47 L,97 1.50

0.273 1k4.54 11,81 b,97 1,60

0.301 14.85 12,77 , 4,97 2.20

0.312 1“’.93 . 12090 . ’4.97 2050

00333 15.01 13017 : ) ‘4’.97 2.80

0.357  15.05 12,94 5.00 3.20

00383 15.16 130""8 . 5.00 3000

0.399 13,35 10.30 , 5,03 2.80 |

0.415 15,46 10.85 5.06 2,50 3.04 5,00

0.420 15.’4‘9 10079 5006 2.80 300# 8000

0.438 15,55 10.88 5.06 3,00 3.03 6.67 .

0.454 15,63 10.42 - 5.09 2.50 3.06 10,00

*4 18 the gpparen spacings of the reflections, 3; I is the intensity of the
reflections, in“ x 107
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Table 5. (Continued)

p/p.  __ (001) (002) (003) (ook)  ___(005)  __ (006)

° T4 Ix10° 4 I a I q I a I a 1
JM63 15,57 10,07 5.09 2,70 3.06 7.33
<509 15,66 10,67 , 5,09 2,70 3.06 8.00
.513 15,63 11.00 3,12 3,40 3.07 7.67
.567 15,66 11,13 5.12 3.20 3.07 8.33 .
619 15,66 11,52 5.12 3.10 3.07 7.66
630  15.69 11.39 5.13 3.00 3.08 7.33
667 15,69 11.76 5.15 3,00 3.08 6.33
716 15,79 12,00 - 5.15 - 3,20 3.09 7.33
o771 15,94 11,64 8,03 5.18 3.10 3.10 7.33
.805 16.03 11.86 8.03 5.20 2,60 3.11 7,00
.901 16,08 11,52 8.03 5.21 2,10 3e12 7.33
.922 16.26 11.70 8,03 5.24 2,60 313 7.33
934  16.23 11,49 8,03 5,24 2,20 3.13 6.67
964 16,31 11.22 8.03 : 5.27 2.20 3.13' 633
0.989 16,63 11,40 9.60 O.gﬁ 527 1.80 3.14 5,66
0.968 17.25 10.92 9.60 O, 5.27 1,10 3.14 5,33
0,989 18.95 = 9.20 9.50 0,76 6.30 0,90 4,76 0,60 3.14 5,66
1.000 19.25 8.89 9.60 1.22 6.32 1,20 4,76 0.60 3.14 k.33
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reflections, in“ x 10

Table 6. X-ray diffraction intensity data during desorption*

(001) (002) _(003) (004 ) (005)

a Ix10° 4 I d . I 4 I a - I d
0.956 19,23 7.97 9.62 1,09 6.23 1.00 &,74 3413 3.33
0. 842 19,07 .8.95 9.50 1,36 6.27 1.00 4,69 3,12 2.33
0. 756 19,19 12,10 9.60 1.34 6.26 1.60 4,74 3.13 6.66
0.703 19,10 8.38 9,62 1,02 6.27 1.00 4,74 3.14 5,66
0.658 18.9 8.64 9,50 1,00 6.26 1.50 4,71 . 3.13 4,33
0. 607 16.1 12,12 9.30 5.24 2,30 3.13 8,00
0 08 15,77 12.15 5.15 3,00 3.07 8.33
0. h21 15. 12.41 5.09 2.60 3.0 7,33
0.382 1s. 12,73 5.09 2,80 3.78 3.04 7.33
0.354 15. 12.05 5.06 2.70 3.78 3.03 6.00
- 04332 15,41 12,56 5.06 2.60 3.77 3.02 6.66
0.295 15.39 12.45. 5.03 2,60. 3.75 3.02 5,66
0.257 1&.23 12.35 3.03 2,20 3.72 3.00 6.00
0.196 14,97 12.76 . ‘ .98 1,70 2,98 3,00
0.144 14,27 13,17 6.23 0.70 4,92 0.50 :
0.124 13,82 13.41 6.27 1,00 4,92 0.50 .
0.082 13.16 14,63 6.18 1,60 2,99 1,66
0.000 10.70 10.60 5.36 3.50
*a 1s the pparen spaeings of the reflections, 2 I 1s the intensity of the
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Figure 18. Variation in normalized intensity of various
reflections versus basal spacing during ad-
sorption of calcium montmorillonite
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Figure 19, Variation in normalized intensity of various
reflections versus basal spacling during de-
sorption of calcium montmorillonite
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peaks pass through'g phase of extremg_diffuseness and appar=-
ently disappear 1n'certa1n composition rahges. 'InAsome casés,
no indicles could be assigned to the peaks 6f the mixture in
the system studies. ;Fbr ease in tabulating the spacings,.the
data were placed in the columns according to the reflection |
orders, and can be conveniently labelled by the order or com-
bination of orders, e.g. 005 or 005/006. |

MacEwan, Amil, and Brown (51) have shown that the inten-
sity of diffraction is given by

I=6 || - (17)

whereeis.the Lorentz-polarization factor, IFﬂ is the layer
structure factor and ¢ 1s the nixing fﬁnction.

_ The Lorentz-polarization factor depends on the experi-
mental technlque, The combined factor increases with decreas-
ing angle, and should cause a 17'3 peak to be nearly three
times as intense as a 10 § refiection; The intensities of
all reflections were corrected using the data in the Interna-
tional Tables for X-ray Crystailography (b#; P. 270).

The mixing function ¢ 1é dependent on the spacings of
the constituent phases and the probabllity of occurrence of
these spacings. The influence 6f a mixing function was Oob~
served in thaf peeks did migrate within cértain limits; in
Tables 5 and 6, the peak'position migrated in the 3 X.and in
the.s‘g ranges; However, only during the final transfer was
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the mixing function pronounced; shown by the 002 and 003 pesks.
During this transfer of vapor, the 002/003 peak shifted from
a 20 of 16° to a 20 of 14°. At approximately 80 hours after
the transrer; the higher peak was fairly strong in the area
of 16°, whereas the peak at 14° was barely observed. At 196
nours, the peak had shifted to the 14° position and was fair-
ly étrong; Thus, no definite pattern could be détermlned,
but; this shows it is .important to recognize that, in general,
the more intense observed spacings of the 3 3 and 5 X would
present intense reflections for the third, fOuith; fifth, or
sixth order reflections;

| The structure factor is a complex quantity whose magni-
tude is the ampliﬁude of the scattered wave, and whose direc-
tion is determined by the phase of the scattered wave. No |
matter how complicated a crystai; one may picture it as a
series of simple interpenetrating simple 1att1ces;.one for
each different kind‘of atom in the crystal. Klug and Aler
ander (46) have shown that the reflection geometfyiis deter-
mined entirély by the lattice dimensions aﬁd not by thé.com-'
plexity of the dlrfraétion pattern; The effect of thé atomic
arrangement.on_the diffraction 1ntensity from a plane are
taken into account by the structﬁre factor; However; the
problem of evaluating the structure factor can ﬁe considered
to be that of compounding seveial wave motions, all of the
'same period, tut different in phase and amplitude.’
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Figures~18’and 19 are plots of the basel spacing versus
the second, third, fourth, fifth, and.sixfh order refleétions
during adsorption and desorption,-respectively. The dashed
lines indicate reflections were not observed. As can be
seen, d001 1s the most intense peak throughout the entire
range. Tﬁe,ooz reflection is observed when d@Ol 1s between
10 8 to 13 & and again from 17 8 to 19 8. e 003 ena 005
reflections,were ptevalent in the mid-range'from d001 = 13
to 17 X « At final expansion, the'005 reflection could not
be observed. ‘The 004 reflection was observéd in the range
from 10.5 to 13 & and again from 17 to 19 3, in conjunction
with the 006 reflection. |

In general; ag the first order basal spacing lncreases
the higher order bassl reflections decrease in 1nténsity;'
These refledtions are strongest at 3 3 and 5 R, The mixing
funection wouid tend to decrease the intensity when several
‘specles comprise the éystem, but at stable'positions this de~
crease in infensity would nbt completely extinguish the po-
sition. All the reflections have 5een corrected for the Lo-
rentz-polarization factof; but this can not explain the strong
reflections occurring only at 3 & and 5 8, Therefore, the
strong reflections are'due‘tqﬂreflection planes approximately
overlaping planes in. the montmorillonite structure.

The systematic absence of reflections depeﬁds on the

atomic parameters and the size of the crystallite. 1Ia the'
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present study, the size of the crystall;te is sufficient to
glve strong reflections and was not considered an influential
factor. Buerger (20) points out that in general; the struc-

ture factor may be expressed asi

Fca| =3 £, @ 1, | (18)
where fJ represents the scattering factors, and may be.exe
pressed ass
g - zﬂ'(hxJ + kyJ + 1zJ)

where ¢5 1svthe phage angle expressed as the fractlonal co;
ordinates (xJ, yj, ZJ) of the atoms of the unit cell. The
summation must be taken over all the atoms in the unit cell
and if any symmetry ocecurs, it can be significant in detei-
mining the form of the structure factor. |

The importance of the structure factor in the clay min-
eral system can be 1llustrated by éﬁalogy to sodium chloride,
uh}ch 18 a face-centered cubié structure. By applying é-
quation 18; above, to the sodium chloride system in Figure
20, it éan be seen that the orthogonal planes of the unit cell
are interleaved exactly halfway by identical planes., For
diffraction from either the C or C' plénes, the phase dif-
ferenée must be an 1nteéral multiple of 2¢ﬁ Therefore, no
first order reflection wllli be expected because plénesvc and
C are exactly out of phase (one half wavelength apart) and



Figure 20. The s?ructure of sodium chloride (face-centered
cubic :

Figure 21, Idealized electron density curve, number of
electrons per plane in the mica-like structure
versus atomic plane separation
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will exactly cancel each other since their amplitudes are
1déntica1.‘ There will be a strong second order reflection
because the distance CC corresponds to a phase difference of
L1t (two wavelength)'and CC' is half this distance 2 (one
wavelength). The fwo reflected waves.C C' and C'C will be
exactly in phése and will reinforce each other.

Figure 21 is an idealized curve éf electron population
or déhsity in the baslic pyrophyllite str@cture, and it was
'drawn by plotting the total number of electrons avallable in |
each plane pf the unit cell versus the plane location using
the structure ‘illustrated in Figure 1. Since the inner or-
biltal electrons aré chiefly responsible for-diffractibn, the
effective electron populaﬁions are centéred at each plane lo-
cation. The curve was symmetriqally drawn about the central
plane, which 1s aluminum ions. Crests and troughs of the
curve were determined by using the intensity data and a trial
and error procedure. The curve appears similar to the one-
dimensional Fourier syntheses of the basal reflections of
Allevardite, a mica type‘minegal (51, p. 426).

The swelling of the montmorillonite presents a distor=-
tion of the normally expgcfedldefinition_of a space lattice
'and unit cell., By definition, a unit cell is the smallest
portion of a space lattice that contains a complete repeat-
ing unit of the crystal pattern. In the swelling montmoril-

lonlite system,  each mica like sheet is separated from the
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next by n'H20 molecules and interlayervcations; if this 86p=~
aration 1s repeated in an oxrderly geometric faéhion, a dif-
fraction pattern may be‘expected wheh the Bragg equation is
satisfied. The thicknesé of the unit cell then must include
at least one mineral sheet and one wgter-cation 1ayér; boundQ
aries of the unit cell then can be drawn anywhere--through
the mineral sheet or through the water--so long as they are
the proper distance apart. | |

“If the unit cell is symmetric and expands only in the
¢ direction, the structure factor F, may be simplified.

A
In equation 18, the structure factor was defined as:

’Fhk].l =ZJ f'1 ei¢3

This expression may be expanded to the following:

EZ f 3 eos ZW(thfky:,#lzJ)—_l
F..= *

hkl =
1[=f, sin 21r(hxj+kyd+1zd)]

J

which upon. using the symmetry conditions of the crystal, may
be simplified tos

FBOJ = 2 £1 fJ cos 2ﬂ(12 )

Therefore the intensity is effected as follows:

. J/ :
Iz [2 = ' £, cos 217(12 )] (19)
j=1



102

where £, is the layer structure factor of scattering obtalned

from thi curve in Figure 21, and 123 represents.locations of
the reflecting 1maéinary blane. |

In order for symmetry to occur, the unif cell bouhdary
nay be taken as half way through the water layer,' ?he priQ
mary contribution to the reflections may‘be assumed to ocour
from the center of the unit cell, since this has the maximum
electron density. The behavior should be siﬁiléf to_that
of the sodium chloride structure whenever clay latf;ce eXx-
pansion 1s such that the central plane 1s located exactly
out of phésev(one hglf‘uavelength) from the silicon-oxygen
planes forming the tetrahedral layers.

