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Abstract-A new chemical, Peldri II, is evaluated as a compound for drying soft clay materials, Peldri 
II, a fluorocarbon (I, I-difluorotetrachloroethane), is a solid at room temperature and is a liquid above 
25°C, Clay gels are embedded in Peldri II by immersing them in the liquid and allowing it to solidify, 
Once solidified, Peldri II will sublime, with or without vacuum, to a dry specimen, probably without 
introducing surface tension, Wyoming montmorillonite saturated in 10-3 M NaCI and I M CaCl2 solutions 
has been examined to compare preservation of its initial structure after Peldri II, critical point, and freeze 
drying techniques, Transmission electron microscopy of ultrathin sections, scanning electron microscopy, 
and mercury intrusion porosimetry techniques were used, No differences were detected between Peldri 
II and critical point drying methods, Peldri II appears to be a significant improvement as an alternative 
drying agent for clay materials in studies of their structural properties, It is also very convenient for drying 
large numbers of samples, 

Key Words-Critical point drying, Freeze drying, Mercury porosimetry, Montmorillonite, Peldri II, SEM, 
TEM. 

INTRODUCTION 

One of the basic problems that needs to be solved 
in the preservation of clay structure during the drying 
process is how to remove water from the sample while 
minimizing structural modifications, Many methods 
have been described in the literature for the drying of 
clay specimens to preserve the initial organization of 
clay particles. Most of these methods are based on 
removal of meniscus at the solid-liquid-gas interface 
without allowing the development of capillary forces. 
These forces playa major role in the reorganization of 
the dehydrated clays (Tessier, 1987). The two tech
niques for moisture removal that have been most com
monly employed and are regarded as the most prom
ising are freeze drying (FD) and critical point drying 
(CPD). 

Several workers have confirmed that structural 
changes have taken place in freeze-dried clays and clay 
gels (Norrish and Rausell-Colom, 1962; Tovey, 1971; 
Greene-Kelly, 1973). Norrish and Rausell-Colom 
(1962), working with montmorillonite and nontronite, 
found that during freezing there was a rapid redistri
bution of pore water. X-ray analysis showed a decrease 
in basal spacing of the clay minerals corresponding to 
the withdrawal of interlamellar water. Particle rear
rangement involving larger structural units was found 
by Tovey (1971) who freeze-dried clay soils and ob
served samples during the sublimation stage with a 
scanning electron microscope. Greene-Kelly (1973) and 
Lawrance et al. (1979) also conducted freeze drying 
experiments on clay soils and concluded that the tech
nique was not satisfactory. Although FD of swollen 

clay materials often leads to only small losses of the 
total porosity, some doubts have been raised concern
ing the validity of the resultant pore size distribution. 
These problems are summarized in a review article by 
Lawrance (1977). Some workers (Thompson et ai., 
1985; Jongerius and Heintzberger, 1975) found that 
ice crystals altered the porosity, particularly in the cen
ter of frozen specimens. FD may also cause artifacts 
in the form of fissures due to water migration (Murray 
and Quirk, 1980) or the formation of cracks due to 
thermal gradients (Gillott, 1980). Others have claimed 
that FD does give satisfactory results very similar to 
those obtained by the CPD technique (Diamond, 1970; 
Mitchell, 1956). 

The CPD of fine-textured soil has so far been re
stricted to samples containing either water or liquid 
carbon dioxide. Diamond (1970) and Sridharan et ai, 
(1971) have both conducted CPD of wet clay samples 
and found little or no sample shrinkage. Lawrance et 
ai. (1979) concluded that FD and CPD of clay soils 
leads to some shrinkage. As with FD techniques the 
CPD method also has inherent limitations. Possible 
causes of fabric damage include thermal and pressure 
stresses in the sample, and possibly also the effects of 
fluid movements (Gillott, 1980). Nevertheless, it ap
pears that the CPD method modifies the initial struc
ture less than the FD method (Bruand and Tessier, 
1987). 

Therefore, there is a need to explore the possibilities 
of some alternative, faster and comparable drying tech
niques to preserve the initial microstructure of clay 
materials. 

The present report describes the application of a new 
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Figure 1. Transmission electron micrographs of ultrathin sections of Wyoming montmorillonite saturated at 10-3 M NaCI 
after: (a) dehydration with acetone, (b) Peldri II drying, (c) critical point drying, and (d) freeze drying. Marker = I I'm. 

fluorocarbon (I, l-difluorotetrachloroethane) com
pound-Peldri II (U.S. Patent No. 4,735,794) as a me
dium for drying soft clay specimens. The first appli
cation of Peldri II for drying biological tissue offers the 
same capabilities provided by CPD techniques (Ken
nedy et aI., 1989). Peldri II is a solid at room temper
ature and can be liquefied above 25°C. Once solidified 
it will sublime, with or without vacuum, to a dry ma
terial without producing surface tension changes. In 
this paper we examine drying by sublimation with Peldri 
II (PLD) and compare it with CPD and FD as a tech
nique for microstructure study using transmission and 
scanning electron microscopy (TEM and SEM). As a 
supplement to this submicroscopic investigation we 
use the mercury intrusion porosimetry method. 

