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ABSTRACT 

Dif fe ren t i a l  t h e r m a l  ana lys i s  o f  the  t h e r m a l  d e c o m p o s i t i o n  o f  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  in air  a n d  n i t r ogen  s h o w s  t h r ee  d i s t inc t  e n d o t h e r m i c  h e a t  e f fec t s .  T h e  
f i rs t  e f f e c t  resu l t s  f r o m  par t ia l  e v a p o r a t i o n  o f  w a t e r  t o  a s o l u t i o n  c o n t a i n i n g  e q u i m o l a r  
a m o u n t s  o f  H 2 0  a n d  M n ( N O s ) 2 .  T h e  t w o  s u b s e q u e n t  d e c o m p o s i t i o n  s t eps  p r o d u c e  
MnO2.  T h e  h e a t  e f f e c t  o f  each  o f  t he  l a t t e r  t w o  s t eps  d e p e n d s  o n  the  s a m p l e  we igh t  b u t  
the i r  s u m  r e m a i n s  c o n s t a n t  a t  a b o u t  170 -* 14 k J  m o l e  -1.  

D e c o m p o s i t i o n  u n d e r  v a c u u m  o f  a n h y d r o u s  Mn(NO3)2  s h o w s  o n l y  one  h e a t  e f f e c t  o f  
155-+ 12  k J  m o l e  -1. D T A  and  X- ray  analys is  ind ica te  t h a t  d e c o m p o s i t i o n  o f  a 
Mn(NO3)2  so lu t i on  resu l t s  in 7 -MnO2 a n d  d e c o m p o s i t i o n  u n d e r  v a c u u m  o f  a n h y d r o u s  
M n ( N O s ) 2  resul ts  in 7 -MnO2 wi th  large a m o u n t s  o f  Mn2Os .  A c o m p a r i s o n  b e t w e e n  mea-  
su red  and  ca l cu la t ed  hea t s  o f  r e a c t i o n  s h o w s  fair  a g r e e m e n t .  

I N T R O D U C T I O N  

The the rmal  d e c o m p o s i t i o n  o f  aqueous  manganese  n i t ra te  solut ions  is 
being s tudied  as par t  of  a pro jec t  to  ob ta in  bat tery-grade MnO2 f rom manga- 
nese d iox ide  ore  via a manganese  n i t ra te  solut ion.  In Part 1 o f  this  series [ 1] 
t he  mechan i sm of  the  the rma l  d e c o m p o s i t i o n  has been  discussed. It  was 
f o u n d  tha t  on  heat ing,  an aqueous  manganese  n i t ra te  so lu t ion  loses weight  in 
th ree  steps: 

(i) water  evaporates  to  a so lu t ion  conta in ing  equ imola r  a m o u n t s  o f  wate r  
and  Mn(NO3)2, 

(ii) a d e c o m p o s i t i o n  step fol lows in which  the  residual water  evolves and  
on ly  par t  of  t he  Mn(NO3)2 decomposes  to  MnO2 due  to  accelera t ion of  t he  
Mn(NO3)2 d e c o m p o s i t i o n  by water  vapour,  and  

(iii) d e c o m p o s i t i o n  o f  t he  remaining  Mn(NO3)2 to  MnO2. 
Chemical  steps (ii) and  (iii) will be called first and second  d e c o m p o s i t i o n  

step respect ively,  because t he  first t he rma l  effect ,  evapora t ion ,  is a physical  
process.  Below, results are r epor t ed  o f  measu remen t s  o f  t he  hea t  o f  reac t ion  
of  t he  two  d e c o m p o s i t i o n  steps. Fu r the rmore ,  t he  hea t  effects  of  t he  decom-  
pos i t ion  o f  anhyd rous  Mn(NO3)2 and of  the  reac t ion  to  Mn203 o f  p roduc ts  
ob ta ined  by  decompos ing  Mn(NO3)2 solut ions  and  anhyd rous  Mrl(NO3)2 
were  measured .  The  la t ter  measu remen t s  were  also p e r f o r m e d  wi th  some  
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bat tery-grade 3,-MnO2 reference  samples. The  exper imen ta l  f indings are com-  
pared wi th  results calculated f rom t h e r m o d y n a m i c  data.  

THERMODYNAMIC CALCULATION 

General 

The  t h e r m o d y n a m i c  s tudy r epor t ed  be low was conf ined  to  t he  react ions  
for which  suff icient  evidence had  been  f o u n d  in our  w o r k  on  the  mechan i sm 
of  the  d e c o m p o s i t i o n  of  manganese  n i t ra te  solut ions [1] .  In o the r  words,  
unl ike ly  react ions  such as the  for~r.ation o f  manganese  oxyni t ra te ,  MnONO3 
[2,3] ,  were  n o t  included.  The  react ions  cons idered  are: 
Evapora t ion  of  water  f rom a solu t ion  of  Mn(NO3)2 in 6 moles  H20 in steps 
of  1 mo le  H20 each, finally resul t ing in anhyd rous  Mn(NO3)2: 

Mn(NO3)2 in 6 s H20(I) 7 > Mn(NOs)2 in 5 H2Oo) + y~O(~) 
I I I z I I 

Mn(NO3)a in 1 H2OcD ~ Mn(NO3)2 + H20(g) 

Mn(NO3)2 -~ MnO2 + 2 NO2 

Mn(NO~)2 in 1 H20(j) "-> MnO2 + 2 NO2 + HaO(g) 

Mn(NO3)a ~ MnO2 + N204 

MnO2 --* 1/2 Mn203 + 1/4 O2 

(1) 

(2) 

(3) 

(4) 

(5) 

Heats of  reac t ion  and free energy changes o f  t he  react ions  were  calculated.  
To tha t  end,  all re levant  heats  of  fo rma t ion  and specific hea t  da ta  were  
found  f rom the  l i terature  or es t imated.  The  heats  of  reac t ion  at o the r  t em-  
peratures  t han  298 K were  calculated f rom 

