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ABSTRACT 

The kinetics o f  the thermal decomposi t ion of  aqueous manganese nitrate solutions and 
anhydrous  manganese nitrate in air were established from isothermal experiments.  By 
heating the solution, first most  of  the water evaporates to a composi t ion of  equimolar 
amounts  o f  water and manganese nitrate; this concentra ted solution then decomposes to 
T-MnO2, NO2 and water, usually in two steps. The first step can be described best by  the 
model I - - I n ( I - - a ) ]  1/2 =8.9)< 10 ll exp(ml21OOO/RT) t ,  whereas the second step is 
described equally well by several models. The kinetic parameters o f  these models are 
quite similar, the average activation energy being 141 kJ mole -I .  

The decomposi t ion of  anhydrous  Mn(NO3)2, which proceeds in a single step, can also 
be described with several similar models. In this case the average activation energy is 
about  92 kJ  mole -1. 

INTRODUCTION 

As part  of  a project  directed at obtaining battery-grade manganese dioxide 
from manganese ore by thermal decomposi t ion of an aqueous manganese 
ni trate  solution, the mechanism and kinetics of the thermal  decomposi t ion 
of  such solutions as well as anhydrous  Mn(NO3): have been studied. In Part 
1 [1] the  decomposi t ion mechanism was resolved, which was found to 
depend strongly on the presence of  water. On heating an aqueous manganese 
nitrate solution most  of the  water evaporates to a composi t ion of  about  1 
mole H20 per mole Mn(NO3)2, then at 130--140°C the residual water is 
driven off  and part  of the Mn(NO3)2 decomposes due to the  accelerating 
e f f e c t  o f  w a t e r  o n  t h e  M n ( N O 3 ) z  d e c o m p o s i t i o n .  T h e  i n t e r m e d i a t e  p r o d u c t  
f o r m e d  c o n s i s t s  o f  a m i x t u r e  o f  ~/-MnO2 a n d  a n h y d r o u s  M n ( N O 3 ) 2 .  O n  
f u r t h e r  h e a t i n g ,  t h e  r e m a i n d e r  o f  t h e  M n ( N O 3 ) 2  d e c o m p o s e s .  I f  w a t e r  is 
complete ly  removed prior to decomposi t ion by applying vacuum, which 
results in Mn(NO3)2 anhydrate ,  the  decomposi t ion occurs in only one step. 

P a r t  2 [2 ]  o f  t h i s  ser ies  w a s  c o n c e r n e d  w i t h  t h e  h e a t  o f  r e a c t i o n  o f  t h e  
two decomposi t ion steps of  Mn(NO3)2 solutions and of the  decomposi t ion of 
a n h y d r o u s  m a n g a n e s e  n i t r a t e .  T h e  r e s u l t s  w e r e  c o m p a r e d  t o  v a l u e s  o b t a i n e d  

from the rmodynamic  data. 
I n  t h e  p r e s e n t  p a p e r  t h e  k i n e t i c s  a r e  d i s c u s s e d ,  a g a i n  f o r  b o t h  s t e p s  o c c u r -  
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TABLE 1 

Kinetic parameters found by Gallagher and Johnson [4] 

Gas First decomposition step Second decomposition step 

Activation Pre-exponential Activation Pre-exponential 
energy  factor  energy  factor  
(kJ mole -1 ) (s -1 ) (kJ mole -1 ) (s -1 ) 

N2 91 6.2 x 109 137 8.I x 1012 
N2/H20 105 1.9 x 109 86 5.4 X 106 
O2 88 2.0 x 10 v 122  1.3 × 1011 
O 2 / H 2 0  85 8.5 x 106 75 2.9 x 10 s 

r ing  w h e n  d e c o m p o s i n g  a q u e o u s  m a n g a n e s e  n i t r a t e  s o l u t i o n s  a n d  fo r  t h e  
d e c o m p o s i t i o n  o f  a n h y d r o u s  m a n g a n e s e  n i t r a t e .  T h e  d a t a  w e r e  o b t a i n e d  
f r o m  i s o t h e r m a l  m e a s u r e m e n t s .  

