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Abstract

The dependence of the correlation of kinetic parameters (energy of activation and
pre-exponential factor) and procedural factors {(sample mass and heating rate) on the type of
reaction in non-isothermal thermogravimetry is established here for the first time. The effect
of heating rate and sample mass on the stages of decomposition of diaquabis(ethylene-
diamine)copper(1l) oxalate
{CB(C&);(H20)2]CZO4 T{)} {Cu{en}ﬂCﬁh “’:";g} Cu(en}C204 W CuO
has been studied non-isothermally. The kinetic parameters, calculated using both the mecha-
nistic and non-mechanistic equations, show a systematic decrease with increase in either
heating rate or sample mass for the dehydration and deamination reactions. For the
decomposition reaction, the kinetic parameters are not appreciably affected by procedural
factors. Mathematical correlations of high reliability are established between kinetic parame-
ters and heating rate /sample mass using both the mechanistic and non-mechanistic equations
for the dehydration and deamination reactions. Thus it has been found that the type of
reaction is decisive in the correlation of kinetic parameters with procedural factors. The
quantification follows a rectangular hyperbolic equation for the dehydration and a parabolic
one for the deamination. No quantitative correlations were possible for the final decomposi-
tion of the oxalate to oxide.

For all three reaction types, the rate-controlling process is random nucleation with the
formation of one nucleus on each particle. It is observed that the mechanism of these
reactions is not affected by the variations in sample mass and heating rate, or by the reaction

type.
INTRODUCTION

Results from TG curves are known to be affected by a number of
experimental variables such as heating rate, sample mass, particle size,
packing, atmosphere etc. [1-3]. Although the dependence of E and 4 on the
sample mass and heating rate is well known, only comparatively recently
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have attempts been made to study the dependence quantitatively [4-12].
However, no effort seems to have been made so far to explore the possible
relation between the type of reaction and the correlation of kinetic parame-
ters with procedural factors.

In this paper we report the results of our attempts to evolve the mathe-
matical correlations between the procedural factors and kinetic parameters
for three reaction types, namely the successive dehydration, deamination
and final decomposition reactions of diaquabis(ethylenediamine)copper(II)
oxalate. The evaluation of kinetic parameters using mechanistic and non-
mechanistic equations from non-isothermal TG curves is also discussed.

In view of the presence of ethylenediamine (en), one of the simplest
chelating amines, and also the incorporation of two water molecules in the
coordination sphere, [Cu(en),(H,0),]C,0, has been chosen as a model
complex for studying the dependence of kinetic parameters on procedural
factors for both the dehydration and deamination reactions. The complex
also gives non-overlapping and clear-cut stoichiometric reactions of three
reaction types, i.e. a reversible dehydration followed by a reversible
deamination followed by a non-reversible decomposition reaction.

EXPERIMENTAL
Preparation of the complex

The [Cu(en),(H,0),]C,0, was prepared according to the procedures
described in the literature [13]). The violet complex was characterized by
spectral and chemical methods. The average particle size, determined by a
Fisher sub-sieve sizer, was 50 pm. The copper content in the complex was
analysed gravimetrically. Elemental analyses were carried out using a Carlo
Erba microelemental analyser.

Instruments

The TG-DTG experiments were carried out with a DuPont 2000 thermal
analyser in conjunction with a 951 thermogravimetric analyser. The experi-
ments were carried out in pure dry nitrogen, purged at a rate of 50 cm?
min !, In order to study the effect of heating rate, the TG experiments were
carried out at eight heating rates (1, 2, 5, 10, 15, 20, 50 and 100° C min~!);
the sample mass was kept constant at 10 + 0.1 mg in these experiments. To
study the effect of sample mass, the heating rate was made constant (10°C
min~') and eight sets of sample masses were employed. The samples were
loaded directly onto the platinum sample pan of the TGA on which the
mass was recorded directly. The particle size of the samples was the same in
all the experiments, and the sample loading was done in as uniform a
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manner as possible. X-ray powder diffractograms were recorded using a
Philips 1710 diffractometer with a PW 1729 X-ray generator using Cu Ka
radiation. Computational work was done with an IBM-PC/XT using a
FORTRAN 77 program.

