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Abstract

The thermal dehydration study of the similar hydrated salts, cobalt and zinc formate dihydrates, have been carried out
successfully by means of X-ray diffractometry—differential scanning calorimetry (XRD-DSC) and controlled-rate
thermogravimetry (CRTG). X-ray diffraction analysis recorded simultaneously indicates that the resulting anhydrous
product, Zn(HCO.,),, was crystalline, while Co(HCO,), was amorphous.

The XRD-DSC data are proven to be invaluable in verifying the interpretation of overlapping processes in thermal events. In
addition, these differences in the resulting anhydrous products can be explained from kinetic analysis results based on the
CRTG data. The kinetic mechanism governing the dehydration of zinc formate dihydrate is a nucleation and growth process,
while in the case of cobalt formate dihydrate a phase boundary controlled reaction is the governing mechanism. © 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Generally speaking, thermal dehydration of
hydrates is a reversible reaction and is influenced
by the product phase, because such a residual material,
more or less, tends to diminish the rate of the water
diffusion from the reaction interface. It has been also
known that the rate of thermal dehydration of hydrate
is greatly affected by the experimental conditions,
such as the sample size, the nature of the atmosphere,
the crucible shape and the heating rate.
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On the other hand, no single mechanistic explana-
tion has been accepted as possessing general validity
and several mechanistic models have been proposed as
follows [1]: (1) properties of adsorbed water [2,3], (2)
recrystallization of product phase [4], and (3) heat and
gas transfer at the reaction and interface [5,6]. It may
be possible that complex behaviors are concurrently
caused by the above phenomena and different
mechanisms may concurrently operate in different
sample particles.

Phase transitions among the various solid states
during solid reactions have been the focus of much
attention for several decades, and a variety of methods
have been used to study their thermodynamic, struc-
tural, and kinetic properties. Historically, differential
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scanning calorimetry (DSC) and X-ray diffractometry
(XRD) have been utilized as the most powerful tech-
niques.

In particular, DSC is widely accepted as a useful
thermo-analytical tool for the study of phase transi-
tions. However, for calorimetoric study, their thermal
events may severely overlap, disturbing accurate
calorimetric interpretation of the data in some cases.
In addition to this, unfortunately, there are several
types of thermal events which may not be related to
structural transformations. Volatilization of guest
molecules from inclusion compounds is one example
[7]. Identification of each peak is often quite impos-
sible without the aid of other analytical techniques,
such as evolved-gas analysis and XRD, that yield
information about structures and reactions.

One way to overcome this problem is to utilize both,
temperature scanning X-ray diffraction and the calori-
metric techniques. However, when comparing data
obtained separately from both the methods, problems
usually arise concerning the sampling methods, the
experimental conditions and the instrumental differ-
ences, in particular with respect to temperature dis-
tribution in the sample environment under heating.
These differences in measuring conditions complicate
comparisons of the obtained data. Such problems can
be overcome, however, by performing DSC and XRD
measurements simultaneously on the same sample.

The development of the simultaneous measuring
instrument of DSC and XRD has been anticipated for a
few decades. In a previous report [8], we described the
development of a new instrument which combines
XRD capabilities with simultaneous thermal analysis,
using power compensation differential scanning
calorimetry (pc-DSC). During recent years, perfor-
mances such as the accurate temperature measure-
ment, sensitivity, resolution, and data handling have
been substantially improved for both, the DSC and
XRD.

From the viewpoint as methodology, controlled-rate
thermal analysis (CRTA) [9—-12] has become popular
for these ten years. A constant reaction rate or a
constant pressure of the evolved species in the reaction
environment can be easily achieved at present. In our
previous papers, we demonstrated that controlled-rate
thermogravimetry (CRTG) represents a new approach
for thermal methods offering significant advantages
over conventional ones [13-16]. It especially leads us

to an improved sensitivity and resolution in the ther-
mogravimetry (TG) curves [17-20], and provides
better kinetic data [21].

Although numerous studies have been performed
on dehydration of organic and inorganic solids using
TG, differential thermal analysis (DTA), DSC, XRD
and other methods, the dehydration reaction is still one
of the most complicated reactions. From the viewpoint
of pure chemistry and industrial application, more
detailed information as to the dehydration behavior
of various solids and more versatile measuring instru-
ments have been required for this purpose.

