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STRUCTURAL CHARGE SITE INFLUENCE ON THE INTERLAYER

PROPERTIES OF EXPANDABLE THREE-LAYER CLAY MINERALS
INTRODUCTION

The most distinctive property of montmorilionites and
vermicullites is thelr ability to absorb and retain water be-
tween individual three~layer units at low temperatures over
a wide range of relative humidities. This phenomenon is di-
rectly responsible for the somewhat varlable c-axis dimen-
slons of these minerals (particularly montmorillonite) and
may be observed through x-ray diffractlion measurements of
the d-spacings of the (001) planes.

Studies of this property made by Nagelschmidt (1936) and
Hofmann and Bilke (1936) indicated a continuous variation of
the (001) d-spacing with the total number of water molecules

Y}

sent. Bradley, Grim, and Clark {1937) provided evidence

V3,
L

3
o

that the water molecules 1n a hydrogen-montmorillonite were
absorbed 1in a step-wlse fashilon as water molecule 1ayer§.'
Later works have confirmed the concept of water uptake as a
step-wise addition of mono-molecular layers. Mooney, Keenan,
and Wood (1952) provided’ information on the step-wise hydra-

tion of montmorillonites as a function of the interlayer

cation chemistry and relative humidity.
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Many of the earlier studies were concerned with the or-
ganization and arrangement of the water molecules in the in-
terlayer region., Bradley, Grim, and Clark (1937) considered
the water’molecules.as close-packed layers. Hendricks and
Jefferson (1938) favored the arrangement of oxygen ions in
the tetrahedral liayer and the interaction of interléyer water
with the crystal lattice as the controlling factors. On this
basis they proposed a hexagonal array of the water molecules
in the ihterlayer region. Mering (1946), however, considered
the interaction of the water molecules with the interlayer
cations, He described the two-layer state of hydration as
complexes of calcium lons surrounded by six water molecules.
These are orilented so that the Cagﬁzo octahédra are resting
on (111) faces agalnst the tetrahedral sheets. This state
results in a (001) d-spacing of 14.0 K. At higher relative
humidities a true two-layer water molecule arrangement re-
sults in an expansion of the (00l) plane to about 15.4 2.

Other investigations have utilized heating techniques in

ractometry to obtain data on the

b

conjunction with x-ray 4irf
hydration or dehydration states of expandable mica-type min-
erals, Rowland, Welss, and Bradley (1956) used oscillating
diffractometer furnace technigues to show the differences in
the stability of hydrated montmorillonites as a function of
the temperature and type of interlayer catlon. They indicated,
for Ca-, Mg-, Mn-, Li-, and H-montmorillonites andAvermicu-

lites, that an octahedrally-coordinated relationship exists
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between the interlayer catlions and the absorbed water molecules,
The montmorillonites were shown to pass from 14.5 K (octahe-
dral) to 11.5 2 (one water-layer) states as they were heated
to higher temperatures., Montmorillonlites with Ma and K as *he
interlayer cations also revealed a single water-layer state,
but the d-spacing at 12.4 X for these materials suggssted that
the water-cation arrangment is npt exactly the same as the
partially dehydrated crystallite'having smaller monovalent and
divalent catlions, Considering the temperature at whlch final
collapse of the (001) d-spacing occurs as a measure of the
cation to water molecule bond strength, the order from stronger
to weaker bonding energies 1s Mg>Ca>ILi>Na>K. This is, in
part, supported by the DTA data of catlon exchanged vermlcullte
provided by Barshad (1948). Similar data for exchanged mont-
morillonite and vermiculite are presented in this study..

The dehydration mechanism of vermiculltes has been
studied and described by Walker (1956)., The progressive col-
lapse from a 14,81 X phase through 14.36 R, 11.59 R, 10.6 3
mixed-layer phaseg tc a final 9.02 g totally collapsed state
was dlscussed 1in detall. The more important aspects of the
study described the location of the Mg ions at the center of
water molecule octahedra in the 14 A states. As the inter-
layer octahedra are disrupted at higher temperatures with
loss of water molecules, magnesium ions migrate to positions
adjacent to the tetrahed}ai layers directly over the Si and

Al sites. The 11.59 ﬁ phase conslists of Mg lons located at
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these positions in imperféct octahedral coordihation with
respect to three oxygen ionsg of the tetrahedral layer and
three water molecules. The water molecules are adjacent to
the opposing tetrahedral layer and occur as incomplete sin-
gle monomolecular layers interleaved with three-layer struc-
tural unitvs.

On the basis of hydration and dehydration studies, evi-
dence 1s strongly in support of definite cation-water mole-
cule interactions In the interlayer region. The general con-
sensus 1s, at least at low to intermediate states of hydra-
tion, that .the interlayer region of expandable clays ls oc-
cupled by water-cation 60mplexes rather than simple monomo-
lecular water layers. The 1nitial state of hydration invol-
ves the separation of the three-layer units and development
of a hydrated complex with the interlayer cations. The
initial hydration energy, which is a function of the ionic
potentlal of the catlion and the partial pressure of water
vapor in the system, must be sufficiently large to overcome

the strength of the cr 3 lattice t¢ interlayer cation bond.
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A factor contributing to the expandabllity of three-layer

clay minerals is the small magnlitude of the forces with which
successive lattice units are held tégether. A property that
contrib;tes to the total force of resistance to expansion is
the surface charge density. This i1s an expression of the num-
ber of equivalent lattice to infterlayer cation bonds per unit

area or commonly expressed as equivalents per unit cell.
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The expected association would be that clay minerals having
large surface charge densities are not likely to undergo ex-
pansion, whereas clay minerals with low surface charge den-
sities will exhibit more intense properties of interlayer
water absorption,

A detailed study by Hofmann, et al. (1950) showed a cor-
relation between the intensity of interlayer swelling pro-
perties and the surface charge densities of a selected suite
of three-layer clay minerals. Hofmann's data indicated that
less than 0.55 equlvalents of charge per unit cell results
iln a crystal lattice that 1s readily susceptible to inter-
layer water absorptlon. Clay minerals with lattice charge
deflclencles 1n excess of 0.65 equivalents per unit cell,
when saturated with potassium, have a 10.3 K basal spacing
under both wet and dry conditioﬁs.

Another faétor which has been consldered, but not demon-
strated, 1s the contribution of the site of the lattice
charge deficlencles to the swelling properties of montmoril-

nites and vermiculites. Marshall (19365) and MacKenzie

=
(o]

(1950) have suggested that the strength of the bond between
the cation and the lattice may be a considerable factor in

determining the extent and ease with which water absorption
takes place. If the bonding energiles are considered ildeally

electrostatic, then the force resisting separation of adjacent
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three-layer units may be expressed as Coulomb's law:
&+ -
Fa:—q——-e—c— 1
r
where g: and C_ represent the charges (or valences) entering

into the bond formatlon and r 1s thelr distance of separation.

This would indicate that the distance of separation of a
glven interlayer cation from an equivalent charge defilciency
is a critical factor in determining the magnitude of the

bond strength involved. This would»necessarily imply then,
that a charge defilclency originating in the tetrahedral layer
would result in a<stroﬁger lattice-cation bond than a simllar
situation where the unsatisfled lattice charge is located in
the octahedral layer. The exgected result of such differ-
ences, 1f significant, should then be reflected as a differ-
ence 1n the swelling behavior of mica-type materials having
predominantly tetrahedral versus octahedral layer charge de-

ficlencles.
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NATURE OF THE INVESTIGATION : -~

An unfortunate aspect of Hofmann's'(1956) daﬁa.is, that
wilthin the sulte of samples 1h91uded in his study, there 1s
a direct relationship between minerals of 'low charge density
and thosé posseésing predomlinantly octahedral;charge deficl-
ency sites. The samples that Hefmann chose to represent
three-layer clay minerals of high surface charge density had
predominantly tetrahedral charge deficiéncies. Itvis impos-
sible, therefore, to separate the independent influence (1if
any) of surface charge density and lattice charge site lo-
cations on the expanding properties of the three-layer clay
minerals included in hls study.

The purpose of thls study was to lnvestlgate the con-
tribution of lattice charge sites to the swelling preperties
of expandable three-layer clay milnerals, The first requlre-
ment 1lnvolved the selectlon of samples that were significantly
different in the tetrahedral and octahedral contributions to
the total surface charge density. The selection was made on
the basis of detailed chemical and structural analyses so
that an absolute correlation between high surface charge den-

sity and predominantly tetrahedral charge defilclencles was

7



the various materials could then, hopefully, be correlated to
total surface charge density or structural charge site. The
effect of difference in the interlayer cation compoéition had
to be eliminated. This was accomplished by saturating por-
tions of each sample with the same cation. These samples
were then subjected to various reproduclble conditions of
relative humidity and the interlayer water absorption of sam-
ples°containing identical interlayer cations were directly
compared by x-ray diffractométry measurement of the (001) d-
spacingé. Under these conditions differences in the swelling
behavior of identically cation-saturated minerals could be

attributed to properties of the mineral lattice 1tself,



STRUCTURE OF THREE-LAYER CLAY MINERALS

The Mlca Model

The model for the three-layer clay minerals has evolved
from the ploneering work of Pauling (1930) and Bragg (1937).
Many studies have been conducted which have resulted in re-
finements of the baslc mica structure, but the fundamental
framework has undergone no significant modification. A brief
description of the lattice 1s presented to provide a basils
for the ensulng dilscussion.

Tetravalent silicon cations and trivalent alumlnum cat-
lons 1n four-fold coordination with oxygen anions form a con-
tinuous two dimensional array. These tetrahedra share three
oxygen lons wlth nearest neighbofs qreating an approximate
hexagonal pattern. The unshared apical oxygens are all con-
sidered to be pointing in the same directlion. Two such sheets
are then consldered to be arranged in such a manner that the
aplcal oxygens interpenetrate a common reglon between the
sheets. Divaleﬁt or trivalent cations, most commonly alumi-
num, magnesium, and iron, occupy octahedral coordination
sltes wlth respect to the apical oxygens of both sheets. The

vacant anion gltes 1n the cctahedra are fllled wilth hydroxyl
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and, rarely, flucrine anions. Charge defilciencies due to iso-
morphous substitutiéns within the lattice are balanced by
interlayer monovalent and divalent cations such as potassium,
sodium, calcium, or magheslum. These interlayer cations oc-
cupy positions between individual three—layef packets and are
considered to be present in close proximity to the hexagonal
holes of The tetrahedral layers. Large cations, such as po-
tassium, are considered to have twelve-~fold coordination with
respect to the more or less hexagpnally arranged oxygen lons
of adjacent tetrahedral layers.

The total number of negative charges per unit-cell 1s
fourty-four. These are attributed to twenty oxygen ions and
four hydroxyl ions in the unlt-cell formula. The conventional
notation for structural formulae is based on the half unit-
cell, This allows for twenty-two negative charges attributed
to ten oxygen lons and two hydroxyl ilons.

The 1deal pyrophyllite structure may be written:

A1,81)0, 4(0H),

where the six negative octahedral charges are balanced by six
positive charges of the two trivalent aluminum ions. The
tetrahedral layer negative charges are satisfied by the tetra-
valent silicon ions. There is no net charge on the lattice
and individual three-laver units are held together by resi-
dual forces on the interlayer surfaces. probably on the order

of van der Waals bond strengths. Similarly, an ideal struc-
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ture may be written for talc:
Mg38i4010(0H)2
wherein the lattice charges are similarly balanced.
The twb extremes of ideal structures are those in which
trivalent ions fill two-thirds of the available octahedral
layer positions or divalent ions fi1l all available octahe-

dral sites, Thls has resulted in the terms dioctahedral and

trloctahedral for the layer-lattice silicates.

A typical example of a dioctahedral mica is muscovite,

for which the ideal formula is:

KAl Si3A1)O OH)2

o 10!
Interlayer monovalent potassium ions neutralize the net
negative charge deficiency caused by the sugstitution of a tri-
valent aluminum catlon for a tetravalent silicon cation in the
.fetrahedral layer. Similarly, the ideal structural formulae of
two trioctahedral micas are shown by biotlte:

K(MgFe*2)3(Si3A1)olo(0H)2
and phlogopite:

KMg3(81 Al)OlO(OH)

3 2

in which interlayer potassium balances tetrahedral charge de-

ficlencies.

Montmorillonites

The term, montmorillonite, has three connotations in clay
meneralogy (MacEwan, 1961). In the first sense it is used to

distinguish the whole group of three-layer clay minerals which
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have similar properties, particularly in their abllity to re-
versibly release and absorb interlayer water at low tempera-
tures. In the second sense the term refers to a sﬁb-group of
clay minerals of this same major group where indlvidual mem=~
bers are chemically composed of silicon, alﬁminum, and magne-
sium, Another use ¢f the ferm mortmorillpnite ls for a spe-
clfic mineral of approximately the same composition as the
type mineral described by Damour and Salvetat (1847), Mac-
Ewan (1961), and others of the (British) Clay Mlnerals Group
would prefer’to substitute the term smectife as ‘a major group
name, However, thlis term has not been generélly accepted in
North America, |

The most wildely accepted structure for the montmorillo-
nite clay minerals i1s one that was initlally proposed by Hof-
mann, Endell, and Wilm (1933), subsequently modified by Mar-
shall (1935), Maegdefrau and Hofmann (1937), énd later by Hen-
dricks (1942), This structure 1s primarily based on the py-

rophyilite {and taic) model, and individual members of the

ja)
(o]
a
w

)

group are named on the bhagis of gross chemical differenc
due to compositlonal varlations in the cctahedral layer and
the amount of aluminum for silicon substitution in the tetra-
hedral layer.

