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The study by thermal methods of the dehydration/rehydration phenomena of crystal
hydrates shows that it is possible to separate the total heat of rehydration of previously
dehydrated crystals into two contributions, attributed to surface and bulk, respectively.
Values obtained for a number of salt hydrates are given and the ratio between the surface
portion and the total heat is found to be of the order of 1%. Such findings are in agreement
with results previously obtained by optical microscopy and are discussed in terms of recent
views about the reversible reactions of crystalline solids.

A number of salt hydrates have recently been tested by optical microscopy [1] to
generalize the results first obtained in dehydration/rehydration experiments on alums
[2, 3]; the latter studies had evidenced a change in surface texture upon rehydration
of a cleavage surface previously dehydrated to some extent. Because of the final
aspect of the surface, the overall process was named “orange peel formation” [1, 3].

The texture change detected microscopically was found to extend over the whole
surface, and this led to the conclusion that water elimination from the whole surface
had also taken place. This in turn was regarded as proof that the function of nuclei
was different from that hypothesized up to now [4], at least as concerns the reversible
dehydration reactions.

Because of the thermicity of the dehydration/rehydration reactions (AH =55 kJ
{mol Hy0)—1), the above studies by optical microscopy were often complemented
with investigations by thermal methods [1, 3]. In fact, even in the initial experiments
[2], the thermal methods were of great help for the understanding of some particular
features, such as the phase change leading to the formation of the circular halos sur-
rounding the previously formed nuclei. The present report refers mainly to the in-
formation obtained from the thermal curves recorded during dehydration/ rehydratlon
experiments with the aim of gaining additional and possibly quantitative insight into
the phenomena investigated.
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Experimental

The use of thermal methods was limited to cleaved crystals of sodium succinate
hexahydrate, copper sulphate pentahydrate, manganese formate dihydrate, magnesium
sulphate heptahydrate and potassium oxalate monohydrate. All these salts were also
used in the experiments involving optical microscopy, and details concerning the
preparation of single crystals and their cleavage are to be found in ref. [1].

Dehydration/rehydration experiments were performed using a Mettler TA 2000
thermal analyzer equipped with a Watanabe SR 6255 recorder. With the exception of
sodium succinate, which was dehydrated isothermally at room temperature (296 K)
in a flow (30 cm3 * min—1') of dry nitrogen [1], the dehydrations were performed
with the temperature linearly increasing at a rate of 2 deg - min—1 and with a flow of
dry No of ca. 12 cm3 * min—1, At the end of the complete dehydration the crystals
were cooled to 296 K inside the thermal apparatus under the same flow of dry nitro-
gen. For every crystal hydrate some experiments were interrupted at this point and the
crystals were taken from the apparatus to determine the extent of dehydration by
weighing; otherwise, the isothermal rehydration experiments were started by ailowing
the same flow of nitrogen to reach the thermal apparatus after enrichment with a
known partial pressure of water vapour by bubbling through agueous solutions of
sulphuric acid whose concentrations had been optimized in a number of preliminary
experiments; in the end, four solutions were selected, viz. pure water, and 40%, 50%
and 60% sulphuric acid, having the following water vapour pressures at 293 K:2338.1,
1326.3, 826.5 and 382.6 Pa, respectively. The extent of rehydration was determined
by weighing.

It is necessary to point out here that the rehydration experiments lasted for tens
of hours, their duration obviously increasing with decrease of the partial pressure of
water in the nitrogen flow.

Results and discussion

Besides the “orange peel” (Fig. 1), another more concealed change of the surface of
a crystal hydrate due to dehydration had been evidenced by optical microscopy [1, 3],
i.e. the formation of a great number of new nuclei upon renewed dehydration of an
already rehydrated surface of some crystals not forming the orange peel (Fig. 2).
Thus, both the orange peel and the enhanced nucleation phenomena clearly indicatea
as highly probable the formation, upon dehydration, of a dehydrated, strained layer
over the whole surface of the crystal hydrate under study.

