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The kinetics of thermal decomposition of CoOOH have been studied by analysis of iso- 
thermal weight loss data under vacuum. The comparison of linear correlation coefficients 
of different kinetic expressions applied to these data does not allow an understanding of 
the mechanism, even when significance tests are performed (t test). A single value of the 
activation energy (193 kJ tool - t )  is obtained from the Arrhenius plots, and is relatively 
independent of the choice of rate law. On the other hand, a change in the mechanism of 
formation of Co304 with temperature cannot be inferred from analysis of isothermal 
data. Thus, the statement of some authors that from formal kinetics it is possible to dis- 
tinguish the proton and electron transfers involved in the transformation appears unac- 
ceptable. 

A few years ago, Avramov [1, 2] stated that it is possible to distinguish the two 

physico~:hemical processes involved in the thermal decomposit ion of CoOOH from 
kinetic analysis of  the isothermal weight loss data. The first process is a proton transfer 
between two hydroxy l  groups, and the second is an electron transfer from an oxide 
ion to a Co( I l l )  ion. The resulting reaction is endothermic in nature, and has the 
stoichiometry: 

12 CoOOH --->4 Co304 + 6 H20 + 02 (1) 

in which oxygen and water are released simultaneously. According to Avramov, the 
contracting area rate law proved applicable and two values of activation energy were 
reported 145 and 79 kJ m o l - 1 ,  below and above 280 ~ respectively. 

However, the experimental condit ions used in his study (static air atmosphere and 
a large amount of sample: lg) are not the most appropriate for this reaction, which 
involves gaseous products. Special control is necessary to prevent the development of 
a gas layer around the solid. I r  this way, the effect of the partial pressure of  the 
evolved gas on the equi l ibr ium decomposit ion temperature and the problems related 
to its d i f fus ion should be minimized. 

* Present address: Departamento de Qufmica Inorgdnica, Facultad de Quimica, Universidad de 
Savilla, Spain. 
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Another difficulty concerns the self-cooling effect of an endothermic reaction, 
pointed out by Gallagher et al. [3]. This effect can play an important role, since 
differences in temperature between the sample and its container become possible. 
As the sample weight is increased, high temperature gradients develop and hence the 
heat transfer process can be a major factor in the control of the reaction. 

O'Brien et al. [4] have recently studied the kinetics of reaction (1), under a nitrogen 
flow. Above 300 ~ the process appears to follow a mechanism controlled by the phase 
boundary in two dimensions, with an activation energy of 101 kJ mo1-1, Below 
290 ~ a mechanism which follows an Avrami-Erofeev equation operates, the activa- 
tion energy being 214 kJ mol-1. However, it is worth noting that these authors used 
a wide range of temperatures, from 290 up to 391 ~ In our opinion, the temperatures 
in the upper portion of this range are too high, leading to serious inconveniences, 
arnong them the short time required for completion of the reaction (13 minutes for 
the run at 301 ~ 2 minutes at 341~ Deviations from true isothermal conditions, 
extending over a wide range of degree of conversion, probably occur, and the tempera- 
ture inhomogeneities will affect the accuracy of the reaction rate measurements. 
These factors cannot be neglected in the reliability of the conclusions obtained by 
O'Brien in the kinetic analysis of CoOOH decomposition. 

From the above observations, additional results are necessary to elucidate, if 
possible, the kinetics of reaction (1), precautions being taken to remove the product 
gases and reach a reasonable time for high degrees of conversion. The results reported 
relate to this aim. A detailed study of non-isothermal data will appear in part II, 
in which textural, morphological and structural information will provide a better 
understanding of the thermogravimetric results. 

Experimental 

Materia/ 

A polycrystalline sample of CoOOH was synthetized according to the method 
in [5]. The powder was introduced into a Phaxe 2005 pressure vessel for 11 days at 
120 ~ to improve the crystallinity. X-ray diffraction patterns of the product dried for 
several hours at 100 ~ show reflections that can be assigned to CoOOH exclusively. 
Electron micrographs of this sample revealed plate-shaped particles with well-defined 
contour lines. The mean particle diameter was about 0.1 pro. Besides these particles, 
a more finely divided powder could be observed, probably due to non-uniform crystal 
growth in the pressure vessel. 

