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Ansrnecr

The embedding process designed for impregnation in resin of hydrated clays for TEM observation comprises four steps of
exchange by solvents and resin. Clay pastes of Na- and Ca-exchanged Wyoming smectite were prepared at low suction pressures

(3.2 and 100 kPa, respectively), and their layer organization was examined at different steps of the embedding p'rocess. X-ray

diffraction was used in order to follow the evolution of layer distances and particle orientation during solvent exchanges. At 3.2

kPa as well as at 100 kPa the water-saturated clay exhibits interlayer distances of 1.9 nm. Alter methanol exchange, interlayer

distrnces collapsed to 1.6-1.7 nm. With l,2-epoxypropane and resin saturation, clays behave in a similar way as with methanol.

Examination of layer-stacking coherency by measurement of peak widths indicates that the fust exchange by methanol is the

most critical step in the embedding process because it induces reduction of the layer distances and aggregation' especially in the

case of dilute Na-exchanged clay. The final polymerization of resin inroduces further slight changes in organization of the clay.

Keryords: smectile, organization, embedmen! solvent, resin, X-ray diffraction.

Sotrnraanr

Le proc6d6 d'inclusion 6tabli pour I'impr6gnation dans une r6sine d'&hantillons d'argile hydrat6e pour les observations en
microscopie dlectronique par transmission comporte quatre 6tapes d'6changes par des solvants et de la r6sine. Des petes de
smectite du Wyoming saturde en Na ou en Ca ont 6t6 pr6par6es tr de faibles pressions de succion (3.2kPa et 100 kPa,
respectivement), et I'organisation des feuillets 4 (1( gaaming aux diff6rentes €tapes du proc6d6 d'inclusion. la diffraction des
rayons X a 6t6 utilis6e pour suiwe l'dvolution des dista.nces interfoliaires et I'orientation des particules pendant les 6changes par
les solvants. A 3.2 kPa aussi bien qu') 100 kPa, l'aryile satur6e en eau a pr6sent€ des distances interfoliaires de 1.9 nm. Aprbs les
&hanges parle m6thanol, les distances sonttom.ffis tr 1.G1.7 nm. Avec I'epoxy-l,2 propane et Iar6sine, les argiles ontconserv6
le m8me type de comportement qu'avec le mdthanol. L'examen de la coh6rence de I'empilement des feuillets par la mesure de Ia
largeur des pics a indiqud que le premier 6change est l'6tape la plus critique dans Ie processus de fixation parce qu'il a provoqu6
un effondrement des distarces interfeuillets et une agrdgation des feuillets, particulidrement dans le cas de I'argile dilu6e saturde
en Na- La polym6risation finale de la rEsine a introduit i nouveau des chalgements l6gen dans I'organisation de I'argile.

Mots-clCs: smectite, organisaliqa, impr6gnation, solvant, rdsine, diffraction X.

IwrnopucnoN

Literature on sample preparati6n slsrvslling materi-
als for transmission elecfron microscopy is abundant and
diversified. All steps ofthe preparation process, as well
as ttre sequence of these sleps, are usually justffied by
specific constraints. Embedding in resin was favorably
tested decades ago as a method that preserves the origi-
nal fabric of clays. Foster & De (1971) were the first to
investigate in detail the impregnation techniques of hy-
drated samples, using a series of diffrrsing liquids to re-
place the original water. The hardened block ofresin is

then sliced up at the appropriate thickness (McKee &
Brown 1977).

The aim of the present paper is not to discuss the
pros and cons of all of the preparation Processes, but to
analyzn, the evolution of clay microstructure in contact
with solvents and resin. This analysis will allow us to
derive simple nrles to follow when embedding samples
containing highly hydrated clays in order to study the
morphology of the clays, the fabric of the material, as
well as the chemical composition and the crystal
structure. The embedding process described below has
been followed step by step, and the variations in the
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properties of the smectitic clay, such as macroscopic
swelling and interlayer spacing, have been monitored
in the course of the exchanges in different liquid media.

Irnportant variables in the impregnation techniqae

Originaly developed for curing biological speci-
mens (Spurr 1969), the embedding technique, which is
used for hydrated 5amples, has been refined by soil sci-
entists and clay minsralogists a1 "Soil Science - INRA''.
The process can be applied either to clay fractions, rock
chips or lumps of soil, including organo-mineral com-
plexes, as commonly found in soils (fessier 1987).