MATERIALS AND METHODS 

The clay material used for the present experiments 
was Wyoming montmorillonite No. 25 from Upton, 
Wyoming. From this clay in the sodium form, a <2-
iLm fraction was prepared by suspending the clay in 

water, followed by repeated cycles of sedimentation, 
siphoning, and resuspension. Both Na- and Ca-satu
rated suspensions were prepared in 10-3 M NaCI and 
I M CaCl2 solutions, respectively, and homogenized 
by mechanical stirring. The nature and concentration 
of cations were chosen to obtain a different arrange
ment and internal structure for the tactoids of mont
morillonite. In low-sodium concentration we expected 
to obtain a loose, remarkable open-type of structure. 
Saturation of montmorillonite with high concentra
tions of calcium would lead to the formation ofa dense, 
compacted structure (Tessier and Pedro, 1982; Ben 
Rhalem et aI., 1987 and Stawinski et aI., 1990). Water 
retention at 0.5 bar suction pressure was obtained in 
a filtration cell, as described by Tessier and Barrier 
(1979). Excess liquid was expelled from the samples 
through a porous membrane filter (0.025 iLm pore di
ameter) at the bottom of the pressure cell, forming clay 
gels on the membrane surface. Water in the clay gels 
was replaced by solvent exchange with 100% acetone 
using the method described by Murphy (1985). 

Small portions of acetone-saturated clay gels, de-
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hydrated but not dried, were prepared for ultrami
crotomy by replacement of acetone first with propylene 
oxide, then with Spurr's hard epoxy resin (Spurr, 1969). 
After the resin had hardened, ultrathin sections (about 
90 nm thick) were cut with a diamond knife and ex
amined in a Philips 300 TEM operated at 100 kV. 
Other portions of acetone-saturated clays were dried 
by CPD techniques using liquid CO2 as a transitional 
fluid in a Polaron E 3000 apparatus following the meth-
0d described by Greene-Kelly (1973). 

The remaining aliquots of acetone-saturated clays 
were dried with Peldri II. The melting point of this 
compound is in the range of 24-25°C. It is nonflam
mable, but can cause skin irritation, pulmonary edema, 
and conjunctivitis after prolonged exposure. It should 
be used in a fume hood with rubber gloves. Our pro
cedure for the use of Peldri II is as follows: a bottle of 
Peldri II was placed in a beaker of water maintained 
at 40-45°C on a slide warmer, also at 40-45°C. Pipettes 
used to exchange solutions were also heated by placing 
them on the warming table. Vials containing clay gels 
in lOO% acetone were placed on the warming table. An 
equal volume ofliquid Peldri II was added to each vial, 
and the vials were tightly capped. After 4 hours the 
mixture of Peldri II and acetone was removed and 
fresh, pure liquid Peldri II was added. After 4 hours a 
second exchange ofPeldri II was made. The vials con
taining Peldri II and the specimens were then placed 
in a refrigerator at about O°c. The vials with solidified 
Peldri II and the clay aggregates were then placed, with
out caps, in a vacuum desiccator attached to vacuum 
pump and evacuated until all visual evidence ofPeldri 
II was gone and the specimens were fully exposed. 
There is insufficient information about the destructive 
influence of this fluorocarbon compound on the ozone 
layer, but for ecological and economical reasons we 
recovered the Peldri II by cooling its vapor with solid 
CO2 in a U-tube placed between the desiccator and the 
vacuum pump. 

For purposes of comparison another sample of wet 
clay gels was dried by the FD technique as follows: 
slices 1-2 mm thick were taken from wet clay gels and 
were rapidly frozen by immersing them in a beaker of 
Freon-22 (- 140°C). These were transferred to liquid 
nitrogen and the ice was evaporated at - 30°C and 2 
x lO-3 Pa for 3 days. Dry samples were stored in a 
desiccator. 

After each method of drying (CPD, PLD or FD) the 
small, dry aggregates were immersed first in propylene 
oxide and then in Spurr's resin. The microstructure of 
the clay samples was examined in ultrathin sections 
using TEM. CPD, PLD and FD clays vacuum-coated 
with gold were also observed with a JSM-840A (JEOL) 
SEM operated at 20 kV. 