In the dloctahedral members, an ion for ion substitutioﬁ
of a divalent ion, such as magnesium, for a trivalent lon,
such as aluminum, results in a charge'deficiency whilch may be

balanced by catlons 1n the interlayer and edge positions,.
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Many montmorillonltes also have a lattice charge deflclency
due to tetrahedral layer substitutions of aluminum for sili-
con., The ratio of Al/Si in the tetrahedral layer is commonly
much lower in montmorillonite minerals than has been observed
in the more coarsely cryétalline mica counterparts, Triocta-
hedral montmerillconites ¢of an approximate talc composition,
but possessing interlayer cations and swelling properties, are
called saponites. Other clay mineral names for members of
the montmorillonite group arising from variations in the com-
position of the octahedral layer are nontronite (iron), sau-
conite (zinc), and volkhonskoite (chromium). Table 1 lists
some of the ldeal structural formulae for members of the mont-
morillonite group as presented by MacEwan (1961).

Evidence 1s overwhelming 1in support of distinct dilocta-
hedral and trloctahedral montmorillonite structures. Ross
and Hendricks (1945), published numerous gtructural formulae
calculated from chemical analyses and reported a range of oc-.

tahedral iayer populations between 2,00 to 2.22 and 2.88 to

[$5]
ot

3.00 {per half unit-cell). Any intermediate structures
thls time are thought to represent mixtures of discrete dioc-~
tahedral and trioctahedral types.

Further modifications of the montmorillonite model were
proposed by Edelman and Favejee (1940)., They suggested that
in the tetrahedral layer of montmorillonites some of the tet-
nd these aplical sites are occupied by

hydroxyl lons that project into the interlayer region. The
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TABLE 1

IDEAL STRUCTURAL FORMULAE FOR SOME

.MONTMQRILLONITE MINERALS*
b
o Dioctahedral Types

Mohtmorillqnite}(Si/hl 2:1): (All'67Mg0033)8i4010(0H)2

+

M
0.33
Beldellite (S1/A1 2:1): Al (si OH
elde é (s1/ )i AL ( 3.67%%0. 33) 10( ),
M+
| 0.33
Nontronite: Fe +3(si Al )0 (OH)
- 2 3.67 0.33" 10 2
M+
0.33

Trioctahedral Types

S 1lte:
aponite Ms (s1 3 67 1 33) lO(O )
+

M
0.33

Hectorite: M Li S1 0 OH
ectorite: (Mg, It . )51,0 ,(0H),

vt
0.33
Sauconite (Typical Formula):
Al Fe*?
(Zn2.40 0.22 © O.l7ug0.l8)( 3. 47 O 53) lO(OH)
<
0.35

*From MacEwan (1961). The symbol M indicates interlayer
cations which may be monovalent sodium or, less commonly, po-
tassium. Divalent catlions such as calclum and magnesium are
alsoc ccommon interlayer constituents.
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dissociation of these hydroxyls was then postulated to account

or the high cation exchange capacity of montmorillonites.

th

This concept has not been widely accepted by workers in clay
mineralogy. The standard model at the present time is that.
most recently defined by Hendricks (1942).

The main property that disftinguishes montmorllilonites from
‘other three-layer mlica type clay minerals is the ability to
reversibiy absorb interlayer water, This gilves rise to the
highly variable (0O£) d-spacings of these minerals and is re-
ferred to as the expandable or swelling property of this group
of minerals. This characteristic also applies to the abllity
of members of thls group to absorb onto the interlayer surface
ceftaih polar organic molecules such as ethylene glycol or

glycerol which also affect the (00L) d-spacings.

Vermicullte

The term vermiculite 1s used as a mineral name for clay
slze particles as well as macroscopic crystals of approxi-
mately the same structure and chemical composition. More
studies have been conducted on the properties of large crys-
tals of vermiculite than have been attempted on clay-size
materials. An ldeal structural formula fér vermiculite as
written by Walker (1961) is:

Mg (Si,Al 3
g3(1 )uolo(QH)eMg 45H20

0.35
Flaamasn o ssin 2 em = 8 aa 2 -~ a s - - L - -
vharee magnesium ions 11l the half unit-cell octahedral

positions. The Al/Si ratio 1s commonly 1/2 to 1/3, The
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interlayer region is cccupled by cations, commoniy magnesium,
‘which balance the negative lattice charge deficlencies. Water
molecules absorbed between the layers average about 4.5 mole-
cules per half unit-cell at normal humiditlies with Mg as the
" interlayer cation, »

Investigations using two-dimensional Fourler syntheses
have shown that the water molecules are arranged on a two-layer
basis and are octahedrally coordinated around the lnterlayer
magnésium lons which cccur midway between the three-layer strucQ
tural units (Mathieson and Walker, 1954). The interlayer water
may be driven off reversibly at low temperatures. Large crys-
tals that are heated rapidly to high temperatures release the
Interlayer water with such force that the individual booklets
exfollate and expand to many times theilr original volume.

The baslc model for vermiculite 1s the talc structure. _
A substitution of aluminum for silicon in the tetrahedral layer
creates a charge deflclency which 1s satisfied by inter-layer
cations. Vermlcullte 1s similar to the mica member, phlogo-
plte. The difference 1is mainly in the interlayer cation chem-
istry and thé expandable nature of vermiculite. Some clay mine-
rals of vermiculite composition are probably included with the
saponite minerals in the montmorillonite group. Walker (1961)
refers to differences 1n clay-size vermicullte and saponlte as
a function of surface charge denslity. Vermiculites with low
layer-charge have swelling properties more consistent with

the minerals of the montmorillonite group. Hofmann, et al.



(1956). have provided evidence suggesting a continucus grada-
tion between saponite and vermiculite. The main criterion
for distinguishing the two 1s based on thelr relative swelllng
properties, the expandable nature of montmorillonite subjected
to treatment with polar organic compounds such as éthylenexgly—
col, and the non~expandable nature of true vermiculites exposed
"o a similar treatment. |

A wlde range of lsomorphous substitution of divalent and
trivalent lons for octahedral magnesium has been observed,
Separate mineral terms have not been generally accepted for
members of the vermicullte group with various composifibns as
with the minerals of the montmorillonite group. One excep-

btion may be the iron-free vermlcullte described by Welss and

Hofmann (1951), called batavite.



EQUIPMENT

X-ray Diffraction and Fluorescence

X-ray diffraction data were obtained with North American
Phillips (Norelco) and Siemens x-ray diffraction equipment.
These units are equlipped with copper target tubes which pro-
vide the x-ray sources, The cameras are motor-driven diffrac-
tometers in which flat specimens can be mounted tangent to the
focusing circle, A range of slit aperture systems and goni-
ometer scannlng ratgs was employed,. Scintlllation counters
were used as detectors. The spectrum of copper radiation was
passed through nickel fillters to enhance the copper K-o« line
with respect to K-4. Additional filtering was accomplished
by manipulation of the basellne and window settings in the
pulse-height analyzing circults. Data were recorded in the
form of diffractograms on motor driven fixed-speed strlp charts.

Chemlcal analyses were obtained with a Siemens vacuum x-
ray spectrometer. Primary excitation radiation was supplied
by a high intensity chromium target tube. Analyzing crystals
are lithium fluoride and gypsum. A flow-proportional counter

was used as a detector and P-10 (ninety percent argon and ten

) 18
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percent methane) with a 0.06 cubic feet per hour flow rate
was used as the detector gas.
Pulse amplitude discrimination was facilitated by a
Siemens pulse spectroscope. Spectrograms were recorded on a

motor-driven strip chart and intensities of K-a spectral

favd

ines for quantitative chemical analyses were recorded with an
automatic print-out device. Brickettes of samples for x-ray
fluorescence analyses were prepared with a 11 inch diameter

Buehler dle and a Paul Weber press.

Differential Thermal Analysis

Differential thermal analyses were run on a Robert L,
Stone d&namic gas DTA (Model 13M). Both inconel and stainless
steel sample holders were used. Thermocouples are made of a
platinum-rhodlum alloy, and &-alumina was used as an inert
standard. Nltrogen was used as the purglng gas in all anal-

yses,

Cation Exchange Capaclty

erminations of cation exchange capacilty required the
use of an Eberback shaker and several magnetic stirring plates.
Titrations with O.UN sodium hydroxide were.made with five-
milliliter microburets graduated for direct reading to 0.01

ml (estimates to 0.001 ml). A Beckman Instruments pH meter

(Model N) was used for pH measurements.
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Particle Size Fractionation

The disaggregation and dispersion of all samples was ac-
complished with a Powertron Ultrasonics autosonlc (Model PA-
3001) generator and transducer system, Plum bentonite sam-
ples were also dispersed in a Waring blendor. Particle size
fractionation to one micron equivalent spherical diameter
(ESD) was carried out with standard laboratory glassware and
vlastlic containers of various sizes., Separation of particles
of less than one micron was accomplished with a Lourdes In-
strument Corporatlon pontinuous-flow high-speed centrifuge
(Model LCA—l);_ Distilled water was used as the dispersant
in all beneficiatilon operations.

Particle size reduction by grinding was accomplished
wlth porcelaln and agate mortars and pestles. Particle size
control in these cases was obtained by hand sleving. A
Pitchford Manufacturing Corporation selective uniform particle
size grinder (Model 3900) was used to prepare a four-hundred

mesh powdered sample of large vermiculite crystals.

Other Equlpment

Accurate sample weights, when necessary, were obtained
with an analytiéél balance with an accuracy of 0.0001 gram.
Arithmetlcal calculations were performed on a Friden calcula-
tor (Model SRW). Drying of samples and welght 1loss determina-
tions were accomplished through the use of a low temperature
oven set at 60° ¢ and a high temperature furnace operable to

1000° ¢.



TECHNIQUES

Particle Size Fractlonation

Bulk samples of the Plum bentonite from the Bob Mattingly
Ranch, Fayette County, Texas; and vermiculite regolith from
the Carl Moss Ranch, Lléno, Tgxas, were dlisaggregated in dis-
tllled water with an autosonic generator., The bentonlte was
also treated somewhat mQre vigqrouély by Waring blendor
treatments. Particle sizé separations were obtained‘by utili-
zing differential settling veiooities according to Stoke's
Law. No consideratlon was given to deviations from'sphefical
ghapes of the platy mlca and clay perticles, The slze ranges
as reported are meant te be interpreted as equivalent epherical
diameter and are :Lndicaﬁed a8 ‘euoh by the abbreviation ESD.
*ticle slze fraatiens'tc a oﬁe mioron iower limit were
obtained by the standard siphon meth@d (variations of the de-
cantationlmethod). ThefPium.bentonite‘particle size frace-
tions 4-6, 2-4, and 1-2 microns (ESD) éhd the vermlculite
particle size fractions 16-3?;'8s16, 4—8, 2-4, and 1-2 mi-
crons (ESD) were obtained in this mannéf; Plum bentonite
fractions of 1/2-1, l/ld-l/?, and 5/10691/10 micron (ESD)'
and vermiculite fractioﬁs of 1/2-1; 1/b1/2, 1/10-1/L, and

21
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5/100-1/10 micron (ESD) were separated by means of high speed
continuous flow centrifuge methods.

The slze-fractioned materlals were dried in an oven pre-
set at 60° C and were then ground to powders with a mortar
and pestle. In order to avold any adverse affects due to
grinding, a short perlod of grinding was foliowed by hand
sleving through an eighty-mesh screen. The elghty-mesh pow-
dered aggregates were then homogenlized by the shaking mech-
anlism of the Pltchford grinder and stored in glass vials.

Samples of the large yellowish-brown crystals of Llano
vermicullte were reduced to a suitabie particle size for x-
ray powder diffraction, X-ray flﬁorescence, and differential
thermal analysls, Large booklets of thls materlal were chop-
ped to about five millimeteré in size and further reduced to
four-hundred mesh in the Pitchford uniform particle size
grinder. Thls powdered material was also homogenlzed by

vigorous shaking.

X-ray Diffractometry

Random orientations were prepared by sieving the powdered
samples dlrectly onto gliass slides coated with a thin veneer
of petroleum jelly, After allowing a few minutes for suffici-
ent adhesion, the slide was inverted and the excess powder re-
moved by tapping lightly on the side of the mount. The (00£)
oriented samples were prepared by dispersing a small amount of

material in distilled water and placing this on a glass slide
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in an oven set at 60° C. After drying, The slide mount was
removed and placed in a humidifier. Powders and sedimented
slide preparations ilntended for x-ray diffractometry were
humidified for a minimum of eight hours at approximately fifty
percent relative humidity before analysis,

Treatments with ethylene glycol to investigate the ex-
pandability of the material were carried out on (0OL) ori-
ented samples. These were placed ln a vacuum grease-sealed
aluminum "dessicator" contalning ethylene glycol. The system

was maintained at 60° C for a minimum of elght hours so that
| the slides were 1n an atmosphere saturated with ethylene gly-
col Vapor for a prolonged period. The samples were analyzed
by x-ray diffraction lmmediately upon removal from the glycol
environment.