LITERATURE 

F e w  l i t e r a tu r e  d a t a  a re  ava i lab le  f o r  t h e  k i n e t i c s  o f  t h e  d e c o m p o s i t i o n .  O n l y  
L u m m e  a n d  Ra iv io  [3]  a n d  Ga l l aghe r  a n d  J o h n s o n  [4 ]  m e a s u r e d  t h e  k ine-  
t ics.  L u m m e  a n d  Ra iv io  f o u n d  t h e  d e c o m p o s i t i o n  t o  o c c u r  in  a s ingle  s tep ,  
w i t h  an  a c t i v a t i o n  e n e r g y  o f  99 k J  m o l e  -1, w h e r e a s  Ga l l aghe r  a n d  J o h n s o n  
o b s e r v e d  t w o  d e c o m p o s i t i o n  s teps .  T h e  l a t t e r  t r i e d  t o  d e s c r i b e  e a c h  r e a c t i o n  
s tep  b y  18 d i f f e r e n t  k i n e t i c  e q u a t i o n s .  A / t h o u g h  m o r e  t h a n  o n e  e q u a t i o n  
a p p e a r e d  su i t ab le  t o  d e s c r i b e  e a c h  s tep ,  o n e  e q u a t i o n  w a s  s e l e c t e d  f o r  e ach  
s tep ,  viz. kt  = [ - - l n ( 1 - -  a ) ]  1~4 f o r  t h e  f i rs t  d e c o m p o s i t i o n  s t ep  a n d  k t  = 1 -  
(1 - -  c,) i n  fo r  t h e  s e c o n d .  Wi th  t h e s e  e q u a t i o n s  t h e  a c t i v a t i o n  e n e r g y  a n d  pre-  
e x p o n e n t i a l  f a c t o r  w e r e  c a l c u l a t e d .  T h e  e q u a t i o n s  a p p l i e d  t o  r e a c t i o n s  in  
o x y g e n  a n d  n i t r o g e n  w i t h  a n d  w i t h o u t  w a t e r  v a p o u r  p r e s e n t .  U n f o r t u n a t e l y ,  
t h e  w a t e r  v a p o u r  c o n c e n t r a t i o n  in t h e  gases is n o t  m e n t i o n e d  in  Ga l l aghe r  
a n d  J o h n s o n ' s  w o r k ,  t h e  resu l t s  o f  w h i c h  a re  s u m m a r i s e d  in  T a b l e  1. T h e  
e f f ec t  o f  w a t e r  v a p o u r  o n  t h e  s e c o n d  d e c o m p o s i t i o n  s t ep  is n o t e w o r t h y .  

EXPERIMENTAL 

Equipment 

A Cahn RG (TGS-I) thennobalanee was employed for the measurements 
on the thermal decomposition of aqueous manganese nitrate solutions and a 
Stanton-Redcroft TG 750 balance for the experiments on anhydrous man- 
ganese nitrate. The decompositions were carried out in air, dried with mole- 
cular sieves, which nozu,ally flowed through the balances at a rate of I00 
ml min -i. Sample weights were between 1 and 3 mg. 
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Materials  

The  two  aqueous  solut ions  o f  reagent-grade manganese  n i t ra te  used were  
ob ta ined  f rom J.T. Baker Chemicals Corp. The compos i t ions  were  61.5 w~.% 
Mn(NO3)2, 2.4 wt.% HNO3 and 36.1 wt.% H20 for  t he  first so lu t ion  and  59.9 
wt.% Mn(NO3)2, 2.7 wt.% HNO3 and 37.4 wt.% H20 for  t he  second.  

Procedures  

The first so lu t ion  was used  to  s tudy  the  the rma l  d e c o m p o s i t i o n  o f  
aqueous  solut ions  o f  manganese  n i t ra te  [1] .  First,  m o s t  of  the  water  was 
r em o v ed  by  hea t ing  t he  so lu t ion  to  110- -120°C.  A cons tan t  we igh t  loss was 
normal ly  ob ta ined ,  cor responding  to  a residual  sample  c o m p o s i t i o n  of  
approx ima te ly  1 m o l e  o f  wate r  per  mo le  o f  manganese  ni t rate .  The  sample 
was t h e n  hea t ed  rapidly  to  the  t e m p e r a t u r e  where  t he  first d e c o m p o s i t i o n  
step occurred  (144--185°C) .  Af te r  c o m p l e t i o n  o f  t he  reac t ion  the  inter- 
med ia t e  p r o d u c t  [MnO2 and Mn(NO3)2] was fu r ther  hea ted  to  the  t empera -  
ture  where  t h e  second  d e c o m p o s i t i o n  step was measured  (188- -225°C) .  All 
this  was carried ou t  u n d e r  an air f low o f  100 ml  rain -1. 