Additionally, differently-dried clay samples were ex
amined by the mercury intrusion porosimetry method 
as described by Diamond (1970). This technique was 

Figure 2. Scanning electron micrographs of Wyoming mont
morillonite saturated at 10-3 M NaCI after: (a) Peldri II drying, 
(b) critical point drying, and (c) freeze drying. 

used for determining changes in the total cumulative 
volume of pores (TCV), the bulk density of aggregates 
(BD), and the pore size distribution (PSD) of differ
ently dried clays. A Carlo Erba Porosimeter model 2000 
instrument was used. 

RESULTS 

Electron microscopy 

The TEM micrographs of ultrathin sections of mont
morillonite dehydrated, but not dried, PLD, CPD and 
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Figure 3. Transmission electron micrographs of ultrathin sections of Wyoming montmorillonite saturated at 1 M CaC12 

after: (a) dehydration with acetone, (b) Peldri II drying, (c) critical point drying, and (d) freeze drying. Marker = I !Lm. 

FO in two microstructural arrangements are presented 
in Figure I for montmorillonite saturated at 10-3 M 
NaC!, and in Figure 3 for montmorillonite saturated 
at I M CaC12 • 

Figure la shows the microstructure of the dehy
drated but undried clay. Note that the clay particles 
are grouped closely in large, thick, curved particles that 
are comparable to the quasicrystals described by Ayl
more and Quirk (1971). The quasicrystals lead to the 
formation of isometric networks with edge-to-face and 
face-to-face contacts between them. The voids between 
quasicrystals have a relatively small «0.5 /-Lm) di
ameter. Figure 1 b shows the microstructure ofthe PLO 
clay. We observed that the arrangement and internal 
structure of the clay particles and quasicrystals was 
very similar to the type of microstructure noted in the 
dehydrated but undried clay (see Figure la). After dry
ing the clay with the CPO technique we did not observe 
the very distinct differences in the type of microstruc
ture formed (Figure Ic). However, the quasicrystals 
seemed to be longer, the contacts between them more 
frequent, and the network appeared more continuous. 

In comparison to the dehydration by acetone and the 
drying by PLO and CPO, the microstructure after the 
FO method showed distinct differences (Figure 1 d). 
Note that the clay particles are grouped closely in elon
gated quasicrystals about 1-4 /-Lm in length with dom
inant face-to-face contacts between them. The quasi
crystals form stepped clusters or chains, creating a loose, 
interconnecting framework with oblique edge-to-face 
contacts, and with relatively large voids about 1-3 /-Lm 
in diameter between them. This fabric is related to the 
honeycomb-type structure of clays. 

The microstructure resulting from PLO, CPO and 
FD techniques was examined with the SEM (Figure 2; 
Na-montmorillonite). After PLO- (Figure 2a) and CPO
treatment (Figure 2b) the SEM micrographs show the 
same type of microstructure. Note that the clay mi
croaggregates form a relatively dense network with small 
pores about 0.5 /-Lm in diameter. The orientation of 
micToaggregates that make up the network seems to be 
isotropic. However, after FO (Figure 2c) the general 
organization of the system is similar and the network 
formed keeps its isotropic character. Some distinctive 
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Table 1. Mercury intrusion porosimetry data. 

Na-montmorillonite Ca-montrnorillonite 

Method of TCV SD TCV BD 
drying (cm'1I00 g) (glcm') (cm'/\OO g) (glcm') 

CPD 185.3 0.32 54.9 0.70 
PLD 214.9 0.33 61.0 0.75 
FD 279.9 0.29 64.0 0.59 

differences were, however, observed. The arrangement 
of microaggregates of Na-montmorillonite after FD 
demonstrates the typical honeycomb structure that is 
formed by sheet-like and elongated plate-like microag
gregates with dominant edge-to-face contacts. Isomet
ric, large cell-like pores predominate here. 

The TEM micrographs of ultrathin sections of de
hydrated but undried, and PLD, CPD, and FD mont
morillonite saturated in I M CaCl2 are presented in 
Figure 3. Note that after each mode of drying (PLD, 
CPD and FD) and after dehydration by acetone the 
general organization of the clay particles is very similar. 
In high concentrations of Ca the particles of mont
morillonite are made up of sheet-like microaggregates 
with predominantly face-to-face and edge-to-edge con
tacts. These form a continuous, very dense, line-cel
lular structural network resembling the sponge micro
structure described by Sergeyev et al. (1980). Pore space 
is made up of interaggregate pores, microcracks and 
intermicroaggregate pores of anisometric shape. How
ever, we observed that the FD technique led to the 
formation of wider (about 1 /-lm in diameter) interag
gregate pores or microcracks (see left part of Figure 
3d). 