Masuda et al. [22,23] studied crystallinities of the
dehydrated product phases and described the effect of
water-vapor pressure on the kinetics of the thermal
dehydration of some formate hydrates by means of a
combination of TG-DTA and XRD. Their results
reveal a few critical parameters in governing dehydra-
tion mechanism, these being the availability of atmo-
spheric water molecules to form crystalline metal
formates, the critical water-vapor pressures and the
critical temperatures. These results imply that more
sophisticated simultaneous instruments, under identi-
cal measuring conditions, are preferred to determine
reaction mechanisms based on both, the structural and
thermal data.

Our focus is on the interpretation of the actual
dehydration mechanism of hydrated salts. In this
paper, we analyze the complicated dehydration beha-
vior of zinc and cobalt formate dihydrates measured
by the XRD-DSC, in parallel with the results obtained
by means of CRTG. Thereafter, we demonstrate the
effectiveness for performing both the techniques of
XRD-DSC and CRTG on these substances. Finally, we
postulate that the kinetic mechanism of zinc salt
dehydration is different from that of cobalt salt dehy-
dration.

2. Experimental
2.1. Sample description

Commercially available zinc formate dihydrate
(Zn(OCH,),-2H,0) and cobalt formate dihydrate
(Co(OCH;),-2H,0) were recrystallized and kindly
supplied by Masuda, and these was pulverized with
a mortar and pestle, and sieved to a fraction below 150
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mesh size. Each sample of about 30 mg in an open
aluminum pan was used for the XRD-DSC and the
CRTG measurements in static air.

2.2. Apparatus

An XRD-DSC apparatus was used and the instru-
mentation has been described in detail elsewhere [3].
The CRTG apparatus was Rigaku Thermo Plus TG-
DTA 8120D thermogravimetry—differential thermal
analyzer upgraded with a dynamic TG-DTA module,
and a similar apparatus described in more detail else-
where [19-21]. A sequence of experiments were
carried out with a fully automated and computerized
controlled-rate thermogravimetric analyzer (CRTG),
and the rate of the mass loss is kept at a constant value
ranging from 0.01 to 0.1% min~'. In the CRTG
experiments, a sample is heated at first at a constant
heating rate such as 5 Kmin~', then at a proper
switchover temperature the automatic control of the
heating rate starts so that the rate of the mass loss is
kept at a desired constant value. This measuring
method is called the constant decomposition rate
control, CDRC.

From a preliminary TG-DTA measurement at a
constant heating rate, the proper switchover tempera-
ture was determined from the onset dehydration tem-
perature. In the case of zinc formate dihydrate, here,
the switchover temperature was set at 353 K and the
rate of the mass loss over 353 K was kept at
0.06% minfl, while that of cobalt formate dihydrate
was 375 K. When the dehydration reaction is close to
the end, the temperature increases markedly and the
thermal run terminates.

3. Results
3.1. XRD-DSC analysis

The relationship between the DSC curve and X-ray
diffraction profiles recorded during the dehydration of
cobalt formate dihydrate by the simultaneous XRD-
DSC is shown in Fig. 1 for a heating rate of
1 Kmin~'. The DSC curve indicates that an initial
dehydration begins at around 400 K and ends at
around 445 K. This curve shows a broad endothermic
peak, followed by a large and sharp endothermic peak
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Fig. 1. Relationship between DSC curve and XRD patterns in the
dehydration of Co(HCO,),-2H,0 by simultaneous XRD-DSC.

with a maximum at 438 K. We can see that the
intensity of XRD patterns changes dramatically and
completely around the second endothermic peak max-
imum. After dehydration, the resulting product shows
almost amorphous patterns. Fig. 2 shows the DSC
curve and XRD patterns obtained at 380 and 440 K.
Here, what is important is that the anhydrous product
formed after the dehydration does not show crystalline
patterns.

Similar results were obtained for the zinc formate
dihydrate, and they have been already described else-
where [8]. Fig. 3 shows the relationship between the
DSC curve and X-ray diffraction patterns during the
dehydration of zinc formate dihydrate, recorded by the
simultaneous XRD-DSC. From the results, we can see
that there is a large difference between the two salts in
the decomposition temperature range as well as in the
shape of DSC curve. Another difference is that the
crystalline patterns are observed even after the dehy-
dration of the zinc salt. This will lead us into a more
detailed investigation.

