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KINETICS OF THE THERMAL DECOMPOSITION OF AQUEOUS 
MANGANESE(H) NITRATE SOLUTlON 

P. K. GALLAGHER A?4D I). \V_ hixsmi 

BeN Telephone Lnborafories, Inc. Murray Hill, Xew Jersey 07974 (U. S. A.) 

(Received December 9th. 1970) 

Isothermal weight studies were performed upon aqueous soIutions of manga- 
nese(H) nitrate. The loss of water followed a first order rate Iaw with activation 
energies varying from 6 to IO kcaI;moIe depending upon the atmosphere. The rcsuhing 
anhydrous nitrate decomposed to form manganese(H) oxynitrate in accordance with 
the Erofeev equation with n = 4. The activation energies are 20-25 kcal/moIe and 
show IittIe variation with atmosphere. The resulting ox_ynitrate decomposed to form 
manganese(W) oxide. The rate fits several expressions satisfactoriIy but a contracting 
area form is chosen as generahy best. The activation energy is about I2 kcaI/moIe 
Iower in the presence of moisture but this effect upon the rate is partiahy offset by 
a substantial decrease in the preexponential term. The manganese(W) oxide loses 
oxygen to form manganese(III) oxide. The best rate law is the Jander equation and 
activation energies are in the range of 47-57 kcaljmole. 

INJODUCTION 

A semiconducting Iayer of manganese(W) oxide is frequently used as a counter- 
eIcctrode in the preparation of metal oxide capacitors. One technique for forming 
such a layer is to dip the porous anodized metaI eIectrode into an aqueous solution 
of manganese@) nitrate and then thermally decomposing the adhering solution to 
manganese(W) oxide. Consequently, the nature and kinetics of such a decomposition 
are of considerable interest. 

The general nature and stoichiometry of such a decomposition has been 
established in earlier work’. The soWion loses water to form a gIassy appearing solid 
having a composition of Mn(NO,), -2H,O. This material then decomposes beginning 
around 150°C to form a very transient intermediate, MnON03. This manganese(III) 
oxynitrate then decomposes at sIightIy higher temperatures to form the desired 
mangancse(IV) oxide. It was observed that the presence of moisture in the atmosphere 
will lower the decomposition temperature of the man~nese(ill) oxynitrate. 

It is the purpose of this paper to investigate the rate at which these various 
steps take place. To accomphsh this, isothermal kinetic studies were performed in 
both moist and dry atmospheres and at a variety of temperatures to aIIow for the 
caIcuIation of activation energies. 
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EXPEIZ~TAL PROCEDURE AhFD RESULTS 

Aqueous manganese@) nitrate was obtained from the Fisher Chemical Com- 

pany, reagent grade Iot no. 713972 (density = 1.55) and the Lehigh Valley Chemicai 

Company, capacitor grade (density = I .65). Small portions of these soIutions were 

evaporated and then heated at 250°C in air overnight. Table I presents the results of 

emission spectrographic analysis of the residues. There was no difference in behavior 
of the two culutions other than water content and consequentIy only data for the 

Fisher material is reported upon ftirther. 

TABLE 1 

E!vSISSIOS SPECI-ROGRAPHIC ASALYSIS OF RESIDUES FROM COMMERCIALLY AVAILABLE AQUEOUS SOLVTIO?GS 

OF MnO:, 

wrr % Fisher Chemid Lehigh VaIZey 

Company Chemical Company 

IO- 1 x Mg Mg 
10-3 x CU 
Ilr4 x Ck, Fe, K’ Ca, Cu, Fe“ 

Tow part of range. 

Isorhennai weight change 

A Perk&Elmer thermobalance was modSed to give weight and temperature 
as a function of timezm3. For these isothermal studies, oniy the weight portion was 
operated. The weight was averaged over predetermined constant intervak of time 

and automatically punched on paper tape. Time intervals ranged from 3 to 30 set 

depending upon the rate of weight 10s~. The temperature of each experiment was 

determined by measuring the control voltage of the Perkin-Elmer UU-1 controher 

and comparing it with the calibration equation_ This equation was based upon the 

use of magnetic standards as previously described’. The heating rate for the calibra- 
tion experiment was 1.25 T;min. 