Methods 

The isothermal weight loss was recorded with a model RG Cahn electrobalance 
connected to a vacuum line (10 - 4  Torr). After evacuation, the sample was inserted 
into a furnace preheated to the desired temperature. After an interval of several 
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minutes for  thermal equi l ibr ium to be reached, data collection was started. Tem- 

peratures were measured w i th  a chromel -a lumel  thermocouple and recorded on 

a Yokawa apparatus. The error in temperature was estimated as -+1 degree. 
Nine kinetic expressions were applied to the data; these represent three sets of re- 

actions: (i) reactions which fo l low an Avrami -Ero feev equation, (ii) phase boundary- 
control led and first-order reactions, and (ii i) di f fusion-control led reactions. Table 1 
includes the funct ions that were plotted against time. With the use of the least squares 
method, the slopes m of  the plots (associated w i th  the rate constant of the process) 
and the correlation coefficients r were calculated. 

Two  main statistical criteria can be used to compare correlation coefficients at.a 
chosen level of significance. When the F-test cr i ter ium is used [6] to dif ferentiate 
which of  two kinetic expressions (labelled 1 and 2) is the more accurately fu l f i l led,  
the crit ical ratio can be obtained from rt, 1 and rt, 2. However, it must be assumed 
that there is not a linear dependence between the two sets of data corresponding to 
1 and 2; in other words, the value of r 1,2 must be low. Since the funct ions in Table 1 
display a reasonable correlat ion [7] over the (~ range 0 .05-0 .90,  it is necessary to 
show caution in interpreting the crit ical values obtained. 

On the other hand, the use of  a crit ical ratio t, defined as: 

I r t ,  2 - -  r t ,  1 J ] / ( N  - 3) (1 + r2, 3) 
t = (2) 

]/2(1 r 2 r 2 2 - 1 ,2  - t ,1 - r t , 2  - 2r l  , 2 r t , l r t , 2  ) 

where N is the number of  measured points, may provide a better parameter in order to 
contrast a hypothesis about the meaning of  the differences between r t ,  1 and r t ,  2 when 
the sets o f  data 1 and 2 are related. If this ratio is larger than the appropriate crit ical 
value at the chosen significance level and degrees of  freedom, it can be admitted that 
the kinetic law of higher �9 describes the reaction more accurately. 

T a b l e  1 Algebraic functions, g(~), used in the analysis 

M e c h a n i s m  g(~) 

F 1 First-order - In (1 - ~) 
R 2 Contracting area 1 - (1 -- ~) ]/2 
R 3 Contracting volume 1 - (1 -- ~) ]J'3 
A 2 Avrami--Erofeev [ - In (1 - r t/2 
A 3 Avrami-Erofeev [ -  In (1 - ~ ) ] V 3  

D] One<limensional diffusion ~2 
D 2 Two-dimensional diffusion (1 - <x} In (1 - ~ )  + 

D 3 Three-dimensional diffusion [1 -- ( I  - ~)]/3j2 
D 4 Ginstling--Brounshtein (1 -- 2eJ3) -- (1 - ~)2J'3 
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R e s u l t s  a n d  d i s c u s s i o n  

Figure 1 shows the isothermal (e, t) measurements recorded in the temperature 
range 236-268 ~ . It can be observed that the reaction develops slowly and the 
magnitude of e reaches an asymptotic value with time at the lowest temperature. 
Above 268 ~ the time required to attain isothermal conditions can be compared with 
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0 2O 40 
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Fig. 1 Isothermal (~x, t) measurements in the temperature range 2 3 6 - 2 6 8 ~  

that used for completion of the reaction, and experimental errors can affect the con- 
clusions obtained from the kinetic analysis at this temperature. 

The rate constants and linear regression coefficients of the plots of the functions 
in Table 1 versus time are listed in Table 2. Typical plots are shown in Fig. 2. In the 
low-temperature region, a clear deviation from linearity is observed for any kinetic 
law employed in the analysis. The graph (Fig. 2a) shows a change in slope, located 
at e ~ 0.6, which corresponds to the (e, t) point that starts the desacceleratory stage 
in a more accentuated way. With increasing temperature, reasonably straight lines are 
obtained for all kinetic expressions (Fig. 2b). 