A n h y d r o u s  manganese  n i t ra te  was prepared  f rom the  second  so lu t ion  by  
hea t ing  t h e  sample  to  abou t  100°C at  a ra te  o f  15°C min  -z. When the  weight  
had  b e c o m e  cons tan t ,  vacuum ( 2 3  kPa) was appl ied for  1 h. Af ter  raising t he  
pressure to  a tmospher ic  and adjust ing the  air f low to  100 ml  min  -1, the  
a n h y d r o u s  manganese  n i t ra te  p r o d u c e d  was rapidly hea t ed  (100°C min  -I) to  
a t e mp e ra tu r e  whe re  the  d e c o m p o s i t i o n  occur red  (190- -256  ° C). 

The  nitric acid presen t  in all samples was assumed to  have been  evapora ted  
comple t e ly  before  the  d e c o m p o s i t i o n  s tar ted [ 5] .  Because ne i the r  t he  weight  
loss of  t he  first d e c o m p o s i t i o n  step nor  tha t  of  t he  second was cons tant ,  
each d e c o m p o s i t i o n  step was analysed separately.  In do ing  this,  t he  weight  
loss observed for  each step was t aken  as 100% convers ion,  and  thus  t ime- -  
convers ion  curves were  ob ta ined  for  each d e c o m p o s i t i o n  (step). 

MODELLING 

Iso thermal  react ions  can be descr ibed  by  equa t ions  relat ing convers ion (a) 
to  reac t ion  t ime.  General ly  those  equa t ions  are o f  t he  fo rm 

g(~) = k t  

where  g(~) is a func t ion  o f  t he  convers ion  and depends  on  the  react ion  
mechan i sm,  k is t he  reac t ion  rate  cons tan t  (s- l) ,  and  t is t he  reac t ion  t ime(s) .  

In all, 28 d i f fe ren t  mode l s  were  tes ted  to  descr ibe measured  time---conver- 
sion curves (see Table 2). This was d o n e  by  p lo t t ing  t he  g(a) func t i on  against 
t he  reac t ion  t ime  for  th ree  r a n d o m l y  selected expe r imen t s  on  each decom-  
pos i t ion  step. Those  mode l s  which  gave the  best  straight l ine on  visual 
inspec t ion  were  selected for fur ther  processing by  compute r .  

The  value o f  t he  reac t ion  rate  cons tan t  was ob ta ined  for  every m o d e l  by a 
c o m p u t e r  p rog ramme  by varying the  value o f  t he  cons tan t  unt i l  the  
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TABLE 2 

Kinetic models  tested [6--8 ] 

Models of  the general form g(a) = k t  Type  

a = k t  

--In(l --o~) = k t  (**; ***) 

(I --a)-* -- 1 = kt 

I-- (I --a)" = k t  
[--In(l -- a) ] n = Izt 

O~ 
In =/~t 

1 - - a  

I-- (I --cz)" = kt 

In a =/-,t 

ln(o ,z) = k t  

n = 1/2 (**), 1/3 (**;  ***) 

n = 2, 2/8 (** ;***) ,  1/2 (*; ***), 
1[8 (*), 1[4 (*) 

n = 2 , 3 , 4  

Zero order  

First order 

Second order 

Surface reactions 

Avrami--Erofeev 
(nuclei growth) 

Prout - -Tompkins ;  
(nuclei growth) 

React ion order 

Exponent ia l  

Exponent ia l  

Diffusion-type equations Type  

C~ 2 = k t  

(1 - - a )  ln(1 - - a )  + ~ = kt  

( 1  - -  2 / 3 a ) - - ( 1  _ a ) 2 / 3  = k t  
( 1  - -  ( 1  - -  C~)1/3) 2 = ]gt  

e x p ( a  2) = k t  

Fl' ]" - - 1  = t ~ t  
L \ z  - -  ~ / 
exp[l--(l--~)I/3]2 =kt 

One-dimensional,  parabolic 

Two-dimensional  

Ginstling, Brounshtein 

Jander  

One-dimensional,  exponential  

Zhuralev et  al. 

Kroger, Ziegler 

* Model selected for first decomposi t ion  step. 
** Model selected for second decomposi t ion step. 

