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ABSTRACT

Kinetic analysis of the thermal dehydration of crushed crystals of Cu(CH,COO),-H,0O
was made by use of TG and DSC curves recorded under comparable experimental condi-
tions. Isothermal TG was also employed, and the result was compared with that obtained
nonisothermally. The isothermal reaction was described by a phase-boundary controlled
reaction (R,,) law, 1— (1 — a)!/" = kt, with 1 < n < 2. As for the nonisothermal reaction, there
was a tendency for the appropriate kinetic law determined from TG to change from an
Avrami-Erofeyev (4,,) law, [—In(1 — «)]/™ =kt, to one of diffusion-controlled reaction
(D) laws as the reaction advanced, particularly for a larger particle-size fraction of the
sample. According to DSC, the nonisothermal kinetics were described exclusively by an 4,
law. The difference in kinetics determined from TG and DSC was explained by the nature of
the two methods.

INTRODUCTION

Recently we have shown that dehydration of the single crystal of copper(II)
acetate monohydrate proceeds through advancement of the reaction front
[1]. Kinetic obedience of the isothermal dehydration was described by a
phase-boundary controlled reaction (R,) law, 1 — (1 — a)"/" = kt, with 2 < n
< 3. On the other hand, the nonisothermal dehydration of the single crystal
followed a diffusion-controlled reaction (D,) law, 1-2a/3 — (1 — a)*/? = k1,
particularly at higher heating rates and at later stages of the reaction.

As an extension of the above kinetic study, it is worth investigating the
kinetics of dehydration of the crushed crystals of various particle-size
fractions, in that the kinetics of solid-state reactions are in general largely
influenced by the sample condition. In particular, it is interesting to follow
the nonisothermal kinetics more comprehensively because kinetic obedience
might differ between the single crystal and crushed crystals, as well as
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among different particle-size fractions of the crushed crystals. In addition, it
is likely that a kinetic comparison between the nonisothermal TG and DSC
measurements will be useful for assessing the role of a diffusion process
during the reaction [2).

Accordingly, nonisothermal TG and DSC measurements, as well as
isothermal TG measurements, were undertaken to increase understanding of
the kinetics of the reaction. It was hoped that theoretical considerations on
kinetics of a given solid-state reaction would be consistent with evidence
from such different experimental approaches.

EXPERIMENTAL

Single crystals of the title compound were grown at 45° C from aqueous
solution to which a small amount of acetic acid was added. The crystals were
crushed with a mortar and pestle and sieved to different particle-size
fractions. The samples were identified by means of IR and TG measure-
ments.

Isothermal mass-change measurements at various constant temperatures
from 79 to 110 ° C were made on a Shimadzu TGA-50 in a flow of nitrogen
at a rate of 30 ml min~!, using 17.0 mg of sample in a platinum crucible
(diameter 5 mm and height 2.5 mm). Nonisothermal TG measurements were
made at heating rates of 0.4-6.0 K min™' using a Rigaku Thermoflex
TG-DSC 8085E1 system under conditions otherwise identical with those for
the isothermal runs. The dynamic TG measurements were accompanied by
DSC to maintain a linear increase of the sample temperature during the
course of reaction by diminishing the self-cooling effect [3]. Under the
experimental conditions comparable with those for the nonisothermal TG
measurements, DSC curves were also recorded using a Rigaku Thermoflex
DSC CNB8059L1 system. All the thermoanalytical data were stored in a
microcomputer and analyzed kinetically.

RESULTS AND DISCUSSION
Isothermal gravimetry

Figure 1 shows typical plots of fractional reaction, «, against time, ¢,
obtained from mass-loss curves for the isothermal dehydration of powdered
Cu(CH,CO0O0), - H,0 of various particle-size fractions at similar tempera-
tures. Figure 2 shows the typical temperature dependence of a vs. ¢ plots for
the isothermal dehydration of the sample of a —100+ 170 mesh sieve
fraction.
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Fig. 1. Typical plots of a against ¢ for the isothermal dehydration of Cu(CH,C0OO},-H,0 at
ca. 105°C.