Filgure 22 is an electron population curve with the po-
sitions of the reflecting planes superimposed for the 10.1 X,
12.6 8. 15.6 3,‘and 19.2 £ basal spacings. Table 7 is the
calculated values of‘the'stfucture factor contribution for
the spacings 1listed above for the first, second, thi:d, fqurth,
fifth, and sixth order basal reflections. The structure fac-
tors are always applied as the square of the function, equa-'
tion 17; éo that any negative values calculated merely re-
present the contribution from the wave motion in the second
and third quadrants of a unit circle.

No quantitative values can be taken from tﬁe Table to
directly determine the actual intensity; However, it ean be

seen from Figure 22 and Table 7, that when the stfucturé fac-



Figure 22, Electron density curve of basic mica-like
structure with reflection planes superim-
posed.
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Table 7. Calculated values of the structure factor effeect on the g1ntensity of re-
' flections from the calcium montmorillonite-water system

001 002 003 00k 005 006
doo1

10.1 & 29,7 -11.9 3.1 0.1

12.6 b1 b =6.3 1.5 =12.9 =3.9 0.8
15.6 50,4 16.0 -11,2 -0.8 1_L+__1_ 3.0
19.2 57.8 21.9 4.6 10.3 1.0 12.3

*The underlined reflections indlcate those reflections actually observed on

~the diffractions traces,

GOt
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tor values were small (0-4)‘the intensity of the observed
‘peak was small or the reflectioﬁ was extinctf Ifr thé calcu~
lated valﬁe was four or greater, the diffraction peak was
observed and its intensity could be neasured by p;animetry,

Flgures 18 and 19 show that the reflections occurring
at 3 X are the mbst intense higher ordérﬁpeaks; this can be
attributed to the fact that at the 3 2 poéifion; the imagi-
nary reflection plane corresponds to a real plane of high e=-
lectrdn density and the overall effect 18 a reinforcement of
the intensity. '

No attempt was made for the construction of the-curve-.j
in Figure 21 to include diffraction effects of the cations
or water molecules between the platelets; which may account
for the spread in the data. Although it appears that the
latitude allowed is extremely large, Lipson and Cochran (48)
have pointed out that errors in the order of 204 are accept=~
able, The accuracy‘ot measurement wag not high; and in gen-
eral; adcuracy of not mueh better;than 5410% can be ¢1a1med
for individual struéture amplitudes. Secondly; the scétter-
ing factor curves are affected by electrons which participate
in bonds between the atéms; and these effects were 1gn§red in

construction of Figure 21,

Possible configuration of interlayer water
Hendricks and Jefferson (38) have suggested that because
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of the'dipolercharacter of the water as well as thellattice
characteristics of the clay mineral surface, water @olecules
are joined by hydrogen bonding into groups of_extended‘hexa-
gonal networks. _Bv assuming a 3.0 3 separation of oxygen,
such a Water network has a ahd b dimensions of the clay min-
erals, and every other water moleéule in the net has one hy-
drogen availlable for bonding to an oxygeﬁ of the clay mineral
surface. Successive hexagonal nets build up on one another
and are hydrogen bonded to one another. This hypotheslis leads
to a laminar;stacking of hexagonal water molecule network
with a vertical separation of 2.76 R for each layer. In this
configuration each water molecule in a monomoleculér layer
occupies an area of about 11.5 3?.

Macey (52) pointed out that there is a similarity be-
tween the basal.plane of ice and the oxygen layer of the basal -
plane of clay mineral. In the clay 1nter1ayer.oxygen éurface,
the oxygen atoms are 4,51 3'apart,'whereas the oxygens of the
basal plane of ice are 4,52 3 apart. Assuming an ice config-
uration, there are 2 2/3 molecules of water per unit cell,

. and each watgr molecule covers an area of about 17.5 32. Ma-
cey suggests that the lce strucfure develops on clay mineral
surfaces with the hexagonal molecular configuration of the
basal plane of ice and tends to build outward from the sur-
face; This configuration was supported by Forslind (30) using 
the Edelman-Favejee clay lattice structure. |
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Barshad (8) has postulatéd;various configurations for
the water.moleeules adsorbed. He suggests for a monomolecular
layer of water the maximum expansion would be 2.76.3 1f thg
centers of the oxygens of the water mo;ecules were veitically
above the centeré of oxygens in the basal plane of clay min-
eral latfice,-uhereas the separation wﬁuld be only 1;78 X;if '
the water mélecules form tetrahedra with the bases of the
linked silica fetrahed:a of the clay mineral lattice. Three
possible arrangeménts may occur dependent on the manner of
superposition of one monolayer of water on the othér. If
the water molecules form tetrahedra at the water-oxygen in-
terface and octahedra at the water-water interface, the ar-
rangement would give a separation of 1.78 A 4 2.09 & = 3.87
X. If the Wgter molecules form tetrahedia aﬁ the oxygen-
water interface but are verticélly above each other at the
water-water interface, this would give an octahedral arrangé-
" ment with a separation of 1.78 R4 2.76 8= u.58 8, If the
. water molecules are verticallg'above and belowlthé oxygens
of the clay surface and are also above each other at the
water-water 1nterface,'the.arrangement would give a thickness
of 2.76 § 4 2.76 & = 5.52 4. |

.Whén three'monpmplecuiar layers are present, three pos-
sible separations are 3.87 R 42.76 8 = 5.96 1; 4.54'3,¢
2.76 & = 7.30 R; and 5.52 2.4.2.76 % - 8.28 3, respectively.

Depending on the arrangement at the clay surface, the area
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covered per molecule may be about 11.5 3? or.7.7 2?.

The results of Demirel's studies (26) sﬁggest that water
is adsorbed in the interlayer regions in the form of 1ee11ke
structure. This agrees essentially with Maeey's hypothesis
that a stacking of the hexagonal rings occurs in the quartz-
1like structure of ices = The first and secohd_leyers form a
sepanetien'of_2.76.X‘each; the third and fouffh layers fill
in between the hexagonal networks forming tetrahedrons with
the molecules of the hetwork._ The complete unit cell of ice
is formed with the entrance of the fourth leyer; causing a
separation of 7.36 2. The rifth and sixth layers of water
enter between the unit cell of 1ce and the clay surfaces
causing total separation of 10.12 3 and 12,88 X, respectively.
The area occupled by a water molecule in this method is ap~-
proximately 17.5 X?. : '

Opposing this view, Mackenzie (53) qﬁestions the validity
of an 1ce~like structure. Nuclear magnetic reeonance studies
by Wu (81) on montmorillonite at low temperatures, do not
‘substantiate the theory of ice structure. He points out
that et temperatures below 0° C, the evidence indicates that
the water close to the clay has a structure but it is dif-
ferent from that of lce. Wu further points out that selective -
adsorption sites exist for the first few moiecules of adsorbed
water, but that the water molecules are not bound to fixed
positions but are under considerable thermal agitation. '
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Roderick (70) gives évidence of the formation of a lamif
nated arrangement of interlayer water rather than an lce-like
structure for a sodium montmorillonite with up to three layers
of watertl_Mering (59) performed water vapor adsorption stud-
les on calcium moptmorillonite at 30° C and deduced that in-
1tislly the first stage of hydration if the formation of
groups of six Hzo molecules around every cation. _He further
suggested that thé "hydrate? with two layers of water begins
to form immediately after the'hydration of the catlons with-
out passing through a dne layer state.

There are approximately 0;35 calclum cations per unit
cell; theréfore, a three unit cell system satisfied by one
cation is the basic model that will be utilized. From the
data avallable and usihg Figures 13 and 17, the possible up-
take and arrangement of the interlayer water ﬁolecules are
visualized as follows: The first layer of watef forms a
hexagonal network shared by two montmorlillonite platelets
causing a separation of 2;76 K. In Figure 15, this pbint can
be located at the position at which approximately two mole-
cules of water per unlt cell are adsorbed.

After the first two molecules‘per unit cell are adsorbed,
there is a small 1ncrease which may be attributed to the space
occupled by the calcium ion, and may be considered as the
state in which the first monolayer is completed and the start

of the hydration of the cation occurs. The observed spacling
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may be explained 1f the water molecules are shared by the
cation and are located in positions directly below‘ox&gens
of the mineral surface, wnile the cation 1s located in the
base of the'tetrahedron in the hexagonal framework of the
mineral surface. |

As the second layer of water enters and 5.5 molecules
of water per unit cell are adsorbed; two hexagonal networks
stacked in a laminar fashion would give the proper ahount of
water per unit cell and give a d spacing of 14.7 R. The
larger observed spacing 15.1 X, can be attributed to space
occuﬁied by the cation. A straight laminar sfacking includ-
ing the cation would have given a spacing of 15.6'3; it 1s
concluded that the 15;1 g spacing is an average value from
the,14;7 ﬁ and 15.6 2 peaks. This view is supported by the
line breadths, which are very broad in this region (Fﬁgure
13). |

The 15.6 X spacing relates to the entrance of additional
water, and on the basis of the subsequent structure, this
spacing, which also givés'a broad peak, may be the start of
an ice-like configﬁratién with the forﬁation of tetrahedrons
with the water molecules of the hexagonal network. The 15,6
R spacing is assoclated with the adsorption of 7.5 moleculeé»
of water per ﬁnit éell.

A four water-layer 1c¢-11ke configuration causing a

separation of 7.36 % can be obtained by the adsorption of
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twelve molecules of water per unit cell, énd'gives a d spac-
1ng'of 16.5 X. The observed combination of minimum line
breﬁdth and maximum intensity lend credence to the hypothesis
| of an ice-=like configuration contailning least disorder.‘.The
cation in this case fits loosely in holes, and does not dl-
rectly affect the spaciﬁs. o
Apparently a fifth molecular layer of watér enters be-
tween the configuration, giving a less ordered structure but
causing a minimum line breadth at 19;2_3. An observed dg-
crease in the intensity of the 001 reflections in the region
éf saturat;on mist be an 1ndication that the water molecules
and/or.catibns have soﬁe structure effect. As the relative
vapor pressure increased from p/po 0.42 tovp/p° 0.95, the
interlaminar water content increased, but there'uas no signi-
ficant change in intensity. After p/pd 0;95, 1ntensity de-
creased., In general; the effective'structure factor may be
expressed és’a combination of the contribution from the min-
eral structure plus the effect of the 1nterléyer catlons and
water molecules. At large sepamaﬁions; the ordering e?fect
of the mineral surface 1s reduced and there is a build;up of
electron populétion of water and the cations midway between
the two sheets. Therefore, the 001 reflection would be re=-
duced because the electron dengity}uould be exactly out of
phase, although of aAmuch»reduced amplitude; The decreased

intensity suggests that the cations may now be centrally lo-
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.cated, and prevention of further expansion,is.b& symmetrical
ion-dipole linkages between the layers. 4_

As pointed out, the ice-like configurgﬁion is completed
in a very limited range of relatlive vapor pressure near sate
uration. The configuraticn prdposed 1n-this study 1s not in -
basic contradiction with the ice-structure proposed by Macey
(52) and Demirel (26) nor with the Nuclear Magnetic Resonance
studies of Wu (81). At the present time there have been no
Nuclear Magnetic Resonance studles published concerning work
conducted at relative humidities at which the ice-like con-
figuration results. Perhaps future studies can be conducted
g0 as to bring more light upon the interlayer water theofies.

Other alternatives for the arrangement of water were also
considered. In the case of laminated stacking, a separation
of 2;76 X would be caused by the adsorption of each addition-
al molecular layer of water. Table 8 indicates that the ice
configuration explains the data in a bettef manner than does
the laminated stacking coﬁcept.

The hypothesis proposed Ey Barshad (8) for the config~
uration of the interlaminar water was also examined, and the
spéoings proposed by him are included in the Table. As can
be seen, these values can be utilized if one uses all three
of his alternatives simnitanequsly. However, the configurae-
tion would be changed for each increment of water layers that

entered., For example, alternative number 6ne could be used



Table 8, Comparison of observed first order basal spacings of calcium montmoril-

lonite with those calculated from montmorillonite platelet thickness (co)

and hypothetical mechanism of the ‘adsorption of water

Ice configuration

Laminated stacking

Barshad's alternatives

Number of Based on Based on Based on Based on  Alter-® Alter-2Alter-
moleoular pyro= dgot of Pyro=- doot of  native natlve native
layers of © phyllite  collapsed phyllite coglapsed #1 #2 #3
water thickness montmo- thickness montmo-
' ' rillonite rillonite
0 9.14 10.1 9.14 - 10.1 10.16  10.16 10.16
1 11,90 12.86 11,90 12.86 11.9% 12,92
2 14,66 15,62 14,66 15,62 14,03 14,70 15.68
3 14,66 15,62 17.42 18.38 16.12 - 17.64 18.44
L 16.50° 17,46 20.18 21,14
5 19.26 20,22 22,94 23.90
6 22,02 22.98 25,70 26.66

8Based on a minimum 4 spacing of 10,16 as proposed by Barshad (8).

bCOrresponds to a single unit cell of ice like structure between platelets.