Approximately 0.01 ml of solution was placed in a shallow cylindrical platinum 

pan (4 mm diameter, I mm deep). Both wet and dry oxygen or nitrogen was passed 

over the sample at about 25 ml/mm The input gas was passed through a coIumn of 

silica gel and, if a wet atmosphere was desired, through a bubbler which saturated the 

gas with water vapor at room temperature. 

An initial sample weight was obtained as quickly as possibIe and then the 

temperature was raised at a rate of approximately 320”C,Mn to a temperature in the 

range of IW135’C The data acquisition unit was started as soon as the UU-I 

controller reached the control point. Data were colkcted at this temperature until 

essentially constant weight was reached at which time data talking was stopped and the 

temperature raised in the same manner to 150-200 “C. Data were again collected until 
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constant weight. The sample was raised to 300°C and the weight recorded after it 
had become constant. The temperature was then raised to between 450 and 500°C and 
rate data accumulated to constant weight. The sample was finally heated to 1000°C 
and the fkal weight recorded. In this manner there were three sets of weight ZXYSUS 
time data determined for each sample. These corresponded to the initial dehydration 
step (12&155”C), the decomposition to manganeseov) oxide (160-21O”C), and the 
reduction of this material to manganese(W) oxide (450-500°C). 

Computer anaIysis 

The weight data on the tape were transferred to cards using a GE-635 computer. 
These data cards served as the input for three stages of computer processing. The 
first stage was to obtain a graphical output of the weight as a function time. Fig. 1 is 

152-t 
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- 

r 
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TIME (SEC) 

Fig. I. Weight GWUS time curves. 

an example of such an output for a sample run in dry nitrogen. The upper portion 
shows the isothermal weight loss at 152°C associated with dehydration. The middle 
portion at 196°C corresponds to the loss of water of crystallization and the two step 
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decomposition of the anhydrous nitrate. The bottom portion gives the weight loss 

data associated with the reduction of manganese(W) oxide to mangauese(III) oxide 

at 487°C Piots of this type gave an overall view or check on the experiment and 

served too as the basis for the determination of the initial and final weights for each 

step 

The second stage of data handling consisted of utilizing the initial and final 

weights for each step to determine vaIues of Q, the fraction reacted. The computer 

having czIcuIated the vaIues of r for each point then plotted these to conform to the 

eighteen equations given in Table II. These equations were selected because of their 

TABLE II 

Power law 
Contractiog geometry 
?Erofccv 
2D Diffusion controlled 
3D Diffusion controkd 
J.andei 

J?rout-Tompkins 

a=;n=+. 4. f. 1 and2 
1 -(I -z)~‘~; n = 2 and 3 
I-In(I -a)]“‘=; n = 1, f, 2, 3 and 4 
(I -cc)ln(I -?)+a 
(I--f aj-(1-a)) 
[I -(I -up]2 

Second order 

Exponential 

I 
- -1 
I---r 
In a 

frequent apphcation to the decomposition of solids_ Appropriate equations were 

determined by visual inspection of the computer output pIots for their linearity. As 
examples, the fan+ of lines resuItin,a from each of the overall reaction are shown in 

Figs. 2-5 for the data taken in wet nitrogen. It was frequently disconcerting to find 

that no sir&e equation was obviousIy best at this point. Fig. 6 is an example where the 

visual degree of fit is quite comparabIe. These curves are over the range of a from 

Cl.2 to O-9 for the decomposition of the oxynitrate at 177°C in dry nitrogen. It is 

neczsary to back of? to an a value of 0.2 because of the overlap of this reaction 
with its predecessor. The choice of equation was then based on the exact degree of 

13 2CO 4SO 600 BOC 1003 IZOO 1400 
TIS SEC) 

Fig. 2. Plots of -Lu(I -a) rcrszu time for the dehydration of aqueous mangztneseO nitrate. 
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deviation in z is used to determine which equation is most suitabIe for those cases 

where several equations were considered 

b 

00 

Fig- 6. PIots of SeverA F(z)*s ~CISL(S time for the reaction MnONOs+Mn02, at 177%. in dry bi2 ; 
(a) F(~)=In(til--l); (5) F(z))= -In(l-a)*; (c) F(a)= 1-(I-a)&; (d) f(a)= 1-(1-a)*. 

