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STATIC AND DYNAMIC STRUCTURE OF WATER IN 
HYDRA TED KAOLINITES. I. THE STATIC STRUCTURE 

P. M. COSTANZO,! R. F. GIESE, JR.,! AND M. LIPSICAS2 

I Department of Geological Sciences, State University of New York at Buffalo 
4240 Ridge Lea Road, Amherst, New York 14226 

2 Schlumberger-Doll Research, P.O. Box 307 
Ridgefield, Connecticut 06877 

Abstract-Four hydrates with d(OOI) = 8.4, 8.6, and 10 A (two types) were synthesized by intercalating 
kaolinite with dimethylsulfoxide and treating the intercalated clay with fluoride ions. X-ray powder 
diffraction, infrared spectroscopy, differential scanning calorimetry, thermal gravimetric analysis, and 
kinetics of dehydration experiments have led to the identification of two types of interlayer water. One 
type of water (hole water) is situated in the ditrigonal holes of the silica tetrahedral surface; the second 
type (associated water) forms a discontinuous layer of mobile water. The 8.4-A and 8.6-A hydrates have 
only hole water, whereas the two synthetic IO-A hydrates and halloysite(IOA) contain both hole and 
associated water. The hole water is probably hydrogen bonded to the basal oxygens of the silica tetrahedra 
or, in the 8-A hydrates when fluorine exchanges for inner-surface hydroxyls, the water molecules may 
reorient and form stronger hydrogen bonds to the fluorine. Associated water forms water-water hydrogen 
bonds approximately equal in strength to liquid water but is less strongly bonded to the clay surfaces 
than hole water. At room temperature the hole and associated water in the IO-A hydrates do not form 
an ice-like structure. 
Key Words-Dimethylsulfoxide, Halloysite, Hydroxyl, Infrared spectroscopy, Kaolinite, Water. 

INTRODUCTION 

The extent to which a silicate surface perturbs neigh­
boring water molecules is a point of contention. One 
view is that the perturbation extends to distances of 
tens of Angstrom units (Low, 1979; Tarasevich, 1980). 
Others maintain that the clay surface influences only 
a few monolayers of water (Prost, 1982; Sposito and 
Prost, 1982; Fripiat et al., 1982). In either case it is 
the first few water layers in contact with the silicate 
surface that are the most important and the most dif­
ficult to study. 

Most studies of water-silicate surface interactions 
have been made with smectites because of their large 
surface area. The smectite layer charge is balanced by 
exchangeable interlayer cations, but these interact with 
the interlayer water molecules such that the water be­
haves more like an aqueous solution (Sposito and Prost, 
1982). This behavior makes it difficult to determine 
the influence of the silicate surface on pure adsorbed 
water. 

The interlayer water in halloysite(lOA) is essentially 
free of cations; its interactions with silicate surfaces 
thus could serve as a baseline for comparison with 
water-smectite studies. Halloysites, however, are not 
very suitable materials because they dehydrate readily 
if not kept wet and their poor crystallinity, variable 
morphology, and widely differing environments off or­
mation complicate experimental interpretation. Some 
of these difficulties can be avoided by working with a 
hydrated clay formed from a well-crystallized kaolin-

ite. Recently, Costanzo et al. (1980, 1984) reported the 
synthesis of an unstable lo-A halloysite-like hydrate 
using a Cornwall kaolinite. Since then, Costanzo et al. 
(1982) reported the synthesis of a lO-A hydrate which 
is stable under certain conditions in the absence of 
liquid water. When fully expanded, these hydrates have 
a surface area of -1000 m2/g. This communication 
discusses the synthesis of four related hydrates and the 
structure ofthe interlayer water in each as derived from 
infrared, X-ray powder diffraction, heat capacity, and 
desorption experiments. A related communication 
(Lipsicas et al., 1984) deals with the dynamic prop­
erties of the interlayer water in these hydrates as shown 
by nuclear magnetic resonance spectroscopy. These two 
studies give a detailed picture ofthe static and dynamic 
properties of water, with a low concentration of ions, 
in contact with a silicate surface. 

BACKGROUND 
Infrared spectroscopy (IR) has been the principal means of 

studying water intercalated in clay minerals. The kaolin min­
erals have OH-stretching bands between 3695 and 3620 cm- I . 

In halloysite(IOA) the intensity of the 3695-cm-' band is re­
duced compared to the dehydrated clay (Farmer, 1974); sim­
ilar results were observed for kaolinite intercalated with salts 
and small organic molecules (Ledoux and White, 1966; Olejnik 
et aI., 1968, 1971). This reduction in intensity accompanied 
by the appearance of new bands at lower frequencies has been 
ascribed to the formation of stronger hydrogen bonds between 
the inner-surface hydroxyls and the intercalated molecules. 
Inasmuch as the 3695-cm-' band does not completely dis­
appear upon intercalation, some inner-surface hydroxyls ap­
parently are not perturbed by the guest molecules. 
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Yariv and Shoval (1975) compared the IR spectra of ka­
olinite and a partially dehydrated Te Puke (New Zealand) 
halloysite. The existence of a 3700 cm- I band in both led 
them to conclude that no hydrogen bonds exist between clay 
hydroxyls and water molecules. Cruz et at. (1978) also ob­
served no shift in the inner-surface OR-stretching frequencies 
of an halloysite(lOA) compared to kaolinite and concluded 
that the hydrogen bonding from the inner-surface hydroxyls 
to the water molecules is weak. 