There are various adaptations and options to be cho-
sen according to the type of material studied and the
objectives ofthe study. The duration ofthe exchanges
should take into account the size of the aliquot and is
pore-size distribution. The latler parameter is related to
the type of clay (interlayer swelling or not), to particle
morphology (size, shape and plastic properties), and to
the state of compaction (soils, serlimsnts, materials,
rocks).

The ability of clay minerals to swell is mainty linked
to the organization of the clay layer and clay particle,
and to its environment (Tessier 1991). The parameters
to take into account are: the nature of the saturating
cation, the osmotic potential in relation to the presence
of salts in solution, and the suction pressure of water or
the extemal mechanical pressure applied to the mate-
rial. In nature, the saturating cation differs according to
clay genesis and environrnental conditions, whereas in
the laboratory, one assumes that the environmental pa-
rameters are well controlled. The osmotic potential
(ionic strength) can be briefly described as the salt con-
tent of the solution. The suction pressure is the water
pressure filling the clay matrix by capillary action while
a mechanical pressure is simultaneously applied at the
periphery of the sample. All these factors together
modify the geometry of the clay matrix as well as the
crystal structure of the clay. Any change in one of these
parameters is expected to change some aspect of the
organization of the clay.

In this paper, the specific effect of suction pressure
and of the nature of the exchangeable cation will be
described. The clays were prepared at two suction pres-
sures, 3.2 and 100 kP4 which are rather representative
of realistic conditions, i.e,, Ca-exchanged clays in soils
as well as clay gels for industrial purposes. To control
suction pressure, we used a filtration cell to set the hy-
dration state ofthe material (fessier 1984).

Cnaneqnnrsncs oF THE STARTI{c Marsnrar

The clay chosen for the study is a Wyoming
montmoril lonite, provided by the Comptoir des
Min6raux et MatiEres Premidres, France. The structural
formula of this smectite, as received in our laboratory,
was first established by Gaultier & Mamy (1988), on

the basis of bulk chemical analyseso witl results nor-
mal i zed to 22 negativ e charges:

(Si g.s6,Al0.0a) (Alr.stFe3+o.rsM g2* s.xitia s.s)
(Ca2+6.97Na+s.2sK+q.9 1 )

The compensation of charges is naturally bi-ionic,
i.a, partitioned between Ca and Na. Compositions re-
ported for the Wyoming smectite in the literature are
commonly different depending on the degree of purity
ofthe clay and its origin. The samples used for our study
are 4. pm clay fractions, separated by sedimentation
and of mono-ionic compensation (Ca- or Na-saturated),
The clay fraction was analyzed by two different meth-
ods: i) conventional total wet-chemical analysis (INRA,
Laboratoire d'analyse des sols, Arraso France, as de-
scribed in AFNOR 1994); iL) mean composition of 20
aggregates of micrometric size, with analyses performed
with an analytical transmission electron microscopeo
coupled with an energy-dispersion system (EDS). The
resulting compositions are, respectively: l) (Si3.84Ah t6)
(A11 asFe3+6.1eMg2%.s0Tieo.or) (Ca\.2a Na+s.orK* o.or),
and 2) (Sig ssAlo.rs) (A11.5eFe3+e.1s Mg2*o.rr)
(Ca2+6.69Na*q.s6K*o.or).

Observations by TEM with EDS reveal small gains
of quartz present in the clay, even after sedimentation
of the clay fraction. Iron is also present in the form of
an oxyhydroxide phase, detectable as individual gran-
ules in addition to clay particles. The two compositions
are quite similar, showing that minor impurities can be
neglected. These results show a good agreement con-
cerning the chemical composition of the tetrahedral and
octahedral sheets. On the other hand, data on exchange-
able cations measured by EDS must be interpreted with
caution. As a matler of fact, damage in the interlayer
spaces of clays due to radiation is well known to miner-
alogiss @eacor 1992). Such damage affects the detec-
tion of the saturating cations, in the present case, Na
and Ca. Furthermore, as the limits of delection are rela-
tively high for ligbt elements, low concentrations are
affected by a large relative error, especially for N4 the
characteristic X-rays of which overlap with the CuLct
radiation emitted by the copper grid.