Wit
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to explain the system with zero and one layer of water. Al=-

ternative number two could be used to explain the system wilth
zero, one, and two layers. Alternative number three could be
ﬁtilized to explain the system with two layers of water.only.
‘The arrangement proposed 1in the precediné discussion, 1l.e.,

a bulld-up of water in an 1ce-11ke.configuration; appears to

more aptly describe the observed spaclngs.
Sorption Data

Tﬁe data utilized to define the adsorption and desorp-
‘tion isotherms are presented in Tables 9, 10, 11, and 12,
The amount of water adsorbed, q, is expressed in mg per gm
of the calcium montmorillonite. The relative wvapor pressure,
p/po, is unitless and 1is exprgssed in decimals at 25° ¢, In=-
cluded in the Tables are the values of the function p/Po

a{1-p/po)
for evaluation of the EBEET pargmeters, the function 2{22 for
the evaluation of the Langmuir parameters, and the fugction

used to determine the free surface energy change.

#Po Figﬁres 23 and 24 are plots of the adéprption and desorp- -
tion isotherms for the first and second cycles respectively.
The deéorption branch for the first apd second branches did
not return to the initial value of q = 0. For the entire
range of the adéorption and desorption isotherms, the final

point showed differences of 0.3% and 0.25% in the first and
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Table 9. Adsorptlon isotherm data, first cycle

g by Eag-3 BB 3 o/
mn Bg  mm Hg ) qli-pspoi /Py q
0;645 23.756 0.001g 6.87, o.’277 3.6,  0.27,
0.23, 0.0097 15,45, 0.63%  1.59  0.628
0.23¢ 0.0105 15.54, -°f6499 1,55, 0.6434
0.35, 0.01%, 18.82, 0.803,  1.26; 0.791g .
0.384 0.016, 18f886 0.877,  1.159 0.862g
0.48, 0.0205 21.91, 0.95kg 1.'069 0.935¢
0.50 0.021, 22,07 0.986 1.0 0.96
0;67: 0.0283 25.97? 1.12 ° 0.925 142953

5 9 9 5 7
0.91, 0.0385 30.30, 1.32, 0.787, 1.27,
0.92, 0.038, 31.75 1.26 0.820, 1.214
1.12, 0.0472  35.47, 1.396 0.7516 1.330
1.49, 0.0629 39.50, 1.699 0.6281 1,592
1.504 0.063% 39.35, 1.720 '0,6207 1.611
1.51g 0.0639 39.47, 1.729 0.6178 1.618
2;007 0.0845 K5.41, 2,032 0.5374 1.861
2,055 0.0864 45,38, '2.98& 0.5252 1,904
2,075 - 0.0873 45.35, 2,109 0.5195 1.925
2.20, 70,0930 47.94, 2.139 0.5155 1,940
2.21, 0.0932 47.91, 2.1k, 0.5141 1,945
2.23, 0.0940 47.78 2,171 0.5084 1,967
2.45, 0.103; 50.47, 2.284g  0.4881, 2,049
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Table 9. (Co_ntinued_)

d Po p/p, _Q:IO-B /by a p/po
mn Hg  mm Hg g TE-p/5,7 /P, a4
2.52, 0.106, 50.34g  2.360,  0.4740  2.110
2,69, 0.113,  52.66,  2.428,  0.4643, 2.153
2.77, 0.117,  57.31g  2.3165  0.4890, 2.045
2.90, 0.122;  55.09,  2.526,  0.k508; 2.218
2.90, 0.1225 57.72, 2.k, 0.4719, 2.119
2.9 0,124,  57.65, 2,455,  0.46hgy 2.151
2.96, 0.12kg  55.035  2.586,  0.44165 2,26k
3.49, 0.147, 65,67,  2.630,  0.4458, 2.243
3.614 0.152; 66,06,  2.719,  0.4337; 2.305
3.6k, 0.153,  65.59, 2764,  0.4273, 2.340
3.72, 0.156, 67.87¢  2.737,  0.4331, 2.308
3.79 0.159g  68.06,  2.782,  0.4256, 2.349
3.914 0.164y 71.42,  2.765,  0.4331, 2.309
3.9, 0.165, 71.43,  2.784,  0.4306) 2.322
3499, 0.168;, 71.53;  2.822,  0.42575 2,349
k.05, 0.170, 71.56,  2.646,  0.4192, 2.386
k.19, | 0.176,  74.93, 2.858,  0.4248, 2.3k
b.b7g 0.189, 79.k9g  2.941,  0.4195, 2.38%4
bo sk 0.191,  79.k49g 2;9762 0.4155, 2,406
4.85¢ 0.20k,  84.06;  3.056;  0.4112, 2,431



118

Table 9. (Continued) |

P p;’ »/p Ei; 03 p/v, q p/Po
mm Hg mm He ° em aT=p/7,) /7, q
5.12, 012158 87.99,  3.127, 0.40777'2.452
5;'203 0.219, 91.62;  3.060,  0.4229; 2.365
5.214 0.219, 91.621 3.073, o.u1.703 2.39g
5f356 0.225,  93.90, 3.099, 0.4166, g.uoo,
.5'386 0.2267 94.183 3.113, o.u1545 2.407
5.70g o.2l+o3 97.869 3.232, 0.40725 2,455
5.733 0.2413 97'744 3f269u 0.40507 2.469_
5.82 0.245, 100.931 3.219, 0.41163 2.b29
5.92g 0.2495 101,43, 3..2771 0.4065, 2.460
6.09, 0.256), 101.68, 3.391, 0.39657 2ﬁ521
6.19, | 0.2607 :10#.618 | 3.370,,  0.4013, 2.492
6.22¢ 0.2623 104.#93 3.401, 0.3985, 2.509
6.239 0.262 10#.395 3f"14° | oi39720 2.518
6..541 o.«2753 107.617 3.530, 0.3909, 2.558
6.91n 0.291 111.450 35682o 0.3830, 2.611
7.36, 0.310, 117.365 3.8299 0.378u7 2,642
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Table 9. (Continued):

P P 2,
mn Hg m;p%%mqiamgp&‘v?
7.43, 0.3125 117.36, 3.8801 | 0.37505 2.666
7.70g 0.324; 120.33;  3.992;  0.3708, 2.697
791, 0.333; 126,11,  3.950,  0.3786, 2.6M
7.91¢ - 0.333; 125.925  3.968,  0.3779, 2.646
7.95 0.334g 123.08,  4.089,  0.3676, 2.720
7.97 0.335 126,05,  k.011,  0.37535 2.664
8.01, 0.337, 123.11,  4.162;  0.3647g 2.741
8.10, 0.341, 125,985  K.112;  0.3991, 2.505
8.37, 0.352¢ 128.675  K.232,  0.3649, 2.740
8.62, 0.3632 131.45,  4.339,  0.3619, 2.763
8.72, 0.367, 131.29y  h.h21,  0.3574, 2.797
9.10, 0.383, 13445,  K.6205  0.3508, 2.850
9.19, 0.387, 136.58,  h.624,  0.3528, 2.83k
9.20 0.3875 136.39,  4.642,  0.3520, 2.840
9.bky 0.397g 136.70,  4.829,  0.3436, 2.910
9.75, 04165 139.42,  5.128,  0.334k, 2.990
10.114 0.4259 141,45,  5.2448  0.33213 3.011
- 10.404 0.4381 144,20,  5.4070  0.32916 3.038
10. 50, 0.4h22 1Mh,51,  5.4859  0.32681 3.060
10.624 0.4474 1h6.0kg  5.5435  0.32643 3.063

11.110' , 0.4677 1#8.796 5.9047 0.31814 3,143
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o D

| a, 3 ‘p/pgfvy_ P;;e‘ ngo
e P Bxod e —

wn Hg  mm Hg 79 5.9195  0.31774 3.147

- 0.4683 148.7?6 6.0032  0.31525 3.172
11125 0.4716 148.67, .1016 0.31468 3.178
11+205 04792 150.79, f6.1333 0.31633 3.162 |
11,399 04846 153.295 s 6,1437 0.31601_3';64'
11.5, 0.k849 153.23, - 6. s 0.31228 3.202 |
~11,5}9 . 0.4993 155,91, -6.3359 0.31203 3.205
11.87, 0.5109 155.419' 6-72u3, 0.30670 3,261.
12,134 0.5151 157.98y 6.7 21 0.30393 3.291
12.234 0.5198 157.98, 6'8fu7 0.30188 3.312
12.284 0.5344 161.32, 7.t 6  0.30103 3.322
12.69 0.5359 161.32, 1 7.1528 0.29764" 3.360
12,734 0. 5418 '161f262 ?'3283 0.29988 3.334
12.87, 0. 5462 163-792 ‘ ?.z 58 0.29791 3.357
12.975 0. 5498 163.79, 7ﬂ 5 . '0;29490 3.391
.13,0604 o.560 166,35, ‘777:97 0.29417 3.399
13.40, | 0;5655 166.35,, ?f§6:5 0.28858 3.465
13.433 0.5953 171.79, 8.9 7 . 0.28509 3.508
G 0.5993 170.85, '8°75':7 0.28436 3.516
1h.23, 0.6149 174{853 9'12 . 0.28418 3.519
460 0.6153 174.85;  9.147
14,61



Table 9. (Continued)
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D. .8y - . . .. 5/p
mmpHg mm ;g p/p° %‘1 0= E&:i?pd)- p/:io 59' |
iu;égé | o6 179.03g  9.5555  0.28369 3.525 |
15.01, 0.6321 179.16,  9.5896 0.28344 3.529
15.35, 0.6463 181.72,  9.5220  0.28118 3.556
15.46g 0.6511 181.539 10.280 0.27882 3,587
15.79, 0.6648 182,27, 10.881  0.27418 3.647
15;8u0 0.6667 182.21, 10.978 0.27330 3.659
16,24y 0.6839 186.33, 11.611 0,2724§ 3.670
16.535 0.6960 189.396 .12'088 o.v27212 3-.;675
16.55, 0.6966 189.39, 12.123 0.27189 3.678
16.88¢ 0.7108 192,70, 12.75k 0.27111 3.689
16.90 0.7118 192.705 12.86 027073 3.69%
17.34, 0.730y 197.20, 13.71, 0.2701 370
17.34, 0.730, 197.17¢ 13.71, 0.2700, 3'.703 '
17.66, 0.7435 200.1k,  1h.b9, 0.26914 3.715
17,74, 0.7469 200.205  1h.74y  0.2680, 3.73,
18,14, | 0.763¢ 204.95, 15.76;,  0.2684, 3.724
18.26, 0.768, 204.67, 16.23g o.26§26_3;755
18.58, 0.782, 209.42,4 17.14g 0.2677,, 3.73¢
18.74, 0.788y 212,275  17.60, 0.2690g 3.71,
18.74¢ 0.789, 212,45, 17.614 0.2692y, 3.71,
19.05, 0.802;, 214.95; 18.8k), 0.26805 3.734
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Table 9, (Continued)
mr mas P SR i b M
19.45, 0.8184 219.296 20,60, 0.2678, 3.73,
19.49, 0.820, 219.17, 20.84, - 0.2671, 374y
19,504 0.821, 219.17, 20,9k, 0.2669, 3.74,
19.80g 0.833g 223.325  22.46, 0.2678), 3.73,
19.93, 1 0.839, 222,98, 23.40, 0.2657, 3.76,
20.32¢ 0.855, 229.26, 25.86,  0.2679, 3.73;
20,55 0.864g 232.85, 27.46 0.26924 3.71,
20.575 0.866, 232.98, 2‘7.763 . 0.2690, 3.7,
20,74, 0.873, 237.13,  29.0k 0.2715, 3.68,
20.75, 0.873g 237.07,  29.20, 0.2713; 3.68,
20,76, - 0.873g 237.01,  29.24,  0.2712) 3.68,
20.91,, 0.880, 237.07, 31.080 0.26925 3.715
20.94, 0.8815 237.04, 31.382 0.26891 3.719
20,97 | 0.8831 237.0k, 31.869  0.26842 3.726
21.10,, 0.8883 239,945  33.143 0.27012 3,702
21,11, 0.8889 240.26, 33.301 0.27029 3.700
21.13, 0.8895 240.h4g  33.478 0.27032 3.700
21,18, 0.8918 240.79,  34.229 0.27001 3.704
21.19, 0.8922 241.13,  34.323 0.27027 3,700
21,22, 0.8934 241.32,  34.729 0.27012 3,702
21.26, 0.8950 242,04,  35.216 0.27044 3,698
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P

.;q;