In the IR spectra of hydrated and partially dehydrated hal­
loysites, Tarasevich and Gribina (1972) observed a split in 
the water deformation band centered at 1640 em-I. This led 
them to suggest that there are two types of water in halloy­
site(10A); one consisting of isolated water molecules bonded 
to the ditrigonal holes of the tetrahedral sheet ("hole" water) 
and the other being more mobile interlayer water ("associ­
ated" water). As in the studies ofYariv and Shoval (1975) 
and Cruz et al. (1978), they observed a negligible shift in the 
3695-cm-1 band of halloysite(lOA) during dehydration and 
concluded that the interlayer hydrogen bonds in kaolinite 
have the same strength as the bonds between inner-surface 
hydroxyls and adjacent water molecules in halloysite(lOA). 

In summary, the IR data presented in these papers suggest 
that the inner-surface OR-stretching vibrations of kaolinite 
and halloysite (both hydrated and dehydrated) are similar. 
This similarity has been taken as evidence that no hydrogen 
bonds are present (Yariv and Shoval, 1975), that the surface 
hydroxyls participate in weak hydrogen bonds (Cruz et al .• 
1978), or that an equally strong bond forms from the inner­
surface OR groups to water (in the hydrated state) or silicate 
oxygens (in the dehydrated state) (Tarasevich and Gribina, 
1972). 

There is also little agreement in the literature on the nature 
of the hydrogen bonding of the water molecules to the oxygens 
of the silicate surface and to other water molecules. This lack 
of agreement is not surprising because intercalated water gives 
broad, ill-defined IR bands and non-intercalated (pore) water 
adsorbs strongly in the same frequency region. 

SYNTHESIS 
The synthetic hydrates were prepared from well­

crystallized kaolinite from Cornwall (RL01415, En­
glish China Clays, St. Austell) and Georgia (KGa-1, 
Source Clays Repository of The Clay Minerals Society). 
Both kaolinites yielded hydrates which were indistin­
guishable. The four hydrates had the general formula 
Al2Si20s(OH)4 'nH20 with n = 1 (monohydrate) or 2 
(dihydrate). These are: an 8.4-A crystalline monohy­
drate (Giese and Costanzo, 1979), an 8.6-A noncrys­
talline monohydrate, a 10-A unstable dihydrate (Cos­
tanzo et aI., 1984), and a IO-A quasi-stable dihydrate 
(herein referred to as the QS-1O hydrate) (Costanzo et 
al., 1982). The two monohydrates contained no pore 
water and were stable under ambient conditions for 
very long periods oftime. To remain fully intercalated 
the unstable IO-A hydrate had to be kept in contact 
with liquid water which made the material unsuitable 
for the experimental techniques used in the present 
investigation. The dynamic properties of the interlayer 
water in this hydrate are discussed elsewhere (Lipsicas 
et al., 1984). In contrast, the QS-10 hydrate could be 
kept fully hydrated for several months in the absence 
of liquid water if the sample was stored in a closed 
container and refrigerated. 

SA-A Crystalline Hydrate 

to-A Hydrate 

(as-tO) 

Figure 1. Flow chart showing the steps in the synthesis of 
four hydrated kaolinites. 

Figure 1 shows the steps necessary to synthesize the 
four hydrates. Each sequence of treatments changed 
the physical and chemical properties of the kaolinite 
inner-surfaces to different degrees. These changes were 
due in part to the replacement of hydroxyl by fluorine 
and in part. to an increase in layer stacking disorder 
(Costanzo et al., 1984). 

A major difference between the synthesis ofthe 8.4-
A and 8.6-A hydrates lay in the fluoride treatment. 
During the synthesis of the 8.6-A hydrate, water wash­
ings removed ammonium fluoride and dimethylsulf­
oxide (DMSO); at no time during the fluoride treat­
ment was the sample completely dried or heated above 
60°C. In contrast, during the synthesis of the 8.4-A 
hydrate, the DMSO and volatile fluoride were removed 
by drying the clay at 110°C. During this heating, the 
clay collapsed to 7.2 A and more F-for-OH substitution 
took place. Chemical analysis of the 8.4-A hydrate 
showed fluoride contents of 3-5 wt. %, whereas the 
8.6-A hydrate contained less than 2 wt. %. The 8.4-A 
hydrate showed (hid) X-ray powder diffraction (XRD) 
reflections indicating a reasonably well-ordered crystiu 
structure (Giese and Costanzo, 1979). 

The synthesis of the QS-I0 hydrate differed from 
that for the 8.6-A hydrate only in the final drying step. 
The QS-1 0 hydrate formed when the wet clay was dried 
slowly by placing the moist clay at the bottom of a 
centrifuge tube or in the comer of a tilted beaker keep­
ing the container loosely capped. The exposed surface 
of the clay was thereby reduced, and the clay lost pore 
water slowly over a period of several days to form a 
compact, mechanically hard lump of QS-10 hydrate. 
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Figure 2. Infrared absorption spectra of (A) Cornwall ka­
olinite, (B) 8.4-A crystalline hydrate, (C) 8.6-A noncrystalline 
hydrate, (D) quasi-stable hydrate (QS-lO), and (E) halloy­
site(lOA) from Utal1. 