*** Model selected for decomposi t ion of  anhydrous  manganese nitrate. 

m i n i m u m  w a s  r e a c h e d  in  t h e  f o l l o w i n g  s u m  

~ , m ( t t h e ° r - - t e x p )  2 

i = 1  

w h e r e  te=p is t h e  m e a s u r e d  r e a c t i o n  t i m e  n e e d e d  t o  r e a c h  a c e r t a i n  c o n v e r -  
s i o n ,  a n d  ttheo= is t h e  t h e o r e t i c a l  r e a c t i o n  t i m e  n e c e s s a r y  t o  r e a c h  t h e  s a m e  
c o n v e r s i o n  b u t  n o w  c a l c u l a t e d  b y  u s i n g  t h e  r e l e v a n t  m o d e l .  T h e  d i f f e r e n c e  
b e t w e e n  t h e  t w o  t i m e s  is c h v i d e d  b y  te=p t o  d e c r e a s e  t h e  e m p h a s i s  o t h e r w i s e  
p l a c e d  o n  t h e  e n d  o f  t h e  t i m e - - c o n v e r s i o n  c u r v e .  T h e  n u m b e r  o f  c o n v e r s i o n s  
f o r  w h i c h  t h e  s u m  is c a l c u l a t e d  is r e p r e s e n t e d  b y  m .  T o  d i s c r i m i n a t e  b e t w e e n  
d i f f e r e n t  m o d e l s ,  t h e  v a r i a n c e  w a s  c a l c u l a t e d  w h i c h  is d e f i n e d  as  

~ tm2~or.~ texp 
U = 

• = \  m - - 1  
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R E S U L T S  A N D  D I S C U S S I O N  

A plo t  of  m o s t  g(a) func t ions  against t i m e  for  t he  second  d e c o m p o s i t i o n  
step of  one  specific e x p e r i m e n t  is shown  in Figs. 1 and  2. Most lines show a 
def in i te  curvature.  The  mode l s  resul t ing in an app rox ima te ly  straight l ine 
were  appl ied to  calculate t he  reac t ion  rate  cons tant .  The mode ls  selected for 
the  d i f fe ren t  decompos i t i ons  are ind ica ted  in Table 2 by *, ** or  *** .  N o n e  
of  the  plots  of  a d i f fus ion- type  equa t ion  vs. t resul ted  in a straight  line. 
Thus,  on ly  nuc le i -growth- type  equa t ions  or  equa t ions  valid for surface reac- 
t ions  can describe the  d e c o m p o s i t i o n  s tudied  here.  

First, t he  results f rom mode l l ing  the  d e c o m p o s i t i o n  of  the  so lu t ion  will be 
given. Table 3 conta ins  t he  variances of  t he  selected mode l s  for  some experi-  
men t s  on  the  d e c o m p o s i t i o n  o f  aqueous  so lu t ion  o f  manganese  ni trate .  For  
the  first d e c o m p o s i t i o n  step the  m o d e l  [ - - l n ( 1 - -  a) ]  1/2 = k t  is be t t e r  for all 
exper iments ,  whereas  for t he  second  d e c o m p o s i t i o n  step each of  t he  mode ls  
selected somet imes  had  the  lowest  variance, depend ing  on  the  e x p e r i m e n t  
examined .  Examples  o f  t he  fit  b e t w e e n  a measured  and a calculated t ime - -  
convers ion  curve for t he  two  d e c o m p o s i t i o n  steps are shown  in Figs. 3 and 4. 
It  is very clear tha t  for t he  first d e c o m p o s i t i o n  step the  m o d e l  
[-- ln(1 - -  a) ]  1/2 =/z t  is best  (Fig. 3) and tha t  t he  second  d e c o m p o s i t i o n  step 
is descr ibed equal ly  well  by  all mode l s  (Fig. 4). To obta in  the  act ivat ion 
energies Arrhenius  plots  were  made .  For  the  first d e c o m p o s i t i o n  step only  
results f rom the  m o d e l  [-- ln(1 _ a ) ] 1 / 2  =/~t  were  used (Fig. 5), whereas  for  
the  second  step results f rom all t he  mode l s  selected were  p lo t t ed  (exampie  in 
Fig. 6). A relat ively large scat ter  occurs in the  reac t ion  rates o f  b o t h  decom-  
pos i t ion  steps, p robab ly  due  to  d i f ferences  in t he  d e v e l o p m e n t  o f  the  physi- 
cal s t ructure  o f  each sample.  The  act ivat ion energies and  pre -exponent ia l  
factors  calculated f rom the  Arrhenius  plots  are shown  in Table 4. Satisfac- 
tor i ly  small d i f ferences  occur  b e t w e e n  t he  k ine t ic  parameters  o f  t he  second  
d e c o m p o s i t i o n  step. I t  is impossible  to  state according to  which  mechan i sm 
the  manganese  n i t ra te  decomposes .  This applies to  the  first step, which  may  
e i ther  p roceed  according to  two-d imens iona l  g rowth  o f  a cons tan t  n u m b e r  of  
nuclei  or  to  one-d imens iona l  g rowth  wi th  a cons tan t  rate of  new nuclei  for- 