The values of the critical ratio t obtained in the comparison of the correlation 
coefficients of the 9 selected rate expressions are included in Table 3. The interde- 
pendence of the g(~) functions was evident in the r values (r 1,2), which were always 
higher than 0.95. At the lowest temperature (236~ the diffusion model D 3 gives 
significant critical ratios when compared with the remaining kinetic expressions, 
this being a direct indication that this model is statistically more acceptable. With 
increasing temperature, it is not possible to find a mechanism that excludes the others 
significantly. Nevertheless, a diffusion model seems to be inadequate at higher tern- 
peratures, as shown by the t parameter (see Table 3). A conclusion emerges from a 
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Table 3 Values of the critical ratio t obtained by comparing the linear correlation 
coefficients of the nine kinetic expressions. The selected significance level 
was 99.95% 

236~ 

A2 A3 R2 R3 D1 D2 D3 D4 

6.82 6.77 10.17 10.25 4.68 2.18 5.68 3.71 F 1 
D 4 - 6.26 2.65 4.55 2.91 4.65 6.54 5.33 A 2 
D 3 2.47 - 4.08 5.14 3.54 4.97 6.73 5.96 A 3 
D 2 3.45 2.86 - 9.71 3.00 5.21 7.44 5.44 R 2 
D 1 3.96 3.62 4.00 -- 1.53 4.55 6.76 9.04 R 3 
R 3 2.60 2.95 2.14 0.81 - 8.76 9.25 9.05 D 1 
R 2 3.12 3.41 2.80 1.24 6.13 - 8.91 9.29 D 2 
A 3 3.36 3.85 3.02 2.04 3.76 2.84 - 8.92 D 3 
A 2 2.90 3.36 2.54 1.20 3.02 1.05 5.13 - D 4 
F t 0.89 1.83 0.77 20.04 5.72 5.77 4.86 4.56 

D4 D3 D2 D1 R 3 R2 A3 A2 

244" C 

252~ 

A2 A3 R2 R3 D1 D2 D 3 D4 

6.47 6.70 9.11 8.97 13.45 0.69 3.57 2,22 F ] 
D 4 - 6.56 2.01 4.18 2.17 3.82 5.32 4,39 A 2 
D 3 3.74 - 3.84 5.00 3.01 4.33 5.87 4,87 A 3 
D2 4.93 6.45 - 8.89 2.20 4.15 5.44 4.69 R 2 
D ] 4.31 0.58 2.50 - 0.37 3.41 4.89 4.08 R 3 
R 3 3.26 2.49 3.84 5.77 - 6.05 5.94 6.10 D 1 
R 2 5.94 0.30 1.20 0.41 5.41 - 5.04 5.67 D 2 
A 3 11.7 1.33 2.26 1.61 0.51 2.35 - 4.56 D 3 
A 2 2.94 0.71 2.08 0.79 0.22 0.76 0,64 -- D 4 
F 1 4.09 1.45 2.44 1.60 0.65 1.89 0,60 1.28 

D4 D3 D2 D1 R3 R2 A3 A2 

257~ 

* Run at 236~ critical t value: 4.59. Runs at 244 and 252~ critical value: 4.44. 
Run at 257~ critical value: 4.32. 

comparison of the results in Tables 2 and 3: the conventional procedures of  p lot t ing 

the values of g((~) versus t ime are not able to provide an accurate understanding of 

the reaction mechanism that controls the thermal decomposit ion of CoOOH over the 

considered temperature range. This result contrasts w i th  those obtained by Avramov 

[2] and O'Brien [4], who f i rmly  state the mechanism of reaction (1) f rom the analysis 

J. Thermal Anal. 29, 1984 



HERNAN et al.: KINETIC STUDY OF COBALT(Ill) OXYHYDROXIDE I. 485 

v F~ 

Az 

A3 

D1 
R 

00 5 = 
Time,rain 

F~ 

A2 

A3 

0 D~. I D 
0 15.5 

TirneTn m 

Fig. 2 Plots of g(<~) vs time for two representative temperatures: a) 236~ b) 268~ 

of a particular function in Table 1 against time. However, in their papers no statistical 
methods were employed to determine the level of accuracy to which a certain kinetic 
expression is fulfi l led preferentially. Moreover, the different conclusions reported by 
those authors are consistent with the results in Tables 2 and 3, since a reliable dis- 
tinction between the kinetic models is not found. 