If the moist clay was spread thinly for drying, it lost 
both pore and some interlayer water to yield the non­
crystalline 8.6-A hydrate. The 8.6-A hydrate, the QS-
10 hydrate, and the halloysite(10A) gave only (00/) 
reflections. 

The QS-1 0 hydrate could be kept fully hydrated for 
several months by reducing the kinetics of the dehy­
dration. This was accomplished by keeping the sample 
refrigerated and in a massive form to reduce the rate 
of diffusion of the water out of the sample. For XRD 
experiments where a powder was needed and pore water 
was not a problem, the samples were moistened with 
a few drops of water and crushed just prior to the scan. 
Under these conditions, the clay remained hydrated 
long enough to scan the (001) peak. Samples for IR 
were prepared as mulls in a fluorinated organic which 
retarded dehydration long enough to record the spec­
trum. Heat capacity samples were sealed hermetically 
in capsules and kept cold prior to the runs. 

EXPERIMENTAL TECHNIQUES 

All chemicals were Fisher Certified Reagent grade. 
XRD scans were made of oriented smears on glass 
microscope slides with a General Electric XRD-6 dif­
fractometer and CuKa radiation. 

Most of the IR spectra were recorded with a Pye­
UNICAM 3-300 double beam spectrometer. Samples 
were supported on 1-mm thick polycrystalline silicon 
discs, and the clays were prepared as mulls using a 
fluorinated hydrocarbon. One sample was examined 
with a Nicolet Fourier Transform IR spectrometer, 

Model SX60. This sample was dispersed in KBr and 
was run in the diffuse reflection mode. 

Heat capacity (Cp) measurements were made with 
a Perkin-Elmer DSC-2, differential scanning calorim­
eter (DSC) equipped for low temperature operation. A 
glove box purged with dry nitrogen surrounded the 
sample and reference assembly to prevent frost accu­
mulation during measurements. The sample and ref­
erence heaters were surrounded by flowing helium; the 
heat sink was a container ofliquid nitrogen. With this 
arrangement a minimum temperature of lOooK 
(- 163°C) was reached easily; the maximum temper­
ature of 3000K (27°C) was set by the slope of the base­
line. 

In this study the power (dH/dt) necessary to heat a 
sample at a specified rate was compared with that of 
a standard material of known Cpo Benzoic acid (Fisher 
Certified Primary Standard for Calorimetry) was used 
as the standard; Cp values were taken from the work 
of Ginnings and Furukawa (19S3). The temperature 
calibration was based on the solid phase transition of 
high purity cyclohexane, 186.1°K (-86.9°C) and its 
melting point, 279.7°K (6.7°C). Between these values 
the DSC was accurate to within 1°; at temperatures 
below 186.1°K (-86.9°C) the error may have been as 
much as 3°. 

A S-IO-mg sample was sealed in an aluminum pan. 
During heating, the power needed to keep the sample 
and reference at the same temperature was measured 
and the difference was plotted on a strip chart. All scans 
were made at a heating rate of SO/min over a SO-100°C 
range. For each scan a straight background line was 
drawn between the starting and ending isothermal, and 
the pan displacement at specific temperatures (in in­
crements of 10° or 20°) was determined with respect 
to this line. A similar scan was made with an empty 
pan. The sum of the ordinate displacement for the 
sample and the empty pan is proportional to Cp (Dan­
iels, 1973); this proportionality was determined by re­
peating the procedure with benzoic acid. Several rep­
licate measurements were made on a sample at each 
temperature and the resulting Cp's were averaged. The 
instrument is capable of 1 % accuracy on a single mea­
surement, but because the Cp of the intercalated water 
was calculated from multiple measurements (for ex­
ample, clay, intercalated clay, standard, and empty pan) 
the aggregate error is -S-IO%. 

Thermogravimetry (TGA) was run using a Perkin­
Elmer TGS-2 instrument. The sample was heated lin­
early at 20°C/min in a dry nitrogen atmosphere. 

INFRARED RESULTS 
The IR spectra of the Cornwall kaolinite, the 8.4-A, 

8.6-A, and QS-IO hydrates, and a halloysite(10A) from 
Utah are shown in Figure 2. The top scan is the Corn­
wall kaolinite, the starting material for the 8.4-A crys­
talline hydrate (Figure 2A). Although the 8.6-A and 
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Figure 3. (A) Fourier transform infrared spectra of the 1650-
cm-' bending band of hole water in the 8.6-A hydrate; (B) 
the spectrum in (A) but deconvoluted to show the two con­
tributing bands. 

the QS-I0 hydrates described here were made from 
Georgia well-crystallized kaolinite, the spectra of the 
Cornwall and Georgia kaolinites are similar and only 
the former is shown. 

8.4-A and 8.6-A hydrates 

In the present investigation, the band due to the 
inner-surface hydroxyls, which typically appears at 3620 
cm- I , was sharp and at nearly the same frequency in 
kaolinite and the two 8-A hydrates (Figures 2A, 2B, 
and 2C), indicating that little change took place in the 
orientation and environment of the inner-surface hy­
droxyl as the result of the presence of hole water. 

