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Abstract

The kinetics of the thermal dehydration of crushed crystals of CaCu(CH,CO,), 6H,0O in
a flowing nitrogen atmosphere have been studied by means of isothermal gravimetry.

At higher temperatures than 85°C the dehydration seemed to be described by three-dimen-
sional phase boundary reactions, R;(x). At temperatures lower than 80°C, the initial part of the
dehydration could be described by phase boundary reactions, R;(x), that of the middle part
follows the Avrami—Erofeev type reaction, A, .(a), and then the kinetics of the final part followed
diffusion-controlled models. These transitions of the dehydration mechanisms have been
discussed on the basis of the diffusion process of dissociated water molecules.
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1. Introduction

Calcium copper acetate hexahydrate, CaCu(CH,CO,),-6H,0 is a normal para-
magnetic crystal and may easily be grown as large prismatic crystals from solutions of
calcium acetate and copper acetate. Because of the interest in the compound’s magnetic
behavior, its magnetic susceptibility, electron paramagnetic resonance (EPR) spec-
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trum, and its specific heat have been measured [1-4]. The electronic properties of this
compound have also attracted some interest, and the electron spin resonance (ESR)
spectrum of a single crystal and the compound’s electronic spectra have been measured
[5,6]. Smith applied an angular overlap treatment with electrostatic corrections to the
d-orbital splitting in this hydrate [ 7].

CaCu(CH,CO,),-6H,0 has also made an interesting contribution to study
of the stereochemical diversity of copper compounds. The crystal structure of
CaCu (CH; CO,),-6H,0 is tetragonal with four molecules per unit cell and its
space group belongs to 14/m [8,9]. This compound consists of polymeric chains of
bidentate acetate-bridged copper and calcium atoms. The chains aligned along the
c-axis, are bound together by “solvent cages” of twelve water molecules. The water
molecules only coordinate to calcium ions and their role in the structure is to fill
the void of the lattice and to bind the polymeric chains together. Each water mole-
cule is hydrogen-bonded to form clusters of twelve water molecules which have C4h
symmetry.

It is interesting to study the behavior of the water molecules held in the crystal
structure during thermal dehydration. This paper describes the use of isothermal
gravimetry to study the kinetics of the thermai dehydration of crushed calcium copper
acetate hexahydrate in a flowing of nitrogen atmosphere.

2. Experimental

A single crystal of calcium copper acetate hexahydrate, CaCu(CH,CO,), 6H,0,
was prepared from solutions of calcium acetate and copper acetate. The sample was
identified by means of FTIR and dynamic TG. The crystals were crushed with a mortar
and pestle and sieved to a narrow fractions of 100-150 mesh sizes.

The isothermal dehydration was followed with a Shinku-Riko TGD-5000 RH
differential microbalance equipped with a gold image furnace [10-137. About 5 mg of
sample was weighed into a platinum crucible and set in the microbalance. The furnace
was maintained at constant temperatures within + 0.5K until the dehydration was
complete. The output voltages for the mass loss from the microbalance were amplified
and acquired on an Epson PC286 VE microcomputer, via AD converter ICL 7109
modified in 13 bits. For each dehydration process, about 1000 data points relating to
the mass loss were collected at given time intervals, and the fraction of dehydration,
o was calculated from the data. All measurements were carried out in a flowing nitrogen
atmosphere (flow rate 60 cm® min ~ !). The dynamic TG was performed at heating rates
of 5-10K min ! using a Rigaku TAS-200 system.

The X-ray powder diffraction patterns were obtained with a Rigaku Geigerflex
Rad-R diffractometer equipped with a standard high-temperature sample holder;
CuK, radiation and a nickel filter were used. The radiation was monochromatized at
the counter side using a graphite monochromator. The diffraction data were taken at
steps of width 0.02°. Infrared spectra were measured from 400 to 4400cm ™! with
a Horiba FTIR 300 spectrophotometer.
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3. Results

Fig. 1 shows isothermal thermogravimetric curves, «(t) for the thermal dehydration
of CaCu(CH;CO,),'6H,0. It is worth noting that the «(t) curves do not have
a sigmoidal character, i.e. the «(t) consists of deceleratory periods only; an acceler-
atory period is absent from this dehydration. The fact that the dehydrated product
phase was amorphous, should also be emphasized.