RESULTS AND DISCUSSION

Typical TG-DTG curves of [Cu(en),(H,0),]C,0, are given in Fig. 1.
The first stage in the TG corresponds to the dehydration (—2H,0). The
second stage involves the deamination (—en) of the bis(ethylenediamine)
complex to form the mono(ethylenediamine)copper(II) oxalate. The third
stage comprises the decomposition of the mono(amine) complex to CuO.
The intermediates and the residue have been identified by X-ray diffraction
analysis.

The temperature of inception (7;), DTG peak temperature (7,) and the
temperature of completion of reaction (7;) for each stage with different
sample masses and heating rates are tabulated in Table 1. For any given
temperature interval, the extent of decomposition is greater at a slow heating
rate than at a faster heating rate. As the heating rate increases the initial
procedural decomposition temperature 7; exhibits a tendency to increase.
Similarly, the temperature of completion of reaction, 7;, also increases with
increasing heating rate and sample mass. It is also observed that the reaction
interval (7; — T;) increases as the heating rate is increased for both the
dehydration and deamination reactions. Concerning the effect of sample
mass, it can be observed that T; was virtually constant for the dehydration
and deamination stages. This observation is consistent with the literature
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Fig. 1. TG-DTG curves of [Cu(en),(H,0),]C,0,.
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TABLE 1
Phenomenological data for the thermal decomposition of [Cu(en),(H,0),1C,0,
Sample mass T, T; T, Heating rate T, T; 13
(mg) °CO)  (°O (°O) (°Cmin”) (°O (°O (°0O
Dehydration
1.076 85 105 96.3 1 70 90 823
2.487 65 102 91.2 2 80 100 90.6
4.885 70 107 99.2 5 75 104 95.2
7.436 70 115 101.4 10 94 126 99.0
10.00 70 105 99.0 15 80 132 113.8
12.494 73 123 1074 20 90 143 118.5
15.206 86 128 1124 50 96 183 134.7
20.743 78 130 1132 100 100 205 152.4
Deamination
1.076 170 197 191.2 1 155 190 179.6
2.487 170 202 193.2 2 159 194 185.6
4.885 177 210 202.9 5 166 203 194.2
7.436 175 215 204.5 10 169 212 190.0
10.00 160 205 190.0 15 183 232 217.5
12.494 170 219 206.1 20 175 230 2148
15.206 173 221 209.8 50 183 240 2253
20.743 170 224 2115 100 205 290 2493
Decomposition
1.076 197 285 263.8 1 190 260 2371
2.487 202 285 263.3 2 194 262 242.2
4.885 210 285 265.4 5 203 275 2544
7.436 215 285 2735 10 212 270 250.4
10.00 205 272 250.4 15 232 300 285.0
12.494 219 280 270.1 20 230 292 272.6
15.206 221 285 264.9 50 240 305 278.6
20.743 224 292 2700 100 290 365 336.4

reports [14]. For all three stages of decomposition, T; increases as the
sample mass is increased. This is because once the decomposition reaction
has begun, it generally does not take place uniformly on every particle
throughout the entire mass of the sample [15]. Under such non-homoge-
neous conditions, it would be expected that the time required for complete
decomposition of a powdered solid would increase with increased sample
mass. Because the furnace heating rate is linear, there would be a resultant
increase in the observed value of T; [16].

Kinetic parameters

The kinetic parameters were calculated using four integral equations,
namely Coats—Redfern, MacCallum-Tanner, Horowitz—Metzger and
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Madhusudanan—Krishnan-Ninan. The order parameter n was evaluated
using the Coats—Redfern equation by an iteration method as described in
our earlier publications [17,18]. The order parameters for each stage were
chosen by taking the average of all the 16 values obtained for both the
heating rate and sample mass variations. With the values of #n thus obtained,
the kinetic parameters were computed using the four non-mechanistic equa-
tions for the dehydration, deamination and decomposition reactions. The
activation energy (E), the pre-exponential factor (A) and the correlation
coefficients (r) for each stage evaluated from the TG curves for different
sample masses and heating rates are given in Tables 2-7.