T 

AH ° =  ~ Z k H  ° + /  ~ C  ° d T  
2 9 8  

Calculat ion of  t he  free energy change o f  the  react ions,  AG O , requires  know-  
ledge of  the  e n t r o p y  change;  this was calculated f rom 

T ~ d T  
A S ° =  ~S~298 + f T 

2 9 8  

The free energy change of  the  react ions  was ob ta ined  f rom 

AG°= At-I~-- T AS~ 

and the  equi l ibr ium water  vapour  partial pressure for  t he  various evapora t ion  
steps f rom 

AG O = --RT In PH20 
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Data used 

For  several o f  t he  subs tances  involved in t he  above  reac t ions ,  one  or  m o r e  
o f  t he  s t andard  values o f  t he  e n t h a l p y  of  f o rma t ion ,  AH~, e n t r o p y ,  S~29s, and  
specific hea t ,  0 Cp,29s, had  to  be e s t ima ted  by  ana logy  f rom re la ted  data .  This 
was d o n e  as ou t l i ned  be low.  

The  s t andard  e n t r o p y ,  0 $298, o f  crys ta l l ine  Mn(NO3)2 was e s t ima ted  by  
c o m p a r i n g  S°gs values for  several me ta l  n i t ra tes  w i th  S°gs values for  chlor ides  
and  sulphates  o f  t he  same meta l ,  because  e n t r o p y  da t a  for  MnC12 and  
MnSO4 are k n o w n  whereas  n o n e  are available for  Mn(NO3)2. The  d i f f e rence  
in s tandard  e n t r o p y  b e t w e e n  n i t ra tes  and  chlor ides ,  and  b e t w e e n  ni t ra tes  and  
sulphates  is a b o u t  83.7 J m o l e  -1 K -1. This a l lowed  the  ca lcu la t ion  of  t w o  
values of  S°gs for  Mn(NO3)2, viz. 200 .8  and  196.6  J mo le  -I K- l ;  t he  m e a n  
value,  198.7  J mo le  -I K -1, was used .  This value is s o m e w h a t  lower  t han  
Kel ley ' s  resul t ,  i.e. 205 .0  J mo le  -1 K -1 [4] .  

S t anda rd  values for  the  specific hea ts  o f  Mn(NO3)2 and  its aqueous  solu- 
t ions  are also unavai lable .  The  0 Cp.29s values for  on ly  a f ew ni t ra tes  being 
k n o w n ,  t he  da t a  o f  Kel ley  for  Mg, Ca and  Ba n i t ra tes  we re  used [4] .  An  esti- 
m a t e  of  t he  s t andard  specific hea t  o f  Mn(NO3)~_ was o b t a i n e d  by  averaging 
t h e  values for  t he  above  th ree  ni t rates .  The  resul t  was 147.3  J mo le  -1 K -*. 

The  t e m p e r a t u r e  d e p e n d e n c e  o f  t he  specific hea t  o f  Mn(NO3)2 was also 
der ived by  averaging the  values for  t he  th ree  n i t ra tes  (cf. Table  1). 

The  s t andard  heats  o f  f o rma t ion ,  AH~f, o f  manganese  n i t ra te  in aqueous  
so lu t ions  w i th  one  and  t w o  moles  H20  per  mo le  Mn(NO3)2 we re  der ived by  
in t e rpo la t i on  f rom the  k n o w n  values for  crys ta l l ine  Mn(NO3)2 and  less con-  
c e n t r a t e d  Mn(NO3)~ solut ions .  &H~' for  t he  to ta l  so lu t ion  is ca lcu la ted  by  
s u m m a t i o n  o f  ~ for  Mn(NO3)2 in such a so lu t ion  and  ~ for  H20  for  
each  m o l e  of  H20  rp resen t  in t h e  so lu t ion .  

$29s, for  Mn(NO3)2 in an aqueous  so lu t ion  was The  s tandard  e n t r o p y ,  0 
f o u n d  by  i n t e rpo l a t i on  f rom the  k n o w n  values for  crys ta l l ine  Mn(NO3)2 and  
an ideal  a que ous  so lu t ion  o f  mola l i ty  1. 

The  s t andard  specific hea t  o f  a manganese  n i t ra te  so lu t ion  was e s t ima ted  
f rom the  k n o w n  C°29s value for  Mn(NO3)2 • 6 H20 ,  613.8  J mo le  -x K -1, by  
sub t rac t ing  75.3 J m o l e  -I K -1 (i.e. 0 Cp,~98 for  wa te r )  for  each mo le  o f  wa te r  
less in t he  so lu t ion .  

The  t e m p e r a t u r e  d e p e n d e n c e  o f  C ° for  the  manganese  n i t ra te  so lu t ion  was 
ca lcu la ted  f rom those  o f  t he  crysta l l ine  n i t ra te  and  Mn(NO3)2 - 6 H20  [4] by  

TABLE I 

Equations for C ° [4] 

Substance C ° (J mole -I K -I) 

M g ( N 0 3 ) 2  4 4 . 7  + 2 9 8 . 1  X 1 0  -3 T + 7 . 5  X l 0  s T -2  
Ca(NO3)2 128.0 + 154.1 X 10 -3 T--17.8 X l0 s T -2 
Ba(N03)2 125.8 + 149.5 X 10 -3 T--16.8 X 10 s T -2 
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the  fo l lowing equa t ion  

x 
C°p[Mn(NO~)= in x mole  H~O]T = 

C°p[Mn(NO3)2 • 6 H~O(1)]T 
X Cp[Mn(NO3)2 - 6 H20(I)]29s + -  

X ,~[Mn(NO3)2]T (0 ~ x ~ 6) 
~[Mn(NO3)~]298 

C°~[Mn(NO~)~ in x H 2 0 ] 2 9 s  

6 - - x  
6 

X ~ [ M n ( N O 3 ) 2  in x H 2 0 ] 2 9 s  

Values of  2 ~ f ~ p  d T  and  2 T f ~ / T  dT for  NO2 and  N204 were ob ta ined  f rom 
tables  given in ref.  5. 