The total surface-area (S EGME) was determined by
adsorption ofethylene glycol monoethylether (Carter er
al. 1965). Ttie canon-exchange capacity (CEC) and con-
centration of exchangeable cations, after Ca-saturation,
were determined by extraction by cobalt-hexamine
(Norm X 3l-130, AFNOR 1994; Ciesielski & Stercke-
man 1997q b). The values are reported in Table 1.

MerHoos

Conlitioning of the sarnples

Ca- and Na-exchanged fractions were concentrated
according to the well-lnown procedure of extraction by
sedimentation after Na dispersion. The clay fraction was
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then saturaled with either CaClz or NaCl lM solutions,
and further washed three times with diluted solutions
(10--3 M) of CaCIz or NaCl, respectively (Robert &
Tessier 1974). Tlte suspensions were centrifuged at
2000 G, and the clay pastes were homogenized by me-
chanical stirring and stocked in a refrigerator. The hy-
drated form of the samples was then placed in a filtration
cell that used a gas pressure to equilibrate the water po-
tential (Tessier 1984). Figure I shows the water content
versus the water potential. The water content decreases
rapidly as gas pressure is applied to the material. Our
aim was to obtain pastes with a consistency of a soft gel
and a plastic solid. The clay pastes were prepared at a
constant suction pressure of 3.2 kPa or 100 kPa, these
conditions corresponding to the limiting values for tran-
sitions from suspension to gel and from gel to plastic
solid. These suction pressures correspond to equilibrium
with very high relative humidity, i.e.,99.99776Vo and
99.9275Vo, respectively. The equilibrium was estab-
lished after about 72 hours, and the water content was
measured by weighing the sample when wet and after

0 r 2 3 4 5 6

Log (kPa)

Frc. I . Schematic curve of hydration for smectites. Different
domains have been distinguished, corresponding to the
main rheological characteristics.

heating at 105oC &nng 24 hours. The difference in
weight of the sample before and after drying was attrib-
uted to the liquid fraction of the material that consists of
the ionic solution.

Embedding process

The embedding process consisted of ten successive
exchanges, as described in Table 2. The process started
with a sample saturated with a solution, in which the
initial HzO pressure is controlled. The first step con-
sisted in replacing the solution by immersing the snm-
ples in methanol (four exchanges). Then the methanol
was progressively replaced by l,2-epoxypropane (four
baths of four different proportions of methanol and 1,2-
epoxypropane: l/4, ll2,3l4 and 414).Fnally, the 1,2-
epoxypropane was replaced by Spurr resin. The resin
was first diluted with l,2-epoxypropane to lower its vis-
cosity. Then the l,2-epoxypropane was left to evapo-
rate ovemight. The last bath was made of pure resin.
All exchanges with solvents were made at air pressure
and room temperature.

The size of the samples was about 16 mmr (0.4 x
0.4 x 0. I cm). The dilution of the liquid phase was taken
to be the ratio of the exchanging liquid poured into the
container to the liquid content retained by the clay ma-
trix, the volume of solvent being approximately l0 mL
of saturating liquid in each exchange. As the volume of
fi1e 5amples was about 16 mm3 (507o of solid + 50% of.
liquid in the Ca-gel and 157o of solid + 857o of liquid in
the Na-gel), the dilution factor of the saturating liquid
was about 103. With the clay fraction showing the most
swelling (Na-exchanged montrnorillonite), three ex-
changes with methanol led to a dilution on the order of
10e of the water originally saturating the sample. With
the clay fraction showing the lesser 5rpellingo the dilu-
tion of the water was still larger. When applying this
procedure as a routine preparationo we usually carry out
four exchanges to ensure complete dehydration. The
same protocol can be used with other resins such as
LRWhite and Epon.