From Tables 2-7 it can be seen that both £ and A calculated using all
four non-mechanistic equations for the dehydration and deamination reac-
tions are dependent on heating rate and sample mass—they decrease with
increase in either heating rate or sample mass. Thus, so far as the kinetic
parameters are concerned, an increase in heating rate for constant sample
mass has the same qualitative effect as an increase in sample mass for
constant heating rate. However, from Tables 4 and 7, it can be noted that
the kinetic parameters are not appreciably affected by either heating rate or
sample mass for the decomposition of Cu(en)C,0, to CuO. The minor
variations are rather irregular here.

The regular trend in these activation parameters relative to changes in
heating rate and sample mass for the dehydration and deamination processes
makes the data amenable to statistical analysis. Standard types of curve fits
such as linear, rectangular hyperbolic, parabolic and exponential, were tried
using various functions of these factors, and the best-fit curve was chosen. It
was found that for all four kinetic equations the E or log 4 vs. sample mass
or heating rate relationships for the dehydration stage could be best repre-
sented as a rectangular hyperbola of the type

y=a+b/x

that is

E=a+b/m log A=a+b/m
and

E=a+b/¢ logA=a+b/9

where a and b are empirical constants, different for the four non-mechanis-
tic equations, and m and ¢ are sample mass and heating rate respectively.
Similarly for the deamination stage, the relationships between the kinetic
parameters E or log A and sample mass or heating rate are best represented
by a second-degree equation (parabola), of the type

y=a+bx+cx?
that is
E=a+bm+cm? log A=a+ bm+ cm?
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TABLE 8

Curve-fit constants for the dehydration reaction using non-mechanistic equations 2
Sample mass Heating rate
a b F R? a b F R?

Correlation with F

CR 107.25 19422 17310  0.9665 106.07 197.80 2206 0.7862
MT 105.61 195.66 17430  0.9667 104.75 198.56 2217 0.7870
MKN  107.37 19400 17320 0.9665 106.21 197.55 22.06 0.7862
HM 119.89  185.38 96.80 0.9416 116.33 196.58  20.91 0.7770

Correlation with log A

CR 13.13 2823  147.02  0.9608 12.79 2946 2296  0.7929
MT 12.85 2848  149.02  0.9613 12.59 29.58 2326  0.7949
MKN 13.15 2821 147.05  0.9608 12.81 2944 2296  0.7928
HM 14.88 27.02 86.99  0.9355 14.16 2946 2153  0.7820

? CR, Coats—Redfern; MT, MacCallum-Tanner; MKN, Madhusudanan-Krishnan—Ninan;
HM, Horowitz—Metzger.

and
E=a+bo+c¢® log A=a+bo+cd

where a, b and ¢ are empirical constants for different equations. The
reliability of the curve fitting using the data obtained from four non-mecha-
nistic equations was evaluated by the F-test [19]. The values of a and b
along with the corresponding Fisher constant F and coefficient of de-
termination R? for the dehydration stage, and the values of a, b and ¢

TABLE 9

Curve-fit constants for the deamination reaction using non-mechanistic equations ?

Sample mass Heating rate
a b c F R* g b ¢ F R

Correlation with E

CR 282.37 —10.75 0.2991 131.01 0.9813 23452 —1.96 0.0123 17.53 0.8752
MT  283.58 —10.82 0.3015 130.60 0.9812 235.22 —1.96 0.0122 17.23 0.8733
MKN 282.35 —10.73 0.2985 131.13 0.9813 23458 —1.96 0.0122 17.57 0.8755
HM  296.19 —10.48 0.2929 114.56 0.9786 249.31 -2.04 0.0125 21.57 0.8961