3 P/Po | 57: p;pﬂ
»/Po ol TR - 3.691
- 10.27092 3.

m'n,..ﬁs 0.9023 2l kb, ZZ::: 0.27279  3.666
o ey 2708
21.605 0.9104 245.569 2'277 0.27282 3.666
21.62¢ 09133 249.16, : ioio 0.26910 3.716
21.69, 0.9136 245.853 hz-?ZI 0.27302 3.663
21f703 0.9161 250‘66h 46‘790 0.27157 3.682
21.81, 09213 250.15 48.326 0.27192 3676
e1-%% 0.9239  23t.22 oy o.emss 3,66
21f95° 0.9283 253.382 5 '653 0.27249 3-679
227052 0.9316  253.85, 53j9§7 0.27559 3.628
22.13 0.9%28  257.06, 22‘959 0.27479 -3.639
22.15g 0.9403 258.38, 61.966 0.27446 3,643
22.33, 0.9412  258.31, 40098 0.27711  3.609
22.35, 0.9437 261.505 6 .836 0.27566 3.627
224y 0-9473  261.15) 68f1ou 0.27563 3.628
22.50, 0.9475  261.16, 6Ze637 0.28062 3.564
22,50, 0.9535  267.56, 7 ‘6’ 0.28944 3.154
22,65, 0.9696  280.6k, 11256; 0.28984 3.451
2303 0.9699" 281.11) 11 4 o.z3010 3y
23,04, 0.9709  281.65, 118. b 0.28610 3.495
23,06, 0.9711  277.83; 120.9
23.07,
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3.406

Table 9. (Continued)
-4 q »/p
mpﬂs mpgs p/p | '%‘10-? E&’f ggp.cl) o Q
23,174 0.9754 286.422 138.44 0.29365 ‘
23.219 - 0.9774 292.39, 147f91 °f2991§. 3f3uz
23;235_ 0.9781 292;335 15?.78 0.29888 3f346
23.26, 0.9792 29177,  161.35  0.29797 3.356
23.28, 0.9800 294,70 166527 0.30072 3.326
23.28, 0.9802 287.70; 172,07  0.29351 3.407
23.30, 0.9805 296,70,  169.47  0.30261 3.305
23.29, 0.9806  287.10, 176505 0.29279 3f#15
23.30,, 0.9810 291.772  176.96 0.29742 3.362
23.36g 0.9837 298.58,  202.12 0.39353 3.295
23.45, 0.9875  303.77, 260,07 0.30762 3.251
23. 54, 0.9910  308.95,  356.40 0.31176 3.207
23, 5k 0.9911  305.33,  364.71  0,30807 3.246
23. 56, 0.9921 306.269 410,04  0.30871 3.239
23.63 0.9949 309.08,  631.16 0.31067 3.219
23.68, 0.9969  318.17; 1010.7  0.31916 3.133
23.71, 0.9984 322,48, 1935f° 0.32300 3.096
23.72, 0.9985 311.73, 2135.3  0.31221 3.203
23.73 0.9989  316.5kg 2?68.8 0.31690 3f156
.23;783- 1,001 319.735  ___ 0.31942 3f131
23.78¢ 1.001  319.93, ____ 0.31961 3.129
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Table 9. (Continued)

P P —- Qs o/ q /D

mn Hg — mm ;s »/%, gxto™ ETTéigpo) 575, 3
23.85, 1,006  328. 38y . 0.32708 3.057
23.89, | 1.005  323.67, ___  0.32206 3.105
23.90, 1.008  322.39, _.___ . 0.31983 3.127 .
23.97, 1.009  336.51, ___  0.33351 2.998
23.99), 1.000  330.79, _  0.32752 3.053
24,18, 1.017  353.52, . 0.34762 2.877
24,26, 1.021  360.58, —_— 0.35317 2.831
24437, 1.026  353.80,  _ - 0.34484 2.900
_2#.436 , 1.028 357.93, ——— 0.34484 2,900

sécond desorption runs, respectively. These differences may
or may not be real, since readings of the calibrated dial on
the automatic recording device or marking ben position may
have introduced an'error. However; if this difference is real
it may be attributed to trace smounts of individual or clus=
‘tered wéter molecules that were trapped within the interlayer
positions 1f the pumping periqd were insufficlent in length

to remove the water from within the collapsed clay strucﬁure.

Hence, the values for the BET.function, the Langmuir func-
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Table 10, Desorption 1sothermﬂdata,' first cycle

’ Fo 174 8 ééi;o-s P/Po__ 9  p/pe
mm He  mm Hg gm a(I-p/P,) P77, q
23.74, 23.756 0.999% 319.864 —_ 0.32006 3.124
23.44g 0.9870 307.71,  246.73  0.31177 3.207
23,42, 0.9861 301.65,  235.18  0.30591 3.269
23.k2, 0.9858 302.02;  229.86  0.30628 3.264
23,06 0.9709 284,07,  117.k5  0.29259 3.418
22,46 0.9457 26814, 64,950  0.28354 3.527
21.727 0.91L46 256'428 41,764 0.28037 3.566
21.57,. 0.9080 253.925 38.867  0.27966 3.575
21.45, 10.9032 252,36,  36.972  0.2791 3.579
20.84, 0.8773 240.88, 29.682  0.27458 3.642
19.66, 0.8276 232.91, 20,610  0.28144 3,554
19.65¢ 0.8275 232.605 20.623  0.28109 3.557
19.12, 0.8051 227.8k, 18.130  0.28300 3.534
18.627 0.7839 223.46, 16.233 0.28507 3.508
18.19, 0.7657 220.10g 14.847  0.28746 3.478
17.624 0.7420 216,35 13.292  0.29159 3.429
17.59, 0.7407 216.35, 13.203  0.29210 3.423
17.11g 0.7205 212.45, 12,134  0.29487 3.391
16.62, '0;6996 209.32, 11,126 0.29921 3.342
16‘188_ 0.6814 206.67,, 10.348  0.30331 3.297
15.53 0.6537 203.42,  9.279% 0.31119 3.213
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? o »/7, ﬁii;o‘3 -Tgfgg-y _ 4. PR
mm Hg  mm Hg gu—"  all-p/Po) PP q
14,864 0.6259 199.33,  8.3935  0.31847 3.140
14;459 0.6086 196;39u 7.9174 0.32270 3.099
13.83, 0.5823 193.02, 7.2223  0.33148 3.017
13.57, 0.5716 191.6k,  6.9622  0.33528 2.983
13{107 0.5517 188.115 .6.5420 0.34097 2,933 .
12,59, 0.5300 183.74y  6.,1372  0.34668 2.885
12.55, 0.5294 183.99,  6.1141  0.34755 2.877
12.20, 0.5137 180.99,  5.8364  0.35233 2.838
11.724 0.4937 178.55,  5.4611  0.36167 2.765
11.04, . 0.4649 174052, H.9781  0.37540 2.664
10.62, 0.h473 171.27, -h.7252 . 0.38291 2.612
10.31, 0.4340 168.43,  k.5525 10.38809 2.577

9.81, 0.413, 164.99,  4.264,  0.3995; 2.503

9.66¢ 0.407, 163.09,  4.208,  0.4007, 2.496

9.32, 0.392, 159.90;  4.0385  0.4075, 2.5k

8.82 0.3715 155.87,  3.792 0.4195, 2.383

8.395 °'353u 150470, 3.6267 0.427 3 2,345

8.06, 0.339¢ 146.78,  3.503,  0.4322, 2,314

8;063 0.339;, 146.78, 3.500, 0.43247 2,312

74695 0.323g 141.42,  3.386,  0.4367¢ 2.290

243y 0.3129 136,705  3.331,  0.4369, 2.289
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Table 10. (Continued)

P ) qs | .
mis mzg T o ?ﬂ{{ggpb) 575 p;p.g
7430, 10,307, 133.765  3.3214 o§43#83 2.299
6.995 0.29%, 127.58,  3.273,  0.4330, 2.309
6.75g 0.28&5 123,02, 3,232,  0.432%) 2.313
6.71, 0.282, 122.645 3210, 0.4341, 2,303
6.46, 10.272) 115,02,  3.249  0.4227, 2.366
6.45g 0.271g 115,08, 3;2433 0.423k4, 2,362
6.27, 0.26k, 110.7k,  3.2t9,  0.42135 2.373
5.85, 0,246, 100.15g 3.2627 0.4066, 2.459
5.664 0.238,  98.59, 3’.1783 0.41324 2.420
5.504 0.231g  95.595  3.1525  0.4127, 2.423
5.32¢4 0.224, 91.97, 3.1422 0;41022 2,438
k.80, $0.2025  83.78,  3.0265 0.4k, 2,414
4.65, 0.196, 83.065  2.934,  0.4238, 2.359
k.39, 0.18kg 78,564 2.885,  0.h251, 2.352
3.90,, 0.164, 71.91),  2.733g  0.4377, 2.285
3.420 o.mo 6’4.416‘ : 2.6115 0.44733 2.235
3.3100 0.1406 62.104 2.6343 o.uu171 2,264
0.0000 0.0000  3.01, -
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Téble 11. Adsorption isotherm data; second cycle

P P B TR ’ |
mie mm T Sx00 o r{p7po 7w 22
0. 038 23. 756 0. 001 5#67§ 0{?3i A3‘55 p;gsé
0. 049 - o ooz1 ,5,677 0.37, 2.7, 0.37,
-°f13a | 910053 131903 0.43, 2. 31 0.43,
0.1k 0,006, 13.bo, - 0.5, 219, 0.5,
99‘155 _ 9'50979 13'.40.3 095.94 1?.6,96 0'589
0,64, 0.037; 28695  0.971 1.05) 0.9k,
0.66,, 6.028,  28.62, 1.010 1,018, 0,981
1+29 0.054;  K0.11,  1.h31 o.7401 1,351
1.29, 0.054, 40,21 1.431  0.7391 1,353
1._'?91 o.o754 47.'856 1.704  0.6347 1..:,;.76
?.'45”9 0.1035  55.44, 2.0824 0.5356, 1.867
3,-11.3 0.1310  62.09, 2.'4267 o.'l_p;z{r"o? 2.109
382, 0.1610  69.83, 2.7479 0.4337, 2.305
b.53 0.1909  79.64,  2.961, 0.4171; 2,397
5.1k 0.2166 89.89, 3.076, 0.4150, 2,409
6,03, 0.2538 101.28, 3.357¢ 0.3990g 2,506
6.87 0.2896 110.52,  3.688, o"aeis,", 2,620
6,91, 0.2910 110.70,  3.707, o, .3809, 2,624
79662 0.3225 ;17'5“6 4;9498- o 36"“"6 2.743
8.62 0.3632 12442, k583 0.3425, 2.919
9.49g 0.3998 131.38, 5.’0699 0.3286, 3.043
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P B

p/p
mm Hg °

Q p/p
o qg.,

0.4385

13,14, 0. 5531
0. 594k
0.6277

. 0,66K9

0,7766
0.8043
0.8361
0.8641
0.8872
09123
0.9295
0.9297
0.9299
0.9566
1.0000

0.4779
0,514
. 157+25g

163.29,

. 0,7018
0,743k

138.42

150,38,

'16845%5
175.14,
182,63
181.71,

195.89,

204,43,

211;775
219,41,
227.30,
237:45,
249,964

251.30,

.?6?‘255
324.66,

e
1#@951éf

7.

56416
6,330
7.0353
7.8701

~8§13§2

10,003
11,328
12,883

15.270

17.745

20,203
24,087

28.977

34,602
43,799

52,727
51.275

52,805

82,468

0.31567 3.167
0,30238 3.307
0,29253 3,418
0.28432 3.517
0.27473 3,640

© 0.26851 3.724
0.26341 3.769
 0.26024 3,843

0.25520 3,918
0.2522% 3,96k
0,25293 3.953
0.25329 3,948
025392 3,928
0.25620 3.903
0,26028. 3,843

© 0.26893 3.718

0.27732 3.606
0.27025 3,700
0.27938 3,579

0.32446 3.080
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Table 12. Desorption isotherm data; second cycle

p
mm Hg

W s
p/p, (gm)x10
£n

23.75¢ 23.756 1.000

23,34,

23,29,
23.26g
23.074
23,05
23,0k,

23,01

22,914
22,83,

22,53,

22,02,
2160,
20,705
19.85,
18.75,
'17!745
16,99
16,03,
14,82,

13.71,

- 0.9825

0.9804
0.9795
0,9712
0,9705

10,9702

0.9690
0.9648
0.9613

0.9486
0.9269 .