All diffractograms were obtained wilith goniometer scan-
ning speeds of one degree two-theta per minute. The system
for the Norelco unlit was one degree for the collimating and
receiving slits and a 0.006 inch scatter slit was used. The
Slemens diff-acicmeter was coperated with a one millimeter col-
limating slit and a two-tenths millimeter receiving siit. A
variable knife edge on the sample holder acted as a scatter
sllt. Chart speeds were set at one-half inch per minute on
the Norelco unlt and one centimeter per minute on the Slemens
recorder. Scale factor settings were made to maintain all
peaks on scale. Lower scale factors were used for some anal-

yses to enhance weaker diffréction lines., Diffraction scans
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from two to sixty-five degrees two-theta were made for all
samples. All powder diffraction scans and (0Qf) oriented
diffraction scans on the better crystallline samples were run
to nlnety degrees two-theta. The copper target x-ray tubes
were operated at thirty-five kllovolts and eighteen milli-
amps. The copper spectrum was fiitered with nickel foll and
proper baseline and window settings in the pulse height ana-
lyzing_circuit were made to permlt near monochromatic selec-

tion of the copper K-a wavelength.

Differential Thermal Analysis

All powders were humidified for at least elght hours be-
fore they were placed in the DTA sample holder, Care was
taken to make all runs as consiétently unlform as possible.
The time lapse from removal from the humidifier to the be-
ginning of each run was held to a minimum, which was always
less than five minutes. The amount of sample placed in the
sample holder and the degree of packing were the most 4iffi-
cult variables to control. Nitrogen was used as a purging
gas 1ﬁ every run and the manometer mercury level was maln-
tained at the 2.0 mark (relative scale). The microvolt set-
ting was kept at elghty and the calibration factor of 1,0 was
checked before each run, Furnace heatling rates were program-
med fpf 10° C per minute. All runs were made from room tem-
perature to 1020° ¢ with the stainless steel sample holder
and to 1080° C with the inconel sample holder.
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Cation Exchange Capacity

Cation exchange capacitles (CEC) were determined in tri-
plicate and reported as milliequivalents of NaOH per one hun-
dred grams of sample on an oven-dry basls (dried at 170° c).

The technlque used is referred to as "the continuous-titration

welght determination of a sample welghing approximately one
'gram. The sample 1s then dlspersed in distilled water and
converted to the hydrogen form with Dowex 50W-X4 resin in the
H+ form., The suspenslion is separated from the resin by wet
sleving and the total volume brought to five hundred milli-
liters by adding distilled water. The initial pH was measured
and a small amount (about 0.10 milliliter) of 0.4000N sodium
hydroxide. added from a microburet. After twenty minutes of
mechanical mixing on a magﬁetic stirring plate, the pH was
measured and recorded. This titratlon process was repeated
until a pH of 10.0 or higher was obtained. The data were then
plotted as pH versus meq per 100 grams of oven-dry sample.

The cation exchange capacity (CEC) for the sample was taken

as the average value of the three curves interpolated at a

pH of 7.0.

Chemlcal Analyses

Welght losses measured at 170° C were taken as H20-.
This value was subtracted from the total welght loss on firing

at 1000° C to determine Hgoé. Quantitative chemical analyses
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for Siog, A1203, Fe203, MgO. CaOl. KQO; and 'I‘iO2 were obtained
by x-ray fluorescence methods.

All samples were prepared for x-ray fluorescence anal-
yses by accurately welghing and mixing air-dry samples with
ten percent (by welght) polyvinyl alcohol (PVA) as a binding
agent. These wereithoroughly homogenized by shaking and
pressed into brickette form in a 1i inch Buehler die at fif-
teen tons total load on a Paul Weber press. Sultable oxlde
standards were prepared in the same way.

The intensity of the first order K-o line was used to
determine the percentage of each element. Two-minute counts
were taken by a step-scanning process and intensitles were
reported in counts per minute. The percentage by welght of
the oxldes of each element was interpolated from a standard
curve for each element. This curve was constructed from x-
ray fluorescence analyses of standard samples of silicate
composition for which accurate chemical analyses were avall-
able from independent sources. The data for the standard
curves were obtained during the time that the chemlcal anal-

yses were belng run.



MONTMORILLONITE

Plum Bentonite

The montmorillonite selected for this study was extrac-
ted from a bulk sample of the Plum bentonite. This unit oc-
curs stratigraphlcally at the base of the Manning formation
of the Jackson group (Eocene) in the Texas Gulf Coast sequence.
The particular sample involved in this study came from a pilt
on the.Bob Mattingly Ranch, Fayette County, Texas. The lo-
cality is described by Folk, Hayes, and Brown (1961) as one
of the best outcrops of the Plum bentonite. About twelve
feet of white, hard, concholdally fracturing, and massively
bedded bentonite 1s exposed at this site.

The Plum bentonite 1s one of several Upper Eocene and
Qligccene bentonite and volcanic ash beds whilch crop out in
the Texas Gulf Coast area. Persons interested in the stra-
tigraphy of thls region are referred to the publication of
Sellards, Adkins, and Plummer (1932). The petrology of the
Tertiary bentonltes of Texas was studied by Roberson (1964).
The study involved a petrographlc and x-ray diffraction in-
vestigation of the mineralogical content of these bedded de-~

o}
posits., The dominant mineral present is a 15 A montmoril-

27
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1lite and kaolinite observed in

30

lonite with minor amounts of
some samples. Non-clay mineral phases observed to be present
are quartz, cristobalite, feldspar, mica, and calcite. Sam-
oles from the lower Manning formation (Plum bentonite section)
contain é well-crystallized 15 X montmorillonite as the only
clay mineral present, These samples also contaln a silzeable
amount of cristobalite (10 to 20 percent), but no other non-

clay mineral phases were detected.

X-ray Diffraction Data

X-ray analyses indicate the presence of two mineral phases
in the Plum bentonite sample. The dominant constituent 1s a
dioctahedral montmorillonite that has an intense (001) dif-
fraction peak at 5.90 degrees two-theta, a moderate (024%),
(114) edgg reflectlon at 62,20 degrees two-theta. The less
abundant constituent has only a broad peak at 21.70 degrees
two-theta, and indicates the presence of alpha-cristobalite.

Figure 1 contains the diffractometer traces from two to
forty-eight degrees two-theta of bulk, 4-6, and 5/100-1/10
micron samples., Diffractometer traces of the (004) oriented
and the ethylene glycol expanded sample of the 5/100-1/10 mi-
cron fraction are also illustrated. These data indicate that
the cristobalite 1s concentrated in the.coarser fraction (4-6
microns) and is less abundan% in the finer fractions (less

than one micron). Figure 2 graphically shows the relative
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Figure 1. X-ray diffractometer scans of selected Plum bentonite montmorillonite samples.
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height measurements of powder diffractograms.
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intensity (peak height) of the cristcbalite peak with respect
to the montmorillonite (001) peak for the various samples.

X~-ray diffractometry of the (00£) oriented slide shows
four orders of the (001) spacing. The diffraction pattern
of ethylene glycol expanded material provides seven observ-
able orders cf the (OOl)-peak. The d-spacings and relative
intensities of the x-ray diffraction lines of the 5/100-1/10

micron fraction are summarized in Table 2.

TABLE 2

X-RAY DATA: PLUM BENTONITE MONTMORILLONITE
' (5/100~1/10 micron)*

Random (00.£) Solvated
Orientation Oriented (00£) Oriented
Miller -
Indices d(R) 1/1gx100 a(R) 1/1,x100 a(R) 1/I %100

oL 14,99 100 14,86 100 16.52 100
- 002 - - - S 8.34 6
003 4,95 5 4,95 5 5.57 11
sy
112 4,48 16 - - - -
004 - - 3.66 1 b 41 2
005 3,02 4 2.97 b 3.34 11
006 - - - - 2.789 4
007 - - - - - -
008 - - - - 2,094 1
050 1.495 2 - - - -

*Relative intensities are on the basis of peak helght.
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The b-axis parameter calculated from the (060) d-spacing of
o)
1.495 R is 8.870 A, This positively identifies this montmo-

rillonite as a dioctahedral type.

Differential Thermal Analysis

Humidified powders of all size fractlions were subjected
to differential thermal analysis., All samples were heated to
1080° C in an inconel sample holder, Figure 3 shows the DTA
curves for the bulk, 4-6, and 5/100-1/10 micron samples. They
are essentlally the same. The only significant variations
are 1n the intensity of the reactions and loss of definition
at higher temperatures in the coarser fraction. Flgure hvis
a plot of the relative intenslty of the low temperature endo-
therm as linear displacement below the base line versus par-
tlcle size.

The endothermic doublet at O to 100° C 1s due to loss of
surface and lnterlayer water. The endotherm at 680° C repre-
sents dehydroxylation of the octahedral laver. The higher
temperature endotherm at 9100 C may represent final loss of
all traces of octahedral (OH ) water. The high temperature
series of exotherms between 1000 and 1080° C represents the
formation of new non-clay mineral phases.

Samples of all fractlons of the bentonite were heated to
1000° C for twelve hours., After cooling to room temperature

X-ray diffractograms were obtained on the powdered materials.

Two phases are distinguishable on the diffractometer traces
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Relative intensity of low temperature de-watering
endotherm of size fractlions of Plum bentonite
montmorillonite with respect to the .05-.10 micron
(ESD) fractlion. Intensity based on the maximum
linear displacement of the endotherm from the
baseline as interpreted from the DTA thermograms.
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One is alpha-cristobalite and the other is beta-quariz,
Figure 5 illustrates the patterns obtained on fired samples
of bulk, 4-6, and 5/100-1/10 micron materials. In the
coarser fractions alpha-cristobalite is dominant'and shows
a sharp peak. 1In the finer fraction beta~gquartz 1ls the domi-
nant phase., A small diffraction peak at 27.9 degrees two-
theta may indicate the formation of a feldspar, probably an-
orthite.

Figure 6 illustrates the relative intensities of alpha-
cristobalite and beta-quartz in the various size fractilons.
The particle size 1s plotted on the abscissa and the factor:

I
T T . . x 100 | 2
where I_. represents the intensity of alpha-cristobalite and

IQ.represents the intensity of beta-quartz, is plotted on the
ordinate.
The formation of a well-crystalllzed cristoballte phase

may be due to the recrystallization of the poorly-ordered
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seems that the predominant hizh temperature phase formed from
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Pigure 5, X-ray diffractometer scans of fired samples of
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(F) feldspar.
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Figure 6, Relative intensity of alpha-cristobalite (101)

peak (IC) with respect to the sum of the intensi-

ties of the alpha-cristobalite (101) peak and the
beta-quartz (101) peak (ICfIQ). Intensities are

the result of peak helght measurements on powder
diffractograms of fired samples of Plum bentonite.
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of this phase is directly proportional to the higher montmo-

fillonite content in the small size fractlons,

Chemical Analyses

Chemical analyses by x-ray fluorescence provided quan-
titative informaftlon concerning the elements silicon, aluml-
num, iron, magnesium, titanium, calclum, and potassium,

Table 3 contains the chemical data on an air-dry basis.

TABLE 3

CHEMICAL ANALYSES OF THE SIZE-FRACTIONED PLUM BENTONITE
Bulk 4-6 2-4 1-2 1/2-1 1/10-1/2 5/100-1/10

S10, 64.75 69.51 69.76 69.63 61.99 58.48  58.58

A1,0, 11.84 10.09 9.90 10.14 12,28 13.49 12,97
Tioev 0.23 0.18 0.19 0.21 0.26 0.29 0.28
Fe,05% 0.34 0.26 0.26 0.27 0.38 0.41 0.41
Mgo 2.74 2.24 2,49 2,68 3.03 3.08 3.21
Ca0 1.66 1.28 1.32 1.35 1.76 1.89 1.97
K0 0.12 0.12 0.12 0.36 0.38 0.38 0.39
oY 416 3.4 3,61 374 4,63 4.88 4.85
H,0" _11.66 10.14 10.10 9.09 12.55 14.30 14.57
Total 97.50 97.31 97.75 97.47 97.26 97.20 97.23

*All iron reported as Fe+3.
These 1ndicate an abundance of SiO2 In the coarser fractlons

and a decrease of this constituent in the finer materlals.
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Structure

An attempt was made to partition the constituents into
the tetrahedral, octahedral, and interlayer positions of the
montmorillonlite lattice using a techniQue descrlibed by Mar-
shall (1949). Such calculations, however, resulted in an ex-
cess of siiica that could not be accommodated by the tetra-
hedral positions. This also resulted in an octahedral catilon
deficlency. From x-ray diffraction it was determined that the
montmorillonite is dloctahedral (b = 8.972) and the only other
detectable phase 1s alpha-cristobalite. Assumling an ideal
two-ion octahedral population (half unit-cell formula) all of
the aluminum, iron, magnesium, and titanium were placed in
the octahedral layer. The sum of the gram-atoms of these con-
stltuents was multiplied by a factor which brought the total
number up to two lons. The number of gram-atoms of silicon
was also multiplled by this factor and four of these placed
in the tetrahedral positions. The excess silicon was recon-
verted to S10, in the chemical analyses. The excess silica,

~ and
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tlions, is shown graphically in Figure 7. The amount of free
8102 is shown to vary from about 20 to 43 percent with the
bulk sample estimated at 31.63 percent (oven-dry basis).
These are minimum estlmates because the maximum amount of
silicon was allotted to the tetrahedral layer. Any substitu-
tion of aluminum for silicon in the ﬁetrahedral layer would

necegsarily increase the excess of SiO2 estimate.
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Table 4 lists the data resulting from this type of struc-

ture calculation for tThe bulk sample and all size fractions.