Correlation with log A

CR 30.26 —1.28 0.0349 116.13 0.9789 24.55 -—0.2452 0.0015 1822 0.8793
MT 3041 -—1.29 0.0354 117.88 0.9792 24.60 -—0.2456 0.0015 18.04 0.8783
MKN 3026 —1.28 0.0349 116.14 0.9789 24.55 -—0.2450 0.0015 18.21 0.8793
HM 31.82 —1.26 0.0342 106.29 09770 26.24 —0.2574 0.0016 20.09 0.8894

* CR, Coats—Redfern; MT, MacCallum—-Tanner; MKN, Madhusudanan—Krishnan—-Ninan;
HM, Horowitz—Metzger.
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TABLE 10

The Fisher constant (F) and the coefficient of determination (R?) for the dehydration
reaction of [Cu(en),(H,0),]C,0,

Fits E
Sample mass Heating rate
F R? F R?
Linear CR 6.60 0.5238 7.27 0.5479
MT 6.57 0.5230 7.21 0.5457
MKN 6.60 0.5238 7.27 0.5478
HM 5.78 0.4907 7.70 0.5620
Hyperbola CR 173.10 0.9665 22.06 0.7868
MT 174.32 0.9667 2217 0.7870
MKN 173.17 0.9665 22.06 0.7862
HM 96.77 0.9416 20.90 0.7770
Parabola CR 6.01 0.7066 10.96 0.8144
MT 6.01 0.7063 10.86 0.8129
MKN 6.01 0.7066 10.96 0.8143
HM 4.87 0.6611 12.04 0.8281
Exponential CR 10.64 0.6396 16.03 0.7277
MT 10.68 0.6403 15.99 0.7272
MKN 10.63 0.6394 15.99 0.7272
HM 8.42 0.5841 15.91 0.7263

* CR, Coats—Redfern; MT, MacCallum-Tanner; MKN, Madhusudanan-Krishnan—Ninan;
HM, Horowitz-Metzger.

along with the Fisher constant and R? for the deamination stage are given
in Tables 8 and 9. The critical values of the Fisher constants for the
hyperbolic fit and parabolic fit, at 99% confidence levels, are 13.74 and 13.27
respectively for the dehydration and deamination processes. It was found
that the F-statistic is significant at 99% confidence level for more than one
fit for the dehydration and deamination stages. Therefore, to choose the best
fit among them, the coefficient of determination R? was used [20]. The R? is
a measure of association between a dependent variable and an optimal
combination of two or more independent variables. It is the proportion of
the dependent variables variance shared with the optimally weighted inde-
pendent variables. The larger the R? the better the fit. The Fisher constant
F and the coefficient of determination R? for the different fits for the
dehydration and deamination stages are given in Tables 10—-13. From Tables
10-13 it can be seen that R? has maximum values for a hyperbolic fit for
the dehydration reaction and has maximum values for a parabolic fit for the
deamination reaction. It is also observed that the confidence level of all the
correlations is above 99%, indicating that the variables E and log A4
computed from the four non-mechanistic equations are best represented by
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TABLE 11

The Fisher constant {F) and the coefficient of determination {R?) for the dehydration
reaction of [Cu(en),(H,0),]C,0, ?

Fits log A
Sample mass Heating rate
F R? F R*
Linear CR 7.01 0.5390 7.18 0.5450
MT 6.96 0.5372 7.06 0.5407
MKN 7.01 0.5390 719 0.5452
HM 620 0.5085 7.64 0.5603
Hyperbola CR 147.02 0.9608 2296 0.7929
MT 149.02 0.9613 23.25 0.7949
MKN 147.04 0.9608 2295 0.7928
HM 86.99 0.9355 21.52 0.7820
Parabola CR 6.16 0.7114 11.07 0.8159
MT 6.14 0.7107 10.88 0.8132
MKN 6.16 0.7114 11.08 0.8160
HM 5.02 0.6678 12.13 0.8292
Exponential CR 12.14 0.6693 18.38 0.7539
MT 12.16 0.6696 18.11 0.7512
MKN 1213 0.6692 18.37 0.7538
HM 9.56 0.6144 18.05 0.7506

2 CR, Coats-Redfern; MT, MacCallum~Tanner; MKN, Madhusudanan—Krishnan-Ninan;
HM, Horowitz—-Metzger.

a rectangular hyperbola for the dehydration stage and by a parabola for the
deamination stage. By comparing the values for the Fisher constants and R?
given in Tables 8 and 9, it can be inferred that the kinetic parameters are
better correlated to sample mass than to heating rate.