The characteristics of the organic solvents are sum-
marized in Table 3. The frst three compounds are the

TABLE 2. STEPS OF THE EMBEDMENT PROCEDIJRB
I'SED IN THEPRESENT STIJDY
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TABLE 3. CEARACTERISfiCS OF SOME POI.AR ORGANIC
COMPOUNDS USED IN TREATMENTS OF q.AY SAMPLFS

Orguic onpoud Dosty

MEtbml
l2-epoxyprcpe€
Spwffiin
LRWhitemitr
Ethylmeglyol
Polyethylme glyol
Alkyl-nmmim

c & o
carrp crLocHclr,
qIIDO' CH O CH 3CqCH CrI O cII,
c,rH,o, Ho cJ{4 (clt c clrs)cfi4 oH
cJ|.o, HocH?clrroH

cTI, OH(CIrrO CID,CTL OH
cJL_rCrL

t . 1 l

The mbo' of C d@ detmins ths tedgth of tho orgmic oh;n snd the d€BI@ of
filling ofthe idslsyq spa6.

ones used in this study. Characteristics of other com-
pounds are given for comparison, because of the avail-
ability of data in the literature relative to their effect on
the swelling of clays @rindley et al. 1969, Lagaly &.
Weiss 1969, Lagaly 1982, Vali & Kiister 1986).

X-ray dffiaction

In order to study the structure and to characteize the
clay malerial at the different steps of the embedment
procedure, the extent of the interlayer swelling or
shrinkage was measured by X-ray diffraction QG.D).
Measurements were performed on gels or pastes satu-
rated with all the different liquids and the polymerized
resin. Slices of the sample cakeso about I mm thicko were
cut normal to the plane of the support of the filtration
cells.

The apparatus used was a Siemens D5000 0-20
X-ray diffractometer, mounted in ffansmission mode
and fitted with a copper tube (Ko.1 = 1.54056 A), a pri-
mary monochromator (germanium), Soller slits, diver-
gence slits, a S circle and a Iinear location detector
@lphyse). Diffraction patterns were evalualed using the
Socabim DIFFR.AC AT software.

A brass cell was used during data acquisition. It was
mounted with two mica windows and closed by a screw
cap with a doughnut ring to avoid the evaporation of
solvents. The samples were directly transferred from the
filtration cell into the air-tight cell. A slice of the clay

TABLE 4. \['ATER AND METHANoL CONTENTS (cDf/g)
REFLECT]NGTHE MAROSCOPIC SWELTJNG OF fiIB WYOMING q.AY

Wyoning
SnEtit8

paste was set between the two mica windows, and the
cell was closed immediately.

The setting in transmission mode was described by
Tessier et al. (1.997). The 0 ring remains stationa.ry. The
sample rotates in a plane normal to the X-ray beam. The
detector is positioned to record the transmitted X-rays
in the angular range chosen, in our case 1.5"-13.5"20
(CuKct radiation).

Rssulrs

Macroscopic swelling

The water and methanol contents of the Ca- and Na-
exchanged montmorillonite at two different suction
pressnres are reported in TabLe 4. The proportion of liq-
uid was determined by weighing the samples before and
after drying at 105'C. This value represents the quan-
tity of liquid retained in the sample; the ratio of the mass
of the liquid phase verszs the mass of the solid phase is
expressed in percent. This ratio conesponds to mass
intake or loss (Le., the macroscopic swelling or shrink-
ing of the clay) upon exchange of the water for metla-
nol.

At a suction pressure of 3.2 kPa, the clay-water sys-
tem is about fully hydrated, very close to its maximum
water content. At 100 kPa- aboutTu%o of the water con-
tent at3.2 kPa was lost both from the Ca- and Na-ex-
changed montmorillonite. On the other hand, the
Na-exchanged clay is almost 2.5 times more hydrated
than the Ca-exchanged clay, both at3.2 arrd 100 kPa.

Starting from the hydrated state at 3.2 kPa or 100
kPa, there is a macroscopic swelling of the material af-
ter three exchanges in the methanol. This slarslling is
more important for the Ca-exchanged clay than for the
Na-exchanged clay, and also more important at 100 kPa
than at 3.2 kPa. The most contrasted behaviors are ob-
served between the Na-exchanged clay at 3.2 kPa
(+lOVo) and the Ca-exchanged clay at 100 kPa (+ 507o).
In order to explain the corresponding differences occur-
ring at the microscopic scale, the organization of the
layers in these samples was studied by XRD.