TABLE 4

STRUCTURAL DATA FOR THE PLUM BENTONITE MONTMORILLONITE*

OCTAHEDRAL INTERLAYER EXCESS SIO

Wt. Perceni
Al Mg Fe: Ti Ca X Dry Basis
Bulk 1.511 442 0280 .0190  .193 .O17 31.63
4-6 1.528 .429 .0251 .0173  .177 .021 42.90
2-4 1.484 473 .o0249 .0180 .180 .019 42,56
1-2 1.465 461 L0251 .0192 178  .057 40.84
1/2-1 -~ 1.486 .464 ,0298 .0205  .194 .050 26,48
1/10-1/2 1,513 .437 .0293 .0208 .193 ,047 19.32
5/100-1/10 1.485 465 ,0298 .0205 .206 .048 20.49

*Tetrahedral composition taken as 51, on half unit-cell
basis.

The relative amounts of estimated excess 8102 agrees With the
relative abundance of alpha-cristobalite as interpreted from

x~-ray diffraction and differential thermal analyses. However,
there is an anomaly in the estimated percentage of free silica
for the 1/10-1/2 micron fraction. The value of 19,32 percent

excess S10, seems to be %oo low with respect to that of the

2
smaller 5/100-1/10 micron fraction (20.49 percent). Assuming
a conservative estimate of 21 percent excess silica for this
sample and computing the structural formula with a Marshall

calculation results in a formula that shows a substitution of
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0.04 ions of aluminum for silicon in the tetrahedral layer.
This effect did not cause a significant deviation in the oc-

tahedral or interlayer composition as shown in Table 4.

Cation Exchange Capaclty

The cation exchange capacity was determined by the ti-
tration method on one gram samples of the 1/2-1, 1/10-1/2,
and 5/100-1/10 micron (ESD) fractions of the Plum Bentonite.
Total exchange was taken at a pH of 7.0. Measurements were
made in triplicate for all samples and maximum deviatlons
from the average value for the same sample were less than
two percent. The titration curves, shown in Flgure 8, are
plotted as pH versus meq NaOH per 100 grams of clay dried at
1700 C. These are the results of averages of the three sepa-

rate tltrations for éach sample. Table 5 lists the CEC of

TABLE 5
CATION EXCHANGE CAPACITY OF PLUM BENTONITE MONTMORILLONITE*
Actusl 1/2-1p 1/10-1/2/~  5/100-1/10/~
Measured 90.5 93.5 97.5
Calculated 81.5 88.9 92.5

Adjusted for Excess Silica

Measured 123, 118. 123,
Calculated ) 111, 113, 116.
Excess 510, 26.48 21.00 20.49

*Reported as Meq NaOH per 100 gm, 170° C dry clay at pH
of 7.0.
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Figure 8, Titration curves for H-exchanged .05-.10, .10-.50,
.50-1 micron fractions of the Plum bentonite.
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the different size fractions and the.theoretical values as
calculated from the chemical analyses in Table 3. The calcu-
lated and measured CEC for each fraction are also shown after
adjusting for estimated excess silica as listed in Table 4.

Difference in the calculated and measured cation exchange
capacities may be due to several factors. The montmoriilonite
may contain some sodium, but an analysis for this constituent
was not obtained. As 1itt1e}as 0.31 percent Na20 dry basis
would add another ten milliequlivalents to the calculated ex-
change capacity. The finely divided alpha-cristobalite prob-
ably has a measureable‘exchange capacilty, but it is thought
thay any contributions from this constituent would be within
the range of reproducibility of the analysis and, therefore,
probably neglible.

The low adjusted exchange capacity for the 1/10-1/2 mi-
cron sample probably may be attributed to a low estlimate for
the excess silica. A higher estimate of twenty-four percent

silica would increase the measured CEC to 123 meq per 100 gm.

3

M

dry welght basis which is comparable to the values obtained

P

kS
for the other two fractions. This amount of excess silica

would increase the calculated CEC to 117 milliequivalents.

Interpretations

Differences between the computed structural formulae of
the 5/100-1/10 and 1/10-1/2 micron samples are not considered

to be significant. The relative amounts of cristobalite
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estimated for all samples are supported by %x-ray and DTA data.
The excess silica values, however, are minimum estlimates., Ad-
justments in cation exchange capacities resulted in values for
each size fraction which differed only within the range of re-
producibility of the titration method employed. There is close

agreement between calculated and measured CEC values. Thd cal-
culated values are consistently low and may be due to the pres-

ence of a small amount of NaQO for which analyses were not
avallable, This may also account for the slightly lower in-
terlayer catlon charge with respect to the octahedral charge
deficlenciles. |

Grim and Kulbicki (1961) analyzed forty montmorillonites
by chemical, x-ray, DTA, diffractometer furnace, and optical

methods. The results indicated that there are two distinct

types of dloctahedral alumlnum montmorillonites. Evidence 1s

strongly opposed to a continuous lsomorphous serles and the

end members were gilven the names Cheto- and Wyoming-types.

Some samples that appeared at first to be intermediate types
were partially separated on the basls of partlicle size into
two distinct phases. The Cheto-type was concentrated in the

coarser slze fractlons.

The Plum bentonité montmorillonite 1s necessarily clas-
sified as a Cheto-type. This is evident from the high magne-
sium for aluminum substitution in the octahedral layer. Cheto-
type properties of the Plum bentonite montmorillonite are
high CEC, DTA characteristics, especially in the high tempera-

ture region, and the formation of beta-quartz at 1000° C.



VERMICULITE

" Llano Vermiculites

At least Three genetically and mineralogically dissimllar
vermiculites are found in Precambrian metamorphic rocks of
the Llano uplift or near Llano, Texas (Barnes and Clabaugh,
1961). A pearly-white variety is found in a weathered marble
assoclated with magnesite. Another type is best developed in
a deposit on the Carl Moss Ranch and is associated with soap-
stone and talc. Hydrothermal activity has had a declsive in-
fluence on the formation of this vermiculite. The third type
is brown vermiculite associated with the weathering of bio-
tite 1n mica-amphibolite schiét (Packsaddle schist, Paige,

9i2). A detalled discussion of the geology, petrology, and

-

occurrence of these vermiculites was provided by Clabaugh and
.Barnes (1959).

The vermiculite samples selected for the present study
were collected at stop number twelve (Carl Moss Ranch) on
the field trip led by Folk, and others (1951) as a part of the
Tenth National Clay Conference. Two samples of vermiculite

cved. One type consisted of large books of yellow-

.7 ~ ~m~T T A
were coiodicecC

O

1sh brown crystals concentrated in veinlets. The average

i6
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crystal sizes are about one to two inches in diameter. The
other sample was found as loose regolith material in which the
individual crystal sizes range from about three millimeters

down to clay-sized particles.

X-ray Diffraction Data

X-ray diffractometry data of a randomly oriented powder
of the large yellowish-brown -crystals (ground to 400 mesh) are
listed in Table 6 and are compared with the x-ray data repor-
ted by Walker (1961) for Batavite and a vermiculite from West
Chester, Pennsylvania., The chemical compositions of these
three vermiculites are gquite different, but are not indicated
by differences in the x-ray diffractlon powder data. Only a
few of the weaker lines observed in the two samples reported
by Walker were not observed in the Llano vermiculite (Carl
Moss Ranch). In particular, attention is called to the d-
spacing of the (060) lines from which the b-axls parameter
may be calculated. This is 9.22 K for Batavite and the West
Chester vermiculite and 9.24 K for the sample from the Carl
Moss Ranch.

Powder data were also obtained for samples of the size-
fractioned sample of vermiculite regolith. Figure 9 shows the
diffractometer scans from ten to sixty-two degrees two-theta
for the large crystals (ground to 400 mesh), 16-32, 1-2, and
5/100-1/10 micron samples, The powder data for the 16-32 mi~

cron fraction agrees well with the data listed in Table 7.



I=
oe)

TABLE 6

X-RAY DATA FOR SELECTED WELL~-CRYSTALLIZED VERMICULITE

West Chester*

Llano Vermicullte

o Batavite*® Vgrmiculite L%rge Crystals
INDICES a(A I est, d(A) I est. d(A) I/I, x 100
002 14,4 vVs 14,4 vVs 14,39 100
ook 7.18 vvw 7.20 vwW 7.19 3
006 4,79 vw 4,79 vw 4,80 5
o2l ; 110 4,60 s 4,60 s L,61 1
008 3,602 m 3.587 m 3.59 10
0,0,10 2.873 m 2,869 m 2.87 13
130; 200; 202 2.657 mw 2.657 mw 2,652 1
132; 208 2.602 ms 2,597 m 2,600 1
134; 202 2,550 m 2.550 mw 2.560 1
0,0,12; 136; 204 2.392 ms 2.392 ms 2.395 1
136; 208 2.277 VW 2,266  vvw - -
138; 206 2.209 VVW 2,214 vw 2.204 1
138; 2,0,I0 2,082 w 2.081 w 2.083 1
0,0,14 - - 2.048 vw 2.049 1
208 2,016 W 2,011 VW 2.016 1
1,3,12; 2,0,10 1.835 VVW 1.835 vvw 1.833 1
2,0,1 1,744 mw 1.748 W 1.745 1
1,3,1I8; 2,0,12 1.673 mw 1.677 mw 1.676 1
1,3,14; 2,0,16 1.576 VYW 1.574 vvw 1.584 1
060; 1,3,16; 2,0,14
330; 332; 334 1.537 s 1.537 ms 1.540 1
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TABLE 6--Continued

[
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West Chester*

—

Llano Vermiculite

' o Batavite* Vgrmiculite L%rge Crystals
INDICES a(A) I est. d(A) T est. d(A) I/Ig x 100
332; 336 1.506 VVW 1.508 vvw - -
0,0,20; 1,3,16;

2,0,18 1.444 vw 1.449 w 1.447 1
338 . 1.356 vw 1.357 vwW 1.361 -
1,3,18; 2,0,20; ’

3,3,12; 402 1.332 mw 1.334 mw 1.331 1
2,0,20; 400; 406 1.319 mw 1.320 mw - -
1,3,20; 2,0,18;

3,3,14; 402 1.296 W 1.298 w 1.294 -
Lok 1.278 W 1.275 vw - -

*After Walker (1961),
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Flgure 9. X-ray diffractometer scans of random orientations of selected Llano
vermicullte samples,
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TABLE 7

X-RAY DATA FOR SELECTED SAMPLES OF
SIZE-FRACTIONED LLANO VERMICULITE

Particle Size (Microns)

16-32 u-g 1-3 1/4-%/2
INDICES a(k) a(f) a(R) a(k)
002 14 52 14,40 14,40 14.50
004 7.22 7.20 7.20 7.31
006 4,77 4,78 4,80 -
024; 114 4,61 4,61 4,69 4,50
008 3.60 3.59 3.60 3.60
0,0,10 2.890 2,852 2,878 2.89
130; 100; 202 2,656 2,636 2.648 -
132; 204 2.596 2.593 - -
13%F; 202 2.557 2.553 2.550 2.564
0,0,12; 136; 204 2.397 2.392 2.392 -
138; 2,0,I0 2.084 - - -
0,0,14 2.058 - - -
208 2.020 - - -
1,3,1%; 2,0,12 1.680 - - -
060; 1,3,I6; 2,0,14;
330; 332; 334 1.537 1.537 1.535 -
0,0,20; 1,3,16;
2,0,1 1.450 - - -
1,3,18; 2,0,20;
3,3,12; 402 1.334 - - -

The dlfferences are mainly the absence of some of the weaker
diffraction lines. This loss of lines continues progresively
through to the smallest size fractlon. A significant change
of d-spacings is not observed, however, until the particle
alze becomes less than one micron, Thils effect may be ob-
served in the diffractometer traces of the 1-2 and 5/100-1/10

micron fractlons and in the data listed in Table 7. In the
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less than one micron fractions the (060) diffraction peak
disappears. It does not shift to a higher two-theta value,
thus giving no evidence for the presence of a dloctahedral
phase. A shift of the (02 ), (114) peak from 19.3 to 19.7
degrees two-theta, however, strongly supports this possibility.