Mechanism of the reaction

Similar quantitative correlations between the kinetic parameters and
procedural factors have also been obtained using mechanisms invoking
kinetic equations. The TG data for the different heating rates and sample
masses were analysed using nine mechanism-based equations [21] and the
results are given in Tables 14-19. Tables 14 and 15 give the kinetic
parameters for the dehydration of diaquabis(ethylenediamine)copper(1l)
oxalate (to give bis(ethylenediamine)copper(II) oxalate) for different heating
rates and sample masses respectively. Tables 16 and 17 give the correspond-
ing values for the deamination process. The kinetic parameters for the
decomposition reactions for different heating rates and sample masses are
shown in Tables 18 and 19, respectively.
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TABLE 12

The Fisher constant (F) and the coefficient of determination (R?) for the deamination
reaction of [Cu(en),(H,0),1C,04 2

Fits E
Sample mass Heating rate
F R? F R?
Linear CR 32.14 0.8427 17.41 0.7437
MT 31.96 0.8419 17.14 0.7408
MKN 3219 0.8429 17.43 0.7440
HM 31.02 0.8380 20.51 0.7737
Hyperbola CR 31.70 0.8409 12.92 0.6830
MT 31.68 0.8408 13.07 0.6854
MKN 31.69 0.8408 1291 0.6823
HM 31.54 0.8402 10.89 0.6449
Parabola CR 131.01 0.9813 17.53 0.8752
MT 130.59 0.9812 17.22 0.8733
MKN 131.12 0.9813 17.57 0.8755
HM 114.56 0.9786 21.57 0.8961
Exponential CR 42.26 0.8757 2413 0.8009
MT 41.94 0.8748 23.62 0.7975
MKN 4233 0.8759 2414 0.8010
HM 39.34 0.8677 28.51 0.8261

? CR, Coats—Redfern; MT, MacCallum-Tanner; MKN, Madhusudanan-Krishnan—Ninan;
HM, Horowitz—Metzger.

From these tables it can be seen that in almost all cases the correlation
coefficients are very close to unity, indicating near-perfect fits. A choice of
the probable mechanism from the best-fit curve thus becomes difficult. In
such a situation, Satava [21] has chosen the function g(e) which yielded
kinetic parameters in agreement with those obtained by the numerical
method he proposed. In the present case a comparison with the values
obtained by the Coats—Redfern method will be more appropriate as this
method was also used here for solving the exponential integral. The kinetic
parameters computed from the Coats—Redfern equation together with those
from the mechanistic equation (Mampel equation) for the dehydration,
deamination and decomposition reactions are shown in Tables 20, 21 and
22, respectively. It was observed that the closest agreement was obtained
using the Mampel equation for all three stages of decomposition. From these
tables it can be observed that all three stages of decomposition follow the
mechanism of random nucleation with the formation of one nucleus on each
particle. The kinetic parameters calculated from the mechanistic equation
for the decomposition reaction are not affected appreciably by either heating
rate or sample mass. For the dehydration and deamination reactions the
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TABLE 13

The Fisher constant (F) and the coefficient of determination (R?) for the deamination
reaction of [Cu(en),(H,0),]C,0,

Fits log A
Sample mass Heating rate
F R? F R?
Linear CR 34.51 0.8519 18.23 0.7524
MT 34.33 0.8512 18.02 0.7502
MKN 34.50 0.8519 18.23 0.7524
HM 3395 0.8498 20.23 0.7713
Hyperbola CR 31.66 0.8407 11.51 0.6575
MT 31.7% 0.8412 11.66 0.6602
MKN 31.66 0.8407 11.51 0.6574
HM 31.57 0.8403 9.73 0.6185
Parabola CR 116.13 0.9789 18.21 0.8793
MT 117.88 0.9792 18.04 0.8783
MKN 116.14 0.9789 18.21 0.8793
HM 106.29 0.9770 20.09 0.8894
Exponential CR 49.48 0.8919 27.13 0.8189
MT 49.28 0.8915 26.76 0.8169
MKN 49.45 0.8918 27.12 0.8188
HM 46.70 0.8862 29.65 0.8317