The intensity of the high-frequency stretching band, 
most often seen at 3695 cm- I , was weaker in the 8-A 
hydrates than in the kaolinite. The 3666- and 3652-
cm- I vibrations of kaolinite were replaced by a single, 
strong and well-resolved band at 3654 cm- I in the 8.4-
A hydrate (Figure 2B) and a weaker band at 3640 cm- I 

in the 8.6-A hydrate (Figure 2C). 
The bands at 3695,3654, and 3614 cm- I of the 8.4-

A hydrate were similar to the spectrum observed in 
dickite (Farmer, 1974), for kaolinite intercalated with 
DMSO (Olejnik et al., 1968), and for strongly disor­
dered kaolinite (Cruz-Cumplido et aI. , 1982). It is not 
clear what features in these three very different ma­
terials were responsible for the similarity of the OH­
stretching bands. 

The IR spectrum of the 8.4-A hydrate had bands at 
3586 and 3536 cm- I with the same relative intensities 
as the 3572-and 3522-cm-1 bands of the 8.6-Ahydrate. 
Bands equivalent to these were observed by Tarasevich 
and Gribina (1972) at 3600 and 3555 cm- I in hydrated 
and partially dehydrated halloysites. Their deuteration 
experiments indicated that these vibrations are due to 
intercalated water. The fact that they observed these 
bands in partially dehydrated halloysites (d(OOI) "" 7.2 
A) indicates that this water was keyed into the ditri­
gbnal holes of the silica tetrahedra (hole water). 

w 
(.) 
z « 
l­
I-
~ 
en 
z « 
a: 
I-

3800 3700 

Kaolinite 

3600 3500 cm- 1 

Figure 4. The infrared spectrum of the OH-stretching re­
gions of the Cornwall kaolinite and the QS-IO hydrate. The 
bands of the QS-IO hydrate are broader than kaolinite and a 
shoulder at 3720 cm- I is present in the QS-IO hydrate. 

In the 8.4-A hydrate, -13-23% of the inner-surface 
hydroxyls were replaced by fluorine which can accept 
hydrogen bonds from nearby water molecules. Water 
which is hydrogen bonded to halides typically has its 
"1 and "3 bands shifted to lower frequencies (Farmer, 
1974). Thus, in the 8.4-A hydrate a strong band that 
appeared at 3444 cm- I and a weaker band at 3327 
cm- I were probably due to a second population of di­
trigonal hole water which was more strongly hydrogen 
bonded than the first group. The presence of two types 
of hole water was also indicated by the two "2 bands 
at 1650 and 1592 cm- I (Figure 2B). The width of the 
3444-cm-1 band suggested that some water molecules 
were bonded to the fluorine in a disordered fashion. 
This disorder may explain the fact that the ", and "3 
are not resolved in the 3444-cm- ' band. The weak 
absorption at 3327 cm- I is probably the first overtone 
of the "2 vibration. The bending band of the water 
molecules forming hydrogen bonds to fluorine had a 
rather low frequency (1592 cm- I

), but similar values 
have been reported for water in AIF3 • 3H20 (Nyquist 
and Kagel, 1971). 

The 8.6-A hydrate showed three bands below 3622 
cm- I , a weak band at 3572 cm- I , a stronger band at 
3522 cm- I , and a band at 1650 cm- I • The 1650-cm-1 

band was fairly broad and looked like a multiplet. There 
was no indication of a second bending band near 1592 
cm- I as was found in the 8.4-A hydrate. This is not 
surprising because the fluorine content of the 8.6-A 
hydrate corresponds to about 10% F replacement of 
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Figure 5. Weight loss curves for 8.4-A and 8.6-A hydrates. 
The heating rate was 20°C/min; the sample was heated in a 
dry nitrogen atmosphere. Horizontal line on vertical axis = 

theoretical weight loss for complete loss of intercalated water. 

inner-surface OR much of which is probably near the 
edges of the crystals (Costanzo et aI., 1984). Further­
more, there is little indication of the 3444-cm-1 band 
of the 8.4-A hydrate. To resolve, if possible, the con­
tributors to the l650-cm- 1 band of the 8.6-A hydrate, 
the IR spectrum was recorded with a Fourier transform 
infrared spectrometer (FTIR). This spectrum (Figure 
3A) showed a narrow band at 1650 cm-I with a shoul­
der at -1625 cm-I. To resolve the components of the 
band, the FTIR scan was deconvoluted (Kauppinen et 
aI., 1981) as shown in Figure 3B. This spectrum con­
sisted of a band at 1650 cm-1 with a width at half 
height of 15 cm- I and a much weaker band at 1625 
cm-I with a half-height width of 30 cm- I. The narrow­
ness of the 1 650-cm-1 band indicates water in a single, 
well-defined environment, i.e., hole water. The 1625-
cm- I peak in the deconvoluted FTIR is probably due 
to associated water from a small amount of lO-A hy­
drate present as a separate phase or as interstratified 
layers. 