A1l size-fracticns of the vermiculite were prepared as
sedimented slides. An equal amount (0.05 grams) of each par-
ticle size was accurately weighed, dispersed in a few’drops
of distilled water, and all the dispersed material placed on
glass slides. All the sedimented materials were humidified
for eight hours and scanned on a diffractometer from two to
ninety degrees two-theta.

A small amount of talc and phlogopite occurred in all
size fractions down to one micron. Figure 10 shows the (002)

oriented diffraction scans for the 16-32, 1-2, and 5/100-1/10

. micron fractions, A total of eleven orders of the (002) d-

spacing were observed on the 16-32 micron x-ray diffraction
pattern. Finer fractions down to the less than one micron
material have seven observable orders. For the finest frac-
tions only five orders are present, A plot of the relative
intensity (peak height basis) of six progressive orders of the
(002) peak of 14.5 2 for some of the fractlons is shown in
Figure 11. 1In the finer fractions the relative intensities

of the higher order reflections show a progressive decrease

ty. In the finest lraction the relative intensities
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of successive orders are not similar to the typicalJéoﬁtinuouS
increase from the (004) to the (0,0,10) of a true vermiculite.

The (00£) oriented samples consisting of equal amounts of
material (0.05 gm per slide) were scanned at the same scale
factor, machine, diffractometer, and slit settings to compare
the relative intensities of the (002) diffraction peak (at
about 14.5 E). Scans were also made at various scale factor
settings which enhanced thé (002) reflections so that they at-
talned approximately the same peak height on their respective
patterns. These latter were used to obtain an index of peak
sharpness. Sharpness 1is observed to decrease from the coarser
fractions through to the finer fractions. Relative intensi-
ties of the (002) peaks were determined by measuring the area
under the curve and multiplying all values by a factor which
would convert the intensity of the (002) of the 16-32 microns
fraction intensity to 100. The ratio of peak height to peak
width at half-height was used as an index of the degree of
peak sharpness. DBoth the relative intensity of the (002) re-

flections calculated as:

I/1 x 100

/T (16-32) 3
and the sharpness index:

R/R x 100 4

M (16-32)

where R is the ratio of peak height to peak width at half-

height for a particular size fraction are shown graphically
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Relative intensity I/I(16_32) x 100 and peak
sharpness index R/R(16-32) x 100 where R is

the ratlo of the peak height to peak width at
half-height for the (002) diffraction peaks of
each particle size fraction of the Llano vermicu-
lite.
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show a progressive decrease with decreasing particle size
down to the one micron material. The finer fractions, 1/2-1,
1/4-1/2, 1/10-1/4, and 5/100-1/10 micron fractions have a
relative intensity of about 20-25 percent that of the 16-32
ﬁierons fraction. The index of peak sharpness also decreases
with particle size and does so regularly through to the finest
fractions (5/100-1/10 micron). The increase in line broaden-
ing 1s partlially a reflectlion of the decrease in crystalline
order of the-finer materials., It is also a function of the
decrease in the particle size. The decrease 1n relative in-
tensity of the (002) peak is a function of the crystallinity
of the material and also can be a functlon of the lattice
chemistry.
| The same slides that were used -in the (004) oriented
sQens were subjected to ethylene glycol treatment. The slides
were placed 1n an atmosphere saturated with ethylene glycol
vapor at 60° C and a minimum of eight hours Was allowed for
cbmplete expansion., X-ray diffractometry was carried out
from two to sixty~five degreee two—theta; Check scans were
‘made over the (002) peak after a complete run to make sure
that a collapse of the ekpanded material had not occurred
during the time the complete scan was being made.

' The 5/100-1/10 microh fraction undergoes an almost com-
plete expansion to 16.5 X. A slight shoulder on the peak at

about six degrees two-theta also suggests that some material
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did not undergo ethylene élycol expansion, This becomes more
apparent in the coarser particle size fractions: Figure 13
shows the diffractometer traces for the 16-32, 1-2, and 5/100-
1/10 micron fractions. Successive orders éhow that the ethy-
lene glycol expansion in the coarser fractions is variable and
at least two and perhaps three different equilibrium d-spacings
or degrees of swelling are present. In most cases the various
(002) peaks were not resolved in the five to six-degree range,
but are observed as a single peak occurring at about 5.5 de-
grees two-theta (16.1 8).

An approximation of the percent of expandable material
present in-each size-fractlon was made by measuring the de-
crease in the height of the 14.5 2 peak after ethylene glycol
treatment. The results of these data are plotted in Figure
14 as percent decrease in intensity of the (002) peak versus
partlicle size. This indicates ﬁhat the percent of expandable
mateiial varlies from 87 percent in the 0.05 to 0.10 micron

fraction to 30 percent in the 16-32 microns fraction.

Differential Thermal Analysis

Figure 15 contains the DTA curves of all samples run at
10° ¢ per minute from room temperature to 1020° ¢. All sam-
ples have an endothermic doublet in the 100-2500 C range.

This doublet marks the loss of interlayer water and is not
well resolved in the finer fractions as in the coarser materi-

als. The endotherms at 500-600o C and at 700-9000 C indicate
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the loss of water due to a breakdown of the octahedral cation
to hydroxyl bond. The endotherms at 800—900O C represent the
formation and appearance of non-clay mineral high ftemperature
phases.

All samples were heated at 1000° C for twelve hours in a
high temperature furnace. After firing, the samples were cooled
to room temperafure and x-ray diffractometer scans were run on
the powdered materials. The high temperature phases that
formed were the same for all fractions and for the large cry-
stals. The dominant phase is clinoenstatite with some alpha-
Fe203 (hematite) observed in the finer fractions. Figure 16
shows the diffractometer traces of the fired samples of the
large crystals (ground to 400 mesh), 16-32, 1-2, and 5/100-
1/10 micron samples. The clinoenstatite (CE) and hematite

(H) diffraction peaks are labeled.

Chemical Analyses

Partial quantitatlive chemical analyses were obtained by
x-ray fluorescence techniques. The results are listed in
Table 8 and compared with two analyses of vermiculite from the
same locality provided by Barnes and Clabaugh (1961) which
were analyzed by'the Minnesota Rock Analysis Laboratory, Min-
neapolis. The agreement is fairly reasonable, considering
That the analyses were not run on cuttings of the same material.
Analysis by x-ray fluorescence of the large crystals (ground

to 400 mesh) shows a higher silica and iron oxide content and
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TABLE 8

CHEMICAL ANALYSES OF LLANO VERMICULITES (CARL MOSS RANCH)

Guidebook* Analyses by X-ray Fluorescence

Sample 1  Sample 2 Sample A B-1 B-2 B-3 B-4 B-5 5-6 B-7 B-8
510, 35.19 34,95 39.03 40,96 41.50 41,82 42,16 42,07 43,67 44,33 44,27
A1203 12.73 12.85 9.16 8.45 8.16 8,18 8.18 8.13 8.39 8.20 8.13
Ti0, 0.75 0.13 1,03 0.50 0.54 0.54 0.55 0.51 o.42 0.42  0.37
Fe203 3.52 3.09 4,95 6.49 6.96 7.87 8.59 9.60 12.91 13.79 13.75
FeO - 0.46 0.57 - - - - - - - -
MnoO 0.05 " 0.03 - - - - - - - - -
MgO 26.85 29.25 24,01 22,31 21,93 20.01 18.68 15.70 10.47 8.99 9.22
Cao 0.24 0.00 0.11 0.57 0.56 0.43 0,41 0.39 0.41 0.44 0.45
Nas0 0.02 0.02 - - - - - - - - -
K~0 0.01 0.03 0.05 0.09 0.17 0.20 0.21 0.20 0.30 0.32 0.35
B0 10.77 10.87 9.55 8.55 8.42 8.88 10.18 9.89 9.97 9.91 9.85
HQO— 9.00 7.55 10.14 9.72 9.62 9.65 8.53 10.76 10.78 10.81 10.75
i 0.15 0.38
Cl 0.04 -
Total 99.78 99.72 08,33 97.73 97.86 97.58 97.49 97.25 97.32 97.21 97.14

*From Barnes and Clabaugh (1961),
Legend: Sample A refers to the large yellow crystals that were ground to 400 mesh. Sam-

ples B refer to the size-fractioned vermiculite, particle sizes 16-32 (B-1), 8-16

éB-Q

B-8

4-8 (B-3), 2-4 (B-4), 1-2 (B-5),

microns (ESD).

1/2-1 (B-6), ;/4-1/2 (B-7), and 1/10-1/4



a lower magnesia and alumina content than the two analyses
from the guldebook. Analyses of the size-fractioned ﬁate—
rial indicate a progressive increase of Siog, Fe203, and KEO’
and a decrease in the MgO content from the coarser (16-32 mi-
crons) to the finer (1/10-1/4 micron) fractions. Variations
in A1203 are considered within the range of accuracy of the
x~-ray fluorescence techniques. Analyses of Na2Q MnO, F, and
Cl were not determined by x-ray fluorescence, and all iron
was reported as Fe203. Figure 17 is a graphical illustration
of thé analyses listed in Table 8 calculated on the basis of
welght percent of oxides on a 1000° ¢ fired basis. Only the

oxldes of the more significant constituents, silicon, alumi-

nym, lron, and magnesium, are included.

Structuré‘

The various‘chemical constituents from the analyses re-
ported in Table 8 were partitioned into a three-layer mica
lattice using the method described by Marshall (1949). The
results are listed in Table 9 on a half unit-cell formula
bagis (22 chargesjl' There were no available means of deter-
mining the relative ratio of ferric to ferrous iron present,
therefore, calculations were made twice. Row 1 considers all

3 and Row 2 considers all iron as Fe+2. From the

1ron as Fe+
analyses provided by Barnes and Clabaugh (1961) listed in
Table 8, the iron seems to be predominantly in the hlgher oxi-

datlon state and it is thought that calculations on this basis
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Figure 17. Partial chemlical data on slze-fractioned vermicu-
lite. Based on quantitative analyses by x-ray
fluorescence,
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RESULTS OF STRUCTURE CALCULATIONS ON CHEMICAL
ANALYSES OF THE SIZE-FRACTIONED

: LLANO VERMICULITE
e — ; .

e

*l & Fe+3; 2 « Fe ",

Tetrahedral Oétahedral chgggggal Ingggigg:r

ESD * Si_ Al Mg Fe Al Ti Cations Mg Ca K
16;32 1 3.24 .76 2.31 §38..ou .03 2.77 .32 .05 .01

2 3.30 .70 2.38_,39 11 ,03 2.91 .30 .05 .01

8-16 1 3.27 .T3 2.28‘,ui .03 .03 2,75 .30 .05 .02

2 3.34 .66 "2;36.,h1‘;11'.03 2.90 .27 .05 .02
k8 1 3.33 .67 2;69.,47 ,10 .03 2.69 .28 .04 .02

2 3.40 ,60 2,19 ,48 .18 .03 2.88 .25 .04 .02

2-4 1 3,37 .63 1.95 ,52 ,14 .03 2,64 .27 .04 ,02
2 3,45 ,55 :?,05 .53 .24 ,03 2.85 .23 .04 .02
1-2 1 3.5 ,55 1,69 ;59 .24 ,03 2.55 .23 .04 .02
2 3,55 .45 1,797,61 .36 .03 2.79 .18 .ok .02
" 1/2-1 1 3.60 .40 1,18 ;80 .1 .03  2.37 .15 .04 .02
2 3.73 .27 1.24 .83 .58 .03 2,68 .05 .04 .03

1/4-1/2 1 3,66 .34 ;97 ;55 A5 .03 2.31 .13 .04 .03
2 3.80 .20 1.10 .89 .63 .03 2,65 .05 .04 ,ob

1/10-1/4 1 3.65 .35 1.02 .85 .44 ,02 2,33 .11 .04 .03
2 3.80 .20 1,14 ;89 .62 ,02 2.67 .04 o4 ,03

+2
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represent a closer approximation to the actual structural

Tormula, Structural formulae are also written on the assump-
tion that the octahedral layer does not contaln more than six
positive charges (half unit-cell basis). This assumption may
not beistrict}y‘valid, but 1t provides a common basis for di-
reﬁtlﬁ cohpafing the calculated structural formulae of the
various particle sizes.

The data in Table 9 indicate that the aluminum for sili-
con substitution in the tetrahedral layer decreases with de-
cfeaging particle size with a relative lncrease in the alumi-
num gnd iron content with respect to magnesium. The titanium
content 1s relatively constant throughout the range of parti-
cle sizes, The total surface charge and'interlayer cation
¢ontents 1s also observed to decrease with the size of the
part;cles.} This 1s predominantly a function of the variation
in interlayer magnesium, The calcium and potassiﬁm contents
are relatively constant on an lon for ion basis.,

The data in Table 9 have been plotted graphically in

Figures 18, 19, and 20, for ease of examination. Filgure 18
graphically shows the variation in the Al/S1 ratic versus

particle size. For comparison purposes dashed lines have been
added which show the Al/Si ratlo for Batavite and a vermicu-~
lite from West Chester, Pennsylvania, prgvided by Walker (i961).
Also repreéented by dashed lines are the results of Marshall
cajculations on the analysis of gample 1 (from the guidebook),

and the large crystals of Llano vermicullte from the Carl Moss



Al/Si (Tetrahedrol)

Figure 18.