Layer organization afier exchanges

The position of the peaks conesponding to the frst
order of diffraction d(001) for smectite-group phases
Iies between 4 and 6'20 (CuKcr). The peak positions and
their full width at half maximum (FWIM) were meas-
ured a.fter exchanges with the successive liquids and in
the polymerized resin (Iable 5). The measured values
are characteristic of a strongly hydrated smectite (Figs.
2, 3). We observed that the peak profiles are almost
symmetrical, like a Gaussian distribution, indicating that
values of Iayer spacings are symmetrically grouped
around a maximum. However, in dilute solution, the Na-
exchanged clay at 3.2 kPa displays a weak maximum of
diffraction at 1.9 nm, and an important scattering at low

o;t9
0.8:l
t.22

Rsldire
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Wyoming Ca 100 kPa
6 -1.90 nm IillO

- - 1.65 nm CILIOH

' ' ' 1.75 nm C3H6O

- - 1.70 nm Resin
Polymerized

3 4 5 6 7
2 theta-scale Cu

Ftc. 2. X-ray-diffraction profiles of Ca-exchanged Wyoming
smectite prepared in water at 100 kPa and exchanged by
solvents and resin. First-order 001 in transmission mode.
The intensity is recorded in counts per second.

angles (Fig. 3). The broad band centered on 1.9 nm in-
dicate the presence of layers separated by three mol-
ecules of H2O. The low-angle scattering was interpreted
as the presence of larger interlayer spacings (3-10 nm)
due to the formation of diffrrse double layers Q.{orrish
1954). Such patterns are usual with suspensions of Na-
exchanged smectite prepared at low suction with dilute
solutions, i.e., after "infinite swelling". A large part of
the clay thus is made of layers that are not aggregates,

TABLE 5. X- RAY.DIFFRACTION DATA FOR
C€-D(CIIANGED WYOMING SMECTITE AT 1@ kPa

AND N8-E (CHANCED WYOMING SMFCTTIE AT 3.2 lPg

Wyoming Na 32 kPa
6

- - 1.65 nm CIIIIOH

- - - 1.75 nm GIII6O

1.8 nm Resin
Polymerized

3 4 5 6 7

2 theta-scale Cu

Hc. 3. X-ray-diffraction profiles of Na-exchanged Wyoming
smectite prepared in water at3.2Wa and exchanged by
solvents and resin. First-order 001 in transmission mode.
The intensity is recorded in counts per second.

and that cannot produce interparticle diffraction in the
sense of Nadeau et aL (1984). The difference in FWHM
indicates that the particles are strongly disoriented with
respect to the X-ray beam in the case of the Na-ex-
changed clay at3.2 kPa, and more regularly oriented
for the Ca-exchanged clay at 100 kPa.

In the course of the exchange process, the d value of
the peak maximum was found to vary between 1.9 nm

and 1.65 nm in a similar way for Na- and Ca-exchanged
clays. The smallest d.-value (1.65 nm) was obtained in
methanol, whereas it increased again slightly (-1.75 nm)
after exchange with epoxy propane or the components
of the resin. The fact that the first-order peak retains a
similar shape with a single maximum after solvent ex-
changes Gigs. 2, 3) suggests a specific organi24dsl sf
the molecules intercalated between the clay layers
(Lagaly 1981). The similafily of organizssi6p with the
various organic compounds implies a regular saturation
with solvents in the whole material.

The study of the peak shapes and their differentia-
tion are of great importance in the interpretation of
changes in the orgnnizalion of the material during sol-
vent exchange. Because both Ca- and Na-exchanged
montmorillonite exhibit very similar spacings in water
and solvents, it was possible to compare the peak shapes
at the successive steps of the exchange process. It is
known that the width of the diffraction peaks is broadly
linked to the number of layers per coherent scattering
domains (Moore & Reynolds 1989). Since the Ca-ex-
changed smectite forms thicker stacks of layers than the
Na-exchanged smectite in water (Tessier & P6dro
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1987), the ditfraction peaks of the Ca-exchanged clay
are more narrow than those of the Na-exchanged clay.
This difference in aggregation was verified in our study,
and it is present with all solvents (fable 5).

More specifically, the width of the peaks is linked to
the lack of parallelism of the planar layers (Pons er al.
198 l, 1982, I 987). The organization of the layers of the
Na-exchanged clay changes drastically when exchang-
ing water for methanol, the intense peak centered at 1.65
nm most likely reflecting the collapse of the diffuse
double layers. The peak widths CnWruO also decreased
for Ca and reached the same value (0.45) for Ca- and
Na-exchanged clays in epoxy propane and liquid unpo-
lymerized resin. The discrepancy between Ca- and Na-
exchanged clays was reversed in the polymer2ed resin,
where the Ca-exchanged clay was less expanded (1.7 nm)
and broader CFW}INI = 0.76) than the Na-exchanged
form (1.8 nm, FWHM = 0.59). The increase in FWHM
after polymerization of the resin reflects a loss of paral-
lelism of the layers, which was more dramatic for the
Ca-exchanged clay than for the Na-exchanged clay.