A survey of  the  da ta  used in the  t h e r m o d y n a m i c  ca lcula t ions  is shown  in 
Tables 2 and  3; the  t empera tu re  dependence  of  t he  specific hea t  of  MnO2, 
M n 2 0 3  a n d  O2  w a s  d e r i v e d  f r o m  r e f .  6 .  

R e s u l t s  

Free energies o f  reac t ion ,  AG °, and  *°lOgpH2o for  t he  various stages of  
evapora t ion  are shown  in Figs. 1 and  2 as a f u n c t i o n  of  t empera tu re .  Figure 
3 conta ins  AG ° values as a f unc t i on  of  t e m p e r a t u r e  for  the  chemical  
reac t ions  (2), (3), (4), and  (5). Figure 4 shows the  t empe ra tu r e  dependence  

T A B L E  2 

T h e r m o d y n a m i c  d a t a  used  in ca lcu la t ions  [ 4 - - 6 ]  

S u b s t a n c e  AGO 0 $298 . 
( k J  m o l e  - t  ) ( k J  m o l e  -~)  ( J  m o l e  -~ 

K-x) 

C°p,298 
( J  m o l e  - l  K-Z)  

M n ( N O 3 )  2" 6 H 2 0  glassy - - 2 3 7 1 . 9  498 .7  
M n ( N O 3 )  2" 6 H 2 0 0 )  - - 2 3 3 1 . 6  613 .8  
M n ( N O 3 )  2 in  6 H 2 0  - - 6 1 6 . 6  2 1 0 . 9 e  613 .8  * 
M n ( N O s ) 2  in 5 H 2 0  - - 6 1 3 . 4  209 . 9e  538 .5e  * 
M n ( N O 3 ) 2  in 4 H 2 0  - - 6 0 8 . 9  208 .5e  4 6 2 . 2 e  * 
M n ( N O 3 ) 2  in 3 H 2 0  - - 6 0 2 . 4 5  2 0 6 . 6 e  387 . 9e  * 
Mn(NO3)2  in 2 H 2 0  - - 5 9 4 . 5 e  204 . 1e  312 . 5e  * 
M n ( N O s ) 2  in 1 H 2 0  - - 5 8 5 . 5 e  201 . 5e  237 .2e  * 
M n ( N O 3 )  2(c) - - 5 7 6 . 2 6  198 . 7e  147 . 3e  
Mn(NO3)~aq.m=l  - - 6 3 5 . 5  - - 4 5 1 . 0  216 .6  
Mn02(c)  --520.0 --465.2 53.1 54.1 
iVIn203(c) --959.0 --881.2 110.5 107.7 
O2(g) 0.00 0.00 205.0 26.1 
NO2(g ) 33.1  51 .2  239 .9  37 .0  
N20~(g) 9.1 97 .7  304 .3  77 .3  
H 2 0 ( g )  --241.8 --228.6 188.7 38.6 
H20(D --285.9 --237.2 70.0 75.3 

c = c~Tstall ine; 1 = l iquid;  g = gas. e = E s t i m a t e d  va lue ;  * = va lue  f o r  t o t a l  s o l u t i o n ;  aq.  
m = 1 = ideal a q u e o u s  s o l u t i o n  o f  m o l a l i t y  1. 
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~uhstance ~p (J mole -I K -I) 

Mn(NO3)2 
Mn(NOs)2 
Mn(NO3)2 
Mn(NO3)2 
Mn(NO3)2 

in 6 mole H 2 0  
in 5 mole H 2 0  
in 4 mole H 2 0  
in 3 mole H 2 0  
in 2 mole H 2 0  

Mn(NO3)2 in 1 mole H 2 0  
Mn(NO3 ) 2(0) 
Mn O2 (c) 
Mn203(c) 
O2(g) 
H20(I) 

429.24 + 619.65 x 10 -ST  
374.72 + 575.17 x 10 - s T -  5.61 x l 0  s T  -2 
318.57 + 521.87 x 1 0 - S T - -  9.67 x 10ST -2 
264.55 + 459.72 x 1 0 - 3 T - -  12.11 x 10ST -2 
211.38 + 388.78 x 10-ST-- 13.01 X 10ST -2 
159.08 + 308.99 x 10-3T-- 12.34 x 10ST -2 
97.91 + 200.46 X 10-3T-- 9.20 X 10ST -2 
69.45+ 10.21 × 10-3T--16.23 x 10ST -2 

103.47 + 35.06 x 10-ST-- 13.51 x losT -2 
34.60 + 1.079 X 10-ST-- 7.853 x 10ST -2 
75.31 

o f  t h e  h e a t  e f f e c t s  o f  t h e  c h e m i c a l  r e a c t i o n s  a n d  o f  t h e  e v a p o r a t i o n  o f  t h e  
l a s t  m o l e  o f  H 2 0 .  

EXPERIMENTAL 

Equipment 

B u r e a u  d e  L i a i s o n  D T A  e q u i p m e n t  w a s  u s e d  in  all  e x p e r i m e n t s .  I t  c o n -  
r a i n e d  t w o  h o l d e r s  f o r  p l a t i n u m  s a m p l e  p a n s ,  o n e  f o r  t h e  s a m p l e  a n d  t h e  
o t h e r  f o r  a r e f e r e n c e  s u b s t a n c e ,  w h i c h  d e l i v e r  t h e  D T A - s i g n a l ,  a n d  a t h i r d  
h o l d e r  f o r  m e a s u r i n g  t h e  t e m p e r a t u r e  in  t h e  e q u i p m e n t .  A i r  o r  n i t r o g e n  

4k 

- B- 

A - 1 6  - -  

I 
- 2 4  - -  

-/]3 0 4 0 0  ~00  6 0 0  
- - . m - - - -  ternpereture (K) 

Fig. 1. AG ° as a funct ion o f  tempera ture  for  the evaporat ion o f  water  f rom a solut ion o f  
Mn(NOs)2 in  6 H 2 0  in steps o f  1 mole H 2 0  each. 
React ions:  (a) Mn(NOs)2 in 6 mole H20  T > Mn(NO3)2 in 5 mole H 2 0  + H20(g)  