Next, we performed the more detailed analysis of
the dehydration behavior of cobalt formate dihydrate.
The XRD total intensity curve is obtained by integra-
tion of intensity in the diffraction angle from 5° to 35°,
and it is compared with the DSC curve in Fig. 4 as a
function of temperature. It is evident from a decay of
this total XRD intensity curve that the cobalt formate
dihydrate is dehydrated slowly without any crystalline
anhydrous product formation. A broad endothermic
DSC peak and a slight increment of XRD intensity,
observed from 400 to 425 K, would reflect some slight
structural change of cobalt formate dihydrate.
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Fig. 2. DSC curve and XRD patterns obtained at 380 and 440 K in
the dehydration of Co(HCO,),-2H,0.

3.2. CRTG analysis

Our next interest is the relationship between the
difference of dehydration mechanisms of both, the
zinc and cobalt formate dihydrate XRD-DSC patterns.
As described in our previous papers [21,24,25], the
CRTG method offers significant advantages for the
kinetic study of thermal decomposition over the con-
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Fig. 3. Relationship between DSC curve and XRD patterns in the
dehydration of Zn(HCO,),-2H,0 by simultaneous XRD-DSC.
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Fig. 4. Comparison of the DSC curve and the total integrated XRD
curve obtained from the experimental diffraction angles in the
dehydration of Co(HCO,),-2H,0.

ventional constant rate heating TG, because this
method can easily offer the ability of constant reaction
rate control, and assure small temperature and pres-
sure gradients within a sample bed. We assume that the
difference in the dehydration mechanisms of both the
dihydrates can also be explained by the mass loss
profiles obtained by the CRTG technique.

Fig. 5 shows TG-DTA curves of the dehydration of
zinc and cobalt formate dihydrates obtained by the
conventional heating rate method at 10 K min~"'. The
dehydration of cobalt formate dihydrate proceeds
gradually in the wide temperature range, from 360
to 460 K, while that of zinc formate dihydrate pro-
ceeds in a relatively narrow temperature range below
410 K. These data mean that the dehydration rate of
zinc formate dihydrate is faster than that of cobalt salt
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Fig. 5. TG-DTA curves for the dehydration of Zn(HCO,),-2H,0O
( ) and Co(HCO,),-2H,0 (---) at a heating rate of
10 K min~ ",

and that such phenomena may be related to the crystal-
linities of both the dehydrated products. These pro-
files, however, would not indicate further important
differences in the dehydration behavior of both the
hydrated salts.

On the other hand, the CRTG measurement of zinc
formate dihydrate gives a characteristic curve repre-
senting the nature of the dehydration process as shown
in Fig. 6. Here, the temperature is automatically con-
trolled so that the dehydration rate is maintained at a
constant value of 0.06% min ' according to the
above-mentioned manner. The most important out-
come of these data is the time vs. temperature profile.
After the switchover temperature of 353 K, the tem-
perature slightly increases at first, then gradually
decreases as the constant rate dehydration begins.
In the latter half of the dehydration reaction, the
temperature gradually increases through a temperature
minimum and then a marked temperature rise is
observed, which is close to the end of the dehydration
reaction.

Fig. 7 illustrates the comparison of the mass loss
profiles during the dehydration of both the dihydrates
obtained by the CRTG as a function of temperature. In
this figure, a represents the fraction dehydrated. Here,
we can see that unlike zinc formate dihydrate, cobalt
formate dihydrate shows a gradual temperature rise
from the very beginning of the dehydration reaction.
We believe these characteristic profiles directly reflect
the difference in dehydration mechanisms of both the
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Fig. 6. Experimental CDRC curves under a reaction rate of
0.06% min~! for the dehydration of Zn(HCO,),-2H,0. Mass loss
( ), temperature (- - -) and derivative mass loss (- - -).
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Fig. 7. Comparison of a vs. T in the dehydration processes of
Zn(HCO,),-2H,0 and Co(HCO,),-2H,0 obtained by CDRC
experiments.

dihydrates, and the kinetic analysis method based on
these profiles will lead us to an elucidation of the most
probable dehydration mechanisms as describe below.