Quasi-stable lo-A hydrate (QS-lOj 
and halloysite(JOAj 

The IR spectra of the lo-A hydrates (Figures 2D, 
2E) showed a 3620-cm-1 band which was broader and 
weaker than in kaolinite. The broadness of this band 
in halloysite(lOA) is likely due to the poorer crystal­
linity of the halloysite layers. This argument does not 
apply to the QS-lO hydrate because the parent clay 
(Georgia kaolinite) is well crystallized, and it is difficult 
to understand how stacking disorder resulting from 
expansion and hydration of the kaolinite could have 
significantly perturbed the inner-surface hydroxyls. 
Relative to kaolinite, the 3688-cm-1 band was weak 
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I 
52 
w 10 ;: 

5 

300 400 500 600 700 800 900 1000 

TEMPERATURE (K) 

Figure 6. Weight-loss curve for the QS-l 0 hydrate run under 
the same conditions as the samples in Figure 5. Horizontal 
lines = theoretical weight loss for interlayer water (lower) and 
dehydroxylation (upper). 

and broader in the QS-lO hydrate (Figure 2D), and in 
the halloysite(lOA) (Figure 2E). A high-frequency 
shoulder centered at 3720 em-I in the QS-lO hydrate 
is clearly indicated in Figure 4. 

Both lO-A hydrates displayed a very broad absorp­
tion centered at -3400 em-I. Tarasevich and Gribina 
(1972) assigned this region to hydrogen bonding from 
the associated water molecules. In the QS-lO hydrate, 
a poorly resolved band was noted at 3528 em-I, and 
in some samples a very weak band was present at about 
3576 em-I. These bands are more difficult to detect in 
the hydrated halloysite, but both were found by Tara­
sevich and Gribina (1972) at 3555 and 3600 cm-I in 
every sample they studied. In the synthetic lo-A hy­
drates, these bands are likely due to hole water because 
of their similarity to bands present in the 8.4-A and 
8.6-A hydrates. 

TRERMOGRA VIMETRY 

8.4- and 8.6-A hydrates 

Beginning at about 3000 K (27°C) for the 8.4-A crys­
talline hydrate and at slightly higher temperatures for 
the 8.6-A noncrystalline hydrate, both hydrates lost 
water smoothly (Figure 5). Above 3500 K (77°C) the 
quantity of water lost from the 8.6-A hydrate was great­
er than from the 8.4-A hydrate. 

At approximately 5000 K (22rC) for the 8.6-A hy­
drate and 5500 K (277°C) for the 8.4-A hydrate, the 
weight-loss curves flattened. At these temperatures the 
majority of clay layers had collapsed trapping pockets 
of water in the interior of the crystallites. As a result, 
the apparent weight loss (Figure 5) was slightly less 
than theoretical. Dehydroxylation began at about nOOK 
(347°C) for both hydrates. 
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Figure 7. Differential scanning calorimeter scan for the de­
hydration of the QS-lO hydrate. 

Quasi-stable lO-A hydrate 

The weight-loss curve of the QS-I 0 hydrate is shown 
in Figure 6. The experimental conditions were identical 
to those described in the previous section. The lack of 
a well-defined, separate weight loss below 3500K (77°C), 
and the reasonable agreement between the observed 
and theoretical weight loss indicate that little if any 
pore water was present in the sample. 

Two stages in the low-temperature part of the weight­
loss curve were apparent. The first ended with ap­
proximately a 7% loss (375°K, 102°C) and the second, 
at about a 10% loss (4600 K, 187°C). At temperatures 
above 5000K (227°C), a continuous, slow loss of trapped 
interlayer water was recorded up to the beginning of 
dehydroxylation. 

KINETICS OF DEHYDRATION 

The loss of an adsorbed species during heating is an 
endothermic process. The variation of dH/dt vs. T 
(H = enthalpy; T = temperature; t = time) was record­
ed with the DSC. The DSC scans were used to deter­
mine the kinetics, the activation energy of desorption 
(Adams, 1978), and ~H for the reaction. 

The kinetics of desorption of small molecules inter­
calated in kaolinites often can be described by the re­
lation ofAvrami-Erofeev: 

-4 
10-A Hydrate 

-8 +-----,-----,-----,-----~----~--__i 
2.8 3.0 3.2 3.4 3.6 3.8 4.0 

1000/T (K) 

Figure 8. Arrhenius plot from the differential scanning cal­
orimeter curve in Figure 7. The activation energy is 21.3 kJI 
mole. 

-In(l - a) = (kt)2, 

where a = the fraction of sample reacted, k = the rate 
constant, and t = time (Guarini and Spinicci, 1972; 
Adams, 1978). 

The DSC curve for the loss of associated water from 
the QS-lO hydrate (Figure 7) gave ~H = 44.5 kJ/mole. 
This value compares with the enthalpy of vaporization 
of water (43.2 kJ/mole) and the enthalpy of sublima­
tion of ice (51.0 kJ/mole). Because the ~H value for 
the loss of intercalated water from the QS-I 0 hydrate 
is between these two values, the interlayer water must 
have properties intermediate between those of liquid 
water and ice. 

The Arrhenius plot (Figure 8) derived from the DSC 
curve, using the relation of Avrami-Erofeev, yielded 
an activation energy of21.3 kJ/mole. This energy refers 
to the low T (approximately 7 wt. %) loss of the as­
sociated water which occurs below the first break in 
slope in Figure 6. Inasmuch as this initial weight loss 
was not very reproducible, ~H, which is a function of 
the weight of the water lost, varied. The activation 
energy, which does not depend on the total amount of 
water desorbed, varied much less, and an average value 
of 20.6 ± 1.0 kJ/mole was obtained. The energy of a 
single hydrogen bond is about 21 kJ/mole or 42 kJI 
mole of water, suggesting that, on average, only one 
hydrogen bond per associated water molecule was bro­
ken during desorption. 