According to the results obtained, the relief of strain in such a layer can occur
either by formation of the nuclei of a iower hydrate if the dehydration conditions are
maintained, or by the two abeve phenomena upon rehydration. When the dehydration
conditions are maintained, it is often observed that the nuclei form in correspondence
to the points of emergence of dislocations [3, 5]. This is thought to support the view
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Fig. 1 A typical example of the change in surface texture {orange peel formation) taking place
upon rehydration of a cleavage {(111) surface of a crystal of common alum. a) before and
b} after rehydration in a flow of N, bubbled in water. Magn. X155

Fig. 2 Enhanced nucleation on a cleavage {111) surface of a crystal of Chrome alum. a) before de-
hydration, b} during rehydration, c) at the beginnings of renewed dehydration. Magn. X155

that the nuclei are the sites where crystallization of the product is easier: indeed,
particular geometric features are present at the dislocations as well as the availability
of water (known to facilitate crystallization [6]), because of easy diffusion along the
imperfections.

This being the new point of view about the nature and function of nuclei in re-
versible dehydrations of crystal hydrates, it follows that the actual site where the
dehydration reaction takes place is not the boundary of the nucleus (i.e. the
reactant/product interface), but any point on the surface of the hydrated crystal.

After the external layer is dehydrated, the progress of the reaction can be influ-
enced only by the behaviour of the dehydrated part of the crystal, and the detachment
of water molecules in further stages (the true reaction) can be studied only if the ex-
ternal layer does not interfere.
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When the rehydration of a dehydrated crystal is taken into consideration, it is dif-
ficult to imagine that a single process takes place from the beginning up to complete
rehydration. In view of the results obtained by microscopy, it is easier to think that
initial rehydration of a superficial layer proceeds rather easily, while the subsequent
{bulk) rehydration might be somewhat hindered by the presence of such an outer
layer. If this were true, then the surface and bulk rehydrations shouid be separable.
That this is so, is shown by the exothermic rehydrations of the crystals previously
described. A typical rehydration curve is illustrated in Fig. 3, the asterisk indicating
the point at which, when necessary, the water vapour pressure, the sensitivity of the
apparatus and the chart speed were changed (vide infra).

Time , h

Fig. 3 1:2.7 reduction of the isothermal rehydration exotherm of the dehydration product of a
cleaved single crystal of CuSQg4 + 5 H,0. At the asterisk the sensitivity, initially 10 uV,
was reduced by a factor of 2 and the recorder chart speed, initially 10 cm « hr—~1, by a
factor of 4

The case of sodium succinate was a particularly lucky one; indeed, the separation
of the first {surface) peak from the second {bulk) one is almost compiete when nitro-
gen is bubbled through distilled water at room temperature. In general, to obtain the
peak separation it was necessary, as expected, to reduce the water vapour pressure,
making use of the suiphuric acid solutions described above. A typical change in shape
of the first peak with the water pressure is shown schematically in Fig. 4. Because of
the duration of the rehydration experiments, after the first {surface} peak was ob-
tained the partial pressure of water was often increased to speed up the bulk rehydra-
tion. Also, to obtain curves of reasonable length, the chart speed was often drastically
reduced between the two thermal events.

The thermal results obtained in the dehydration/rehydration experiments for the
various salts examined are summarized in Table 1, where AH vaiues are reported for
the dehydration (AHg), the surface rehydration (AH}) and the overall (surface + bulk)
rehydration (AHrt). The absolute values of AH for each water molecule in dehydration
and in rehydration processes always match within the experimental error, due mainly
to changes in thermal contact (enhanced by the use of single crystals) because of
sample deformation during the dehydration/rehydration processes. In the last column
of Table 1 the percentages of the surface with respect to the total {surface + bulk)
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Exo
A

Time

Fig. 4 Diagrammatic representation of the first rehydration peak changing shape according to the
different water contents of the N, gas bubbled through solutions of a} 60% H,S04, b) 50%
H2S804, ¢) 40% H,S504 and d} pure water. The curves refer to the rehydration of de-
hydrated MgSOg4 + 7 H,0

rehydration heats are reported. It appears that the surface heat of rehydration is
generally about 1% of the total.