3.3. Kinetic analysis of CRTG data

Before we describe our results, we shall discuss the
theoretical background of solid-state reactions
[26,27]. Preferential chemical reactions occurring at
solid—solid interfaces are an essential feature of many
solid-state reactions.

As a dehydration reaction proceeds, this interface
progressively advances into unchanged reactants, and
thereby the amount of reaction product increases. This
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reaction usually yields microcrystals with cracks that
provide escape path for the evolved water.

It is a general consensus that chemical change
occurs almost exclusively within the interfacial zone,
possibly as a consequence of strain at the plane of
contact between the reactant and product phases.
Systematic accounts of the derivation of the rate
equations have found application in the solid-state
decompositions. Integration of the rate expression
incorporating both, the nucleation and growth terms
given by Avrami-Erofeev have found wide applica-
tion in kinetic analysis of the decomposition of solids.
On the other hand, if initial nucleation is rapid and
dense across all crystal faces and if those coalesce
active interface are generated just beneath the original
reactant surfaces, subsequent advance of this interface
generates the geometry of volume contraction and the
overall reaction will be effectively deceleratory.

‘We shall assume that the isothermal conversion rate,
da/dt, is a linear function of a single temperature-
dependent rate constant, k, and a temperature-inde-
pendent function of the conversion, a, i.e.

da/dt = kf (@) (1)
and
k=Aexp(—E/RT) )

where « is a fraction of the decomposed hydrate, f{«) a
function depending on the kinetic model, A the pre-
exponential factor, E the apparent activation energy, R
the gas constant and 7 the absolute temperature. For
fla), normally, several assumed basic functions,
derived from simply idealized models, are used for
the kinetic study of the solid-state reactions, such as
boundary controlled reactions, random nucleation and
growth of nuclei or diffusion controlled reactions.

A combination of Eqgs. (1) and (2) gives:
da/dr = Aexp (—E/RT)f («) 3)
and, after taking logarithms, in the form:
In (de/dt/f(e)) =In(A) — E/RT 4)

In the Sharp method [28], In (da/dt/f(v)) is plotted
against the reciprocal absolute temperature 1/T for
several assumed basic functions of flar) which were
derived from the idealized models. If the assumed fla)
is correct, a straight line is obtained, and the slope of
this straight line and the intercept of its ordinate

provide the activation energy E and the pre-exponen-
tial factor A, respectively.

When using the CDRC mode of the CRTG, the
conversion rate, da/dt at a constant value, C, then
Eq. (4) becomes:

In (f(a)) = —In (A/C) + E/RT 5)

In view of the fact that the term In (A/C) is a constant,
plots of In (f{cr)) against 1/T for various functions f{«)
are theoretically sufficient to provide the kinetic para-
meters and the activation energy from a single CRTG
experiment.

In addition, it follows that the general shape of the
experimental curve of o against 7, obtained under the
condition of a constant reaction rate, is in itself quite
significant for the elucidation of the actual reaction
mechanism. This is demonstrated in Fig. 8, which
shows the theoretical curves calculated by assuming
the kinetic models [28] the following kinetic para-
meters: E=167 kJ mol™!, A=2.0x 10° min~' and
C=3.0x10">min"". As clearly seen in Fig. 8, these
curves are characteristic of the reaction mechanism.
When such simple simulated results are shown gra-
phically based on the available data, the relation is
seen most clearly and the set of theoretical curves may
be easily distinguished into three categories. In parti-
cular, the kinetic models of nucleation and growth
given by Avrami-Erofeev lead to the profiles with a
temperature minimum, which are not obtained either
by linear raising temperature or isothermal measure-
ments. The comparison of the « against T curve,
obtained by a CRTG experiment with master curves
based on various reaction models, is a fairly efficient
means to determine the reaction mechanism.