0.50

045 |—

040 p—
0.35
0.30
0.25
020:

0.15

0.0

0.05

bt o e e iy e

/4
‘e é’\? q\e 0\/6 6\\3?

8o qbv

Particle Size (ESD) in WMicrons

Tetrahedral layer compositions of selected ver-

miculites and s

- oo

Curve A: all
Curve B: all



3.0

@

>

o

B

o

@

£

[=)

S

o

£

e

L

e

Q

T

]

LD

13

2
2.2
2.1
2.0

Figure 19.

70

-

Batavite”

1]

Y Y

~ 2

e
g *

T

& ‘a‘/e

Particle Size (ESD) in Microns

e

3>

Total ion content of octahedral layer of selected
vermiculites and size-fractlioned Llano vermlculite.

Curve A:
Curve B:

all iron considered as Fe+2.

all iron considered as Fe

+3



71

Al
30 30
[\ /N
30 y 30
X9
2 X7 X8
ol
3\4 sze
M Q-0 F
g 20 30 e

Flgure 20, Octahedral layer populatlion of selected vermicu-

lites.

1. West Chester

2. Batavite

E. Llano sGuidebook)
T

1TAara~ J1 r\o am 1\
s Ladllo \<UU fiesn)
5-9., Size~fractioned Liano vermicullte
5) 16-32 microns

6 4.8 microns
g 1-2 mlicrons
1/2-1 micron

9) 1/10-1/4 micron



T2
Ranch which were ground to 400 mesh and analyzed by x-ray flu-
orescence technigues. Curve A represents the results of struc-

3

ture dalculations.with all iron considered as Fe'” and Curve

B, in which all iron 1is taken as Fe+2.

Plgure 19 1s a graphical illustration of the total 1on
content in the octahedral layer. Again Batavite, West Chester,
Liano (guldebook analysis) and Llan¢o (400 mesh, x-ray fluo-
rescence data) vermiculites are represented by dashed lines.
Curve A represents the results of calculations in which all
:iron 1s considered as Fe+2, whereas, in Curve B the iron is
considered as all Fe+3.

Flgure 20 1is a.tfiangular plot showing the contribution
of each lonlc constituent to the total composlition of the oc-
tahedral layer. Point 1 represents the West Chester, Pennsyl-
vania; vermigulite. Point 2 represents Batavite, and Point 3
1s from a calculation on the guldebook analysils, sample 1.

Points 4 through 9 are from calculations based on the data in

Table 8. Point 4 represents the large crystals (ground to

where all iron 1s considered as Fe+3. Titanium is not inclu-
ded here, nor 1ls provision made for the differences in the
total number of lons in the octahedral layer. The change in
compositlion from the coarser size fraction through to the

finer material is toward & nontronitic chemical composition.
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Cation Exchange Capacity

Theoretical cation exchange capacities were calculated
for all particle sizes of the size-fractioned material.,
These are presented in Figure 21 as two curves. Curve A shows
the calculations from Table 8, rows numbered 1, in whichvall
iron is conslidered as Fe+3. Curve B is from data in the same

table, but from rows numbered 2 where all iron is considered
2

as Fe'e,

The cation exchange capacities of the 16-32, 4-8, 1-2,
1/2-1, 1/4-1/2, 1/10-1/4 micron samples were measured by the
sodium hydroxide continuous titration technique. Figure 21,
Curve C shows the data that were obtalned from this series of
measurements. No claim is made as to the completeness of the
exchange reaction in any sample. It 1s known from x-ray dif-
fraction and DTA analyses thal the exchange was only about one-
third effected in the 16-32 micron material and about one-half
completed in the 4-8 micron fraction. It is thought that the
-cation exchange capacity did approach completeness in'the
finer fractions.

Whethér or not the cation exchange capacity data repre-
sent total exchange, they are of significant value. The varia-
tion in cation exchange shows a trend from high values to low
values with decreasing particle size:which_égrees wlth the
trend predicted from the calculated structures. This provides
independent evidence supporting the calculations as good ap-

proximations of actual structural formulae.
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Cation Exchange Capacity
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Dicctanedral Nature of The Finer Fraction

The structure of the size-fractloned vermiculite 1is un-
doubtedly different-in the finer particle sizes as observed in
the x-ray diffraction powder data, and from the structural
formulae which are supported by the cation exchange cagaéity
and DTA data. If the x-ray data for ethylene glycol expanded
samples are considered, the partial stability of the 14.5 R
peak must be explained. Assuming that the nonfexpandability
1s due to the stronger bonding forces between charges that
are close to the interlayer cation as opposed to the weaker
bond strength due to octahedral cites, the expandable lattice
may be attributed to a more dicctahedral type of structure
(in this case) as opposed to a trioctahedral type of lattice.

It has been shown that the 1/10-1/4 micron material ex-
pefienced an elghty percent decrease in the intensity of the
14,5 8 peak with solvation. Assumlng eighty percent diocta-
hedral and twenty percent trioctahedral éharacter of the ma-
terial, a basls for a separation into two distinct lattice
configurations is provided. As a composition for the trioc-
tahedral portion, the structural formula for the large crys-
tals as determlned from the x-ray fluorescence chemical analy-
sis was assumed., This was Justified by. small differences be-
tween this analysis and that for the 16-32 micron fraction

and the total non-expandability of the large crystals., - A
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structural formula for the large crystals may be written as:
0.44 Mg
(Mg 437¢0,30™0.06) (513,13820,87)010(0)2  9-01 Ca
which is taken as the estimated trioctahedral counterpart.
Twenty percent of thls structural formula was back calculated
to gram-atomic ratios and subtracted from the gram-atomic
ratios of the 1/10-1/4 micron chemical analysis. The remailn-
ing chemical constltuents were then converted to half unit-cell
ratios by the Marshall method. Considering an ideal diocta-
hedral structure, that is two ilons in the octahedral layer
on a half unit-cell basis, the structural formula of the di-
octahedral counterpart was found to be:
1 0.25 Mg

(Fey 00810, 6380, 36710, 01 (515 83A0,17)010(0H) 5 R

3

with all iron consildered as Fe¥ . The cation exchange capa-
city in thils case is somewhat higher than calculated before
an@ does not fit well with the measured value. A more gener-
alized formula could be written as:

0.25 Mg-x

0.01 Ca
0.01 X

(Fey.00%%0.63M80, 364xT 10, 01 ) (53,8380, 17)010(0H);

thus allowing for slight deviations from an 1deally diocta-
hedral structure. The charge defilciency on the tetrahedral
layer is -0.17. The octahedral charge deficiéncy is somewhat
undetermined, but from the generalized formula, may be stated
as:

(-0.35 + 2x) ’ 5
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where x is the additlonal number of Mg icns attributed to
the octahedral layer due to deviations from the ideal two
ion population. By the same reasoning, the interlayer cat-
ion charge may be written as:
(+0.53 - 2x) 6

where x has The same significance as above.

Interpretations

X-ray diffraction dats provide evidence that the smaller
size fractions (less than one micron ESD) of the vermiculite
regolith from the Carl Moss Ranch in Llano, Texas, are not
true vermiculites. The b-axis parameter of the coarser frac-
Tions, calculated from the d-spacings of the (060) peaks,
ranges from 9.21’3 to 9.24 XJ attesting to the trioctahedral
nature of these materials. 1In ﬁhe less than one micron sam-
ples the (024), (118£) edge appears at 19.7 degrees two-theta
(4.50 K). An approximate b-sxis parameter‘based on these
data is 9.00 K which 1s Yo be expected for dioctahedral micas.

The structural formulae calculated from chemical'analy—
ses indicate a more dioctahedral composition for the smaller
sized particles, Independent. data suoport these as reason-
ably good approximations of the actual average structural
formulae. Differential thermal analyses show that the inter-
layer magnesium content is higher in the coarger fraction and
decreases with particle size. Although calculated and mea-

sured values for the cation exchange capacities are not in
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close agreement, they do show tThe same variation with particle
size. The measured CEC decreases with particle size at the
same rélative rate as values predicted from the calculated
structural formulae. Disagreements in CEC Values may be pri-
marily the result of fundamental assumptions made for the pur-
pose of standardizing the structural formula calculations.
If more magnesium were placed in the octahedral layer, the
predicted cation exchange capacities would be.somewhat lower,
Good CEC data were not obtainable for the larger particles
because of the difficulty in approaching a total exchange con-
dition., This is primarily due to incomplete conversions of
the coarser-grained vermiculite to the hydrogen form. This
could be accompllshed if a more rigoreus acld treatment were
employed. However, this could result in a partlial removal of
lattice elements‘as well as interlayer cations and further
cdmplicate The interpretation of total cation exchange capa-
city information.

The heterogenelty of the vermicuiite regolith may be pre-
Gominantly due to a mechanical mixture of distinct phases,
each crystallité being falrly homogeneous and crystallite
compositions belng quite different, but varying within the
ranges of two or more distinct modal types. For simplicity's
sake, the system may be considered as discrete particles of
two end members with the trioctahedral crystallites occupying.
a coarser particle size distribution and the dioctahedral

crystallites concentrated in the smaller size class., If
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this is the case, the data may simply be an expression of

)

the
higher degree of stability of dioctahedral with respect to
trioctahedral micas 1n a weathering environment.

An alternative is that the heterogeneity of this material
is one of mixed domains within individual crystals. In this
case 1t might be reasonéd that one phase (dioctahedral type)
1s an alteration product of the otherJ(érioctahedral type)
phase. A "reaction-rim" of fairly constant thickness may ex-

"reaction-

ist around an essentially unaltered core. This
rim" would become increasingly more significant volumetri-
cally as the size of the affected particle was decreased. At
some lower size limit, the depth of alteration would result
in a completely altered phase. That is, the crystallite would
be fairly homogeneous and of a composition similar or identi-
cal to theg"reaction-?im" of the larger crystalliteé.
Arguments supporting both alternatives may be equally
Justified bylinterpretations of the data presented in this
study. The difficulty lies in the fact that the properties
observed, measured, and calculated in all cases are average
properties of the mixture of two or more phases. Final con-
clusions become even more difficult to draw if the system is
considered as more than a simple two-phase mixture. However,
the systematic variation in the chemiéal composition with par-
ticle size suggests that a direct correlation may be made
using tThese parameters. It is probably a justified assump-~

tion that the smaller grained material is indeed an alteration
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5

preoduct of the ccarser-grained material. If these points are

¢
o]

granted, then the choice between the two alternatives stated
abaove is relegated to one of academic interest. The following
discussion attempts to present the mechanism or process by
thch the trioctahedral type of vermiculite may well be expec-
ted to alter tTo a dioctahedral phase similar in composition
and properties to that of the fine-grained material.

Weaver (1958) pointed to the inadvisability, or at least
the problems, involved in classifying clay minerals on the
basls of secondary properéies such as swelling. As pointed
out by Jonas (1960) these properties are a function of the
_chemical and physical properties of a particular crystal. If’
thése are in turn a function of particle size, then care should
be taken in fhe assignment of mineral names that would sub-
divide into separate mineral groups of épecies, substances
that are basically the same. Using principles of crystél
chemisfry, Jonas described/the possiblity of differences in
chemical composition that might occur at the boundaries of

mineral grains. Referring to the work of Pauling (1948) an

[e

data provided by Fyfe {1951), Jonas suggested that the dif-
ferences in the bond character (percent ionic), as estimated
from electronegativity differences of varlcus cations with
respect to oxygen, would lead to some interesting reactions
at the grain surfaces in an aqueous environment. Under such
conditions those cations, in equivalent structural positions,

having a higher degree of ionic bond character could be pre-
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ferentially dissolved and removed from the lattice. The more
cqmmonlonccurring cations‘in clay and mica structures may be
arranged 1n order of decreasing percent of ionlic bond charac-

3

ter, Mg> Al> Fe+2:>Si, Iron as Fe+ and silicon are, more or
less equivalent. 1In the tetrahedral layer, then it might be
expected that aluminum lons could be preferentially removed
wlth respect to silicon. at exposed octahedral sites a deple-
tion of magnesium could occur with respect to iron and alumi-
num ions. Iron would be expected to be preferentially re-
talned in equlvalent positions with respect te aluminum,

On this basis, Jonas proposed that such differénces in
chemical composition at the grain boundaries are negliigible
when deallng with large macroscopic crystals. As the particle
‘diminished, however, these non-ﬁhiform compositional features
might affect the overall properties of the substance. Some
of the differences between montmorillonite and muscovite may
be attfibutad to such a phenomenon., These would be the lower
tetrahedral Al/Bi ratio and the lower average surface charge
density of the montmorillonites. Jonas (1960), therefore,
propesed a medel for montmorillonite consisting of an inter-
ior with a mica composition and a different composition at
the edge.
| Thils same approach can be followed to explain the dif-
ferences between the structure, chemical composition and pro-
perties of the larger and smaller particles of the vermicu-

lite regolith. Preferential solution of cations from equiva-
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lent lattice positions by hydrothermal and/or,weathering ac-
tivity could adequately account for observed differences.
The Al/Si ratio was shown to systematically decrease with
particle size (Fig. 18). Selective removal of magnesium and
an increase in the iron and aluminum content is also consis-
tejt with this argument. The total effect is one in which
the material is altered from a trioctahedral to a more dioc-
tahedral type of structure.