0.9095
0.8717
0.8357
0.7896
0.7470

0.7152

0.6748

©0.6239

0.577%

324.66,
323.61,

.323;611

318.27,,
313. 564
323.314
311;767
293.56¢
320.67,
286,22,
274.52¢
261.18,
247.27,
234.88,
223.46,,
212.96,
204.99,
200.70,
194.047
187.75,
181;003

173.48
154,57

150.12

107.54

101,76
104,44

106.48
85.477

- 86.786

67.243
48. 548
40, 6l4

28,925
22,760
17.622

14,406
12,511
10.693

/D, a  p/p
q(I-p$p°7 47

0.32466 3.080
0.32938 3,036

0.3249% 3,077

0.32286 3,097
04333?4 3.002
0.32134 3,112
0.30296 3,301

0.33237 3.009

0.29774 3,359
0.28940 3.455
0.28178 3,549
0.27187 3.678
0.26946 3,711

0.26739 3,740

0.26972 3.708
0.274k2 3,64
0.28063 3,563
0.28756 3.478

8.8362 0.30093 3.323
7.5468 0.31348 3.190
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(Continued) - -

. ﬁmfné v/p, (%%Xx10‘3 - Pfgopo A e
12,69, 0.5342  175.75,  6.5261  0.32901 3.039
11,36, 04784  168.59, 5.0k 035240 2,638
10,69, - 0.b502  16k.09,  4.9899  0.36kh9 2.744

9453, 0.401, 156,74, - h.274,  0.3906g 2,560
8.53g 0.359, 149.215  3.759,  0.h1514 2.409
7.879 0.331, 1M.75;  3.501,  0.k273, 2.3k0
69522 0.287, 130.08,  3.095,  0.4531, 2,207
6.67¢ 0.281, 1294245 3.023, 0,45995 2,174
6,;92 0.2506 | 11?,235 2.9555 09&5754 2,186
5.68¢ 0.239, 10k.87,  2.995,  0.4387, 2,279
559 0.235¢ 107.27,  2.873;  0.4553; 2,196
554, 0233, 103.37,  2.948, 0.hh25, 2,260
ERCY 0.227 105.83,  2.789),  0.4643, 2.153
5+23; 0.220, .98.99,  2.852,  0.h495, 2,224
5:18, - 0.218, 101.09,  2.7605  0.4633, 2,158
5.18, 0.218, 101.87,  2.737,  0.4670, 2,141
4,86 0.204, 92,09,  2.792,  0.k501, 2,222
he22), 0.177g  80.61),  2.681;  0.4534; 2,206
3239 0.138,  69.00,  2.337,  0.4967, 2,013
2.6k 0.1115  58.925  2.1246  0.5294, 1.889
2.05, 0.0863  49.39, . 1,912 0.5723 1,747



Table 12, (Contimued)

P P, i 3 . o |
o o/ (gm)xt0”3 _.p/pg a  p/po
mm Hg  mm Bg ° gn a{l-p/p,) p/p, Qa
1.70;  0.0706 4345, 1775 0,6069 1,648
1.10, © 0,066 28,15,  1.736  0.60k1 1.655
0.00, 0.000  2.59,  0.000 0.000

tlon, and the frée energy change for the second cycle were
computed from the isotherm beginning at q = 0 and using the
end poiﬁt of the first desorption cycle as the new reference
point. |

The isotherms show equilibrium molsture contents for
the clay as the relative water vapor pressure increases or
decreaées. In the low relative preséure region; the isotherm
is cdncave to the pressure axls whereas in the high relative
pressure region 1€ is convex to the pressure axis, Invan
intermediate pressure range the isotherm exhliblts a somewhat
linear portion, the 1ength‘and élope of which Brunauer (16)
states is dependent on the adsorbent, the adsorbate; and the
temperature selected for the 1nvestigation. Orchiston (64,
65) points out that the multimolecular adsorption theory is
based on an adsorption on localized sites rather than on the



Figure 23. Sorption lsotherms of calcium montmorillonite,
first cycle
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Flgure 24, Sorption isotherms of calcium montmorillonite,
second cycle
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formation of a moblle adsorbed layer; Using the Orchiston
(65) approach, the concave éeqtion of the section of the
isotherm explains the combletion‘of the first layer on these
sites which may grow vertically and horizontally. The con-
vex section of the isotherm shows a running together of the
clusters of water molecules around the active sitgs.

| It can be seen that there is a dtift on successive cycles
with the same adsorbent, and the. isotherms do not coincide.
The shift in the curve is probably due to a rearrangement of
the surface areas as well és the changes due to pore size and
shape during the first adsorption cycle. In the relative
pressure range from p/p° = 0.85 to saturation, the effects
due to capillary condensatlion ére pronounced; |

A large portion of the sorption chamber; namely the

large vacuum bottle contalning the electrobalance, was ex-
posed to reom teﬁperature (Figures 4 and-5),'and fluctuations
in room temperature would affect the pressuré in the sorption
chamber., ﬁhen the Kelvin equation 1s empleyed to détermine
the capillary condensation, 1t can be seen that liﬁtle change
in pressure at high relative pressures due te slight room
' temperature flﬁctuationg can have a pronounced effect on ad-
sorption. The effect of slight'room temperature variations
at low and intermediate relative vapor pressures (p/p, =0
to p/p, = 0.85), however, have 1ittle effect on the stability
of the system at equilibrium since capillary effects and the
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differences in pressure due to room temperature fluctuations
are minimal. The instability of the system at high relative
pressure range probably results in a rearrangement of the
pores of the adsorbate, causing drifts in successive sorp-
tion cycles. .After é relative pressure of 0.90 the effect
of ioom temperature variat;onslon the stability aré esbecially
pronounced and manifested as an osciliating or "hunting® of
the recorder pen., This oscillgtion was assoclated with a
change of relative preésure of 0;01»and a change of q equal
to 5.0 mg/gm of clay. | |

Between relative pressure'of 0.97 and 0.99 the "hunting"
was due to the condepsgtlon of the wafer around the hangdown
tube in the'thermostat. To eliminate this effect, the water
level was ralsed in the thermostat so that the water level ex-
tended up onto the heavy glass protrusion of the electrobalance,
énd a thin film of o0ll was placed on the surface.to reduce
| ~condensation. At saturation although‘the bath temperﬁture was
maintaiqed at 25.00? 0.01° C and the'samﬁle was suspended ap-
proximately 20 centimeters below the surfaée of the bath, e-
quilibrium was difficult to maintain. The sample weighf oscll-
lated very slightly due to random condengation and evaporation
due to room temperature fluctuations of 172° C causing a pres=-
sure diffeience in the vacuum flask of thé electrobalance,
Regardless of the variations during adsorption at.the high

relative pressure range, when equilibrium was estéblished, a
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smooth curve was obtalned.

Several interesting facets conceriiing the rate of adsorp-
tion were obseried during the investigation. The spontaneity
and instantaneousness of adsorpfion was indigated by the auto=-
matic recording device attached to the electrobalance., As
soon as a small increment of water vapor ehtered the system,
the response of the.pen was immediate. At.low relative pres-
sures, the élope of the line described by the marking pen was
very steep and the slope decregsed as the relatife vapor |
pressure approached saturation. During désorption studies,
thlis trend was reversed at high relative vapor pressures. If
it is assumed that only a small fraction of the 1mp1hg1ng
water vapor'moiecules are reflected back elastically by the
solid, the rate of adsorption on a free surface would be quite
rapid. If, however, the adsorbent contains long, very narrow
pores and the vapor must diffuse into them, the adsorption
would take a longer time to reach equilibrium, If the in-
coming water molecules must displace either previously ad-
sorbed molecuigs alread&_there, the rate of adsorption may
become very slow. In these studies, equilibrium was reached
fouf hours after introduction of vapor and eight hoﬁrs afte:
removal of vapor for adsorptlion and desorption respectivgly;
At low pressure, approximately 90% of adsorption took place
within the first 24 minutes after the stopcock controlling

the water reservoir was closed.
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A similar trend was observed with the X-ray diffraction
studies. After 1nfroduc1ng a small amount of water wvapor,
the goniometer was set in motion, starting at a 29 angle
two to.four degrees lower than the apparent basal spacing
for the previous transfer. The sh1f£ to the new vapor trans-
fer peak position was observed within two minutes after stop=-
~ cock S-1 was closed (Figure 9). At gll relative vapor pres-
sures up to p/p° = 0.98, the new peak position determined
within 30 minutes after closing the stopcock did not change.
in position or intemsity during the next 24 hours. This'wbuld
indicate that the basal spacing and intensity bath change
rapldly with the introduction of wvapor. rhe shift in basal
spacing was dependent- on the amoﬁnt of water adsorbed.

During adsorptiqn in the X-ray chamber from p/po = 0,98
to saturation, stopcock S=1 was left open and sufficlent time
alloted to assure saturation, and X-ray diffraction traces
were run intermittantly for a period of 342 hours. The
driving force was very small and adsorption proceeded very
slowly. No appreciable change in basal spacing, intensity,
or line breadth was obser#ed until 80 hours after introduction
of the vapor. After 80 hours there was an increase in line
breadth preceding a change in basal spacing. The shift in
dggt continued very slowly during the mext 120 hours and was
acpompanied by a line breadth and intensity variation as shown

in Figures 13 and 14. During desorption, a cooling bath was
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provided to coﬁdense the water adsorbed on the c¢lay back into
the water reservolr. The bafh temperature reached an equili-
brium condition within one hour after start of the transfer.
Although variation of line breadth; 1ntehsity, and basal
spacing were observed-during the first 16 hours, equilibrium
conditions were determined after a minimum of 24 hours. At -
relative pressures between p/p° = 0.65 and'0.60, there was a
sharp basal spacing change from 19 % to 16 X. This shift
wasg accompanied by a line breadth increase and then decrease
as indiceted in dashed line on Figure 13, For the final ex~
ransion or initlial collapse of highly hydrated calcium mont-
morillonite there is elther a forée-or strain to be ovércome
and/or the pores must be sufficiéntly filled or evacuated. |

Barrer and MacLeod (7) studied the sorption of non-polar
.and.polar gases and vapors on montmorillonite. They reported
| that in theory van der Waals adsorption should take place in-
stantaneously, but that conducting of heat away from the sam-
ple causes a slight time lag. Additional_slowing down is due
to diffusion of vapors between particles of adsorbenﬁ, and
redistribution of sorbed vapors by evaporation and condensa-
tion which proceeds until a uniform distribution of adsorbed
material throughout the sample is achieved.

Brunauer (16), Foster (32), and McBain (54) have shown
that hysteresis can be expected with porous adsorbents. As

can be seen, the adsorption and desorption isotherms fall on
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different curves forming a hystereslis loop which closes in
the range of p/p, = 0 to p/p, = 0.25. The hysteresis loop
indicates more adsorbate durlng desorption than adsorption
at a glven pressure. PFPhyslcal adéorption on the surface of
the adsorbent 1s usuallj completely reversible; whereas the
hysteresis shown'by the déSorption branch may or may not be
reversible. If on repeating th;'experiment the desorption

. isotherm is completely reproduced,'the desorption hysteresis
can be considered as reversible; or it is irreversible if the
second iInvestigation glves a differenf cufve( We may hote'
that the hysteresis begins in the region of multimolecular
adsorption.

The first explanation for hysteresls was advanced by
Zsigmondy in terms of caplllary condensation (16, p. 394).
He assumed that during adsorption the vapor does not wet the
walls of the capillarieé in which-adsorption takes place.,

As the adsorption reaches saturatiqn; the lmpurities are dis-
placed and'at saturation complete wetting takes place.

The hystereslis due to tiapped gases or adsorbed water
molecules should be eliminated or reduced by effective eva~
cuation of the systém prior to investigation. However, pore
size and distribution probably remain as the chief ceuses of
hysteresis, as explained in following paragraphs.

McBain (54) proposed what is called the "ink bottle"

theory of hystereslis. He polnted out that as p/p° increases,
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the condensed adsorbate.will occupy the narrowest cross-section
and will extend to wider cross-sections only as p/po ;n-
creases. When the vapor is sufficlently close to'éaturation,
the pores will be-completely filled. On desofpt;on, ﬁo evap-
ocration will occur from flilgd pores until the relative vapor
pressure has fallen to a value sufficlent to cause evapora-
tion from the largest orifice or passage leading to the larger
enclosed cavity; In this theory, the true equilibrium corre-
sponds to the adsorption poiﬁts since the important part of
the 1liquid, that contalned in the body of the pore, is in e~
quilibrium with the vapor only on the adsorption side but not
on the desorption side, |

| Foster (32) suggested that'hysterésis can be explalined

by the-"oben pore" theory, and showed that a meniscus should
be formed in order that condensation may occur in a capillary.
However; this condensation can not take place until there 1is
sufficlent liquid present to block the pore at its narrowest
point. Initally, the surfaces of capillaries are covered by
a strongly adsorbed layer so that‘the forces tending to form
an additional 1ayef afe much smaller than'those attracting

the molecules. As the layer formation proceeds, the capil-.
laries become smaller 86 that a point 1s feached where the co-~
hesive forces would be able fo produce a greater lowering of
eqﬁilibrium vapor pressure than the adsorption forces. In

the pores that are already blocked at their narrowest point
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and in which the mgniscus is formed condensation can proceed
without delay. During desorption, the adsorbed liquid is

bounded bj the menliscl and the pressure cdrresponding to the
point at which the Kelvin equation is satisfled is that ob-
served during adsorption for a iesser amount of water adsorﬁed
producing a hysteresis; _

Barrer and MacLeod (7) have explained hysteresis by
stating that the desorption branch 1s the delay of the devel=-
opment of an adsorbate-poor phase in the inte:layer reglons
caused by strailn and interfaclal free energy until the pres-‘
sure of the system has fallen below that for true equili- |
brium, whereas, for adsorptipn, the development of an adsorb-
ate-rich phase 1n the interlayer regilons is delayed due to
strain and interfaclal tensioﬁs and the preésure exceeds the
value for true equilibriuh between the vapor‘and separated
montmorillonite layers with or without interlayer adsorbate.