The kinetics of a solid state reaction are expressed by the equation

G(o) = kt (D

where k is the rate constant, ¢ is the reaction time, and G(«} 1s a function dependent on
the reaction mechanism. Many theoretical model functions have been proposed for
G(2) [14-17]; typical G(z) functions are shown in Table 1. The mechanism of the
dehydration, i.e. the model function for the present dehydration, was determined via
the linearity of the plots of various'G(x) vs. , in accordance with Eq. (1). The G(a) for the
present dehydration tends to vary with dehydration temperature as shown in Table 2.

At higher temperatures such as 85 and 90°C, the dehydration is described by the
phase boundary reactions R, (2) and R,4(z), and the first order reaction, F | (x). Of these
three functions, R, (x), which applies to a three-dimensional phase boundary reaction
or a contracting volume formula, seems to be a suitable function, because it covers the
wider ranges of the dehydration fractions, «.
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Fig. 1. Typical a(¢) curves for the dehydration of CaCu(CH,CO,),-6H,0: (a) 70°C; (b) 80°C; (c) 85°C; and
(d) 90°C.
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Table !
Commonly used G(x) for solid-phase reactions

G(a) Symbot Rate-controlling process

22 D, One-dimensional diffusion

2+ (1 —a)In(l —2) D, Two-dimensional diffusion

(1—(1— az)’;)Z D, Three-dimensional diffusion; Jander equation

1—-2a/3—(1— 1)§ D, Three-dimensional diffusion; Ginstring—Brounshtein equation
1—(1— a)% R, Two-dimensional phase boundary reaction

1—(1— a); R, Three-dimensional phase boundary reaction

—In(l —a) F, First-order reaction

[—In(l —a)]m A, Avrami-Erofeev equation, m=1,2,2.5,3, ...

Table 2

Variation of G(«) for the dehydration of CaCu(CH,CO,),-6H,0

T/°C G(a) Range of c? Ink

90 R, 0-0.59 1.0000 — 5.008
R, 0-0.85 0.9999 —5.344
F, 0-0.56 0.9986 —4.116

85 R, 0-0.77 0.9999 —5.517
R, 0-0.91 0.9997 —4.698
F, 0-0.46 0.9986 —4.697

80 R, 0-0.39 0.9999 -5.932
R, 0-0.39 0.9999 —6.300
F, 0-0.37 0.9996 —5.130
A, 0.19-0.69 1.0000 —5.220
A, 0.19-0.74 0.9998 —5.389
A, 0.30-0.84 0.9999 —5.556
D, 0.74-0.94 0.9999 - 5215
D, 0.80-0.97 0.9999 —5.462
D, 0.81-0.97 0.9998 —6.354

70 R, 0-0.40 0.9996 —6.660
R, 0-0.40 0.9995 —7.036
F, 0-0.39 0.9987 —5.861
A, 0.14-0.69 0.9998 — 5.891
A, 0.17-0.85 0.9999 —6.055
A, 0.22-0.90 0.9999 —6.188
D, 0.69-0.94 0.9999 —5.900
D, 0.88-0.96 0.9999 —6.166
D 0.75-0.96 0.9998 —7.049

N

® Correlation coefficient.
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At temperatures lower than 80°C, the kinetic behavior is extremely complicated. The
kinetics of the initial part of the dehydration can be described by the phase boundary
reactions, R;(x), and those of the middle part follow Avrami-Erofeev type reactions,
A, (), A, (o), and A, (x). The reaction A, (x) seems to be the most acceptable of these
three mode functions. The kinetics of the final part follow the diffusion-controlled
model, D, (), D;(a), or D,(). Table 2 shows the rate constants for these functions
determined from the slopes of the G(o) vs. t plots at various temperatures. The
activation energies, E and pre-exponential factors, A were determined from the Ar-
rhenius plots (Figs. 2 and 3) of the rate constants and are shown in Table 3.