The Arrhenius plots for F 1, R2, A2 and D 3 kinetic laws, taken as representative 
examples of each group of reaction mechanisms, are shown in Fig. 3. The activation 
energy values obtained from the slopes of these plots are relatively independent of 
the choice of the rate law. Such behaviour has also been found in different kinetic 
studies of solid-state reactions [8, 9]. Criado et al. [7] have recently proposed a theo- 
retical explanation on the basis of the correlations shown within the g(~) functions 
for a wide range of decomposed fraction, ~. 

As the deviations in the slopes of the Arrhenius plots for any kinetic law are small, 
a single average activation energy value, 193 kJ tool - 1 ,  with standard deviation 
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+4 kJ mol -1 ,  has been computed for the process. This result also differs from those 
in previous investigations [1, 2], in which two activation energy values were reported. 
However, serious uncertainties arise from the results of Avramov [2], since the dif- 
ference in the activation energy is evaluated from a graph in which only 6 points were 
plotted. If a least squares procedure is applied to these data, acceptable linearity is 
obtained (regression coefficient 0.989) and a single activation energy of 109 kJ mo1-1 
can be calculated. 

1/T~I0-3K -1 

1.85 1.87 1.89 1.91 1.93 1.95 
- 2 . , , ~  1 ' I ' I ' I ' I �9 

Fig. 3 Arrhenius plots of four selected kinetic laws 

A clearer change in the slope of the Arrhenius plot is shown by the data obtained 
by O'Brien et al. [4]. However, the less steep line starts at 314 ~ a temperature at 
which 90% conversion is reached in a period of approximately 2 minutes. Under these 
conditions deviation from the true isothermal state may occur during the course of 
the reaction and the errors in rate measurement would be sufficiently large not to be 
neglected. Nevertheless, the activation energy found in the lower temperature region, 
209 kJ mo1-1, is slightly higher than that obtained in this paper, the difference 
probably being due to the use of N 2 atmosphere. 

A way that may overcome the dif f iculty of discerning the kinetic law that ac- 
curately describes a solid-state reaction has been pointed out by several authors [10, 
11] in the use of a reduced time plot, that can be compared with the graphs obtained 
for the theoretical equations. 

Figure 4 shows such a plot for our data. Some of the functions of Table 1 have 
been included for comparison. It can be observed that the values of e do not seem to 
obey any of the kinetic laws in Table 1 and the distinction of the operating kinetics 
becomes uncertain for reaction (1). We would also like to draw attention to the proce- 
dure used by some authors [12] to differentiate various stages in the reduced time 
plots, each one being analyzed by a certain kinetic law. Besides the inherent errors in 
the decision of the limits where a particular mechanism operates, misleading results 
may occur, since the values of rate constants may diminish with increasing tempera- 
ture [12]. 

The method of comparison of the kinetics of an isothermal solid-state reaction 
based on the slope, m, of the plot In [ -  In (1 - e)] vs In t (see Table 1) has also been 
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Fig. 4 Reduced.time plots of some of the kinetic functions in Table 1 and the isothermal data at 
different temperatures 

applied to our data. Some typical plots in the interval 0.2 ~< ~ ~< 0.65 are shown in 
Fig. 5. A clear deviation from linearity is observed for the isothermal run at 268 ~ 
especially at low degrees of conversion. This fact is probably due to a departure from 
true isothermal conditions at this stage of the reaction and substantiates the advantage 
of working at lower temperatures and smaller reaction rates. The linear regression co- 
efficients and the slopes of the plots in Fig. 5 are given in Table 4. It may be observed, 
that the plots are not identical in shape, and the value of m decreases almost parallel 
to the increase in temperature. A progressive change in mechanism, as has been sug- 
gested when the shape of the plot changes gradually [9], seems doubtful for the de- 
composition of CoOOH, in light of the results discussed above. 

In t  
-10 4.5 

o., 1 t l  ' 
& 268~ 
�9 257oc I / / 
o 252~ 4 /  k 
�9 2 ~ o c  / I / 

/// 
- t5 

Fig. 5 Plots of In [ -  In (1 -c=)] vs In t 
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Table 4 Slopes (m) and linear correlation co- 
efficients (r) of In I -  In (1 - (x)] vs 
In t plots (e) range 0.20--0.65 

Temperature, ~ m r 

236 1.54 0.9906 
244 1.26 0.9964 
252 1 ~2 0.9990 
257 1.22 0.9943 
268 * 0.95 0.9980 

* <x range 0.35--0.65. 