A final program was devised to plot the values of log k cersw the reciprocal of 

the absolute temperatures (Arrhenius plot) and a least squares fit was made to 

determine the best straight line. The resulting activation energies and preexponentiaI 

terms were printed out aIong with the plot. These vaIues are listed in Table III. 

Fig. 7 shows the family of Arrhenius plots for the decomposition series in wet nitrogen. 

As previously mentioned the data can frequently be fit moderately well by 

several equations. In all cass the activation energies show very little variation with 

T.4BLE III 

~~AI_Z~ES OFA~-~~ATIOS~ERGYA~D PRELYPO~~~IALFRO~IARRHE-VNSEQU~~TIOS~= AesdB’IRT 
- 
~wafions Atmosphere AH* (Kcallmole) A (set- ‘) 

iUnOS03+Pfn02 i NO2 
,kr= I-(1-2)’ 

22%fn02+MK: 0, f j 0, 
.kr=[I-((I--~r)i]~ 

Dr)- N2 6.4 
Wet Nr 9.7 

Dry 02 8.9 
Wet O2 7.7 

Dry Nz 21.7 
wet Nz 25.0 

Dry Oz 21.0 
Wet O2 20.2 

Dry Nz 32.8 
Wet N2 20.6 
Dry 02 29.0 
Wet 02 17-8 

Dry Nt 53.1 
Wet N2 47.5 

Dry Oz 56.5 
Wet 01 50.7 

1.2x 10 
7.5 x 102 
2.8 x 10” 
5.6 x 10 

6.2 x IO9 
1.9 x 109 
2.0 x I07 
8.5 x IO6 

XI x 10’1 
5.4 x 106 
I.3 x 10” 
29 x 105 

6.2 x 10” 
1 x 10’0 

1.2x 10” 
8.0 x 109 



KIM3-KS OF THERMAL. DECO?‘dPOSiTION OF AQLTOUS Mn(NO,), SOLIJ-l-ION 419 

62 . . . . . . . . , . . 

10-3 ; \ 1-d . 
,” 
,Q 
” IOP 
2 

Kis yi 1 
lo-= 

1200' 1400. 1.600 (.ew 2.om 2200 '2.400 '2600 

L4VERSE TEhfPERAiURE 10m3 

Fig. 7. Arrhenius plots for all four reactions in wet nitrogen. 

,o-s , . . . . . , . . . . . . . 
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Fig. 8. Arrhenius plots for the reaction MnONO~+Mn02iNOZ in wet Oz. Values of dH = 17.8 
i-O.05 kcal!mole, A = 2.90~ IO5 to 1.81 x I06. 

choice of rate equation. As an exampIe the Arrhenius plots using rate constants 
from four different equations are shown in Fig. 8 for the decomposition of the oxy- 
nitrate in wet oxygen. The differences are reflected in the preexponential term and the 
activation energy is virtually independent of the equation. 

DISCUSSION 

The breaks in the isothermal weight curves support the generai nature of the 
reaction previously proposed’. This is particuIarly obvious for the rnanganese(III) 
oxynitrate as shown in Fig. 1. The overlap of the three reactions in the middle zone 
complicates the treatment of the data and introduces considerable uncertainty to the 
exact vahres. The separation of a progression of reactions, by redefining initial and 
final weights into a series of individual decompositions has been done in similar 
studies’*‘. It, nev-ertheless, is a highly idealized treatment which assumes that alI of 
the intermediate is formed before any of it begins to react. For this reason, the 
beginning of the first reaction r&d the end of the second were stressed in making a 
determination of the rate law and constant. 