4. Discussion

The present results indicate that the dehydration
CaCu(CH,CO0,), 6H,0 - CaCu(CH,CO,), + 6H,0

is an extremely complex process, and that the rate-controlling steps vary with tempera-
ture.

It has been shown that the R;(«) model is characterized by rapid initial nucleation
followed by production of a complete reactant—product interface around the preferred
crystallographic surfaces, and that the rate depends only on the advance of the reaction
interface into the center of sample particle. In this dehydration, many potential
nucleus-forming sites may exist on the surface of sample particles which are prepared
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Fig. 2. Arrhenius plots (1) @, A,; O, A, 5; A, A;; AL F ;B R,; and [0, R,
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Fig. 3. Arrhenius plots (II): O, D,; A, Dy;and (O, D,.

Table 3
Activation energy, E and pre-exponential factor, A

G(2) E/kJ mol ! Afs™!

R, 78.8 1.20 x 10°
R, 81.3 1.98 x 10°
F, 86.4 3.75 x 101°
A, 525 2.88 x 10°
A, s 539 3.57 x 10°
A, 452 172 x 10*
D, 713 2.03 x 10®
D, 68.9 6.84 x 107
D 71.4 6.88 x 107

IN

by crushing single crystals. Therefore, it seems likely that the reactant—product
interface is produced around the surface by rapid growth of these nuclei especially at
higher temperatures, and the kinetics are described by the three-dimensional phase
boundary model R4 (x).

The Avrami—Erofeev equation

[—In(l —o)]'" = kt 2

is the kinetic expression appropriate to random nucleation and the nuclei growth
process, and it has been shown that the parameter n depends on the nucleation rate, the
geometry of the nuclei, and the growth mechanism, such as diffusion-controlled or
phase-boundary-controlled. Hulbert [15] summarized nuclei growth conditions and
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pointed out the relationship between nuclei growth and the diffusion process of
migrating species as follows. When (i) the nucleation rate is assumed to be constant, (ii)
the nuclei grow three-dimensionally, and (iii) the growth is controlled by the diffusion
of migrating species, the A, ;(«) equation can be derived.

It is most improbable that the dehydration mechanism suddenly changes from R, («)
to A, s(o) at a certain value of the dehydration fraction. The transition may be
discussed on the basis of appropriate assumptions as follows. The kinetics of the
present dehydration seem to depend on the diffusion of the dissociated water mol-
ecules. The water molecules dissociated from the “solvent cages” may move through
the dislocation network of the reactant and active potential nuclei, particularly in the
vicinity of the reaction interface [ 18]. Thus a reaction zone, where potential nucleus-
forming sites are activated, must be developed in front of an advancing interface. The
dissociated water molecules may propagate through an amorphous phase of dehy-
drated products to the surface of sample particle, and then finally leave the surface.

Athigher temperatures, the dissociated water molecules may reach the outer surfaces
so rapidly that the dehydration seems to follow the R,(x) model. The diffusion of the
dissociated water molecules through the amorphous phase is not negligible at lower
temperatures, and the kinetics may apparently be described by a Avrami—Erofeev
equation, A, ;(«), derived originally from a diffusion-limited model.

It seems reasonable that the final parts of dehydration are also described by the
diffusion model functions, D,(x), D;(«), and D,(«). A decision about which of these
three functions is the best fit cannot yet be made. A clue to aid determination of the
model function for the present dehydration may be found from kinetic analysis of the
dehydration of single crystal samples and from experiments performed under
nonisothermal conditions.
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