The excellent fit of the experimental data to a single 
straight line in the Arrhenius plot indicates that the 
desorption of the associated water involved a single 
process. If pore water had been present in the sample, 
the desorption would have taken place in two stages, 
yielding two activation energies. 

HEAT CAPACITY 

Cruz et al. (1978) showed that the Cp of an inter­
calated phase can be derived from the Cp of the clay 
and the Cp ofthe intercalated clay using the relation; 

Cp(int) = (1 - x)Cp(clay) + xCp(guest). 

Sposito and Prost (1982) pointed out that this proce-
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Figure 9. Heat capacity ofthe intercalated water in the 8.4-
A, 8.6-A, and QS-1O hydrates compared to ice and liquid 
water. 

dure is not strictly correct because the Cp of the ex­
panded clay layers [(1 - x)Cp(clay) in the relation] is 
not necessarily the same as the Cp of the bulk clay as 
assumed in the calculation. In spite of this, the cal­
culated Cp for the intercalated phase can be used to 
identify heat capacity anomalies and to compare rel­
ative values. The value of x, the weight fraction of the 
intercalated molecule, for each sample used for the Cp 
measurements was determined by weight loss upon 
heating. XRD of the intercalated sample provided an 
independent although less accurate estimate of x. 

The Cp values for the QS-I 0 hydrate, the 8.4-A, and 
the 8.6-A hydrates are shown in Figure 9. As reported 
earlier (Costanzo et aI., 1982), at low temperatures the 
Cp values for water in the QS-I0 hydrate are similar 
to those of ice. The present study shows that the Cp 
values for the water in the 8-A hydrates are also similar 
to those of ice. At about 1600K (-113°C), the Cp of 
water in the QS-l 0 hydrate increased with temperature 
at a faster rate than did the Cp of water in the 8-A 
hydrates and ice; above 2400K (- 33°C) the Cp of the 
water in the QS-IO hydrate rose rapidly with temper­
ature resulting in a heat capacity anomaly which peaked 
at about 269°K (-4°C). This anomaly was probably 
related to a temperature-dependent exchange between 
the hole water and associated water (Lipsicas et al., 
1984). The Cp values suggest that the associated water 
in the QS-IO hydrate is more mobile than the hole 
water in the 8-A hydrates. A similar divergence of Cp 
values from those of ice was observed by Eger et al. 
(1979) to take place at 2000K (-73°C) for water in a 
Ge CaX zeolite and at 1400K (-133°C) for water in 
Li-hectorite. 
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Figure 10. (a) Schematic view of the water molecule ori­
entations in the 8.4-A crystalline hydrate. In the absence of 
fluorine, the C2 axis of the water molecule is perpendicular 
to (001). (b) The presence of fluorine can lead to a reorien­
tation of the C2 axis to allow hydrogen bonds to form between 
the water molecule and one or more fluorine atoms. 

DISCUSSION 

The d(OOI) values taken together with the weight 
loss due to dehydration indicate that the 8.4-A and 
8.6-A hydrates ideally have one water molecule (hole 
water) keyed into each ditrigonal hole. Where no flu­
orine replaces OR, the water molecules in the 8-A 
hydrates lie between a plane of oxygens and a plane of 
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Figure 11. The infrared absorption spectrum of the crystal­
line 8.4-A hydrate run at 0 and 45° orientation to show the 
pleochroism ofthe V, water stretching band at 3536 cm-I and 
the V2 band at 1650 em-I. 
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hydroxyls. This dipolar environment likely orients the 
C2 axis of the water molecule nearly perpendicular to 
the (001) plane, with the positive end (the water hy­
drogens) pointing toward the basal oxygens (Figure lOa). 
In this orientation, the hole water hydrogens are able 
to bond to the basal oxygens and the lone pair electrons 
of the water oxygen can accept hydrogen bonds from 
the hydroxyls of the opposite surface. 

Because the hole-water hydrogens are not directed 
into the interlayer space, their OH-stretching vibra­
tions should be insensitive to the degree of hydration 
ofthe clay, as was observed by Tarasevich and Gribina 
(1972) during dehydration of an halloysite(10A). 

As shown by the extra IR bands at 3444 cm- I and 
3327 cm- I in the 8.4-A hydrate, the electronegative 
fluorine, where present, can reorient a water molecule 
to form a hydrogen bond of the type O(H)---F. Water 
which has its C2 axis normal to the layer should have 
pleochroic VI and V2 bands, whereas water tilted to form 
hydrogen bonds to fluorine ofthe adjacent layer (Figure 
lOb) should show little or no pleochroism of its bands. 
Because the 8.4-Ahydrate has -20% of its surface OH 
groups replaced by fluorine, it should contain hole water 
with two different orientations; normal and inclined to 
(001). Figure 11 shows the IR spectra of the 8.4-A 
hydrate with the beam normal to the oriented sample 
and when tilted at 45°. There was relatively little change 
in transmission of the 3444 cm -I and the 1592 cm- I 

bands (assigned to water molecules whose C2 is inclined 
to (001)) when the sample was rotated from 0° to 45°. 
In contrast, the hole water which has its C2 nearly 
normal to the clay layer does show a pleochroic effect 
in the VI (3536 cm-I) and V2 (1650 cm- I) bands but not 
the V3 (3586 cm- I ) band. These observations are in 
agreement with the proposed orientations for the two 
types of hole water. 