Kinetic obedience was determined through plots of various kinetic model
functions F(a) against 7, assuming the following kinetic equation:

F(a) =kt (1)

Either a contracting geometry (R,) law, 1 — (1 — a)"" =kt with 1 <n <2,
or an Avrami-Erofeyev (A ) law, [—In(1 — a)]*/™ = kt with m = 2, obeyed
the isothermal reaction. Table 1 shows the most appropriate F(a) de-
termined by scanning the values of n and m in the R, and A, laws,
respectively, together with the Arrhenius parameters calculated from the
Arrhenius equation for the isothermal dehydration of the crushed crystals of
different particle-size fractions. We see from Table 1 that the R, law with
n = 1.4 gives the best linearity for all the particle-size fractions examined,
although obedience to A, laws is not markedly inferior. It is noted that the
kinetic obedience as well as the activation energy ( £) value for the largest
particle-size fraction (—48 + 100 mesh) compare with those for the single
crystal material [1]. In spite of the increase in reaction rate with decrease in
particle-size fraction (see Fig. 1), the Arrhenius parameters obtained do not
necessarily decrease in line with particle-size fraction. The rate constants, k,
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Fig. 2. Typical temperature dependence of a vs. ¢ plots for the isothermal dehydration of

Cu(CH,C00),-H,0, ~100+170 mesh sieve fraction.




56

TABLE 1

The most appropriate kinetic rate function, F(«), and Arrhenius parameters obtained from
conventional analysis for the isothermal dehydration of the crushed crystals of different
particle-size fractions within a range of 0.1 £« < 0.9

Particle-size F(a)? r® E®Imol ™) logAd(s™hH —r¢ k x10*
fraction, mesh (571) d
— 1704200 Riii00s 09998 862+1.5 86402 0.9996  2.26
Asio4004a 09990 861415 8.7+0.2 0.9996 3.33
—100+170 Riy o0 09999 84.6+1.1 83402 0.9992  2.08
Ajisio02 09989  845+1.1 85402 0.9991  2.93
—48+100 Rissi002 09999 895422 9.0+0.3 0.9988  1.89
Asporoos 09991  89.5+2.2 9.2+0.3 0.9987  2.83

&=

R, =1-(1-&)"/" A, =[—In(1-a)]"/™
Correlation coefficient of the linear regression analysis of the F(a) vs. ¢ plot.
 Correlation coefficient of the linear regression analysis of the Arrhenius plot.
d ]

Rate constant at 95°C.

=3

at a given temperature are also listed in Table 1. It is seen that the value of &
decreases with increasing particle-size fraction, which confirms the obedi-
ence to the R, law.

The activation energy E at various « values was also obtained by using
the following equation, which is derived from eqn. (1) and the Arrhenius
equation

—Int=—E/RT+In[A4/F(a)] (2)

Figure 3 shows such apparent values of E at various « from 0.05 to 0.95 in
steps of 0.05 for the isothermal dehydration of the crushed crystals of
different particle-size fractions. During the initial reaction (a < 0.2), the
value of FE increases drastically as reaction advances. On the other hand,
nearly constant values of E are obtained for the subsequent stages. The
variation in the E value in the early stage is likely to arise from surface
nucleation and its growth. The main and later stages of the reaction can be
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Fig. 3. E values at various values of « for the isothermal dehydration of Cu(CH,COO),-H,O.
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Fig. 4. Typical plots of a vs. T for the nonisothermal dehydration of Cu(CH,COQ),-H,0 at
different heating rates.

described by advancement of the reaction interface inwards, because the E
values during these stages are consistent with those obtained by the Arrhenius
plot (see Table 1).

Nonisothermal analysis

1. TG

Figure 4 shows typical TG curves for the dehydration of the powdered
sample at various heating rates. The nonisothermal dehydration of powdered
samples was analyzed according to the Ozawa method [4-6] because this is
useful particularly for determining kinetic obedience of the nonisothermal
reaction {[7]. The equations used are the following

In(B/T?)~ —E/RT +1In(R/6E) (3)
8 = (RT?/BE) exp(— E/RT) 4)
F(a)=A8 (5)