Summary and conclusions 

The present study on the kinetics of  thermal decomposi t ion of  CoOOH rules out  a 

knowledge of the mechanism through analysis of  isothermal weight loss data exclu- 

sively, in contrast to previous investigations on this subject. 

A complex Arrhenius dependence on temperature is not observed, and the state- 

ment that  f rom formal kinetics i t  is possible to di f ferent iate the proton and electron 

transfers that  simultaneously accompany the fo rmat ion  of  the spinel Co304 is un- 

for tunate ly  too attract ive to be true. 

The only conclusion that  seems' acceptable in l ight of  the above results is a single 

value (193 kJ m o l - 1  ) for  the activation energy. Such a value is relatively independent 

of  the rate law used in the calculation, and higher than that  found in the dehydroxy la-  

t ion of  other tr ivalent metal oxyhydrox ides  (e.g. 3,-FeOOH [13],  e-FeOOH [14] ,  a di f-  

ference that  might  be related to the electron transfer in reaction (1). 
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Zusammemfaswng -- Die Kinetik der thermischen Zersetzung von CoOOH wurde durch Analyse 
von im Vakuum unter isothermen Bedingungen erhaltenan Gewichtsverlustkurvan untersucht. Ein 
Vergleich der linearen Korrelationskoeff izienten von verschiedenen auf diese Kurven angewandten 
kinatischen Ausdr(ickan triigt nicht zum Verst~ndnis des Mechanismus bei, auch nicht bei Aus- 
fLihrung von Signifikanztesten (t-Test). Aus den Arrhenius-Diagrammen wird stets der gleiche Wert 
f i ir die Aktivierungsenergie (193 kJ �9 tool - 1 )  erhalten, der verhiiltnism~llig unabh~ngig v o n d e r  
Wahl des Geschwindigkeitsgesetztes ist. Andererseits kann eine ~nderung des Mechanismus der Bil- 
dung von Co304 mit der Temperatur nicht durch Analyse der isothermen Daten agbeleitet warden. 
Die Feststellung einiger Autoren, daL~ es moglich sei, den Protonen- und ElektroneniJbergang bei 
Umwandlungen aus der formalen Kinet ik zu erkennen, kann somit nicht akzeptiert warden. 

P e 3 ~ M e  - -  KHHeTHKa peaKLtHH TapMHqecKoro pa3no)KeHHR CoOOH Hccne/loBaHa Ha OCHOBe aHaJ1H- 
3a ~HHblX no H3OTepMHqeCKO~ noTel~4 Beca B BaKyyMe. CorlocTaBJleHHa s K O ~ H -  
IJ,14eHTOB KoppeRRU, HH pa3nHqHblX KHHeTHqecKHX ypaBHeHH~l, HCnOTIb3yeMblX p, J1R aHaJ1H3a 3THX 
/],aHHblX, He nO3BOnHJ10 nOHRTb MeXaHH3M pa3flO>KeHHR Aax<e npM npOBe~teHHH CMblCflOBblX 
npoBepOK (t anpo~4poBaHHe). E/~IHCTBeHHOe 3HaqeHHe 3HepFHH aKTHBaW4H (193 K/]b~K/MORb), 
nonyqeHHOe Ha OCHOBe appaHHyCOBCKHX rpaEI)14KOB, t'OblnO OTHOCHTeJlbHO He38BHCttMblM OT 
Bbl6Opa 3aKOHa CKOpOCTH, C /~pyroH cTOpOHbl, H3MeHeHHe C TeMnepaTypo~ MexaHH3Ma o6pa- 
3OBaHHR C030 4 He Mo>KeT ()blTb yCTaHOBnaHO Ha OCHOBe aHanH3a H3OTepMHqeCKHX D, aHHblX. 
TaKHM o6pa3OM, ~IRB]leHHe HeKOTOpblX aBTOpOB O TOM, qTO HCXO/~I H3 ~OpMaJlbHOl~ KHHeTHKH 
rlpe~cTaBnRaTCR BO3MO~KHblM pa3JiHqaTbnepeHoc npOTOH8 H 311aKTpOHa B peaKU, HH npgBpauJ, eHHR, 
CTaHOBHTCR HeCOCTORTen bHblM. 
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