! I i I I 

(f) Mn(1%103)2 in ~. mole H20.5 .  Mn(NO3)2(c) ~-H20(g) 
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Fig. 2. 1°log PH~O as a funct ion  o f  t empera ture  for  the evaporat ion o f  water  f rom a solu- 
t ion of  Mn(NO3)2 in 6 H20  in steps o f  1 mole H20  each. 
Reactions:  (a) Mn(NO3)2 in 6 mole H~O i"+ Mn(NO3)2 in 5 mole  H20  + H20(g)  

', ,, , 
(f) Mn(NO3)2 in i mole H20 -> Mn(NOs)2(c) ~- H20(g). 

d r i e d  ove r  m o l e c u l a r  s ieves  w a s  p a s s e d  t h r o u g h  t h e  e q u i p m e n t ;  in  s o m e  
e x p e r i m e n t s  t h e  e q u i p m e n t  w a s  e v a c u a t e d  b y  a v a c u u m  p u m p .  I n  a f e w  
e x p e r i m e n t s  a D u p o n t  9 1 0  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t e r  f l u s h e d  w i t h  N2 
gas d r i e d  o v e r  P2Os was  u s e d .  

Materials 

An aqueous solution of reagent-grade manganese nitrate obtained from 
J.T. Baker Chemicals Corp. was used in the nitrate decomposition experi- 
ments. Analyses for Mn 2+ and NO~ showed that the solution contained 52.1 
w t . %  Mn(NOs)2, 44.0 w t . %  H20 and 3.9 w t . %  HNO3. 

In some experiments products obtained from decomposition of the nitrate 
solution were further decomposed to Mn203. The resulting heat effect was 

Z 

v 

t o 
- 3 0  

I 

300  400  500  700 SO0 900  
- - l ~ , - -  t e m p e r ' Q t u r ' e  ( I~ ) 

Fig. 3. AG ° as a function of temperature for the following reactions: (I) Mn(NOa)2 --> 
MnO2 + 2 NO2; (2) Mn(NO3)2 in 1 mole H 2 0 ~ M n 0 2  + 2 NO2 + H 2 0 ( g ) ;  (8) 
Mn(NO3)2 -~ MnO2 + N204; (4) MnO2 --> 1/2 Mn2Os + 1/4 02. 
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Fig. 4. Heat effects as a function of temperature for the following reactions: (1) 
Mn(NO3)2 in 1 mole H20 --> Mn(NO3)2 + H20(g); (2) Mn(NO3)2 ->MnO2 + 2 NO2; (3) 
Mn(NO3)~ in 1 mole H20--> MnO 2 + 2 NO2 + H 2 0 ( g ) ;  (4 )  M n ( N O 3  )2 --> MnO2 + N 2 0 4 ;  
(5) MnO2 --> 1/2 M n 2 0 3  + 1/4 02. 

c o m p a r e d  to the  hea t  e f fec t  o f  the  d e c o m p o s i t i o n  of  s t andard  7- and  
fl-MnO2 samples,  so-called In t e rna t i ona l  C o m m o n  Samples  (ICS). These  IC 
samples,  p r epa red  ma in ly  by  b a t t e r y  manufac tu re r s ,  are d i s t r ibu ted  by  the  
IC Sample  Office to  serve as r e fe rence  mater ia ls  for  t he  s tudy ,  evalua t ion  and  
co m par i son  o f  var ious manganese  oxides  for  ba t t e ry  use [8] .  ICS Nos.  1, 2, 
3 and  9 were  se lec ted  as s tandards  for  7-MnO~ and  ICS No. 6 for  fl-MnO2. 
The  7-MnO2 was p repa red  e lec t ro ly t i ca l ly  and  shows an X-ray d i f f rac t ion  
diagram closely co r re spond ing  to  t he  d iagram for  7-MnO2 given in ASTM 
index  14-644,  whereas  t he  d i f f rac t ion  pa t t e rn  o f  ICS 6 co r responds  to  t he  
pa t t e r n  in ASTM index  12-716 [9] ,  w h i c h  applies to  ~3-MnO2s. 

Procedures 

Two p rocedu re s  were  used to  s tudy  the  d e c o m p o s i t i o n  of  aqueous  solu- 
t ions  and  the  d e c o m p o s i t i o n  of  a n h y d r o u s  Mn(NO3)~. The  la t te r  decompos i -  
t ion  requi res  the  r emova l  o f  all water ,  w h i c h  is accompl i shed  u n d e r  vacuum.  

When d e c o m p o s i n g  manganese  n i t ra te  so lu t ion  the  p r o c e d u r e  was as fol- 
lows.  Af te r  weighing  t h e  so lu t ion  (1--25 mg),  it was p laced  in to  t he  equip-  
m e n t  as rap id ly  as possible.  The  appara tus  was i m m e d i a t e l y  c losed and  af ter  
a d j u s t m e n t  o f  t h e  air f low to  100 ml  rain -1 t he  sample  ho lders  were  h e a t e d  
a t  6°C min  -I ,  regis ter ing the  t e m p e r a t u r e  d i f fe rences  on  a r ecorde r .  Some  
s~mples were  d e c o m p o s e d  in a n i t rogen  f low o f  100 ml  rain -~. E x p e r i m e n t s  
in t he  DSC e q u i p m e n t  were  p e r f o r m e d  wi th  a hea t ing  ra te  of  5°C m i n  -1 and  
a n i t rogen  gas f low of  50 ml  m i n  -~. 