08 : 3 

06 4 5 6 

i 0.4 
1°2 

0 1.0 2.0 3 0 4.0 5 0 6 0 

- - ~ - -  t i m e  (min)  

Fig. 1. P lo t  o f  several g (a )  f u n c t i o n s  vs. t ime  for  the  s econd  d e c o m p o s i t i o n  step.  T = 
225°C. g(a)=(1) I--(I--~)4; (2) I--(I--~)3; (3) I--(I--~)'; (4) ~Z; (5) a2; (6) 
1-- (1 __a)Z/2; (7) I-- (1 --a)I/S; (8) {I-- (I -- a)I/3}2; (9) 1 -- 2/3 a-- (I--a)2/3. 
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Fig. 2. P lo t  o f  several g(rv) func t ions  vs. t im e  fo r  the  s e c o n d  d e c o m p o s i t i o n  step.  T = 
225°C. g(~)= (I) [--In(I--~)]1/4; (2) [--In(I--~)]1/3; (8) [--In(I--~)]I/2; (4) [--In- 
(l--Cl)]2's; (5) --In(l -- (x); (6) exp(~=); (7) (l -- cx)In(l -- (x) + ~; (8) exp[(l-- 
(I _ ~)i/s)2]. 

m a t i o n .  F o r  t h e  s e c o n d  d e c o m p o s i t i o n  s t e p  e v e n  m o r e  p o s s i b i l i t i e s  a r i s e  ( c f .  
T a b l e  2 ) .  F o r  d e t a i l s  a b o u t  t h e  d i f f e r e n t  e q u a t i o n s  f o r  c e r t a i n  m e c h a n i s m s  
see r e f s .  6 ,  8--10. 

T h e  a c t i v a t i o n  e n e r g y  f o r  t h e  f i r s t  d e c o m p o s i t i o n  s t e p  is  h i g h e r  t h a n  t h e  
v a l u e  f o u n d  b y  G a l l a g h e r  a n d  J o h n s o n  [ 4 ] ;  h o w e v e r ,  G a l l a g h e r  a n d  J o h n s o n  
used a different model to calculate the kinetic parameters. For the second 
step the values agree more closely. The activation energy obtained is lower 
for the first decomposition step than for the second, which is probably 

TABLE 3 

Variances of tested models for some experiments on decomposition of manganese nitrate 
solution 

Ste p  Var iances  f o r  mode l s :  d.f .  T e m p .  
(°C) 

[ - - ln(1  - -  00] 1/4 [---ln(1 - -  n')] 1/s [ - - ln(1  - -  ~) ] t /2  

1 1.0 x 10 -1 4.7 x 10  -2 1.4 x 10 -s  15 185  
1 1.3 6.9 x 10 -I  4 .3  x 10 -2 19 170  
1 2.1 x 102 1.5 x 10 2 5.1 x 101 19 150  
1 5.6 3.0 2.5 x 10 -1 18 160  

- - ln(1  - -  cz) [--In(1 -- c~)] ws 1 -- (1 -- c~) I/3 

2 7.2 9.1 1.4 17 200  
2 1.9 × 10 -1 4 .0  X 10 -1 1.2 X 10 -2 19 225  
2 7.6 2.6 X 10 -2 2.8 18 210 
2 5.0 X 101 8.6 X 102 3.4 × 102 19  188  
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0 - 4  0 . 8  1.2 1 .6  2 . 0  

~--~ t i m e  ( r a i n )  

Fig.  3.  M e a s u r e d  a n d  c a l c u l a t e d  t i m e - - c o n v e r s i o n  c u r v e s  f o r  t h e  t e s t  d e c o m p o s i t i o n  
s t e p .  ( - -  M e a s u r e d ;  ( - - - -  - - )  g(c~) = [ - - i n ( 1  - -  0~)]I /4;  ( . . . . .  ) g(qv) = [ - - l n ( 1  - -  cx)]l/3; 
( . . . .  ) g(oc)  = [ - - l n ( Z  - -  e ) ]  t / :z .  

1 - 0  

0 - 8  

0 . 6  

0 . 4  

0 . 2  

. . . . . .  