where @ is the reduced time or generalized time [6]. Figure 5 shows the
values of E obtained by assuming eqn. (3) at various a values from 0.10 to
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Fig. 5. E values calculated by the Ozawa method at various values of a.
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0.90 in steps of 0.05. It is seen that E decreases with increasing «a,
particularly at smaller «, which is in marked contrast to the findings in
isothermal analysis. The variation in E suggests a possible change in kinetic
obedience during the course of reaction. # was recalculated, by using the
mean value of E within various restricted ranges of a, according to eqn. (4).
Kinetic obedience and pre-exponential factors, A, were determined through
plots of various F(a) against § according to eqn. (5). It should be noted
here that the variation in E depending on a is in contradiction to the
prerequisite for use of this method. It is interesting, however, to determine
kinetic obedience and the 4 value within various restricted ranges of «, in
which the variation in E is smaller, in an attempt to detect any possible
change in rate behavior depending on « [8]. Table 2 shows kinetic obedience
and the Arrhenius parameters determined for the dehydration of the
powdered materials of various particle-size fractions. We see from Table 2
that the initial and main stages of the reaction of crushed crystals of
—170 + 200 and —100 + 170 mesh fractions are regulated by an A, law, in
contrast with the isothermal result. In addition, the two-dimensional diffu-
sion-controlled (D,) law, a + (1 — a) In(1 — a) = kt, obeyed the later stage.
As for the crushed crystals of —48 + 100 mesh fraction, it is very likely that
the overall reaction is described by a D law. It is interesting that this is in
agreement with the nonisothermal dehydration of the single crystal [1].

2. DSC

Figure 6 shows typical DSC curves and a« vs. T plots obtained by
integrating the DSC curves at various B [2]. The integrated curves were
analyzed according to the Ozawa method. The E values thus estimated at
various « were shown in Fig. 5. Such E values obtained from the DSC
curves, as well as those from TG, also decrease as reaction advances. Table 3
shows kinetic obedience and the Arrhenius parameters determined within
different limited ranges of a. We see from Fig. 5 and Table 3 that the E
values determined from the integrated DSC curves increase with decreasing
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Fig. 6. Typical DSC curves, and plots of a vs. T obtained by integrating the DSC curves.
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particle size. This seems to be due to the kinetic compensation behavior,
because the variation in E is accompanied by the parallel change in log 4
[9]. 1t is noted, at the same time, that the kinetic laws are different between
the TG and DSC analyses, particularly for larger particle-size fractions and
at later stages of dehydration. This is ascribed to the fact that TG and DSC
respond to a mass-loss of water vapor from the system and a total enthalpy
change due to dehydration including exothermic crystallization of the solid
product, respectively. In other words, TG curves are sensitive to diffusion
and desorption of water vapor through and out of the solid phase. DSC
curves are largely influenced by the extent and rate of crystallization of the
solid product. This explains the fact that, with the sample of a —48 + 100
mesh sieve fraction, dehydration obeys, according to the TG and DSC
analyses, one of the diffusion-controlled laws, D, = k¢, and Avrami-
Erofeyev laws, A,, = kr, respectively. It is rather difficult to interpret the
meaning of the exponents of m and L in these laws on a theoretical basis,
because small particles were used and averaging of the actual processes over
the many particles is taking place.

Kinetic comparison between the isothermal and nonisothermal reactions

As described above, the isothermal dehydration of all the particle-size
fractions obeyed an R, law with n=14. On the other hand, different
kinetic obedience was observed among different particle-size fractions from
nonisothermal TG analyses. Namely, the dehydrations of the smaller and
larger particle-size fractions were regulated, as a whole, by laws of A, and
D,, respectively (see Table 2).

Variation in kinetic obedience depending on the heating condition and on
the particle size might be explained as follows. The isothermal dehydration
initially proceeds through superficial nucleation and its growth, which then
advances inwards. Under dynamic conditions, distribution of the a value at
a given time among particles in a pan is larger than that under the
isothermal condition [2]. Time lags in reaction occurring in many particles in
a pan seem to be responsible for obedience to the A, law derived from
nonisothermal TG and DSC for the smaller particle-size fractions.

As for the larger particle sizes, the advancement of the reaction front
following the surface reaction is regulated by phase boundary reaction and
diffusion of water vapor through the solid product under isothermal and
nonisothermal conditions, respectively. The above trend could be explained
if the increase in the rate of advance of the reaction interface, caused by
change in the heating condition from isothermal to dynamic, is much more
marked than the corresponding increase in the rate of diffusion of the water
vapor through the solid product. Another factor could be that more rapid
crystallization of the product at the higher reaction temperatures impedes
the escape of water vapor through the product phase [1,10-12]. This is
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supported by the fact that the enthalpy change AH of the dehydration,
obtained from the DSC curves, decreases gradually with increasing heating
rate due to the more rapid crystallization, which is exothermic; AH = 53.3
+ 0.8 and 48.6 + 0.8 kJ mol™! at heating rates of 0.6 and 5.2 K min~’,

respectively.
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