T.w?x0&~. Acra, 2 (1971) 413-422 
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Besides the problem of overlapping reactions, there are several other difficulties 

associated with the interpretation of the kinetics. One of the major ones concerns the 

nonideal or uncontrolled nature of the sample- There are no nicely sized fractions or 

pehetized sampfes to simplify the geometrical considerations. This is an attempt to 

deal with a real situation and consequently the starting particle size and morphology 

is restricted to that produced by the preceding evaporation or decomposition. Since 
se%-era1 kinetic experiments are performed on the same sampIe, it means that there 

wiii be some variations in the thermal history among the samples. The fact that the 
data are frequently fit reasonably well by several kinetic equations also urges caution 

in the interpretation of the kinetics in terms of a specific geometric mechanism_ 

Fig. S, how-ever, is reassuring with respect to values of the activation energy. 
The individuai r-&on steps will now be discussed with those basic consider- 

ations in mind. The dehydration step is the single reaction which exhibits a unique 

rate Iaw. The data very decidedIy indicate a first order decomposition such that 

kr = -In (I -z) 

This means that the reaction is proportional to the amount of water remaining or 
more correctIy the relative population of water mole&es in the exposed surface 

layer. The observed activation energies, 610 kcaIfmoIe, may be determined by at 
Ie;~st two basic processes depending upon which is the rate determining step. One is 

the actual chemical process of transferring a water molecule at the surface of the 

s~~dution into the vapor phase. The heat of vaporization for pure water in this temper- 

ature range is about6 9 kca&‘moIe. Since the process is endothermic this must represent 

a minimum activation energy for the process. The vapor pressure of water over a 

concentrated soIut.ion such as employed in this work is lower than over pure water and 

w#ouId imply an even higher ener_q of activation_ 

Another possible mechanism wouId involve the very rapid evolution of water 

from the surface and the diffusion of bulk water to the surface as the rate determining 

step_ Here again the rate would be expected to follow a first order rate law since the 
concentration gradient wouId be the driving force for diffusion. With the observed 

range of activation energies it is not possible to determine which mechanism is 

operative or predominant_ 

The preexponentiaI terms, as given in Table III, are very markedly lower than 

for the other processes. Assuming that the reactions take pIace at the exposed surface 
the Iarge difference can be at least partially explained. The exposed surface area of the 
solution is of the order of 10m3 m’/g, This compares to the surface areas of about 

3 m2[g at the end of the decomposition of the manganese(II) nitrate’. This factor is 
nearIy enough to expiain the difference between the preexponential terms for the 

dehydration and the decomposition of manganese(IIi) oxynitrate in wet nitrogen or 

oxygen- 

The stage between the gIassy hydrate of manganese(H) nitrate and theanhydrous 
material is not treated because of the uncertainty of the starting stoichiometry. The 

decomposition of the anhydrous nitrate to form manganese@I) oxynitrate obeys the 
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Erofeev equation with n = 4, kt = [ - In(I -a)]*, best Gver all but also conforms 

reasonably well to the power law with an optimum value of n between 1 and 2. 

Activation energies are virtuahy independent of the rate equation used. There does 

not appear to be a great dependence of the obsem-ed activation ener,gy upon atmo- 

sphere. The actual values of the rate constant, however, are significantly smaller in 
oxygen because of the smaller precxponentiai term. No evidence is available to 

establish whether this lower preexponential term is due tG a reduced surface area or 

reaction probability in oxygen. 
In contrast the decomposition of m.anganese(III) oxynitrare shows a very 

marked and complex dependence upon atmosphere. The activation energy and pre- 

exponential are slightly lower in oxygen as in the previous reaction but, more impor- 
tantly, there is a very pronounced effect of moisture upon both of these values. The 
effects are opposed so that there is actually a crossover in the relative rates dependent 

upon temperature. The preexponential term is much smaher presumably due to a 
reduction in surface area arising from improved crystalhnity and increased sintering 

in the presence of moisture. This reduces the reaction rate in the presence of moisture, 

however, this improved crystahinity means that there is less energy stored in the 

product phase and consequently the activation energy is lower and approaches the 
actual thermodynamic enthalpy of the reaction ‘. This reduced energy of activation 
results in a more rapid increase in the rate constant with increasing temperature_ In a 