When s tudy ing  t h e  behav iour  o f  a n h y d r o u s  Mn(NO3)2, a sample  of  k n o w n  
weigh t  was p laced  in t h e  e q u i p m e n t ,  v a c u u m  was appl ied  (--~2.3 kPa)  and  the  
s~mple hea t ed  to  100 - -120°C  at  a ra te  of  6 or  12°C rain -1. A small  air f l ow 
of  30 ml  min  -1 was ma in t a ined  to  sweep  all wa te r  vapour  5_'om the  equip-  
m e n t .  The  resul t ing a n h y d r o u s  Mn(NO3)2 was d e c o m p o s e d  by  raising the  
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TABLE 4 
Substances and data used for calibration of DTA equipment  

Substance Heat effect due to Mean temp. Heat effect 
Trn( ° C) (kJ mole -1 ) 

H20 Melting 2.0 6.0 
Ga Melting 31.0 5.6 
In Melting 161 3.3 
Sn Melting 238 7.2 
CdCOs Decomposit ion 380 ~94 .0  
Ag20 Decomposit ion 420 ~26 .6  
K. SO4 Change of solid structure 590 8.1 
CaCos Decomposition 730 ~171.5 

t e m p e r a t u r e  t o  a m a x i m u m  t e m p e r a t u r e  b e t w e e n  8 0 0  a n d  4 0 0 ° C  a t  a r a t e  
o f  1 2 ° C  m i n  - I ,  e i t h e r  w i t h o u t  pas s ing  a n y  gas t h r o u g h  t h e  a p p a r a t u s  a t  a 
p r e s s u r e  o f  --~0.5 k P a  o r  w i t h  a sma l l  gas f l o w  o f  30  m l  m i n  -I a t  2 2 . 3  kPa .  
T h e  s a m p l e  w e i g h t  was  va r i ed  b e t w e e n  I a n d  I 0  m g .  A f t e r  e a c h  e x p e r i m e n t  
t h e  r e s i d u e  was  w e i g h e d  t o  m e a s u r e  t h e  w e i g h t  loss .  

T h e  d e c o m p o s i t i o n  o f  t h e  IC s a m p l e s  o r  o f  p r o d u c t s  o b t a i n e d  b y  d e c o m -  
poshag  Mn(NOs)=  s o l u t i o n s  w a s  p e r f o r m e d  a t  0 . 1  M P a  b y  a p p l y i n g  a n  air  
f l o w  o f  1 0 0  m l  r a in  -I a n d  a h e a t i n g  r a t e  o f  1 2 ° C  r a in  - I .  T h e  s a m p l e  w e i g h t  
o f  t h e  IC s a m p l e s  w as  a b o u t  8 rag:  t h e  w e i g h t  o f  t h e  d e c o m p o s i t i o n  p r o d u c t s  
va r i ed ,  d e p e n d i n g  o n  t h e  in i t i a l  w e i g h t  o f  t h e  NIn(NOs)2 s o l u t i o n .  T h e  h e a t  
o f  t h e  r e a c t i o n ,  z.kH~r , w a s  c a l c u l a t e d  f r o m  t h e  r e s u l t i n g  p e a k s  b y  

AH . = K A  

w i t h  zkH~r = h e a t  o f  r e a c t i o n  ( k J  m o l e - l ) , / ~ f  = c a l i b r a t i o n  f a c t o r  ( k J / n o n i u s  
u n i t ) ,  A = p e a k  a rea  ( in  n o n i u s  u n i t s ) .  T h e  p e a k  a r ea  (A)  w a s  m e a s u r e d  b y  
m e a n s  o f  a p l a n i m e t e r .  K d e p e n d s  o n  t h e  t e m p e r a t u r e  a n d  gas f l o w  a n d  is 
r e a d  f r o m  a c a l i b r a t i o n  cu rve .  T h e  t e m p e r a t u r e  a t  t h e  c e n t r e  o f  g r a v i t y  o f  
e a c h  p e a k  (Tin) was  t a k e n  as t h e  m e a n  t e m p e r a t u r e  a t  w h i c h  t h e  r e a c t i o n  
o c c u r r e d .  

IOL 

', cdco3~L.-y~ 

, H 2 0 ~  

' ~'-- = ~ ~ I I I I t I 

0 ~00 200 300 ~00 500 600 700 
--.I~-,-- ternperoture (°C) 

Fig. 5. Calibration curve.for  DTA experiments. ®, 100 ml min -1 air; O, vacuum ("2 .3  
kPa) + 3 0  m l  ra in  -1 air; X, v a c u u m  (-~-0.5 kPa) .  
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Enthalpies  as a f u n c t i o n  o f  temperature  
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Substance ~L~-/° (J mole -~ ) 

CdCO3 97 069 + 19.00T-- 36.44 x 10-3T 2 
Ag20 30 208 + 11.00T-- 22.80 x 10-3T 2 -- 2.18 x 10ST -* 
CaCO s 177 820 + 2.76T-- 9.02 x 10-3T 2 -- 0.17 x 10ST -I 

Calibration 

To calculate the  hea t  ef fec t  of  a reac t ion  the  cal ibrat ion factor  (K) mus t  
be k n o w n .  It  was establ ished by measur ing  k n o w n  hea t  effects  and  the  
resul t ing peak  areas of  some substances which  are k n o w n  to  give reproduc-  
ible results [10] .  Some  data  on  the  substances used are l isted in Table 4. For  
d e c o m p o s i t i o n  react ions  the  t empera tu re ,  and thus  the  en tha lpy ,  varies wi th  
t he  exper imen ta l  condi t ions .  The hea t  ef fec t  at  t he  observed t e m p e r a t u r e  
was calculated using the  equa t ions  given in Table 5 [10] .  Figure 5 shows the  
resul t ing cal ibrat ion curves for the  th ree  d i f fe ren t  exper imen ta l  cond i t ions  
used. The  DSC e q u i p m e n t  was cal ibrated wi th  i nd ium (m.p.  156 ° C) using a 
n i t rogen  f low of  50 ml  min  -1. 