Dlscussrow

During their preparation for study by transmission
electron microscopy, the clay fractions were subjected
to changes at fwo levels oforganiz4dsn, namely layer
spacing and particle arrangement. These two aspects
will be examined in turn.

Changes in interlayer spacing

It is important to recall that the clay fractions stud-
ied in this paper are prepared at very high water con-
tents, i.e., conditions com-only met in soils and gels at
low suction pressures, or in sediments consolidated un-
der low pressures. We observe that in contact with di-
lute solutions and with Ca and Na as exchangeable
cations, the Wyoming monbnorillonite exhibits a larger
layer-spacing (1.9 nm) than under dry conditions, where
it is approximately 1.5 and 1.26 nm for Ca and Na, re-
spectively (Mering 1946, Tessier 1984). This finding
means that oriented samples equilibrated at a certain
relative humidity (air or vapor), as commonly run in clay
mineralogy, do not exhibit layer-spacings similar to
those prepared as pastes or gels and kept hydrated.

Startilg from the firlly hydrated state with maximum
swelling in the interlayer spaces, there is no doubt that
all the pore spaces are successively filled with metha-
nol, l,2-epoxypropane and, finally, resin. If collapse at
d-values lower than 1.6 nm had occurred, it would have
been detected by )RD. Absence of a collapse suggests
that all interlayer spaces are intercalated by organic
compounds of solvents and resin. With methanol, 1,2-
epoxypropane or resin, the peaks are very similar', both
in position and shape.

Measurements of d-values on HRTEM pictures of
the embedded smectite give smaller values than by

XRD. This discrepancy has been noted by several au-
thors (Farmer et aI. L994, Kim et al. 1995, Righi &
Elsass 1996), who invoked a possibility of charge het-
erogeneity due to incomplete intercalation by organic
compounds of the resin. We admit that the present work
failed to come up with a definitive answer. The ques-
tion is still open and requires further investigations on
other reference materials such as verrniculite and mixed-
layer (illite-smectite) clays.

Another important aspect of the evolution of the
interlayer spacings is related to the initial state of the
sample. Annabi-Bergaya et aI. (1979, 1980) reported
layer spacings of 1.3 nm for the Camp Berteau Na-ex-
changed montmorillonite, in oriented deposits saturated
with methanol vapor. However, the two clays (Wyo-
ming and Camp Berteau) exhibit a very similar pattern
of behavior with water and with different cations @en
Rhar'em et al. 1987, Tessier 1991). Thus, if the layer
spacings found with methanol in our work (1.65 nm)
are considerably larger than those obtained from mate-
rial in the dry state, it is certainly because they were
prepared from a fully hydrated state. As a matter of fact,
after a strong drying, crystal swelling is restored when
the clay is immersed in the solvents @rindley er al.
1969). We conclude that the layer spacing of clay im-
mersed in solvent not only depends on the nature of the
solvent itself, but also on the initial state of the sarnple.
Crystal swelling with weak polar solvents therefore does
not exhibit the reversibility typically observed with
water (Tessier 1984).

Changes in clay microstructare

Except for Na-exchanged smectite, where water is
mainly located in interlayers, water mainly fills the
pores in the matrix in the case of other clays such as
kaolinite and illite on one hand, and smectite prepared
with divalent cations on the other hand, i.e., in the ar-
rangement of clay crystals or crystal aggregates (parti-
cles). The geometry of the clay matrix (Fig. 4) is of
fundamental importance for an understanding of ma-
croscopic properties such as water retention, hydraulic
conductivity or rheological properties. The method used
in this paper consists in replacing water with various
solvents and, finally, an epoxy resin in order to preserve
specific arangements as far as possible.