# CR, Coats~Redfern; MT, MacCallum-Tanner; MKN, Madhusudanan—Krishnan-Ninan;
HM, Horowitz-Metzger.

kinetic parameters show a systematic trend — they decrease with increase in
either heating rate or sample mass. These findings are quite similar to the
trends observed in the case of mechanisms not invoking kinetic equations.
As in the case of the non-mechanistic approach, a statistical analysis was
carried out to establish correlations of kinetic parameters (for stages I and
IT) from the mechanism-based equation with heating rate and sample mass.
It was found that the curves of E or log A4 vs. heating rate or sample mass
could be best fitted to a rectangular hyperbola for the dehydration reaction
as
E=96.82+164.06/m log A =8.55+23.89/m
E=9362+17481/¢ log 4 =7.99+2591/¢

For the deamination reaction, the fit followed a parabolic relation

E =263.15 — 9.7435m + 0.2684 m?
log A =25.01—1.1656m + 0.0314 m*

and
E =219.59 — 1.8751¢ + 0.0116¢*
log A =19.75 — 0.2304¢ + 0.0014¢’
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TABLE 20

Kinetic parameters for the dehydration reaction using Coats—Redfern and mechanism-based
equations

Heating rate  Coats—Redfern Mampel equation
(°Cmin™") 4 y E y r
&mol™!) (s71 KJmol™!) (7
1 267.8 1.17x10%7  0.9978 2382 3.80x10%°  0.9938
2 260.9 291x10% 09985 2264 2.18x10%  0.9945
5 183.1 1.73x10%* 09975 1622 1.33x10®  0.9949
10 1427 521x10' 09975 1278 2.93%x10  0.9974
15 118.6 1.56 10  0.9984 105.5 206x10° 09977
20 1153 1.96x10'* 09982 1011 1.66x10°  0.9959
50 79.9 7.59%10% 09965  70.1 3.13x10%  0.9915
100 65.1 720x10° 09971 575 6.18x10%>  0.9934
Sample mass (mg)
1.076 292.7 9.83x10% 09969 252.8 1561031 0.9898
2.487 169.5 2.17x10%2  0.9984 1502 2.91x10%  0.9980
4.885 151.7 6.60x10° 0.9984 136.3 327x10"  0.9980
7.436 128.6 1.31x10' 09979 1145 1.06 10! 0.9989
10.00 142.7 521x10®  0.9975 1278 2.93%x102  0.9974
12.494 118.0 3.12x10% 09982 1047 3.33x10° 0.9972
15.206 130.2 2.54%x10® 09979 115.3 1.57x10""  0.9954
20.743 105.8 436x102 09984 949 1.02x10*  0.9970
TABLE 21

Kinetic parameters for the deamination reaction using Coats—Redfern and mechanism-based
equations

Heating rate  Coats—Redfern Mampel equation
(°C min 1) E A r E A r
kImol™") (7Y kJmol™!) (71
1 246.2 8.06X10% 0.9987 2308 1.09%x10%  0.9977
2 237.4 6.67x10%* 09985 2215 8.50x10"°  0.9982
5 2241 1.63x10%2 09982 208.3 226x10"®  0.9985
10 204.3 2.75x10%0 09968 193.1 1.22%10Y7  0.9966
15 195.5 121x10"° 0.998 1819 3.59%10  0.9989
20 193.5 420%x10° 09987 181.3 1.66 10  0.9987
50 180.8 5.88%x107  0.9940 167.3 1.88x 10 0.9902
100 158.2 7.95%10  0.9904 146.3 425%10"  0.9856
Sample mass (mg)
1.076 277.9 6.04x10%” 09979 260.9 6.08x10**  0.9966
2.487 251.5 497x10% 09984 2333 3.62x10%0  0.9982
4.885 235.8 2.54%10%* 09979 220.3 407x10"  0.9986
7.436 216.1 1.19x10%2 09889 202.5 321x10Y  0.9992
10.00 204.3 275102 09968 193.1 1.22x10"7  0.9966
12.494 194.8 43010 09987 1835 2.05%10%  0.9986
15.206 194.3 269x10° 0998 1829 127x10%  0.9988