R E S U L T S  

A curve representa t ive  of  the  d e c o m p o s i t i o n  o f  aqueous  Mn(NO3)2 solu- 
t ions  is shown  in Fig. 6 in the  fo rm of  a p lo t  of  AT vs. t empera tu re .  Three  
endother rna l  peaks are observed,  in ag reemen t  wi th  the  weight  losses ob- 
served in t h e r m o b a l a n c e  exper imen t s  [1] .  The  first peak  is caused by  evapo- 
ra t ion  o f  water  to  a compos i t i on  of  t he  so lu t ion  o f  approx ima te ly  1 mo le  of  
H20 per  mo le  o f  Mn(NO3)2 and the  o the r  two  by d e c o m p o s i t i o n  of  this con- 

\_,/ 
I I I 1 I I I 

0 40 80 120 160 200 240 280 
--4~--- ternperoture (°C) 

Fig. 6. R e p r e s e n t a t i v e  D T A  curve  for  t h e  d e c o m p o s i t i o n  o f  a q u e o u s  m a n g a n e s e  nitrate  
s o l u t i o n s  ( ) and  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  ( - - - - - - ) .  
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Fig. 7. Heat of reaction of both decomposition steps as a function of sample weight. 

centTated solut ion to MnO2 in two  steps. D e c o m p o s i t i o n  of  anhyd rous  
Mn(NO3)2, on  the  o ther  hand ,  showed  a single endother rn ic  peak  at a t empe-  
rature at which  the  second d e c o m p o s i t i o n  step normal ly  occur red  w h e n  
using aqueous  solut ions (Tin abou t  240 ° C) (Fig. 6). 

Evapora t ion  of  water  f rom the  so lu t ion  occurs f rom r o o m  t e m p e r a t u r e  to  
abou t  120°C. A hea t ing  rate of  6°C rain -1 or  less had  to  be appl ied in order  
to separate the  peak  due  to  evapora t ion  f rom the  peak  due  to  t he  first 
decompos i t i on  step. However ,  owing to  the  large t empera tu re  range over 
which  water  evaporated,  a very broad low peak  resul ted;  unde r  such a peak  a 
base l ine could  no t  be drawn wi th  suff icient  accuracy.  As a result ,  very large 
f luctuat ions  occurred  in the  hea t  of  reac t ion  (up to  67 k J  mole-*) ,  and suffi- 
c ient ly  reliable results for the  evapora t ion  canno t  be given. 

The decompos i t i on  d e p e n d e d  on  gas f low rate as well  as on  sample weight .  
At  very low flow rates of  0--10 ml  min-* the  peaks for  t he  first and  second  
decompos i t i on  steps comple te ly  coincided,  on ly  one  peak  being observed at  a 
pos i t ion  where  normal ly  the  first peak  appears. An increase o f  t he  sample 
weight  f rom 1 to 25 mg resul ted  in a comparab le  effect .  As the  sample 
weight  is higher  the  hea t  effect  of  t he  first d e c o m p o s i t i o n  step increases, 
whereas  tha t  o f  t he  second decreases. However ,  t he  sum o f  t he  hea t  effects  
of  the  two  steps remains  virtually cons tan t  at  170 -+ 14 kJ  mole-* (Fig. 7). 

TABLE 6 
Data about the decomposition to Mn203 for several MnO 2 samples 

Sample Temp. decomposition Tm Z~r 
started (° C) (kJ mole-* ) 
(° C) 

ICS 1 (')'-Mn02) 529 568 24.3 
ICS 2 ('),-Mn02) 523 562  24.1 
ICS 3 (7 -Mn02)  535 567 24.7 
ICS 9 (7 -Mn02)  526 565 23.3  
ICS 6 (/~-Mn02) 631 650  39 .0  
Product  (normal) 508 548 23.9  
Product (vacuum) 508 530 10.7 
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D e c o m p o s i t i o n  in n i t rogen  resul ted  in a c o m b i n e d  hea t  effect  of  174 -+ 17 k J  
mo le  -1 for t he  two  d e c o m p o s i t i o n  steps. This agrees well  w i th  results f rom 
some  exp lo ra to ry  exper iments  p e r f o r m e d  in t he  DSC equ ipmen t ,  also u n d e r  
n i t rogen,  which  resul ted  in a m e a n  to ta l  hea t  e f fec t  o f  abou t  165 k J  mo le  -1 . 
Such a change o f  a tmosphe re  apparen t ly  has no or on ly  a very small influ- 
ence  of  t he  magn i tude  of  the  hea t  effect .  The hea t  ef fec t  of  d e c o m p o s i t i o n  
of  anhydrous  Mn(NO3)z was 155 -+ 12 k J  m o l e  -1. 

X-ray d i f f rac t ion  pa t te rns  o f  some o f  the  DTA produc t s  ob ta ined  by  
de co mp o s in g  t he  solu t ion  showed  lines which  co r re sponded  well  wi th  the  
pa t t e rn  o f  t he  s tandard 7-MnO2 samples (ICS Nos. 1, 2, 3 and  9). In some  
pa t te rns  the  s t rongest  l ine o f  Mn203 was fa int ly  visible. X-Ray d i f f rac t ion  
pho tographs  o f  p roduc t s  o f  t he  d e c o m p o s i t i o n  o f  anhyd rous  Mn(NO3)2 
revealed the  presence  o f  m u c h  m o r e  Mn2Os besides T-MnO2. 

Other  exper imen t s  also showed  tha t  an appreciable  percentage  o f  Mn203 
mus t  be  present  in the  p roduc t  p repared  by  decompos ing  anhyd rous  
Mn(NO3)2. This fol lows f rom the  hea t  effects  d e t e r m i n e d  on  p roduc t  and 
reference  samples,  as shown  in Table 6. The  heats  o f  reac t ion  given in t he  
Table refer  to  d e c o m p o s i t i o n  to  Mn2Os in an air f low o f  100 ml  min  -1 . The  
weight  o f  t he  aqueous  Mn(NO3)2 sample did no t  affect  t he  hea t  o f  d e c o m p o -  
si t ion to  Mn2Os o f  the  MnO2 f o r m e d  as the  pr imary  produc t .  