In this method, the sample prepared at a given suc-
tion pressure is quickly dipped in methanol and in the
successive solvents in order to avoid desiccation. It is
important to avoid an irreversible shrinkage of the sam-
ple on contact with air due to capillary forces acting at
the solid-liquid-gas interface. The sample is therefore
permanently immersed in liquids during the whole em-
bedding process.

By measuring the apparent volume and solution vol-
ume, we have verified thatat3.Z and 100 kPa, the pore
spaces rmong the clay particles are saturated with wa-
ter. This means that by measuring the solution content,



CIIANGFS IN IAYER ORGANV,ATION IN SMECTITE t48t

Hc. 4. l,anice-fringe image of Ca-exchanged Wyoming 5mectite, prepared at 100 kPa and embedded in Spurr resin, showing

the curvature of layers and concomit?nt angular heterogeneity of orientation.

we can infer the extent of possible shrinking-5wslling
phenomena in the samples. At low suction (3.2 kPa),
the volume change is small for the Na-exchanged clay,
whereas for the Ca-exchanged clay, the swelling reaches
25Vo.We conclude that at low suction pressure, the re-
arrangement of the clay structure is mainly associated
with contraction in the interlayer distance. The volume
change also gives a good approximation of the contri-
bution of interlayer spaces to the total pore-space. In
the case of Ca-exchanged smectiteo the contribution of
layer spacing to volume glange is small. In contrast, in
Na-exchanged smectite, where there is a collapse of the
l0 to 3.5 nm interlayer distan@s, the magnitude of the
contraction is amplifi ed.

A different pattern ofpore distribution is obtained at
higher suction pressure (100 kPa). The layer spacings
are the same at3.2 and 100 kPa, both for Ca- and Na-
exchanged clays, whereas there is a notable swslling for
the Ca-exchanged clay at 100 kPa, which is smaller for
the Na-exchanged clay. However, this positive change
in volume is associated with a decrease in layer distance.
The Ca-exchanged clay is particularly well aggregated,
with thick, weakly curved pore-walls (Fig. 4). This
behavior is an expression of the nature of the clay ma-
trix and ofthe cohesive forces acting em6ng clay layers
and particles. It was shown previously that Ca-ex-
changed smectite exhibits an oriented network structure,
with strong cohesion forces acting between the clay lay-
ers (Chenu & Tessier 1995). Strong drying causes a
preferential orientation ofthe particles, which was con-

firmed by low-angle X-ray scattering @en Rhat'em er
al. 1986). These authors concluded that the behavior of
Ca-exchanged smectites, as well as of other smectites
equilibrated with divalent cations, is strongly influenced
by the stresses to which the material was previously
subjected. At 100 kPa" a certain relaxation of the mate-
rial is observed in relation with the use of solvents less
polar than water. This characteristic of the liquids ex-
plains the volume increase of the Ca-exchanged clay in
methanol, at the fust step of desiccation.

We can state that for pastes of Ca-exchanged
smectites, there are limited changes in layer spacing
during the embedding process. It is the clay matrix that
is supposed to change the most after drying because of
a certain relaxation of the clay. Similar conclusions can
be drawn for samples of illiteo kaolinite and interstrat-
ified clays (Chenu & Tessier 1995).

For Na-exchanged clays, to our knowledge, no
method of preparation has yet allowed the preservation
of firlly expanded interlayers.

CoNcl-ustoNs

ln the course of this study, devoted to an evaluation
of the changes in microstructure of smectites during
embedding exchanges in liquid medi4 we have been
able to show that smectite-group phases exhibit a spe-
cific behavior in organic solvents, contrasting with their
well-known behavior in water. This has been accom-
plished by using different tecbniques of analysis which,
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in combination, allow advances in the understandine of
the laws sgntr'olling clay-surface reactivity.

1) The arrangement of the clay particles depends on
the nature of the clay and, more specifically, on its
atomic structure, which partly determines the spatial
arrangement of elementary layers and their interaction.

2) Both clay fabric and crystal structure depend upon
the initial state of the sample, The clay microstructure
depends on the stresses under which the material is pre-
pared. This is particularly true when studying the ge-
ometry of the clay matrix.

The clay microstructure observed in transmission
electron microscopy is not the sirme as the original
microstructure with watero but is a result of the history
of the material, of its reaction with solvents and resin
and, last but not least, of the changes ia yagurrm and
under the electron beam in the microscope. Changes
once in the microscope will be discussed elsewhere.
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