/ / / f  

/ ~ o  

,¢-Y/ 

I I I I 
0 16 3 2  4 8  64  BO 
- - l ~ = - -  t i m e  ( r a i n )  

Fig.  4 .  M e a s u r e d  a n d  c a l c u l a t e d  t i m e - - - c o n v e r s i o n  c u r v e s  f o r  t h e  s e c o n d  d e c o m p o s i t i o n  
s t e p .  ( ) M e a s u r e d ;  ( - - - - - - )  g ( t v ) ~ - - l n ( 1 - - 5 ) ;  ( . . . . .  ) g ( ~ ) =  [ - - 1 n ( 1 - - ~ ) ] 2 / 3 ;  
( - - .  • ) g(cz) = 1 - -  (1  - -  ~ ) ~ / s .  
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Fig.  5. A r r h e n i u s  p l o t  f o r  t h e  f irs t  d e c o m p o s i t i o n  s t e p .  R e s u l t s  f r o m  t h e  m o d e l  
[ - - l n ( 1  - -  5 ) ]  1/2 = k t .  

Fig .  6 .  A r r h e n i u s  p l o t  for  t h e  s e c o n d  d e c o m p o s i t i o n  s t e p .  R e s u l t s  f r o m  t h e  m o d e l  1 - -  
(1  - - ~ ) I / 3  ffi k t .  
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TA B LE 4 

Kinetic parameters  for  decomposi t ion  of  aqueous solut ions 

Model Pre-exponential  fac tor  Activat ion eners~ 
(s -1 ) (kJ  m o l e  -1 ) 

First decomposition step 
[--In(l--(~)]I/2 8.9 X 1011 

Second decomposition step 
--In(1 - - ~ )  6.5 x 1012 
[--ln(1 _ ~ ) ] ~ ] s  2.0 x 1012 
l--(l--C~) 172 8.6 x 10 I: 
1 -- (I -- cz) 1/3 1.6 X 1012 

121 

143 
139 
140 
143 

caused by water  vapour.  Gallagher and J o h n s o n  [4] f o u n d  tha t  water  vapour  
marked ly  reduces  the  act ivat ion energy of  t he  second  d e c o m p o s i t i o n  step. 
As is s ta ted in Part 1 of  this series [1] ,  the  second  d e c o m p o s i t i o n  step is 
actually the  d e c o m p o s i t i o n  of  unreac ted  anhydrous  Mn(NOs)2 remain ing  
after  the  firs~ step. I t  was fur ther  r epor t ed  in ref. 1 t ha t  t he  first decompos i -  
t i on  step consists of  t he  removal  of  water  plus d e c o m p o s i t i o n  o f  par t  of  t he  
Mn(NOs)2, t he  lat ter  being accelerated by  the  presence  o f  wate r  (vapour),  
which  thus  p robably  also causes the  lower  act ivat ion energy.  

Results for the  d e c o m p o s i t i o n  of  anhydrous  manganese  ni t ra te  were  
ob ta ined  in essentially the  same way. Table 5 conta ins  the  variances of  the  
models  selected for some exper iments .  The mode l s  [-- ln(1 - -~) ]2 /s  and 1 -  
(1 - -  ~)1,s appear to  describe the  reac t ion  well,  t h o u g h  the  first usually gives 
slightly be t t e r  fits. However ,  it was no t i ced  t h a t  t he  co r re spondence  b e t w e e n  
a measured  and a calculated t ime- -convers ion  curve d e p e n d e d  s trongly on  
the  choice  of  t he  pos i t ion  o f  the  t ime  axis. As is k n o w n ,  the  p rob lem wi th  
i sothermal  exper iments  is tha t  it takes  some t ime  for  t he  sample to reach the  
react ion  tempera ture ,  dur ing which  t ime  some d e c o m p o s i t i o n  already 
occurs. Therefore ,  t he  exact  pos i t ion  of  t he  po in t  t = 0, at  which  the  iso- 
the rmal  react ion is supposed to  start, is never  known .  What happens  w h e n  a 

TABLE 5 

Variances of  models tested (anhydrous  Mn(NOs)2) 

Variances for models: Temp. 
(°C) 

--In(l --(X) [--ln(l --(X)] 2/S [--In(l --0:)] 1/2 I --(I --(x) */S 

2.6 X 10 -1 4.1 x 10 -4 1.1 x 10 -I 7.1 x I0 -2 223.5 
1.4 x 10 -I I.I x 10 -3 3.8 x 10 -2 2.5 X 10 -2 241.5 
2.6 X 10 -I 2.5 x 10 -3 1.6 X 10 -I 4.8 X 10 -2 232.5 
1.1 X 101 1.6 X 101 9.3 x 10 -I 190.0 
1.7 3.0 x 10 -2 4.8 x 10 -I 212.5 
3.9 x 10 -I 1.8 x 10 -I 3.1 x 10 -2 215.0 