DISCUSSION 

F r o m  the rmoba lance  exper imen t s  it is k n o w n  tha t  an equ imola r  so lu t ion  
of  wate r  and Mn(NO3)2 can be ob ta ined  relat ively easily. Fu r the r  removal  o f  
water  is very diff icult ,  a l though  a reasonable  evapora t ion  rate  can still be ob- 
ta ined  by  applying vacuum [1 ,11] .  

When the  results given in Fig. 2 are considered,  it is seen tha t  these  expe- 
r imenta l  facts t ie in wi th  the  results of  t he  t h e r m o d y n a m i c  calculat ions:  if 
t he  partial  pressure of  water  above a so lu t ion  o f  manganese  ni t ra te  is low 
enough  water  evaporates  unt i l  anhydrous  Mn(NO3)2 is obta ined .  

I t  is conc luded  f rom Fig. 3 tha t  d e c o m p o s i t i o n  to  MnO2 and NO2 is ther- 
m o d y n a m i c a l l y  more  l ikely than  d e c o m p o s i t i o n  to  MnO2 and N20+; the  t em-  
pera ture  at which  AG ° is zero for t he  d e c o m p o s i t i o n  to  NO2 being --~95°C as 
against ----140°C for d e c o m p o s i t i o n  to  N20+. In this c o n n e c t i o n  it should  be 
borne  in m i n d  tha t  the  t h e r m o d y n a m i c  da ta  apply to  the  fo rma t ion  of  
fi-MnO2. However ,  f rom X-ray data  it was conc luded  tha t  7-MnO2 was f o r m e d  
in the  two-s tep  decompos i t ion .  The  d i f fe rence  in the  hea t  of  react ion,  ~ r ,  
b e t w e e n  the  d e c o m p o s i t i o n  of  7-MnO2 to Mn203 and tha t  of  fi-MnO2 to 
Mn203 is es t imated  as 15 kJ  mo le  -1. This value can be d e d u c e d  f rom the  
heats  of  reac t ion  ob ta ined  for  the  IC samples (Table 6). Because ZkH ° for t he  
d e c o m p o s i t i o n  of  fl-MnO2 does n o t  change m u c h  wi th  t empera tu re ,  the  dif- 
ference in zkH~ be tween  ,y-MnO2 and fl-MnO2 is also bel ieved no t  to  vary 
m u c h  wi th  t empera tu re .  If  t he  en t ropy  for 7-MnO2 is no t  m u c h  higher  t h a n  
the  e n t ro p y  for  fl-MnO2, the  free energy change  for d e c o m p o s i t i o n  o f  
Mn(NO3)2 to  7-MnO2 will be higher  than  for d e c o m p o s i t i o n  to  ~-MnO2 by at 
mos t  15 k J  mole  -1. This implies tha t  t he  lines in Fig. 3 will shift  to  higher  



290 

temperatures. As a consequence, the temperature at which AG o = 0 shifts by 
at most 40°C to about 135°C (line 1); the corresponding temperature for 
line 3 increases by at most 100°C to about 230 ° C. This agrees with results ob- 
tained by Lundquist [12], who found ~-MnO2 as the product of decomposi- 
tion of Mn(NO3)2 solution at low temperatures (as low as 100°C), whereas 
rapid decomposition at ~210 and 360°C resulted in what he called 
"gamma--rho MnO2" 

From the thermodynamic data given in Fig. 4 the heat effect of the 
decomposition of a solution and of anhydrous Mn(NO3)2 are estimated and 
compared to measured values. Suppose one decomposes a sample consisting 
of 8.5 mg 61.5 wt.% Mn(NO3)2 solution as used in ref. I. Tm is 185°C and 
from Fig. 6 in ref. 1 it follows that the weight loss up to the second step is 
about 55%. Since 53% of the Mn(NO3)2 would decompose in the first 
decomposition step, the heat effect for this step would equal the sum of the 
heat effect for removal of 1 mole of water and 53% of the heat effect for 
Mn(NO3)2 decompos i t i on ,  i.e. 106.4  kJ  mo le  -1 in all. In  t he  second  step t he  
remain ing  47% of  t he  Mn(NO3)2 w o u l d  d e c o m p o s e  at  T m =  280°C,  resul t ing 
in ~ = 54.8 kJ  mole  -I.  The  to ta l  hea t  e f fec t  is t hus  e x p e c t e d  to  be 161.2  
kJ  mole  -~ plus an add i t iona l  15 kJ  m o l e  -~ for  t he  d i f f e rence  b e t w e e n  ^/- and  
~-Mn02, i.e. app rox ima te ly  176 kJ  mo le  -1 for  t h e  overall  d e c o m p o s i t i o n  of  a 
so lu t ion  o f  ! mo le  o f  Mn(NO3)2 in 1 mo le  H20 to  7-MnO2 and  2 NO2. This 
agrees qui te  sat isfactori ly wi th  the  measu red  value o f  170 +- 14 kJ  mole  -1. 

For  the  d e c o m p o s i t i o n  in vacuum,  the  f o r m a t i o n  o f  Mn203 besides 
7-MnO2 has to be t a k e n  into  accoun t .  I t  is supposed  tha t  t he  s t ruc tu re  o f  t he  
7-MnO2 of  t he  IC samples is ident ica l  to  t he  s t ruc tu re  o f  t h e  7-MnO2 presen t  
in the  p r o d u c t  ob ta ined  on  d e c o m p o s i t i o n  o f  t he  a n h y d r o u s  Mn(NOs)2. By 
compar ing  the  hea t  effects  o f  the  d e c o m p o s i t i o n  to  Mn203 (--~24.0 and  10.7 
kJ  mole  -I,  respect ively;  Table  6) t he  a m o u n t  o f  Mn203 presen t  in t he  pro- 
duc t  was es t imated  at  55%. N o w  the  hea t  e f fec t  o f  t he  d e c o m p o s i t i o n  o f  
a n h y d r o u s  Mn(NO3)2 can be es t imated .  Fo r  Tm = 240°C,  ~ a m o u n t s  to  
116.2 (to ~-MnO2) + 0.55 × 40.3 (~-MnO2 -> Mn203) + 0 .45 X 15 (~-MnO2 -* 
?-MnO2) = 145.1 kJ  mole  -~, as c o m p a r e d  to  t he  m e a s u r e d  value o f  155 -+ 12 
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Fig. 8. Measured and calculated heats of reaction for the decomposition of an aqueous 
Mn(NO3)2 solution and anhydrous Mn(NOs)2. I and 3, Measured heats of reaction; 2 and 
4,  c ~ c u l a t e d  heats  o f  react ion;  measured  o n  IC samples .  
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kJ  mole  -1. The  measured  results agree reasonably  well wi th  the  es t imated  
values; b o t h  are shown in Fig. 8. 