Hifsf (40) has shown that the forces tending to hold
platelets toéether also pfevents penetration of the adsorbate,
Interlayer adsorbate can only enter after a sufficient pres-
sure is reached which would ovércdme the attracfive forces
"and allow penetration. As the solid swells on adsoiption,
the free energy lowering of the solid may not be equated to
the free.surface energy since some energj will be used as
work of expansion. As the interlayer attractlion is reduced

by the expansion, less energyAis necessary to expand the unit
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for additional penetration of vapor. He further poin;s out
that when capillary condensation océurs, pores tend to shrink.
As a result, on desorption when_the vapor pressure 1s lowered
slightly, liquid will remain in the tube. When the platelets
are fully expanded, thg forces of attraction are weakened and
the forces tending to keep them apart are high. Collapse of
the structure will proceed only after the amount of interlayer
adsorbate and swelling pressures are reduced. Brunauer (16)
points out that even though adsorbents are usually regarded
as rigid bodies, the adsorption process causes a change in
'pofe volume, shape, and a rearrangement of the surface of the
sample, |

The plots in Figures 23 and 24 tend t6 produce a com=-
pletely reproducible 1sotherm up to p/po 0.20, after which
a well defined hysteresis is observed. This 18 consistent
with the studies conducted by Bering et al. (10) on bentonite
using hydrocarbdns as well as water vapor{ ,Demirel'(26) and
Roderick (70) observed that the adsorption b:anch of the
homoionic bentonites 1nvestigated gave better reproducibility,
and they chose the adsorption branch as the true equilibrium
curve, Mooney et al. (60) observed that during their water
vapor montmoriiionite studies, the adsorption isotherm was not
reproducible, and they apparently used thg initial water con-
tent at which the adsorption was begun. The desorption iso-

therm héd a hysteresis which was reproducible, and because of
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the irreversibility of hysteresis and the close reproducibll-
ity of the desorption curves, they chose the desorption curves

as the true equilibrium curves.

Adsorption models
According to Martin (57), the adsorption of water vapor

on montmorillonite is a very'complex process and it is very
difficulﬁ to properly ascribe the phenomena to one single
model of adsorption such as the Langmuir model or the multi-
molecular adsorption model for the entire range. It éan be
seen that the repeated cycles do not give a straight line for
the Langmuir model, indicating that equation 1 is not obeyed.
The isotherm was therefore subdivided into a number of
stralght line-porﬁions to determine 1f 1n the reglon between
p/p° equal to 0.0 to 0.28 any substantial 1nformétion could
be obtained concerning unimolecular adsoiption. Brunauer (16)
has pointed out that a simiiar technique was applied to the
adsorﬁfion of chlorine by sillca gel, and attributed stralght
line relationships for the varlous sections to adsorption on
fractions of the surface that had roughly the éame heat of
adsorption. - The sample under investligation had a crystalline
surface, and one should expect several surface types corre=-
sponding to the different developed crystal faces,

The subdivision of straight llines glves rise to a discon-
~tinuous distribution of heat of adsorptipn values. Various
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experimental straight lines uere evaiuated'considering that
the X-ray studies indicate one complete etpsnsion in the re-
gion of p/p, from 0.09 to O. 22, | }

' . Van Olphen (79) conducted ¥ater vapor experiments on

a sodium vermiculite to sive olues for the interpretation or
the intercrystalline swelling of montmorillonite. He deter-
mined that the second monouolecular layer of water entered
only after the first layer was completed, and his 1sotherns
showed a deriuite stepwise trend. th Olphen's Langmiir
plot gave linear relations, and “one layer" and “two lsyer'
Langmuir plots were defined from the data. Houever, plots
for the present investigation, Figures 25 and 26, indicate
that for Hyomins calcium bentonite, the Lansmuir treatment
does not give reasonable results. _

The EET multimolecular adsorption model giies a reason-
ably straight Iine in the reglon of:p/b°4frou 0.11 to'0;27:
The region uormally expectedvror the multimolecular adsorp-
tion model to be obeyed is between P/b = 0.05 to p/p, =
0. 35. Bbderiok (70 studying sodium bentonite, used the HET
function. -?-é}ﬁ-y to determlne the multimolecular adsorp-
tion on extornzlpsurfaces in the ranges of relative pressures
normally ezpected.,

Hendricks ;t ;1. (39) conducted isotherm and X-ray dife

fraction studies on-vamﬁous treated montmorillonites; their

BET parameters are tabulated in-Table 13.



Figure 25. Langmuir plot for the adsorption of water vapor
: on calcium montmorillonite, first cycle
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Figure 26. Langmuir plot for the adsorption of water vapor
on calcium montmorillonite, second cycle
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Table 13. The BET parameters qp and C calculated from data
for various montmorillonites reported in litera-

ture®

;- Mineral . an ¢
Cesium Mississippi montmorillonite : 0.052 19
Potassium Mississippl montmorillonite 0.059 - 7
Sodium Mississlppl montmorillonite 0.070 8
Lithium Mississippi montmorillonite 0.101 26
Hydrogen Mississippl montmorillonite . 0.129 10
Magnesium Mississippi montmorillonite 0.138 29
Calcium Mississippl mohtmorillonite 0.130 23
Strontium Mississippl montmorillonite 0.133 11
Barium Mississippil montmorilloni#e 0.090 22
Sodium Wyoming montmorillonité 0.023 13
Calcium Wyoming montmorillonite 0.125 6
Sodium California montmorillonite 0.091 8
Calcium California mdntmorilionite 0.133 15

8Data obtained from Demirel (26, Figures 23, 24 and 25).

Demirel (26) has shown that the BET method may be utilized
in the relative pressure range from 0.1 to 0.3 for calcium
montmorillonite. The values of the parameters he obtained

were qp = 0.130? 0.005 gm and C = 6.682 0.77. He points out
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that by using the data obtalned by the BET method, the cross
sectional area for a water molecule adsorbed on the clay min-
eral can vary between.16.3 R and 17.9 . These cross section-
al areas were comparable with the geometric arfangement of
water molecules in an 1ice-like structure, ‘

As previously mentioned, the BET plots in Figures 27 and
28 give reasonably good strailght lines within the range of
applications from 0.11 to 0.27 relative pressures. The para#
meters qum and C were calculated by a least square treatment
of all the experimental data for both cycles. In order to
estimate the accuracy of the values 1n.the equation, the
method proposed by Topping (76, p. 105) was used. The edua-
tion of the line obtalned is:

"y = (6.523%0.0625)x + (1.682%0.0120)

When the slbpe of thelline and the intercept are known, equa-
tion 3 enables one to determine qp and C. The values of these
parameters are 0.1219 gm and 4.878 respectively. The errors
in q and C were calculéted from the principle of superposi-

tion of errors with the relationship (76, p. 20):

2 _ 29 2, [2e ?
(SQ = l:ax X 31] + ]:By X eo
Where SQ is the square root of the sum of the squares of the
‘greatest errors due to an error in each variable separateiy,

and eq andAez are the errors in the slope and the intercept

respectively. The values of qp and C corrected for the errors



Figure 27. EET plots for the adsorption of water vapor on
calclum montmorillonite, first cycle
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Figure 28. EET plots for the adsorption of water vapor ori '
* - ealcium mornitmorillonite, second cycle
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noted above are 0.1219 f 0.0009 gm end 4,878 £ 0.042, respec-
tively. The data show very little error from a sfraight line -
determined by the least squares method foi the BET data; de-
partures from the straight line after p/po'of 0;27 are proba-
bly somewhat complicated by capillary condensation, although
of a minimal nature at this low range of p/§°.

The X-ray data indicate that initial separation of the
plateleté starts almost immediately as the relative pressure
increases from zero; However, from p/p° of 0.00 to 0,02
there is very little lncrease in éﬁacing, indicating perhaps
initial adsoiption on the external surfaces. After 0.02,
the spacing starts to increase rapidiy with an increase in
pressure, indicating that the preponderancé of water adsorbed
is interlayer water.

Of interest 1s the comparison of the a, vaiues of the
stralght lines between 0.00 and 0.08 relative vapor:pressure
’given by the slopes plotted according to both the EET and
Langmuir methods. These are tabulated in Table 14, Both of
the methods agree reasonably well for adsorption of the first
-monomolecular layer. However, after a p/p° of 0,08, the val=-
ues of the pérameters vary considerably, supporting a multi-
molecular adsorption.'

The problem of external area coverage as applied to the
montmorillonite s&stem,might better be termed the areas ac-

cessible to»polar and non-pdlar gases and vapors. As pointed
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Table 14. The gy values for calcium montmorillonite, deter-
mined by Lengmuir and EET methods

. Langmuir EET

p/po range 1st cycle 2nd cycle 1st cycle 2nd cycle
0.00 - 0,02 0.0259 0.0281 0.0294 0.0344
0.02 - 0,08 0.066 0.058 0.0526 0.0629
0.05 - 0,182 | 0.0232 0.0272

@Roderick (70) for sodium montmorillonite

out previously, nitrogen is adsorbed4on1y on external surfaces,
If a single non-swelling platelet is considered, then the area
avallable to nitfogen and water vapor would be the same as
indicated in Figure 29a. On the other hand, if the systenm is
cbngtituted of a porous swelling powder, as is the system
under investigation; then the area available to water might

be considerably greater than that available to nitrogén, as

in Figure 29b. The smaller water molecules perhaps can either
be accémodated in narrower intercrystalline channels or can
penetrate into tapered channels that are unaccessible to hi-
trogen molecules. By using the Kelvin equation, one can see
that as the relative pressure increases, the capillary radius
available to a moiecule for capi;lary condensation increases,
Therefore, the following situation ma& occur with respect to

montmorillonite powders.



Interlayer water ‘Né cannot penetrate

_ L interlayer
//( —_— Ng cannot
N A e
K757 Water in small external B - 7]; penetrate
)+ A =2 2 21 small exter-
1214 ] pores 1751 |22 2t nal pores _
i e ST e a2 1227F NDRZab
I REPESN TT =1 A X142t N
A PSS 127 28 ezl |25 3K A
i ._y. .iJrj[; L-‘Ej,: j/- //;ﬁ
T s 7 2 sa st ¢ 4 H CETIMED = 1L - l". '.')r.(.
I IR S ‘/] i . Rt X | iy s : //(
\ ARSI PPOSenin Nl ' Souuasmremn Pa Sl ; Yovrrvr st At vty At fh oy php] 5jr
:rr%rvlr;,‘r r'” ,'- :'. WS e e PR / : 1-,_. - 17.7/.///,/_/. N 77|
b ol bl e S - s - L : '__1,_,_4_ PP - Ak d-, ‘1‘,4_4.4.1 N
—-r-,(_/,‘*_ﬂ/-—/-/\q‘-/-? '.b . ",_.;,;_’,a_.:.&.)g-,-/_._ L G edesed ‘;.:-_J;.,,-,.f-l...&.l—*—
T T A e R e hep o] == - PR s
Ly - — . = remeIn SIS I RIDN X2 R Lk g ) gt ottt S A
REZ & N N =or oo s s ayay svicrsuss Ul L SR § 427, AR s il 27 13
R e aawn N L 2B | e wseasm A
JH41 T - T4 I 21 Rmranrrsrsecarsrrera
L | 44 L A T A X 1 h '.,(,?)‘ S L - s
‘it MECE) N & £l
LU E ~ff4. %7.
NPT S| ARG -1
NEZEQN 144 oh 11 24|
A i 111 13t
Jepb b 144 b 12
% N V4 PO
d e ‘1’ } w
PR
ANTC L) . .
"Water on external Nitrogen on externa
surfaces surfaces :

Figure 29a, Idealized dlagram of possible Figure 29b., Idealized diagram of
areas accessible té water posslible areas acces-
sible to nitrogen

191



162

In Figures 29a and 29b, the pore sﬁaces between the
plafelets aotjaa-capiliaries and are accessible to'water.po;e-'
- ocules uhan~the~d1ameter-of the pore spaces is'such as to allow
the passage of a vater molecule with diameter of 2.76 g The
water will penatrate between platelets as well as external
areas, and the area avallable to water would be the total ex-
ternsl area as well as -the internal area of the agglomerate
of platelets. In the case of nitrogen adsorption; when .the
pore spaces are too small in dlameter to paés the #{5.3.nom-
inal diameter nitrogen molecule, the areas wWithin 'tha plate-
leta agglomerate would not be accessible to the molecule.
Therefore, the ‘area assoclated with the:nitrogén uou1d be the
external area of the agglomerate only. Roderick (70) found
that the montmorillonite area detezmined by Iater adsorption
varied rrom 83 to 145 mzlgm to 172 mzlkm. Both the values
of'Bbderick'and those 1a his study are cansiderahly larger
thanathose'reported‘by'athers asg deternined from nitrogen‘ad-
sorption, 1.e. 41 to 71 m?/gm by Emmett (29) 33 n?/en by

Mooney et al. (61), and 34.5 n°/gm by Zettlemoyer et al. (82).