20.743 185.3 244x10® 09983 173.7 1.12x10**  0.9987
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TABLE 22

Kinetic parameters for the decomposition reaction using Coats—Redfern and mechanism-
based equations

Heating rate  Coats—Redfern Mampel equation
(°Cmin™") F A P E A P
kImol™") (s™H &Imol™Y) (s™H
1 247.1 328%10%2  0.9997 2427 1.11%x10°  0.9993
2 238.6 541x10% 09999 2344 1.91%x10®*  0.9997
5 250.3 487x10%2 0.9988 2458 1.68%10°  0.9982
10 212.9 3.05%x10°  0.9994  209.7 1.39%10'®  0.9995
15 238.3 6.71x10%® 0.9987 2344 277%107  0.9988
20 260.6 320107 09990 2554 9.56x10"°  0.9986
50 206.3 209%x10% 09999 202.8 9.30% 10  1.0000
100 215.9 341107  0.9965 211.6 1.41 %10  0.9958
Sample mass (mg)
1.076 234.8 1.55%10%® 09995 231.1 6.44x10"  0.9996
2.487 228.6 2.78x10% 09992 2249 1.14x10"  0.9989
4.885 244.6 8.49x 102  1.0000 240.7 3.38% 10"  0.9999
7.436 226.0 923x10° 09970 2224 3.97x10'°  0.9975
10.00 212.9 3.05%x10°  0.9994 209.7 1.39x10'®  0.9995
12.494 2347 9.11x10%° 09972 2309 3.77x10Y  0.9975
15.206 258.1 1.91x102 09974 253.1 5.92x10°  0.9965
20.743 267.8 1.43x10%* 09954 2628 448%10%°  0.9962
TABLE 23

The curve-fit constants for the dehydration and deamination reactions using the Mampel
equation

a b c F R?

Dehydration

Sample mass

E 96.82 164.06 - 162.19 0.9664

log 4 8.55 23.89 - 133.60 0.9570
Heating rate

E 93.62 174.81 - 23.33 0.7955

log A 7.99 2591 - 24.25 0.8017
Deamination
Sample mass

E 263.15 —9.7435 0.2684 89.74 0.9729

log A 25.01 —1.1656 0.0314 80.24 0.9698
Heating rate

E 219.59 —1.8751 0.0116 19.80 0.8879

log A4 19.75 —0.2304 0.0014 19.39 0.8858
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The reliability of the fits was evaluated by the F-test and it was found that
all correlations were above the 99% confidence level. The values of the
empirical constants along with the corresponding Fisher constants for the
dehydration and deamination processes using the mechanistic equation
(Mampel) are given in Table 23.

Dependence of reaction mode

As reported earlier [14], all three thermal decomposition stages of di-
aquabis(ethylenediamine)copper(Il) oxalate follow the same reaction mecha-
nism described by the Mampel equation. For all three stages the reaction
mechanism is not influenced by the variation in heating rate and sample
mass. However, the values of kinetic parameters calculated using the four
non-mechanistic and mechanistic-based equations show a different trend.
For the dehydration process, they decrease systematically with increase in
either heating rate or sample mass, the trend being represented by a
rectangular hyperbolic equation. The kinetic parameters for the deamination
process also show a systematic decrease; however, the dependence is best
depicted by a different equation, a parabola. For the final decomposition of
the mono(amine) complex to CuQ, the kinetic parameters do not show any
systematic variation. Thus it can be seen that the mode of dependence of the
kinetic parameters on procedural factors is different for the three types of
reaction,
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