2.5 x 10 -I 1.2 x 10 -2 5.7 X 10 -2 240.0 
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Fig.  7. M e a s u r e d  a n d  c a l c u l a t e d  t i m e - - c o n v e r s i o n  c u r v e s  f o r  t h e  d e c o m p o s i t i o n  o f  
a n h y d r o u s  m a n g a n e s e  n i t ra te .  ( ) M e a s u r e d ;  ( . . . . .  ) g ( ~ ) =  [ - - I n ( 1 - - c z ) ]  2/3, 
v a r i a n c e  3 . 0  X 1 0 - 2 ;  ( . . . .  ) g ( ~ )  = 1 - -  (1 _ ~ )1 /3 ,  v a r i a n c e  4 . 8  × 1 0  - I .  

s l i ght ly  d i f f e r e n t  p o s i t i o n  o f  t h e  t = 0 p o i n t  is a s s u m e d  is s h o w n  in Figs .  7 
a n d  8.  F i g u r e  7 s h o w s  a m e a s u r e d  t i m e - - c o n v e r s i o n  curve  a n d  t w o  curves  ob-  
t a i n e d  b y  f i t t ing  th i s  curve  w i t h  t h e  t w o  m o d e l s  g iv ing  t h e  l o w e s t  var iances  
( T a b l e  5 ) .  In  Fig .  8 t h e  s a m e  m e a s u r e d  t i m e - - c o n v e r s i o n  curve  is s h o w n  w i t h  
t h e  t i m e  ax i s  s h i f t e d  b a c k w a r d s  b y  a b o u t  1 rain.  T h i s  w a s  f i t t e d  to  t h e  s a m e  
m o d e l s ;  in  Fig.  7 t h e  m o d e l  [ - - l n ( 1  _ ~ ) ] 2 / 3  g ives  t h e  bes t  f i t ,  w h e r e a s  in 
Fig .  8 t h e  m o d e l  1 - -  (1  - -  ~)1/3 resu l t s  in  t h e  bes t  f it;  m o r e o v e r ,  it w a s  es tab-  
l i shed  t h a t  t h e  f i t  to  t h e  m o d e l  - - l n ( 1  - - a )  i m p r o v e s  a p p r e c i a b l y  (data  n o t  
s h o w n ) .  S h i f t i n g  t h e  t i m e  ax i s  f o r w a r d  w o u l d  p r o b a b l y  h a v e  r e s u l t e d  in a 
be t t er  f i t  o f  a m o d e l  l ike  [ - - l n ( 1  - - e ) ] P ,  w i t h  p < 2 / 3 .  B e c a u s e  n o  spec i f i c  
m o d e l  c o u l d  be  s e l e c t e d  as b e i n g  bes t ,  A r r h e n i u s  p l o t s  w e r e  m a d e  for  b o t h  
m o d e l s  as w e l l  as f or  t h e  m o d e l  - - l n ( 1  - -  ~ )  = kt .  A s  an  e x a m p l e ,  Fig .  9 s h o w s  
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0 8 ~- / //S.~ ~'~~.~__ -j 
0 - 

o2[~ 
o I I , I t I 

0 2 4 6 8 10 
- - c ~ . - -  t i m e  ( m m )  

Fig.  8. M e a s u r e d  a n d  c a l c u l a t e d  t i m e - - - c o n v e r s i o n  c u r v e s  for  t h e  
a n h y d r o u s  m a n g a n e s e  n i t r a t e ;  t i m e  ax i s  s h i f t e d  a b o u t  1 rnin b a c k w a r d s .  ( 
s u r e d ;  ( . . . . .  ) g ( ~ ) = [ - - l n ( 1 - - ~ ) ]  2/3, v a r i a n c e  4 . 1 x  1 0 - 1 ;  ( . . . .  ) 
(1  - - c £ )  I /3,  v a r i a n c e  2 . 4  x 1 0  -2 .  
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Fig. 9. Axrhenius plot for the decomposition of anhydrous manganese nitrate. Results 
from the model [--In(l -- ~)]2/3 = kt. 
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TABLE 6 

Kinetic parameters for decomposi t ion of  anhydrous manganese nitrate 

Model Pre-exponential  factor Activation energy 
(s -I ) (kJ  mole -1 ) 

--In(l -- a) 2.6 x l0 T 93 
i--In(1 -- ~)]~3 1.4 X 10 7 90 
l--(1--a) I/3 I.i X I07 94 

the  p lo t  for  [-- ln(1 --  ~)]2~s = kt. The  pre-exponent ia l  factors  and act ivat ion 
energies ob ta ined  f rom those  plots  are given in Table  6. The  k ine t ic  parame- 
ters are in close agreement ,  the  ac t iva t ion  energy being abou t  92 kJ  mole  -I. 