 Heat of adsorption
Brunauer (16) points out that the criteria of the appli-

cation of the BEET theory was based on the reasonableness of
the two parameters g, end C evaluated from the stralght lines.
The average heat of adsoxrption less the:heat-of'liquifioatioh



Table 15, Average heat of adsorption of monomolecular water adsorbed on calcium
montmorillonite, -calculated from BET parameters listed

Mineral

BET parameters

Average heat of adsorption
less heat of liquification
El‘EL9 Kcal mole

ap ¢ According to Corrected ac-
Brunauer (16) cording to
Clampitt and
- German (23)
Hendricks et al. (33)%
Misslissippli Ca-montmorillonite 0,130 23 1.9 43.6
California Ca-montmorillonite  0.133 15 1.6 3.3
Wyoming Ca-montmorillonite 0.125 6 1.1 | 2.9
Demirel (26)
Wyoming Ca-montmorillonite 0.130 ’ 6.7 1.1 2.8
Wyoming Ca-montmorillonite® 0.1219 L .878 0.94 2.6

8pET parameters calculated by Demirel (26, Figures 24 and 25).

bBEr parameters calculated by daﬁa in this study.f

€97
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of the first observed monomolecular layer was calcuiated by
using equation 5 to obtains
Ei;EL =RT1ln C=1.987 x 298.16 x1in C cal/mo%e
However, as po;nted'out préviously, this value for the heat
of adsorption required a correction when C was rederlved by
Clampitt and German (23). 'By using thelir correction the e-
quation for calculation of E; becomess
Ey-E, = R T 1n C 4 (aHg-E)
vwhere (AHS-EL) is equal to 1,7 Kcal/mole. Both corrected and
uncorrected values are listed in Table 15 for several cal-
clum montmoriilonites for which water vapor adsorption data
are avallable, and show reasonably good uniformity. ‘
Roderick (70), studying a Wyoming sodium montmorillonite,

determined values of 1.0 and 2,7 for Ey-Ep uncorrected and

| corrected for Clampitt and German, respectively. Takizawa
(74) obtained an-nncorrected value for E;-Ep of 0.84 Keal/
mole using Nilgata bentonite tested at 25° C. He further
showed the effect of temperature by obtaining EI'EL = 1,430
Keal/mole at 15° C, and Eq~E; = 0.410 Kcal/mole at 35° C.
Zettlemoyer et al. (82) used heat of immersion and adsorption
1sotherm data to determine heats of adsorption or desorption

_of water from bentonite at 25°.c, and show good agreement
with the adsorption branch of Taklizawa. This may indicate
that the adsorption branch 1s nearer the true equilibrium

curve than is the desorption isothern.
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Free energy ¢ ges
The values of the function u%-— versus p/p used to de-

termine the free energy changes are plotted in Figures 30 and
31 for the first and second adsorption cycles respectively.
Demirel (26) and Rederick (70) used similar plots to deter-
mine the free energy of wetting in thelr studies of montmoril-
lonites. The data of Demirel (26) are plotted on Figure 30
for comparison of shape'and values. In general, the shapes
of the curves are simlilar and the values of the function vary
due to the amount of water ‘vapor adsorbed at similar values
of relative vapor bressures. The differences most probably
are dﬁe to method of preparation of the sample; Demirel's
sample was a loose powder, whlle the sample in this investi-
gation was a compressed ponder. |

The second adsorption cycle agrees with the first cycle
up to approximately p/p° = 0.3, Fi-om__p/po = 0.3 to 0.9,
the first cycles points were from 0-12 mg/gm higher than the
second cycle., Between p/po = 0.9 énd saturation, the second
cycle polnts passed through the curve of the first cycle.
Slight changes in the pore size and shapes would cause this
difference. However, since the second adsorption pdints a-
gree with the‘first cycle in the low pressure reglon and very
nearly agree up to p/p° = 0.40, any slight swelling of fhe
pores or material after'the first cycle would not materially
change the calculated free energy of wetting because the low



T

'

Figure 30. Plot for graphlical integration of equation 12
for the adsorption of water vapor on calcium
montmorillonite, first cycle
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Figure 31. Plot for the graphical integration of equation
12 for the adsorption of water vapor on cal-
cium montmorillonite, second cycle
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pressure data are of the most importance in the energy 'ché,nge -
caloulations. | The rree energy of wetting may be expressed
by Demirel’s equations -
| AF = (’Ysl-“rso) 4= AV _
for the systenm 1nveatigp.ted. But as cgn be aee'n,w there are
three unknowns (Tel = Tso); <, and AV, ' The values of =<, the
interstitial area, nfay be 'de'i":emined from the extemal"area .
and total crystallographlc area or the nineral and the known
cross sectional area of the a.dsorbed molecule. E_owever,
(sl =7 go) and AV can only be determined by: a) solving
simultaneous equations available from experiments on two same
ples having different known values of =<, b) by détermining
the value of one of the unknowns iﬁdepende’ntiy, or ¢) by de-
termining anothér independent relatlonship. betwéen (sl - Y so)
and AV, Roderick (70) polnts out that the large error in
determination of the speeiﬁ.c surfaces by the BET method would
tend to mle out the solution of the unknoun_s by simul taneous
equations, and up to the present time the other 'gltemative's
have not been possible.. . |

The free energies of wetting were actually calculated
by using equation 12 and a graphical integration of the curves
presented in 'Eiéures 30 and 31, The errors in bthe function
were estimated to be £0.013 and *0;015 for the first snd

seoand adsorption oyoles respeotively. The numerical values
for the integral f -9-— 62:) were found to be 0.3858 and
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0.3844%0,015 gm/gm of calcium montmoiillonite respectively
for the first and second adsorption, cycles, respectively.
' The specific surface 2, for equation 12 was determined from
crystallographic data (77) for calcium montmorillonite by
the relationships

2= Mo (20)

-Mga

whe;e Ny 1is Avogadro's constant, M,q 18 the weight of the
calcium montmorillonite unit cell, and o' is the area exposed
by one unit cell layer. M., 1s equal to 732. The value of
may be determined from the unit cell dimensions a, = 5,16 3
and bo = 8.94 R. Substituting these values in the expression
above;ﬁi, the specific area 1s found to be: |

S _ 602 x 1023 x 2 x 5.16 x 8.9k
732 x 1010

> = 759 m?/em
" Using the value of the parameter qy obtained in the EET so-

lution, the specific surface was also calculated using equa-

tion 9. Substituting the values of q; = 0.1219 and s = 17.5
2 N .
X /molecule of water vapor in equation 9 the specific surface

was found to bes

S _ Na q, s
M
> _ 6.02 x 1023 x 0.1219 x 17,5
18.02 x 10

Z: 714 mz/gm
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The value obtained by using the BET parameter 1s a reasonable
valué and compares very well with the theoretiéal crystal-
lographic data, When Z obtalned from equation 26 above 1is
substituted in thé equation, the free energy of immersion lin
saturated vapor or liquid, also referred to as the free ener-

gy of wetting, 1s calculated as follows:

AF

RT
=¥z 0.3858

7 4 .
8.%1?0x ;07 9 298. aé x 0.3858 |

69.91,2;36 ergs/cm

it

BT
oF = - 0.3844

.;14 107 298, ¥
8 .ox xo? 9 X 6 X 0.38!"’4’

69.66!2.72 ergs/cm?

(]

Demirel (26) reported a value of 76.61f4.30 ergs/cm2 for cal-
clum montmorillonite, He used a loosé powder in his study,
yetLihe values obtained in both studies are 1ﬁ,very good a=-
greéﬁent. Cralg gﬁ éi.’(zz) found simiiar results in their
studies of compresséd and uncompressed graphité powders,
pointing out the_importance of accurate-low pressure range

data.

Expansion energies
As pointed out in eQuation 3, the free energy change of
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adsorption may be expressed as

_ - / _
aF - - fop p°79_ a(p/po)

v/P,

Fu and Bartell (33), studying the surface aieas of porous ab-
sorbents, evaluated thls equation and found that the change
in free energy could be expressed by the relatienship:
20F = ~(p/po) -

where AF is the decrease in the free energy per unit ares,
~ and B are constants; p/p° is the relative vapor pressure,
and £ 1s the area on ﬁhich the adsorption takes place. They
point out that this.method can be utilized to study the ex-
pansion and deformation of porous materilals caused by adsorp-
tion of various vapers (33, 674). TFor a given adsorbate=- |
adsorbent system, -« and @ remain constant so long as there is
no change in the mechanism of adsorption. If ehanges in the
mechanism of adsorption, such as capillary condensaﬁion or
. sWelling occur, values of < and ﬁ5change to another set of
constant values. If only the external surface areas of the
clay afe involved in adsorption of the vapor, the relation-
ship can be made to read:

Z ext aF =< (p/py)

The change in slope of the ZAF curve, observed by Fu
and Bertell (33) was attributed to capillary condensation in
the pores of the adsorbents. The exact voint at which capil-
lary eondensation takes place can not be determined, but it
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may be assumed to show its most pronounced effects at p/po,
values greater than 0.9 to saturation. For clay minerals,
while capillary condensation undoubtedly has some effec't.‘.,"

- swelling (interlayer expansion) manifests itself more pro-
foundly throughout the entire adsorption r?nge.

Mo
for increasing values of p/po from zero to saturation for

The values of the integral -EL 17%- d(p/p,)
o

the second adsorption were plotted on log-log paper withzZa F
on the vertical axis and p/p° on the horizontal axis, . Figure
32. A close examination of thevplot indicates six strailght
line portlons, the breaks occurring at p/p°.= 0;065, p/po = .
0.19, p/po = 0.85, and p/po = 0,98. From the X-ray data, the
initial adsorption at low relative pressures from zero to
approximately 0.02 occurs on the external surface areas.
Therefore, the straight line portion of the log-log plot cor-.
responding to a p/po range of 0-0.02, Figure 32, was extra=
polated to saturation as indicated by a dashed line assuming
that the free energy relationship of Fu and Bartell (33) was
obeyed. The differences between the extrapolated curve and
the plotiiAFhis the free energy change of internal surfaces
(expansion energy). This relationship may be expressed as:

z int
where Z ext is the external surface area, Z

AF:I. = SAF = Zext AFe

int is the internal

surface area, Z is the swecific surface area, andAFi is the

2

'expansion energy per cm“ of internal surface. AFi may be ex-



Figure 32, " Log=log plot of the free energy change versus
relative vapor pressure, first cycle
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pressed in terms of equation as follows:

| ./_\Fi = (V81 -7 80) AV
where AV 18 the free energy change per cm? of internal sur-
face due to the separation of the particles against the force
of 1nteraetion. .

,AJ& can be caloculated by the expression:?
AFi ZAF- ZextAFe | (21)
. Zint '

and may'be obtained from Figure 32 as the difference between

the plot ofZ AF and the dashed line extended to saturation,
indicating the ehangelin.free energy due to adsorption on
external surfaces. o

Figure 33 presents a plot of Z ynt OF, versus platelet
A'separation h for tﬁe'seoond adsorption cycle; It can be seen
that the changes in slope of the free energy change with in-
creasing relative vapor pressure, Figure 32, correspond in
general to variations in d001 spaclng at 1noreasing relative -
vapor pressure, Figure 13, Figure 33 can be cenveniently dl-
vided 1nto four major segments as fellowss segment I from
0=2.6" 3 segment II from 2. 6 g.to 5.1 X. segment III from
5.1 % to 6,2 2, and segment IV from 6.2 x.to‘9.1 2. The free
energy change in segments I and II 1s about equal. The free
energy change for segment III is substantially greater than
a eombiuation of the three other segments.