Some water molecules may have more than one flu­
orine in their coordination sphere to which they can 
form bonds with both hydrogens (Figure lOb). The IR 
spectrum of the 8.4-A hydrate shows two bending­
mode bands (Figure 2B), one at 1650 cm- I which is 
where water forming H---O bonds is expected and the 
other at 1592 cm- I

. The latter band is considerably 
shifted and may be due to water molecules forming 
H---F bonds with both hydrogens. In the 8.4-A hy­
drate the bonding across the interlayer space is fun­
damentally different from that in the 8.6-A hydrate. 
The stronger interlayer bonding of the 8.4-A hydrate 
results in a well-ordered layer stacking. 

The intercalated water of the 8-A hydrates had Cp 
values which were not substantially different from ice 
Ih in the temperature range of 1000K ( - 173°C) to 3000K 
(27°C); however, this does not mean that the water is 
"frozen." In the 8-A hydrates the water molecules key 
into ditrigonal holes. As such, they are approximately 
5 A apart, and therefore a hydrogen bonded ice-like 
structure is not possible. The Cp values indicate only 

that the water molecules are not capable of transla­
tional motion; NMR experiments indicate that the 
molecules rotate (Lipsicas et aI., 1984). 

The layer spacing and water weight loss indicate that 
the QS-I 0 hydrate has twice as much interlayer water 
as the 8-A hydrates. Ideally half of this water is keyed 
into the ditrigonal holes, as in the 8-A hydrates, and 
the other half is the mobile associated water. The IR 
stretching bands of the associated water are at lower 
frequency than the bands of the hole water which, in 
turn, are at lower frequency than the inner-surface hy­
droxyl bands. Thus, at least three kinds of hydrogen 
bonds are present in the lo-A hydrate and in halloy­
site(lOA). The strongest are the intermolecular bonds 
involving associated water, the next strongest are from 
hole water to the silicate surface, and the weakest are 
from the inner-surface hydroxyls to the water mole­
cules. 

Above 1600K (- 113°C) the associated water in the 
QS-IO hydrate is no longer rigidly fixed to specific sites 
in the interlayer space resulting in a variation in the 
strength of the hydrogen bonds. For example, the 
shoulder on the high-frequency side of the 3695-cm-1 
band (Figure 4) is due to a weaker hydroxyl hydrogen 
bond than is found in the parent kaolinite. The IR 
spectrum of the QS-lO hydrate and halloysite( lOA) is 
composed of the bands of unperturbed inner-surface 
hydroxyls (ideally, 3695, 3670, and 3650 cm- I

) plus 
bands shifted to higher and lower frequency by variable 
amounts according to the strength of the hydrogen bond 
of each contributor. The sum of all these is a broad 
band which begins at - 3700 cm- I and extends to, and 
perhaps beyond, the 3620-cm-1 inner-surface hydroxyl 
band. This smearing out process is likely responsible 
for the lack of definition in the IR spectra of the QS-
10 hydrate and the hydrated halloysite. 