A secondary effect is a relocation of part of the charge
deficlency in the octahedral layer. The total surface charge
i1s also decreased and this affects the catlion exchange capa-
city and the low-temperature characterlistics of the DTA pat-
tegn. The low surface charge density and the transferral of
part of the lattice charge sites to the octahedral layer, thus
creating a weaker lattice to interlayer catlon bond, probably

accounts for the more expandable nature of the smaller parti- -

cles with ethylene glycol treatment.



SWELLING PROPERTIES OF MONTMORILLONITE AND VERMICULITE

Selection of Materlals

The three samples selected for this study were chosen so
that the site of lattice charge deflclencies of each mineral
would be significantly different from the other two. The
1/10-1/2 micron fraction of Plum bentonite montmorillonite has
been sufficlently described as a three-layer clay mineral in
whigh the lattice charge deficlencles are predominantly (per--
haps totally) limited to octahedral layer subst}tption. Two
samples were selected from the various size—fr;ctions of the
vermicullte regollth from Llano, Texas. The 4-8 microns sam-
ple was choses to represent a three-layer mica-type mineral
in which the lattice chargé deflclencies are predominantly
(perhaps totally) due to aluminum for silicon substitution in
he tetrahedral layers. The 1/10-1/4 micron fractlon of the
vermlculite regolith represents an intermedlate type between
the montmorillonite and coarse-gralned vermiculite (4-8 mi-
crons) in that the charge deflclency 1s located in both the
féﬁrahedral"and octahedral layers, although 1t is difficult
td state the exact distribution. If the samples are arranged

in order of the decreasing contrlbution of the tetrahedral

83
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layer charge deficlency to the total surface charge density
in each sample, the order is: Vermiculite (4-8ﬂO:>Vermicu-
lite (1/10-1/4x)>Montmorillonite (1/10-1/2@). It is impor-
tant at this stage to recall the fact that the total surface
charge density or cation exchange capacities do not bear the
same relationship in these samples. Arranging the same sam-
bles on the basis of interlayer cation content or total sur-
face charge from highest to lowest result in: Vermiculite

(4-8/'.)> Montmorillonite (1/10-1/2m)>Vermiculite (1/10-1/4pm).

Preparation gﬁ‘Cation Exchanged Samples

Three grams of the 1/10-1/2 micron fraction of the Plum
bentonite montmorillonite were converted to the hydrogen ion
form with hydrogen resin. This material was then split into
seven equél portions and each was washed with a 0.1N chloride
salt solution of either lithium, sodium,‘potassium, magnesium,
calcium, strontium, or barium. Samples of the 1/10-1/4 micron
and 4-8 microns fractions of the Llano vermiculite regolith
were similarly treated. After converting tfo the hydrogen form
these samples were split into four equal portions and washed
with 0.1N chloride salt solutions of sodium, potassium, magne-
sium, and calcium.

The chloride salt washlng process was repeated with five
hundred milliliters of solution. After adding the solution,
the sample was dispersed wlith the autosonic generator. The

material was allowed to stand undisturbed for twelve hours in
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which time all samples completely settled from suspension by
flocculation., The clear liquidlwas decanted and another five
hundred milliliters of the appropriate salt solution was added.
This process was repeated for a total of ten washings.

Excess séitvsolution was removed after ten washing by
flushing the samples with distilled water. This treatment
was repeated until the samples showned no flocculation during
a twelve hour period. The exchanged samples were then~centri-
fuged, dryed at 60° C, ground to less than eighty mesh powders

and stored in glass vials.

Differential Thermal Analysis

Dried powders of the cation exchanged montmorillonite and
vermiculite samples-were humidified for eight hours at about
fifty percent reiative humidity and subjected to differential
thermal analyses. All thermograms were run with the same
Robert I,. Stone DTA unit (Model 13M) using én inconel sample
holder. The dynamic gas was nitrogenrn and the unit was cali-~
brated at 1.0 with a microvolt setting of 80. The heating
rate was programmed for 10° C per minute.

Figure 22 contains the DTA curves for the untreated and
catlion exchanged 1/10-1/2 micron fraction of montmorillonite.
It is evident that the interlayer cation composition has a
direct influence on the shape and position of the low tempera-
ture de-watering endotherms. Theré is also an observable dif-

ference in the high temperature exotherms of samples saturated
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with different cations. The mid-range endothermic reactions
at 600-700° C are only slightly modified.

The high temperature phases formed on firing of each of
these samples were not considered essential to this study.
The shape and position of the low temperature de-watering en-
dotherms are considered of primary importance, however, The
temperature at which total dehydration has occurred within
the experimental system is reflected in the return of the en-
dotheﬁmic curve to the base-line. This is a direct function
of the retentlon of the particular substance for interlayer
water. The shape of the endothermic loop 1s an expression of
the dehydration mechanism in each case. The samples saturated
with divalent cations are‘characterized by having more than
one node or hump on the low temperature endotherm. The mag-
nesium saturated sample has two nodes of about equal inten-

- 81ty at slightly less and slightly greater than 100°¢C. A
smaller third node i1s observed at about 210° C. The endo-
therms for the strontium and calcium saturated samples are
neariy identical. These show two partially resolved peaks at
100-200° C. The lower temperature node is more intense than
the higher temperature part. Both endotherms of the calcium
saturated sample occur at a slightly higher temperature range
than those observed for the Sr-montmorillonite sample. The
barium Saturated.sample exhibits four poorly resolved nodes

on a broad endotherm that is displaced toward a 16wer tempera-

ture than observed for any of the cther divalent cation satu-
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rated samples. The lithium saturated sample displays an endo-
thermic doublet similar to the divalent cation exchanged sam-
ples. In this thermogram a broad hump reaches maximum inten-
sity at less than 100° C, whereas, a sharper well-resolved node
1s observed at about 170° C. The sodium and potassium satu-
rated samples have single de-watering endotherms, but with
sodium this occurs at a slightly higher temperature (lOO0 c)
than observed in the potassium saturated sample (about 90° c).
The thermogram for the untreated and calclum exchanged sam-
ples are similar as should be expected on the basis of.the
chemical analyses obtained for this material,

Thermograms of the 4-8 microns and the 1/10-1/4 micron
fraction of vermiculite are shown in Figure 23. The untreated
and magnesium saturated samples have low temperature de-
waterling endotherms similar to those observed for the magne-
sium exchanged montmorillonite sample. The calcium saturated
samples again display an endothermic doublet similar to the
magnesium samples, but displaced toward a lower temperature.
The sodium saturated U4-8 microns sample displays a doublet,
but the low temperature shoulder may reflect an incomplete
cation exchange. The endotherm for the potassium exchanged
4-8 microns vermiculite is small and indicates little water
lost during the de-~hydration process. The endotherms for the
sodium and potassium exchanged 1/10-1/4 micron vermiculite
samples are similar to, although somewhat broader than the

montmorilionite analogues.
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Controlled Humidity Diffractometer

A small plastic chamber with thin polyethylene plastic
windows was designed and fitted over the sample holder of the
Slemens x-ray diffractometer. Drying conditions were provi-
ded by pumping air through magnesium perchlorate dessicant.
tive humidities of 15, 31, and 88 percent at 24.50 C were
also generated and the ailr flow was directed into the chamber
so that 1t struck the center of the sample mount.

The powdered samples of catlon exckanged montmorillonite
and vermiculite were prepared as (00£) orientations by sedi-
menting the dispersed materials on glass slides and drying at
60° C. Each slide was placed in the diffractometer chamber
and successively submitted to dry air treatment and 15, 31,
and 88 percent relative humidity environments. A minimum of
elght hours was allowed for the attalnment of equilibrium con-
ditions in each case. A diffractometer scan at 1 degree two-
theta per minute was made from two to forty-eight degrees two-
theta, after which the scan was repeated over the first prin-
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time of measurement.

Zero relative humidity was not achieved with the dry air
environment. The relative humidity in this case was reprodu-
clble, however, and was certainly less than fifteen percent.
The other reported values of relative humidity are thought %o
be fairly accurate and the deviations were probably less than

+ 2 percent. The main objective of this phase of the investi-
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gation was to submlit the cation exchanged montmorillonite and
vermiculite to The same wide range of reproducible relative
humidity conditions and observe the differences in relative
amounts and rates of interlayer water absorption as a func-
tion of the expansion or increase in the (001) d-spacings.

Tables 10, 11, and 12 1ist the equilibrium d-spacings for
the (00£) oriented samples of cation exchanged montmorillonite
and vermiculite samples subjected to different conditions of
relative humidity. The first principal peaks of the 4-8 mi-
crons vermiculite sample is reported as (00l1) although tech-
nically they are the (002) diffraction peaks. This was done
in order to maintaln a notation consistent with the cther two
samples. In many cases the d-spacings of subsequent orders
are not precisely converted to (001) d-spacings by integer
multiplication. This 1s due to non-homogeneous hydration be-
tween successive stacks of three-layer structural units. In
general, however, an increase in total water uptake results
in an increase in the (00l) d-spacing. The difficulties caused
by mixed-layering of structural units with variocus amounts of
interlayer water absorption contribute only to the problem of
Interpretation of the hydration mechanism,

Figure 24, A and B, shows graphically the equilibrium.
(001) d-spacings versus relative humidity for the various
cation saturated montmorillonite samples. Figure 24-A con-
tainsg curves for the monovalent cation exchanged samplés and

Figure 24-B 1s a similar plot for samples containing divalent
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TABLE 10C

CONSTANT HUMIDITY X-RAY DATA FOR THE CATION EXCHANGED
1/10-1/2 MICRON (ESD) PLUM BENTONITE MONTMORILLONITE

Relative Humidities in percent (at 25° C)
Dry 15 31 8

Interlayer
Cation a(%) a(k) a(k) a(k)

001 10.78 12.28 16.4 16.83
002 5.13 - - -

Ba (003 3.31 - 5.34 5.37
0oL - 3.18 - -
005 - 3.20 3.23
001 11.95 12.63 15.78 16.22
002 5.91 6.19 - . - y

SI' 003 . - 5-2 5'3
0ol 3.08 3.13 . .
005 - - 3.14 3.16
001 12.2 13.28 15.64 16.1
002 5.87 6.56 - -

Ca (003 - - 5.22 5.31
0oL ' - 3.29 - -
005 - - 3.12 3.15
001 13.0 14,14 16,08 16.39
002 6.15 - - -

Mg (003 - 4,87 5.31 5.40
ook - 3.51 - -
005 - - 3.18 3.21
§001 10.5 12,11 12.28 12.32
002 5.05 - - -

K 2003 3.35 - - -

: 004 - 3.24 3.24 3.23
{001 10,04 12.63 15.64 16.4
002 4,90 - - -

Na (003 3.23 - 5.22 5.28
004 - 3.16 - -
005 - 3.12 3.13
§001$ 12.11 12.54 15.73 16.1
002 5.99 - 6.15 - -

Li 003 - - 5.31 5.34
Soo&% 3.03 3.12 Z Z
005 - - 3.12 3.19
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TABLE 11

CONSTANT HUMIDITY X-RAY DATA FOR THE CATION EXCHANGED
1/10-1/4 MICRON (ESD) VERMICULITE

Relative Humildities in percent (at 25° C)
Interlayer Dry 15 31 88
Cation a(®) a(x) a(®) a(®)y
001 10,65 12,11 12.3 12.4
003 3-43 i - R
K 003 ) - -
004 : 3.43 3.10 3.11
001 10.4 13.02 14,62 14,62
002 - - 7.38 7.38
Na (003 3.38 - 4,80 4,90
004 - 3.58 3.60
001 11.86 13.39 15,01 15.01
002 - - 7. 44 7.44
ca (003 - - 4,98 4,98
00)4 2 [ 93 - - -
005 - - 3,00 3.00
50012 11.50 14,20 14,21 14,53
002 = T.31 T.25 7.25
Mg (003 - 4,80 4,82 4,81
004 2.88 3.59 3.60 3.60
(005) - 2.87 2,89 2.89
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- TABLE 12

CONSTANT HUMIDITY X~RAY DATA FOR THE CATION EXCHANGED
4-8 MICRON (ESD) VERMICULITE

—_— —

Relative Humidities in percent (at 25° ¢)

Interlayer Dry 15 31 88
Cation a(®) a(®) a(®y a(®)
001 10.33 10.40 10.46 10.46
002 4,93 4,93 L. 93 4.93
K (003 3.39 3.39 3.39 3.39
0oL 2.53 2.53 2.53 2.53
005 2.02 2,02 2.02 2.02
001 10.04 12.20 14.77 14.80
002 4.87 - 7.38 7. 44
Na 003 3.39 - 4.96 4,06
oo4 - 2.98 3.72 3.72
005 1.96 - 2.99 2.99
006 - 2,00 - -
001 11.79 12.37 15.11 - 15.21
002 5.91 - 7.50 7.56
Ca 003 - - 5.04 5.04
004 2,94 3.00 3.77 3.77
005 - - 3.01 3.02
{001 1i1.55 14.53 14,53 14,54
5002 5.79 7.31 7.31 7.25
Mg (003 3.83 4 80 L.81 .82
gooug 2.88 3.60 3.60 3.63
005 - 2.88 2.87 2.90
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interlayer cations. Figures 25 and 26 contain data for the
4-8 microns and 1/10-1/4 micron vermiculite samples.