The expaension energy of the first segment 18 the free



Figure 33. Plot of free energy change due to adéorption on
and separation of internal surfaces versus ine-
terlayer separation, szcond adsorption cycle
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energy change which 1nclﬁdes the disappearance of the solid
'surfaée forming a solid-adsorbed film interface, and the |
partial hydration of the adsorbed catlon plus the coﬁtribu-
tion due to separation against the force of lnteraction be-
tween platelets. This latter term wlll decrease the magni-
tude of the free energy change. As the adsorption continues
(segment II), the second layer of water penetrates between
the first layer and the surface, and the free energy change
1s due to the extenslon of the film thickness and 1s probably
less than that for disappearance of the solld surfaces and
formation of a solid-adsorbed film 1nterfacé. However, since
. the distance between the platelets is greater.thgn that cor-
responding to the previous step, the interaction between
platelets is decreased. In ségment II1I, additional wvapor is
, adsdrbed in the 1nterléyer reglon, further slightly reducing
the interaction forces. In this segment, the free energy -
change ig quite large because of the arrangement of the water |
molecules ¢over1ng the active sites. No new surfaces appear
~or disappear. The free energy oh adsorption for the final
expansion, segment IV, is due to penestration of additional
water molecules‘between the layers. The forces of interac-
tion between the platelets belng reduced as.the platelets
are relatively far remoyed from each other.

Since the free energy'change for segment IV 1s the small-

est of any of the segments; the energy for penetration of
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water molecules between the water complexes existing must be
lesé than'for penetration between the clay surfaces, or due
to hydration of thé cations and arrangement of water mole-

cules in the interlayer regilons.

Swelling pressures
The change in free energy at constant temperature can

be expressed ass
dF = V dp (21)
where V 1s the molar volume of the adsorbed water and p is
. the external pressﬁre. However, if we consider that the ex-
pansion 1is due only to the adsorption of wvapor on thevinter-
layer surfaces, the expression may be made to.read:
Z ypt 4Fy = V dp (22)

Since water is incompressible this equation becomess

aFy = L dp = h, dp | (23) -
where dFi 15 the expansion energy per cm?, V 1s the total
volume of the interlayer at saturation per gm of calcium
montmorillonite, h, is the maximum platelet separation, and .
P is the applied pressure. When equation 23 1is integrated,
we obtain the following: '

oF, ) . [P
Z mzfaF - AFdei =7 snt fp;-o hodp

p = Zant?F, = Z, . AFg (24)

h, Zint
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wherests is the expansion energy when clay 1is in equili-
brium with saturated vapor, p'is the pressure required to

. prevent any plate;et separation, and p = 0 ;s the pressure
when the maximum separation is obtalned. FTom.Figure 33
the'expressionfint Fi i tAF for the expansion energy
may be obtained for platelet separation h and ho respective-
ly. The swelling pressure may now 5e found by dividing the
expression by the maximum platelet separation and the cal-
culated internal surface area. Table 16 1s a computation
of expansion energies ahd swelling pressures for the calclum
montmorillonite under investigatlon.

The 1nterha1 area used in the Table was calculated us-
ing three differént;values for the cross sectional area of
adsorbed water molescules and the value of qp for the extef-
' nal area obtained from the EET equatiﬁn; Hendricks and Jef-
ferson (38) reportgd a laminar stacking of interlayer water
such that the area occuplied by a water moleculé is 11.5 3?.-
The area occupled per molecule of closest packing would be
10.8 3?. The data in the present study suggests an lce-like
configuration of water similar to the one proposed by Demirel
(26) which gave a crossisectidnal area of 17.5 R2, use of
these three values in equation 9 gave the calculated exter-
nal surface areas. Internal areas were deterﬁined by sub-
tracting each external area from the total surface of 759

m /gm obtained from crystallographic data. The values for



Table 16, Expansion energles'and swelling pressures for indicated separations due
' to adsorption of water vapor on the interlayer surfaces of calcium monte
morillonite

Area assigned Internal Expansion Swelling Swelling

to a water surface, _area energy,, pressure, p2 pressure2
molecule, )1 ings W /gm ergs/cm dynes, cm tons/ft
1-0.8 ‘ 653 —mesee 377 (39""
No interlayer ' ' : "3
water present 11.5 646 - 382 399
17.5 587 —— k19 437
10.8 653 . 3.1 370 386
One molecular layer :
of interlayer water 1.5 N 66 Bfi 374 390
17.5 587 J.4 412 430
One molecular leyer 10.8 653 6.9 268 280
of interlayer waterx
plus start of cation 11.5 646 7.0 . 2n 283
hydration . ) 1 7 . 5 . 587 7 o 7 298 31 1
10.8 - 653 14,7 . 176 184
Two molecules of A . :
interlayer water 11,5 646 14,9 180 188

(laminar stacking) :
17.5 587 16.4 198 . 210

281



Table 16. (Continued)

Area assigned Internal Expansion Swelling Swelling
to a water surface,_.area energy,2 pressure, P, pressure2
m

molecule, R int? M /em ergs/c dynes, cm tons/ft
10.8 ' 653 22,2 83 87
Three molecular layers ) : :
interlayer water 1.5 646 22,k 85 89
' 17.5 587 2,7 93 97
Four molecular 1ayers 10,8 653 30.6 37 38
of waterlayer water -
in tetrahedral co- 11.5 646 31,0 37 38
ordination (ice-like :
configuration) 17.5 587 4.1 b1 43
10.8 653 31.2 — —
‘Five layers of ' ' :
interlayer water 11.5 6u6 31.6 = =

17.5 587 34.7 -—- | -

€81
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the internal areas weres 653 mz/gm for 10.8 82, 646 mz/gm
for 11.5 82, and 587 m?/gm for 17.5 RZ. |

Van Olphen (77) used the desorption data of Mooney et
al. (60, 61) to estimate the pressure required to remove .
monolayer of water from clay surfaces, by dividing the free
energy change by the thickness of one monolayer of water,
He found that the energy required to remove the interlayer
water from between clay platelefs to be f:om 50 to 100 ergs/
cn? or 630 to 1,260 tons/ftz.

Roderick and Demirel (71) used the method outline above
to obtain swelling pressure values from 52 tons/ft2 to 339
tons/ftz. Ebderick (70) obtained a total freé energy change
of 40.55 ergs/cm® using a sodium Wyoming bentonite. The so-
dium montmorillonite did not swell initially and he was able
to accurately determine an external area. ﬁetermining the
external area in thls study was more difficult since only a
very short range of relative pressure was observed where the
adsorption was chliefly on the external surfaces. The daté
at felative vapor pressures between zero and p/p° = 0,015 is
limited and the extrapolétion of the straight line indicating
thé free energy change due to adsorption on external éurfaces
in Figure 33 may not be as accurate as those determined by
Roderick.

By using'the procedures outline above, the uplift pres-

_sures for calcium montmorillonite were found to vary 38 tons/
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£t2 to 439‘tons/ft2, higher at lower relative pressures.
Engineering relevance of this will be discussed in the fol-

lowing sectlon.

Practical applications in engineering
The hysteresls loops observed in this study and the cal-

culated uplift pressures are of major lmportance in highway
or foundation design or construction. In the United States,
for_example, many or most central state and western soils
contain calcium montmofillonite as their dominant clay min-
eral; 1f the natural soll moisture and climatic conditlons
are known, it should be possible to predict the soll consoli-
dation or swelling behavior.

On the very extenslive alluvial calecium montmorillonitic
clays of the Mississippi delta and Gulf Coastal Plain, the
first requlremenf for minimum depth of a bullding foundation
ig that 1t be located below thé depth of seasonal volume
changes caused by alternate wetting and drying. By keeping
the moisture constant, there is little chance of the build-
ing failing by differential séttlemént. However, 1f the
climatic conditions ever are such that the moisture is de-
pleted (desiccation) below the fbﬁndation, structures will
settle, and the swelling pressures should be sufficient to
raise them back up upon rehydration, since‘the maximum founda-

tion on clay 1s'ord1nar11y limited to 24 tons/ftz-to avoid
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shear fallure. The englineer must insure that the clai will
remain in the region of saturation if the construction is
carried out at high moisture contents. On the other hand,
as seen in Flgure 12; if the construction 1s carried out when
the soil has not reached saturation, he must prdvide a SyS=
tem whereby any excessive molsture will be diverted away
from the structure and the soll cannot reach final hydration.

In most cases only thé.highef relative vapor pressure
regioh will be important, since relative humidities in nat-
ural soils seldom reach below 60%. The fi€ld condition 4501
spaéings aré therefore probably in the 15.1 to 19,2 2 range.
The observed hysteresis looé will be eitremely beneficlal for
'feducing volune changé problems, since a relétively large
reductién from saturation p/p° will be required before there
is significant volume change. Converselj, if the clay is
naturally in the 15.1 to 15,6 3 stéte, free water is required
to cause it to expaﬁd. Since the former conditioﬁ is more
common than fhe latter, we may anticlpate that most natural
calcium montmorillonites‘are probably at the 19;6 R spacing,
ana remaln on the desorption branch of the hysteresis loop
in the p/p° region of 0,65 to 1.0.. The occaslonal drying be=-
low this p/p° is probably the sourcé of most problems.
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CONCLUSIONS

1., Upon adsorption or desorption of waﬁer, the first
order basal spacing of calcium montmorillonite varies in a
continuous but non-uniform ﬁanner.

‘2. X-ray diffraction line breadths are a minimum for
baséi spacings of 16.5 and 19.2 X, suggesting'uniform Iayer
separations at these spacings. Simultaneously the diffrac-
tion intensityldecreases, indicating that the interlayer
water has structure. Combining X-ray with adsorption data
indicates that ét 16.5 g the water has an ice-liﬁe configura-
tion; the 19.2 Xﬂspacing and sorption data may be explained
by intrusion of one additional layer of water.

3, At vapor pressures which give basal spacings less
than 16.5 R, line breadth and intenéity data suggest simul-
taneous existence of varying numbers of waﬁer layers between
the platelets, and steps in the basal spacings appear to be
directly influenced by the interlayer cations.

L, At certain vapor pressures and d001 spacings, strong
sebondary basal_reflections appeared in the neighborhood of
3 X and 5 K, and may be exblained by use of an electron den-
sity cufvezinferred from the mica-like structure §f the clay |
layers..

5; Interlayer swelling and shrinkage of calcium mont-

morillonlite due to adsorption of water exhibit a hysteresis
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forming two loops; one from relative vapor pressure of zero
to about 0.40 and the other from about 0.55 to saturation.
X=-ray diffraction~11ne breadths during desorption suggest
that at low pressures the wafer is very strongly attracted
to the surfaces or around cation positions forming islands
of water within the interlayer regions. As the sheets be-
come undulated; the water may be trapped and the escape of
water to the vapor environment 1s inhibited. The hysteresis
in the higher felative vapor preésure reglon is accompanied
by an increase énd then decrease of line breadth as the
fourth and fifth layers of water are withdrawn. Thls water
escapes qulte easlly indicating that is not as strongly ori-
ented as'the water near the surface of the platelets.

6. Calcium montmorillonite shows coloration after X-
radlation. Thls was attributed to prolonged X-radiation in-
duced color centers. | |

7. .The sorption isotherms are completely reversible
at a relative vapor pressures between zero and 0.20. The
adsorption lsotherms are more closely reproduclble on suc-
cegslive cycles and the rate of adgprption is greater than
'desorption as observed from the automatic recording device
and X-ray diffréction pattern, suggesting that the adsorption
branch is the equilibrium Branch.

8. The EET multimolecﬁlar adsorption model more closely

fits the experimental data than does the Langmulr monomole-
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cular adsorption model.

. 9. The experimentally determined total surface area
calculated from the EBET parameter q, 1s equal to 714 mz/gm,,
which is in good agreement with 759 mz/gm calculated from
crystallographic‘data;

10, The BET parameter C~was used to determine the heat
of adsorption of the first molecular layer of water on cal~-
cium montmorillonite less the heat of condensation of water
(By - EL). The calculated value of (E1 - EL) was found to
be 2.6 Kcal/mole, which agrees favorably with previously
published data.

11, The free energy of wetting, defined as the free
energy of ilmmersion less the free enefgy change due to par-
ticle Interactlion was found on a compressed calcium mont-
morillonite powder to be 69.91f2.30 ergs/cm2 and 69.61f2.72
ergs/cm2 for the first and second adsorption cycles, fespec-
tively. This is in good agreement with data of Demirél (26)
who obtained 76.61:4.30 ergs/cm? using a loose powder. The
magnitude of the free energy change is not affected b& thé L
degree of compression of the powder. The low pressure :egion
data ére most lmportant for determining free energy changes.

12, The X-ray diffraction data and adsorption isotherm
data were used to estimate the external surface area at low
relative vapor pressure regions; The free energy was d;-

vided 1nto two componentss one due to adsorption on inter-
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layer surfaces and particle interaction and the second for
adsorption on external surfaces. These data enable one to
estimate the expansion energles and uplift pressures. The
swelling pressures exerted with the platelet separation cor-
responding to zero to four layers of water are 440 tons/ft?

to 40 tons/ft?, respectively.
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