Mercury intrusion porosimetry 

The total cumulative volume and bulk density of the 
samples after different drying techniques are given in 
Table I. For montmorillonite saturated at 10-3 M NaCI 
and saturated at 1 M CaCl} the TCV of pores after 
CPD was always lower. On the other hand, in FD
treated samples we observed the highest value ofTCV. 
The PLD clays demonstrated an intermediate value of 
TCV. The bulk density values were very similar for 
both the CPD and PLD mode of drying. Minimum 
BDs were obtained for FD clays. 

The pore size distribution data (PSD) are presented 
in the form of cumulative pore radius distribution 
curves. The changes in PSD following different drying 
techniques are presented in Figure 4 for Na-mont
morillonite and in Figure 5 for Ca-montmorillonite. It 
is apparent from Figures 4 and 5 that for both systems 
there were marked differences in pore size distribution 
among the drying treatments. For example, most of 
the porosity in FD Na-montmorillonite was derived 
from pores in the 0.3-0.7 /-lm equivalent pore radius 
(epr) range (Figure 4). In the PLD sample the porosity 
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Figure 4. Pore size distribution curves for Wyoming mont
morillonite saturated at 10-3 M NaCI after: (a) Peldri II drying, 
(b) critical point drying, and (c) freeze drying. 
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Figure 5. Pore size distribution curves for Wyoming mont
morillonite saturated at 1 M CaCl2 after: (a) Peldri II drying, 
(b) critical point drying, and (c) freeze drying. 

was contributed by pores in the 0.15-0.40 /-lm epr range. 
The CPD sample had similar PSD to the PLD samples 
and porosity ranged from 0.15-0.35 !lm epr. 

The FD of Ca-montmorillonite (Figure 5) resulted 
in a more evenly distributed porosity. Most of the po
rosity in this sample was derived from pores in the 
0.3-O.6!lm range and less in the 3.2-5.5!lm and 0.01-
0.016 /-lm epr range. In the PLD samples the porosity 
was greatest in the 0.1-0.25 !lm epr range. The CPD 
sample had porosity similar to the PLD sample range 
from 0.08 to 0.2 /-lm. 

Generally, in both the Na- and Ca-montmorillonite, 
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the effects of CPD and PLD on pore size distribution 
are very similar. Based on the presumption of no col
lapse during mercury intrusion (Diamond, 1970 and 
Lawrance et aI., 1979) we assume that this similarity 
in pore size distribution for CPD and PLD suggests 
that either the techniques do not alter very small pores 
much or that pores are altered similarly by both tech
niques. On the other hand, FD resulted in a higher 
porosity with a greater range of pores than did any 
other drying method. However, taking into account 
the probability of shrinkage during mercury intrusion 
(Murray and Quirk, 1981), the results of the porosim
etry analysis permit us to maintain that after CPD and 
PLD the clays have very similar microstructures and/ 
or mechanical resistance that differ from the FD mont
morillonites. 

DISCUSSION AND CONCLUSIONS 

It is evident from these studies that freeze drying 
techniques lead to the alteration of the structure of 
montmorillonite gels. This structural damage is almost 
certainly due to the growth and migration of ice crys
tals. Even if water in the samples had frozen quickly 
into small crystals upon initial submersion in liquid 
nitrogen, there may have been recrystallization of ice 
crystals (Thompson et aI., 1985). Meryman (1957) ob
served recrystallization at 203 K; crystals of I-/lm di
ameter formed in only 30 seconds. Under the condi
tions employed in our study, the recrystallization of 
ice may have not only increased the volume of pores 
compared with the original porosity before drying but 
also caused microcracks about I /lm in diameter (see 
Figures Id, 3d). Tessier and Quirk (1979) have ex
amined electron micrographs ofillitic materials frozen 
at similar rates and have also observed discontinuities 
(about 1 /lm) of the type described here. 

Electron microscopy demonstrated that the arrange
ment of quasicrystals of montmorillonite for samples 
dehydrated in acetone (but not dried), and those critical 
point dried was very similar. For the Peldri II-dried 
samples, the arrangement was essentially identical. 
Moreover, the soft montmorillonite fioccules prepared 
for TEM, SEM, and mercury intrusion porosimetry 
through sublimation of Peldri II do not appear to pre
sent any significant differences in microstructure and 
pore size distribution as compared to specimens pre
pared with critical point techniques. Furthermore, when 
large numbers of samples must be processed, the sub
limation procedure can be carried out either under 
house vacuum in a vacuum desiccator or overnight 
without vacuum in a fume hood. 

The use ofPeldri II is an alternative method for the 
drying of clay materials. This method provides the 
same quality of structural preservation obtained with 
critical point drying techniques and eliminates most of 
the problems associated with the use of a CP dryer. A 

large number of samples may be processed more rap
idly. 

The applicability of this method to other clays and 
soil materials is being tested and the results will be 
published in due course. 
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