The fact that the separation between surface and bulk rehydration peaks is com-
mon to all the salt hydrates investigated tends to indicate this thermal behaviour as
a general one, just like the orange peel formation. However, even if both phenomena
depend on the rehydration of a certain external layer of the material under study, up
to now we have no definite proof that they are two aspects of the same phenomenon.
In fact, in the case of the orange peel, the layer considered is the external one of a
cleaved single-crystal only partially dehydrated {but for nuclei, the surface examined
has to remain microscopically unaltered before rehydration), while in the case of
"thermal separation” the layer considered is the external one of an aggregate having
the same shape as the original crystal, but formed by extremely small crystallites of
the product and thus having a very high surface area.

We believe that the possibility of separating the "surface’ rehydration from the
"bulk” rehydration by thermal methods is due to the simuitaneous and favourable
action of two factors, viz. the great extension of the surface of the product and the
relatively high rate of hydration of the external layer.

Conclusion
The process of rehydration of celaved single crystals of various crystal hydrates
which lose their water molecules reversibly is shown by thermal methods to take place

in two steps, one of which is identified with the rehydration of a surface layer, while
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the second is connected to the bulk rehydration. Thus, studies of the rehydration
process both by optical microscopy and by thermal methods converge in pointing out
the formation in the materials employed of external layers having unforeseen proper-
ties. While some interesting consequences (e.g. about the nature and function of
nuclei) have aiready been drawn in the case of the orange peel layer, a deeper inter-
pretative hypothesis about the "'surface’” thermal peak needs the support of, for in-
stance thermogravimetric and surface area determinations, which are now in progress.
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Zusammenfassung — Die Untersuchung der Dehydratisierung-/ Rehydratisierungsphanomene von
Kristallhydraten durch thermische Methoden zeigt, daB es mdglich ist, die totale Rehydratisie-
rungswarme in zwei Komponenten zu zerlegen, die der Oberflache bzw. der Gesamtmasse zuge-
schrieben werden. Es werden Werte fiir eine Anzah! von Salzhydraten angegeben. Der Oberflachen-
anteil liegt in der GroRenordnung von 1% der Gesamtwiarme. Diese Befunde stimmen mit fritheren,
durch optische Mikroskopie erhaltenen Ergebnissen iiberein und werden auf der Basis moderner
Ansichten Uber die reversiblen Reaktionen kristalliner Feststoffe diskutiert.

Peslome — M3yueHne TepMMUECKUMM MeTOAaMU ABREHMIA peruapaTaumm u ob6patHoil ruapa-
TauMn KpUCTannorvapaToB NoKasano, YTo obluaA TennoTa 06paTHOW ruapaTauMu MoXer 6biTb
pasAeneHa Ha ABE KOMMOHEHTLI, OTHECEHHbie K FMAPaTauvi Ha NOBEPXHOCTM v BO Bceil macce
Kpuctanna. [lnA pAga KpUCTannNorMapatos NpuBeaeHbl 3TV 3HaYeHWA B HaWAEHO, 4TO OTHOLWe-
HWE TennoTel MMAPATaLMM Ha NOBEPXHOCTM K O6LLei TernoTe AOMKHO 6biTh nopAgka 1%. Mony-
YeHHble AaHHbIe COTNacyloTCA C pesynbTatamu, paHee Mony4eHHbIMKY METOAOM ONTMYECKNA MUK-
pockonuu. O6cyxaeHve pesynbraToB NpOBEAEHO HA OCHOBE HEAABHO MPUHATLIX BIrNAACB Ha
06paTuMBbIe peakunun KpucTanamnueckux TBepabix Tesn.
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