4. Discussion

It has been recognized that the thermal dehydration
of hydrated salts is still one of the most complicated
reactions since the reaction is greatly influenced by the
water-vapor pressure in the reaction atmosphere envir-
onment, including the self-generated atmosphere.
Therefore, the presence of water molecules in the
sample environment seems to directly influence the
dehydration rate and crystallinities of the dehydrated
product [22]. From the above-mentioned, a combina-
tion of data separately obtained by different, parallel
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Fig. 8. Shape of the theoretical CRTA curves corresponding to the
kinetic models assuming E=167 kJ mol ', A=2.0x 10° min~" and
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apparatuses and specimens in the collecting structural
and thermal data is often problematic, because the
thermal dehydration of hydrated salts is affected

markedly on the sample preparation and on the
experimental conditions such as the sample size, the
crucible shape and the heating rate, caused by instru-
mental limitation. To sum up, it must be borne in mind
that any difference in measuring conditions compli-
cates the combination and comparison of the obtained
data, and then may lead us to an erroneous interpreta-
tion. This is a real limit to elucidating the thermal
dehydration of hydrated salts. Consequently, the
XRD-DSC is an especially powerful method for col-
lecting structural and thermal data on such dehydr-
ation reaction where the integrated systematic
measurement under identical conditions must be
extremely important.

In the conventional linear heating rate methods, on
the other hand, the dehydration of both salts indicates
the mass losses with a monotonous decay, since the
sample temperature follows the predetermined heating
program as a function of time. These TG curves,
however, would not directly indicate further signifi-
cant differences between the dehydration behaviors,
except for a difference of the approximate dehydration
temperatures. Also, the linear heating rate method
results in special problems of pressure, temperature
gradients and porous structure of the solid products
within the sample bed, because these unknown gra-
dients cannot be specified in this method. This is also
an actual obstruction in our understanding of the
kinetic reaction. With the application of the CRTG
method, uniform conditions exist throughout the
sample and the sample environment by means of an
appropriate control of the dehydration rate. In this
respect, it is a desirable method for elucidating
kinetic reaction mechanisms. In addition, the struc-
tural changes observed by the XRD-DSC give the
strongest proof for an explanation of the actual mass
loss curves during the dehydration obtained from the
CRTG.

The profile of the experimental CDRC curve in the
dehydration of cobalt formate dihydrate shown in
Fig. 7 can be attributed to a phase-boundary con-
trolled equation by comparing with the shape of the
master curves in Fig. 8. In a phase-boundary con-
trolled reaction of the R type, it has been considered
that an interface is immediately formed at the edge and
defect of a particle, and then advances into the center.
This R-type reaction is characterized by the rapid
initial production of a perfect reactant—product inter-
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face at edges of the preferred crystallographic surface,
and its rate depends on the advance of this interface
[29]. Under these circumstances, all of this amounts to
the surface of dehydrated particles being covered
with minute amorphous products as observed in the
XRD-DSC data, and the diffusion of the dissociated
water molecules being retarded by the products. The
amorphous products of the cobalt formate formed by
process of dehydration will absorb the dissociated
water molecules onto the narrow walls of their
capillaries having molecular dimensions. This would
interfere with the further escape of water molecules,
and the rate of dehydration would, therefore, be
slow.

Contrary to the case of the cobalt salt, however, the
recrystallization of the anhydrous zinc formate formed
by the dehydration occurs as indicated in the XRD-
DSC data. As recrystallization is accompanied by the
formation of wide channels among the dehydrated
particles, through which the dissociated water mole-
cules can easily escape, so the dehydration rate will
become faster. In this case, it is satisfactory to consider
that a rate-determining step of this dehydration
mechanism is governed by the model of a nucleation
and growth of the A type nuclei. Moreover, this
interpretation is also in accordance with the CRTG
analysis, because the experimental CDRC curve dur-
ing dehydration of zinc formate dihydrate in Fig. 6
can be attributed to the reaction mechanism of an
Avrami-Erofeev equation by comparing with the
shape of the master curves in Fig. 8.

5. Conclusions

The CRTG have been used to analyze the complex
thermal behavior in the dehydration of hydrated salts
together with the new type of XRD-DSC. The XRD-
DSC s especially powerful in collecting structural and
thermal data on systems, where separate measure-
ments under identical conditions are impractical,
and in analyzing complicated dehydration behavior,
because thermal changes (or overlapping changes) can
be directly assigned to one or more structural events.
The CRTG and the XRD-DSC are applied to zinc and
cobalt formate dihydrates. The structural data
obtained from the XRD-DSC gave the strongest proof
of the kinetic equation of dehydration mechanisms

obtained by CRTG (CDRC mode). These results
clearly demonstrate the potential capability of these
new experimental methods, XRD-DSC and CRTG,
particularly for the examination of the complex
phase-change behavior, inherent in many important
reactions.
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