Several possibil i t ies are open  regarding the  mechan i sm according to  which  
the  decompos i t ion  occurs. The  same is t rue  for the  second step of  the  
decompos i t ion  of an  aqueous  manganese  n i t ra te  solut ion.  Al though  b o t h  
react ions  are in fact  decompos i t ions  of  anhydrous  manganese  n i t ra te ,  large 
differences  in k inet ic  parameters  result ,  whereas  the  d i f ference  in the  reac- 
t ion  zate cons tan t  (k) is relat ively small in the  t empera tu re  range invest igated 
(Table 7). The  di f ference in t he  k ine t ic  parameters  mus t  be caused by  the  
comple te ly  d i f fe ren t  physica l  s t ruc ture  of  the  sample at  the  onset  o f  decom- 
posi t ion.  For  the  second decompos i t ion  step MnO2 is d i s t r ibu ted  r a n d o m l y  
in the  Mn(NO3)~. and the  mater ia l  is vo luminous  and  porous  (swollen) [1] .  
The  " a n h y d r o u s  Mn(NO3)~_" consists  of  t i ny  part icles which  seem to have 
no, or a lmost  no,  poros i ty .  To acquire  more  i n fo rma t ion  abou t  the  exact  
mechan ism according to  which  bo th  reac t ions  proceed,  non- i so thermal  
e x p e r i m e n t s  h a v e  b e e n  p e r f o r m e d ,  t h e  r e s u l t s  o f  w h i c h  wi l l  b e  d e s c r i b e d  e lse-  
where.  

TABLE 7 

React ion rate constant  (k) of  the second decomposi t ion step and of  the decomposi t ion  of  
anhydrous  Mn(NO3)2 at several temperatures  

Second decomposi t ion  step Decomposi t ion  of  anhydrous  
Mn(NO3)2 

Pre-exponential factor (s -I): 2.7 x 1012 1.6 X I0 7 ~ Average 

Activation energy (kJ mole -I ): 141 000 92 000 "~ values 

T (K) k (s-*) k (s-*) 

450 I.I X 10.4 3.9 X 10 .4 
475 7.9 x 10.4 1.2 X 10 -3 
500 4.7 X 10 -3 3.8 X 10 -3 
525 2.4 X 10 -2 I.I X 10 -2 
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CONCLUSIONS 

O n  d e c o m p o s i t i o n  o f  an  a q u e o u s  m a n g a n e s e  n i t r a t e  s o l u t i o n  in air ,  a f i rs t  
d e c o m p o s i t i o n  s t ep  o c c u r s  a b o v e  a b o u t  130  ° C, w h i c h  c a n  be  d e s c r i b e d  b y  
t h e  e q u a t i o n  [ - - l n ( i  - - ~ ) ] , n  = k t ,  w i t h  k = 8.9 X 1011 e x p ( - - 1 2 1 0 0 0  /R T). A 
s e c o n d  d e c o m p o s i t i o n  s tep  s ta r t s  a t  a b o u t  1 8 0 ° C ;  th i s  s t ep  c a n  be  d e s c r i b e d  
b y  several  e q u a t i o n s  (Tab le  4),  w i t h  an  average  a c t i v a t i o n  e n e r g y  o f  141  k J  
m o l e  -1. 

T h e  d e c o m p o s i t i o n  o f  a n h y d r o u s  m a n g a n e s e  n i t r a t e  in air  can  also be  
d e s c r i b e d  b y  m o r e  t h a n  o n e  m o d e l  f o r  w h i c h  t h e  k i n e t i c  p a r a m e t e r s  a re  
a b o u t  equa l .  T h e  average  a c t i v a t i o n  e n e r g y  in t h e  t e m p e r a t u r e  r a n g e  
1 9 0 - - 2 5 6 ° C  was  f o u n d  t o  be  92  k J  m o l e  -I.  No  d e f i n i t e  a n s w e r  can  be given 
a b o u t  t h e  m e c h a n i s m  a c c o r d i n g  t o  w h i c h  t h e  r e a c t i o n s  p r o c e e d .  
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