CONCLUSION 

The picture of the intercalated water which emerges 
from this study is that of two distinctly different types 
of water molecules, each with its own structural po­
sition, its own mode of bonding to the clay surfaces 
and to each other, and its own motional freedom in 
the interlayer volume. This picture is very different 
from the uniform, rigid ice structure originally sug­
gested by Hendricks and Jefferson (1938). The Hen­
dricks and Jefferson model should be looked upon as 
a first attempt, one based largely on geometric argu­
ments. The structure described here is more complex 
and subtler being based on more data and, especially, 
on data which are partially derived from the dynamic 
properties of the intercalated water. 
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Pe:nOMe-l.IeTbipe rH.zq>aTa c d(OO!) = 8,4, 8,6, H 10 A Cl~Ba THnbl) CHHTe3HpOBaJIHCb nyreM npocJIaHBaHHa 
KaOJIHHHTa ,lUIMeTHJICYJIcPooKHCblO H 06pa60TKoii npocJIOiiKH q,TOPHCTbIMH HOHaMH. ,[{sa THna MelKCJIoiiHOii 
BO,!(bl lI)(eHTHq,H~POBaJIHCb npH nOMO~H peHHreHOBCKoii nopoWKOBOii ,lUIq,paK~H, HHq,paKpaCHOii cneK­
TpocKOnHH, M<lx\JepelflUlaJIbHOii pa3BePTbmalO~eii KaJIOPHMeTPHH, TepMo-rpaBHMeTpH'IeCKOrO aaaJIH3a H 
3KcnepHMeHTOB no KHHeTHKe ,!(eI':ll)(paTaIUlH. O,lUlH THn BO,nb1 (nYCTOTHali Bo,!(a) HaxO,lUlTCli B AHTpHrOHaJIb­
HblX Mecrax KpeMHHeBOii TeTpa3.zq>H'IecKoii nOBepXHOCTH; BTOpoii THn (acco~HpoBaHHali BOAa) 06pa30-
BblBaeT HepaBHOMepHblii CJIOH nO)(BHlKHOii BO,l(bI. 8,4 A H 8,6 A I':II)(paTbl HMelOT TOJIbKO nYCTOTHYIO BOAY, 
TorAa KaK )l,Ba CHHTeTH'IeCKHX loA rn.zq>aTa H raJIJIYa3HT (loA) co,!(epJKaT 06a THna, nYCTOTHYIO H 
aCCOD;HHpOBaHHylO BO,!(y. nYCTOTHali Bo,!(a jiBJIjieTCji, BepOjiTHO, CBji3aHHOii Bo'!(opO)(Hoii CBji3blO C OCHOB­
HblMH aTOMaMH KHCJIopo.lla TeTpa3'!(poB OKHCH KpeMHHji HJIH, MOJIeKYJIbl BO.llbl Moryr H3MeHjiTb opHeH­
Tau:HIO H 06Pa30BbIBaTb 60JIee CHJIbHYIO BO'!(OPO)(HYIO CBji3b C q,TOPOM B 8 A rH.zq>aTax, eCJIH q,TOP 06Me­
HHBaeT rn.zq>OKCHJIOBble rpynnbl BHYTpeHHHX nOBepXHOCTeii. ACCO~HpOBaHHaji Bo,!(a 06pa30BblBaeT 
BO,l(OpO)(Hble CBji3H BO.l1a-Bo,!(a c npO'lHOCTblO npH6JIH3HTeJIbHO TaKoii, KaK BO,l(a B lKH,l(KOM COCTOllHHH, HO 
OHa JIeI"le CBji3aHa c rJIHHHCTOii nOBepXHOCTblO, 'IeM nycTOTHaji Bo,!(a. B KOMHaTHoii TeMneparype HH 
nYCToTHali HH aCCOD;HHpoBaHHalI Bo,!(a He cPoPMHPYIOT CTPYKTYPbl THna JIbJ).a B 10 A rnLqlaTax. [E.G.] 
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Resiimee- Vier Hydrate mit d(OO I) = 8,4,8,6, und loA (zwei Arten) wurden synthetisiert, indem Kaolinit 
mit Dimethylsulfoxid wechselgelagert und der wechselgelagerte Ton mit Fluoridionen behandelt wurde. 
Rontgenpulverdiffraktometrie, Infrarotspektroskopie, Differentialrasterkalorimetrie, und Thermogravi­
metrie sowie die Kinetik von Dehydratationsexperimenten haben zur Bestimmung von zwei Arten von 
Zwischenschichtwasser gefllhrt. Eine Art Wasser (sog. Hohlraumwasser) befindet sich in den ditrigonalen 
Hohlraumen der Siliziumtetraederoberflache; die zweite Art (sog. assoziiertes Wasser) bildet eine dis­
kontinuierliche Lage von mobilem Wasser. Die 8,4 A- und 8,6 A-Hydrate haben nur sog. Hohlraumwasser, 
wiihrend die zwei synthetischen 10 A-Hydrate und Halloysit(IO A) sowohl Hohlraumals auch assoziiertes 
Wasser enthalten. Das Hohlraumwasser ist wahrscheinlich durch Wasserstoftbriicken an die Basissauer­
stoffe der SiO.-Tetraeder gebunden oder-in den 8 A-Hydraten, wenn das Fluorid anstelle des Hydroxyls 
der inneren Oberfliiche tritt-die Wassermolekille konnen auch reorientiert sein und festere Wasserstoff­
bindungen zu den Fluoridionen bilden. Das assoziierte Wasser bildet Wasser-Wasser Wasserstoftbindun­
gen, die etwa gleich fest sind wie im fliissigen Wasser, aber weniger fest an die Tonoberflllche gebunden 
sind als das Hohlraumwasser. Bei Raumtemperatur bilden das Hohlraum- und das assoziierte Wasser in 
den 10 A-Hydraten keine Eis-iihnliche Struktur.[U.W.] 

Resume-Quatre hydrates avec d(OOI) = 8,4, 8,6, et 10 A (deux types) ont ete synthetises en intercalant 
la kaolinite avec la dimethylsulfoxide et en traitant l'argile intercale avec des ions fluorides. La diffraction 
des rayons-X, la spectroscopie infrarouge, la calorimetrie difterentielle balayante, l'analyse gravimetrique 
thermale, et des experiences de kinetique de deshydration ont mene a l'identification de deux types d'eau 
intercouche. Un type d'eau (eau de trou) est situe dans les trous ditrigonaux de la surface tetraedrale de 
la silice; Ie second type (eau associee) forme une couche discontinue d'eau mobile. Les hydrates de 8,4 
A et de 8,6 A ont seulement de l'eau de trou, alors que les deux hydrates synthetiques de 10 A et 
l'halloysite(IOA) contiennent ala fois I'eau de trou et associee. L'eau de trou est probablement liee par 
I'hydrogene aux oxygenes de base des tetraedres de la silice ou, dans les hydrates de 8-A lorsque la fluorine 
est echangee pour les hydroxyles de la surface interieure, les molecules d'eau peuvent se reorienter et 
former des liens hydrogenes plus forts avec la fluorine. L'eau associee forme des liens hydrogenes eau­
eau a peu pres aussi forts que l'eau liquide, mais est moins fort liee aux surfaces argiles que I'eau de trou. 
A temperature ambiante, I'eau de trou et associee dans les hydrates de 10 A ne forme pas une structure 
semblable a de la glace. [D.J.] 
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