nitrogen atmosphere this effect predominates above - 190°C and the rates are mGre 

rapid in the presence of moisture. Below - 190°C the reduced surface area predomi- 

nates and the reaction is slower in the presence of moisture_ 

The reduction of the manganese(IV) oxide aIso exhibits smaller preexponential 
terms in moist atmospheres than in dry. This may again be a surface area effect. The 

activation energies are generally lower than those reported by Hegedus et ai.‘. They 

report values from 86 to 101 kcal/mole depending upon the activity of the manga- 

nese(W) oxide. The value, 47-57 k&/mole, reported in Table III, however, is stih 

weIl above that for the reaction 

2Mn02-+Mn203 i *02 A~800 x = i- 19.2 kcal/mole (Ref. 9) 

It would appear that the manganese(III) oxide formed must be in a highly active and 

amorphous form to give rise to such a difference between the energy of activation and 

the heat of reaction’. 

CONCLUSIONS 

Isothermal weight loss studies confirm the general stoichiometry previously 

proposed for the the& decomposition of an aqueous SoIution of manganese(H) 

nitrate. 

The loss of water from the solution follows a first order rate Iaw as would be 
expected for either surface vaporization of bulk diffusion as the rate determining step. 

The energy of activation is 6-10 kca.l/mole depending upon the atmosphere and the 

preexponentizil term is very small because of the limited surface available for reaction. 

Zkmochim. Ada, 2 (1971) 413-422 
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The decomposition of the anhydrous manganese nitrate seems to follow an 
Erofeev equation with n = 4 best The activation energy, Xl-25 kcal/moIe, is not very 
dependent upon the choice of atmosphere. 

The decomposition of the intermediate manganese(III) oxide follows a number 
of different rate expressions reasonably well but the contracting area equation seems 
to be generally the best. It displays a very marked dependence upon the ambient 
moisture content. The activation energy is Iowered about 12 kcal/mole by moisture 
but the surface area and hence the preexponential term is also decreased These 
confiicting effects lead to a crossover in relative rates at about 190°C. 

Finally the manganese(W) oxide dissociates to manganese(W) oxide according 
to kt = [ 1 -(I -z)*J*_ The activation energy is 47-57 kcaI/mole depending upon the 
atmosphere. Moisture again tends to reduce +he activation energy and preexponential 
term_ The heat of reaction is only + 19 kcal/moIe which implies that the resulting 
manganese(III) oxide is in a highiy active or disorganized state- 

In-those cases where several rate expressions appear to fit the experimental 
data, the activation energy is essentially independent of the equation selected. 

REFERENCES 

1 P. K. GALTAGHER. F. Scxrmy mm B. PRnam; 77rernwchim. Acfa, 2 (1971) 405. 
2 P. K, GALUGHER AND F. S~-XREY, in R F. S_ XER, JR. AND P. D. GARN (Eds-), Thermal 

Aneryrir. Vol. II, Academic Press. New York, 1969. p. 929. 
3 P. K. GALUGZ~ER A?~D F. Scm~y, Z7iemzochim. Acza, I (1970) 465. 
4 B_ D_ BOXD AND P. W. M_ JACOES, J. Chem Sot. (Al. (1966) 1265. 
5 D. W. JOHSSON APED P. K. GALLAGHER. J_ Phys. Chcm., (1971) in pnss. 
6 J. H. Ksms AXD F- G- KEYES. lhrm&&c Properties of Sream, Wi!ey, New York, 1936. 
7 D_ k YOUSG. Decompasition of SoIi&, Pergarnon Press, New York, 1966, p_ 66. 
8 k J- HEGEDUS, Km HOQKAY, M. SZEXELY &%D W. STEFANLAY. Mikrochh. Acra, 1966, (1966) 853_ 
9 J. P. Co-, NCPII ami Free Emrgy of Formarion of Inorganic Oxi&s, U.S. Bur. Mines Bull., 

No. 542, US_ Government Printing OfI& Washington, DC, 19% 