The relative effect of interlayer cations on the water
absorption capacity of expandable three-layer clay minerals
may be observed from Figures 24, 25, and 26. The 10-11 2
(001) d-spacings of potassium sodium, and barium saturated
samples indlicate an almost totally de-watered state. Other
samples containing lnterlayer magnesium, calcium, strontium,
and lithium have somewhat higher (00l1) d-spacings reflecting
a‘stronger cation to water-molecule bond. Differences in the
equilibrium (001) d-spacings at 15 percent relative humidity
also reflect differences in the hydration states or degrees
of interlayer water absorption. Differences in the "com-
pletely" expanded states at 31 and 88 percent relative humidi-
ties are thought to be secondary (except for potassium) be-~ |
cause at thls level the size of the interlayer cation becomes
significant and may account for most of the seemingly anoma-
lous differences.

in order to compare the expandable properties of the
montmoriliionite and vermiculite samples, data from Figures
24, 25, and 26 are replotted in Figure 27. This illustration
contains the equilibrium (001) d-spacings for the magnesium
and potassium exchanged samples. These particular data were
chosen because they represent the extremes of swelling beha-

vior for each of the three substances included in this study.
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The 4-8 microns K-vermiculite sample retained a 10.4 X

[}

collapsed d-spacing over the entire range of relative humidi-
ties up to 88 percent. The potassium saturated 1/10-1/2 mi-
cron montmorillonite and 1/10-1/4 micron vermiculite samples
responded similarly and expanded from dry 10.5 X and 10.48 X
states to 12.32 R and 12,4 X states at 88 percent relative
humidity respectively. The magnesium interlayered vermiculites
expanded identically from partially collapsed 11.5 X states
%o about 14,5 R at 88 percent relative humidity. Under dry
alr condltions the magneslium exchanged montmorillonite col-
lapsed to only 13 X revealing its higher retentive capacity
for interlayer watef. At 88 percent relative humidity the
(001) d-spacing of the montmorillonite expanded to 16.39 K.

Interpretations

The constant humidity x-ray diffraction data support the
concept of cation hydration complex formation. A complete
sequence of all possible hydration states was not observed for
any one particular sample. This was probably due to the lack
of more closely spaced lntervals of controlled relative hu-
midity. Non-integral multiples of (00£) d-spacings in some
cases also indicate that hydration does not occur uniformly
between the layers of all the crystallites. However, Walker's
(1956) 11.5 2 state was reproduced. A single mono-molecular
water state of about 12.4 X and the octahedrally ccordinated
states of 14.5 X were also observed. The 15 X states may be

interpreted as two mono-molecular water layers or as cublc



coordination states of water molecules with respect to the in-
terlayer cation. The appearance of 16-17 K states at high
relative humidity values may be attributed to the occurrence
of mixed two and three mono-molecular water layer states. It
may also indicate, particularly in the case of a large cation
such as barium. the formation of a twelve-fold coordinated
cation-hydration complex. It 1is not possible on the basis of
the limited humidity control under which these data were coi-
lected to offer any exacting statement concerning this possi-
bility.

The influence of the interlayer cation composition on
the hydration and de-hydration properties of montmorillonite
and vermiculite 1s evident from the DTA and constant humidity
x-ray diffractometry data. The endothermic doublets assocla-
ted with the samples containing the divalent cations of mag-
nesium, barium, and strontium are directly correlated to the
occurrence of 1l4-15 X equilibrium (001) d-spacings at mode-
rate relative humldities. The first node on the endotherm
reflects the shift from an octahedrally coordinated or two
mono-molecular water layer configurations to a single mono-
molecular water layer state. The second node is due to the
removal of the single water layer and a tota; collapse of the
(001) d-spacing to about 10 R. The single de-watering endo-
theim of the sodlum and potassium saturated samples reflects
the (OOl) d-spacing collapse to 10 K from a single water-

layer 12.4 X state. The double endotherm of lithiuvum montmo-
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rillonite is prcbably due to a shift from a 12.4 & single wa-
ter layer state to the 11.5 8 imperfect octahedrally coordi-
nated configuration (actually a special case of the single wa-
ter layer state) to a final totally collapsed state. The
temperatures at which de-hydration is completed and the rela-
tive ease of hydration of the various cation exchanged sam-
ples of montmorillonite are in close agreemer*. From inter-
prefatiqns of the DTA data and the (001) d-spzcing data of
Figures 24, 25, and 26, an arrangement of the samples from
highest to lowest water absorption capacity is:

Mg>Ca> Sr>L1l> Ba >Na> K.
A direct correlation can be made between this property and
the radius (r) and the charge (c) of the interlayer cation.
The two values may be combined as the ionic potential (c¢/r)
and these data are provided in Table 13. Arranging the 1in-
terlayer cations on the basls of highest to lowest values of
ionic potentlals results in:

Mg >Ca> Sr> Lli>» Ba> Na> K.

If the inteflayer cation composition were the only fac-
tor determining the swelllng behavior of montmorilionites and
vermiculltes, then all such minerals possessing the same in-
terlayer cation composltion should have the same equilibrium
(001) d-spacing under the same conditions of relative humid-
ity. This was not the situation observed in this study as is
evidenced by the data plotted in Figure 27. The water absorp-~

tion capaclty of the montmorillonite and vermiculite samples
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TABLE 13

ION RADII AND IONIC POTENTIALS FOR SELECTED CATICNS*

Tonic
Catlons Radius (r) Potential (c/r)
Monovalent Cations
i 0.60 : 1.67
Na 0.95 1.05
K 1.33 0.75
Divalent Catilons

Mg 0.65 3.08
Ca 0.99 2.02
Sr 1.13 1.77
Ba 1.35 1.48

*Data from Pauling (1940).

are distinctly different. If these are arranged on the basis
of relative intensity of expandablility over the range of rela-
tive humidities considered in this investigation, 1t may be
shown that: Montmorillonite (1/10-1/2a)>Vermiculite (1/10-
1/44) > Vermiculite (4-8pm). Because the contributions from the
interlayer cations were held constant within the experimental
system, some other factor or faétors must partially account
for the differences in the expanding properties of montmoril-
lonite and vermicullte. The two alternatives that seem possi-
ble are the effect of total surface charge density and the
site of the charge deflciencies within the lattice. A cor-

relation with respect to total surface charge density 1s not
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possible with the substances included in this investigation.
If the three samples are arranged on the basis of increasing
surface charge the results are: Vermiculite (1/10-1/4m)<
Montmorillonite (1/10-1/2m)< Vermiculite (4-80). On this
basls the 1/10-1/4 micron vermiculite would be expected to
expand more readily than tThe montmorillonite sample under the
same interlayer cation and relative humidity conditions. A
correlation between the site of lattice charge deficilencies
1s possible, however., If the three samples are arranged on
the basls of distance of separation of the structural charge
sites from the interlayer cations, that is, percent octahe-~
dral versus tetrahedral.charge deficlencies, the results are:
Montmorillonite (1/10-1/2p) >Vermiculite (1/10-1/4m)>Vermicu-
lite (4-%#9.



SUMMARY AND CONCLUSIONS

Detalled x-ray diffraction, chemical analyses, differ-
entlal thermal analysis, and cation exchahge capacity data
were utilized to define the materials used in this study.

The Plum bentonite montmorillonite was shown to contain two
crystalline phases, alpha-cristobalite and a montmorillonite
mineral phase. The non-clay, alpha-cristobalite phase was
partially removed by particle size fractionation techniques.
The relatively pure 1/10-1/4 micron fraction of the Plum
bentonite montmorillonite was shown to have the properties of
a Cheto-type montmorillonite. These characteriétics are its
high octahedrally coordinated magnesium content, high cation
exchange capaclty, good crystallinity, distinctive DTA char-
acteristics,., and the formation of a beta-quartz phase when
heated to 1000° C. The structural formula proposed for the

Plum bentonlte montmorillonlite on the baslis of these data is:
.19 Ca
(811 51M80 44Fe0,03™0,02) (315, g6h10, 04 )01o(0H), 05 K
Two samples of the Llano vermicullte from the Carl Moss Ranch
locallity were also rigorously analyzed, Analyses of size-
fractioned vermiculite regolith material revealed a progres-
glve variation in the chemistry and structural characteris-
tics of thls sample which was assoclated with particle size,
105
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Larger crystalllites are tricctahedral and are similar t¢c the
large macroscoplic yellow flakes of vermiculite occurring in
veins at the same locality. The less than one micron (ESD)
fractions contain considerably more silicon and iron than the
more coarsely crystalline material and display distinctly di-
octahedral ﬁroperties. The systematic mineralogical varia-
‘tions which were correlated directly to particle size are in-
terpreted as a reflection of the alteration expected to occur
in an aqueous environment. The average structural formula
written for the coarse-grained (4-8p) vermiculite that was
selected for more detalled study is:
.28 Mg
Mgy ogFec. u7hlo, 100, 03) (513, 33810 67)010(0H), :82 ca
The approximate structural formula for the more dioctahedral
1/10-1/4 micron vermiculite sample may be written as:
.25 Mg-x
(Fey . 00410.63%80.3642 10,01 (S13,83810,17)010(08), o &
The influence of the interlayer cations on the swelling
properties of clay mlnerals was anticipated. Thls factor was
reduced to a constant by saturating portions of the 1/10-1/2
micron montmorillonite, 1/10-1/4 micron vermiculite and 4-8
mlcrons vermiculite wlith the same interlayer cations. Sam-
ples of montmorillonite were exchanged with lithium, sodium,
potasslium, magnesium, calcium, strontium, and barium. The

vermiculite samples were each separately exchanged with sodium,

potassium, magnesium, and calcium, From DTA and controlled
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humlidity x-ray diffractometry data it was shown that the in-
terlayer cation chemistry does contribute to the absorption
capaci%y.of the montmorilionite and vermiculite. An arrange-
ment of the various catlion saturated montmorillonite samples
from highest to lowest degrees of expandability over a wide
range of reiative humidities is precisely the same as a 1ist-
ing of the cations on the basis of highest to lowest ilonic
potential (ionic charge/ionic radius). This serles may be
written as:

Mg>Ca>Sr>Li>Ba> Na> K.

X~-ray and DTA data for cation exchanged samples of mont-
morillonite and vermiculite stronglxlsppport the concept of
cation hydration complex formations as the prevalent expan-
ding mechanism. The two mono-molecular water layer hydration
states of 11.5 X and 12.4 X were observed. The double mono-
molecular water layer states of 14 S and 15 X were also re-
produced. The 14 R state i1s due to the octahedral coordina-
tlion of water molecules around the interlayer cations, whereas,

cubic coordinaticon state 1s suggested to account for the 15

a
R (001) d-spacings observed at moderate relative humidities.

»
v

A formation of twelve-fold coordinated complexes at 88 percent
relative humidity is a possible explanation for the 16 R to
17 X (001) d-spacings, particularly in the case of the barium
exchanged sample.

Magnesium and potassium saturated samples exhibited ex-

tremely different expanding properties. The constant humidity
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x-ray diffraction data for the Mg- and K-saturated samples of
montmorillonite and vermiculite were compared. Interpreta-
tions of these data lead to the conclusion that the 1/10-1/2
micron montmorillonite exhibited more intense swelling pro-
perties or a higher capacity for the absorption of interlayer
water than elther of the vermiculite samples. The 1/10-1/4
micron vermiculite sample displayed a higher sensitivity to
increased relative humidity environments that the 4-8 microns
vermiculite sample. A correlation could not be made between
the swelling behavior of these three samples and theilr re-
spective surface charge densitites. However, a direct corre-
lation was made between the swelling properties and the dif-
ference 1n location of lattice charge deficiencies within the
montmorillonite and vermiculite lattices. The montmorillonite
was observed to have a greater affinity for interlayer water
and this may be attributed to the weaker cation to lattice
bond arising from predominantly octahedral layer charge de-
ficiencies. The 4-8 microns vermiculite contains predominantly
etrahedral charge deficiency sites which result in a stronger
interlayer cation to lattice bond. This property accounts
for the more difficultly expandable nature of this substance.
The 1/10-1/4 micron vermiculite exhibited swelling properties
intermediate between the montmorillonite sample and the 4-8
microns vermiculite. The lattice charge deficiency sites in
the fine-grained vermiculite sample were shown to be distri-

buted between the tetrahedral and octahedral layers.
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This study has not eliminated the possibility that the
total surface charge density of three-layer clay minerals
plays an important role in determining the swelling proper-
ties of these minerals. This investigation does indicate
that the site of the lattice charge deficiency and, there-
Tfore, the strength of the interlayer cation to lattice bond
also plays an important role in determining whether or not

the lattice will be an expanding type.
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