The  effects  of  sample weight  and  the  low gas f low rate on  the  hea t  of  
reac t ion  of  t he  first and second  steps (see Fig. 7) are due  to  the  presence of  
water  (vapour)  and  are in very good  ag reemen t  wi th  the rmograv imet r i c  
results ob ta ined  in ref. 1. The  p h e n o m e n a  are caused by  water  vapour  which  
accelerates the  d e c o m p o s i t i o n  of  anhyd rous  Mn(NO3)2 and lowers  the  tem-  

pera ture  at which  the  reac t ion  occurs.  The  longer  the  res idence  t ime  of  the  
water  vapour  above or in the  sample,  t he  m o r e  Mn(NOa)2 decomposes  at low 
tempera tures ,  thus  in the  first step. 

If  t he  hea t  effects  of  b o t h  d e c o m p o s i t i o n  steps (Fig. 7) are ex t rapola ted  
to  zero sample weight ,  t he  hea t  ef fec t  of  the  first step a m o u n t s  to 40m50 kJ  
mo le  -1 and tha t  of  the  second step to 120- -130  kJ  mole  -1. Accord ing  to 
ref. 1, a sample wi th  negligible weight  will lose on ly  water  in the  first step, 
whereas  in the  second  step all Mn(NO3)2 decomposes .  At  180°C the  theore-  
tical hea t  effect  o f  evapora t ion  of  the  last mo le  o f  H20 is &3 kJ  mole  -1. The 
calculated hea t  ef fec t  o f  t he  Mn(NO3)2 d e c o m p o s i t i o n  to 7-MnO2 at 230°C is 
131 kJ  mole-*;  116 kJ  mole  -1 to fl-MnO2 plus 15 kJ  mole  -~ for the  differ- 
ence  b e twee n  7- and ~-MnO2. These values agree well wi th  the  measured  
values. 

As expla ined  in ref. 1, water  (vapour) p robably  changes the  na ture  o f  t he  
bon d in g  of  t he  ni t ra te  groups in the  anhydrous  Mn(NO3)2, facil i tat ing and 
accelerat ing the  decompos i t i on .  Chemi luminescence  measu remen t s  showed  
tha t  the  off-gas of  t he  first as well  as t he  second step consists of  a lmos t  exclu- 
sively NOz or N~O4 [1] .  The measu remen t s  did  no t  reveal which  of  the  two  
gases is primari ly fo rmed .  However ,  the  measured  hea t  ef fec t  of  t he  decom-  
pos i t ion  o f  anhyd rous  Mn(NO3)2, 155 -+ 12 kJ  mole  -1, agrees fairly well  wi th  
the  calculated hea t  effect  of  abou t  145 kJ  mole  -1 for d e c o m p o s i t i o n  to  
~/-MnO2, 2 NO2 and some Mn203 and 02. The  theore t ica l  hea t  effect  for 
d e c o m p o s i t i o n  to  T-MnO2 and N204, on  the  o the r  hand ,  amoun t s  to  on ly  
~ 7 6  kJ  mo le  -~. This p robably  implies tha t  NO2 is the  pr imary  gaseous pro- 
duct .  

C O N C L U S I O N S  

The  mechan i sm of  the  the rma l  d e c o m p o s i t i o n  of  aqueous  manganese  
ni t ra te  solut ions  pos tu la ted  in ref. 1 is conf i rmed.  Water (vapour)  enhances  
the  d e c o m p o s i t i o n  o f  anhyd rous  Mn(NO3)2 and causes the  d e c o m p o s i t i o n  of  
pmrt of  the  Mn(NO3)2 at relat ively low t empera tu re s  (first d e c o m p o s i t i o n  
step).  

The  hea t  ef fec t  of  t he  first d e c o m p o s i t i o n  step increases wi th  sample 
weight , ,  whereas  at t he  same t ime  tha t  of  t he  second  step decreases. This 
ef fec t  is due  to  the  accelerat ing ef fec t  o f  H20 vapour  on  the  Mn(NO3)2 
decompos i t i on .  The  to ta l  hea t  effect  remains  cons tan t  at  abou t  170 + 14 kJ  
m o l e  -~ . 

D e c o m p o s i t i o n  o f  an aqueous  Mn(NO3)2 so lu t ion  results in 7-MnO2. The 
hea t  ef fec t  of  subsequen t  d e c o m p o s i t i o n  to  Mn2Os is equal  to  t ha t  f ound  for 
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stmldard 7-MnO2 samples, viz. 9.4.0 kJ  mole  -I. 
D e c o m p o s i t i o n  o f  anhydrous  Mn(NO3)2 in vacuum results in a large 

a m o u n t  o f  Mn203 as well as 7-MNO2. The hea t  effect  is relat ively high:  155 -+ 
12 kJ  mole  -i .  

NO2 is p robably  the  pr imary  gaseous p roduc t  o f  all decompos i t ions .  
The  hea t  effect  measured  for the  d e c o m p o s i t i o n  of/3-MnO~ to  Mn203 is 15 

kJ  mole  -I higher  than  for d e c o m p o s i t i o n  of  7-MNO2 to  Mn203, viz. 39.0 kJ  
mole  -i . 

The  measured  hea t  effects agree fairly well  wi th  es t imates  of  t he  heats  of  
react ion f rom t h e r m o d y n a m i c  data. 
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