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ABSTRACT 

The decomposition of  solid K3[Fe(C204)3[ - 2 I-I20 and Ka[Cr(C204)3] - 3 H20 has 
been studied using TGA and DSC. After dehydration, the chromium compound was 
found to decompose by the loss of CO in two steps, the loss of CO2 and additional CO, 
and finally the loss of CO2. The final product appears to be either K3CrOa or the mixed 
oxides of chromium and potassium. Kinetic parameters and enthalpy data arc presented 
for these reactions. In the case of K a [Fe(C204)a ] " 2 H20, dehydration is followed by the 
loss of  CO2 and CO, CO2 alone, and finally CO. The final product appears to be a basic 
carbonate of  the type K3 [Fe(O)2(CO3 )]. Kinetic and thermal data are presented for most 
of these decomposition reactions. 

INTRODUCTION 

T h e  f i r s t  s t ep  in t h e  d e c o m p o s i t i o n  o f  so l id  o x a l a t e s  is t h e  loss  o f  c a r b o n  
m o n o x i d e  t o  p r o d u c e  a c a r b o n a t e ,  a n d  s i m p l e  o x a l a t e s  have  b e e n  t h e  s u b j e c t  
o f  n u m e r o u s  s t u d i e s  b y  a v a r i e t y  o f  t h e r m a l  t e c h n i q u e s  [ 1 - - 3 ] .  S t u d i e s  o n  
o x a l a t e  c o m p l e x e s  have  also r e c e i v e d  s o m e  a t t e n t i o n  [ 4 - - 7 ] .  T h e  p o t a s s i u m  
salts  o f  c o m p l e x  a n i o n s  o f  o x a l a t e  w i t h  Cr( I I I ) ,  M n ( I I I ) ,  C o ( I I I ) ,  C o ( I I ) ,  
Ni ( I I ) ,  a n d  C u ( I I )  have  b e e n  s t u d i e d  [ 8 ] .  F r o m  t h e s e  s tud ies ,  i t  a p p e a r s  t h a t  
w h e n  t h e  t r a n s i t i o n  m e t a l  is eas i ly  r e d u c e d ,  a v a r i e t y  o f  r e d o x  r e a c t i o n s  
t a k e s  p l ace  d u r i n g  d e c o m p o s i t i o n .  Th i s  o c c u r s  f o r  c o m p l e x e s  o f  M n ( I I I ) ,  
Co( I I I ) ,  Ni ( I I ) ,  a n d  Cu( I I ) .  N o  r e d u c t i o n  o f  t h e  t r a n s i t i o n  m e t a l  o c c u r s  w h e n  
t he  t r a n s i t i o n  m e t a l  is F e ( I I I )  o r  Cr ( I I I ) .  

In a previous report ,  w e  d e s c r i b e d  t h e  b e h a v i o r  o f  cis- a n d  t rans-  

K [ C r ( C 2 0 4 ) 2 ( H 2 0 ) 2 ]  a n d  t h e  p r o d u c t s  o b t a i n e d  a f t e r  d e h y d r a t i o n  o f  t h e  s ta r t -  
ing m a t e r i a l  [ 9 ] .  Whi le  b o t h  t h e  cis  a n d  t rans  d i a q u o  c o m p o u n d s  l o se  w a t e r  
in t h e  ini t ia l  s tages  o f  d e c o m p o s i t i o n ,  t h e r e  are  s i gn i f i can t  d i f f e r e n c e s  in t h e  
d e c o m p o s i t i o n  t a k i n g  p l a c e  a f t e r  d e h y d r a t i o n .  In  b o t h  cases ,  t h e  f ina l  
p r o d u c t  is KCrO2.  

I t  is a p p a r e n t  f r o m  t h e  s t u d i e s  o n  o x a l a t e  c o m p l e x e s  t h a t  t h e s e  c o m -  
p o u n d s  u n d e r g o  severa l  i n t e r e s t i n g  r e a c t i o n s  d u r i n g  d e c o m p o s i t i o n .  We  h a v e  
c o n s e q u e n t l y  c o n t i n u e d  o u r  s t u d y  o f  o x a l a t e  c o m p l e x e s ,  a n d  th i s  r e p o r t  

* For Part I, see ref. 9. 
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p r e s e n t s  r e s u l t s  o b t a i n e d  f o r  t h e  d e c o m p o s i t i o n  o f  K 3 [ C r ( C 2 0 4 ) 3 ]  - 3  H . O  

a n d  Ka[Fe(C~_O4)a] • 2 H~_O. 

E X P E R I M E N T A L  

T h e  K3[Cr(C,_O4)3] • 3 H 2 0  a n d  K3[Fe(C=O4)a]  • 2 H~.O w e r e  o b t a i n e d  f r o m  
A p a c h e  C h e m i c a l  Co..  a n d  w e r e  u s e d  w i t h o u t  f u r t h e r  t r e a t m e n t .  T h e  d e g r e e  
o f  h y d r a t i o n  o f  t h e s e  c o m p o u n d s  was  e s t ab l i shed  b y  b o t h  T G  a n d  i s o t h e r m a l  
mass  loss s tud ies .  

TG s tud ies  w e r e  c a r r i e d  o u t  us ing  a P e r k i n - - E l m e r  t h e r m o g T a v i m e t r i c  sys- 
t e m .  TGS-2 .  T h e  c o m p o u n d s  w e r e  h e a t e d  in a n i t r o g e n  a t m o s p h e r e  a n d  t h e  
p r o c e d u r e s  e m p l o y e d  w e r e  s imi lar  t o  t h o s e  d e s c r i b e d  p r e v i o u s l y  [ 10] .  

I s o t h e r m a l  k,:netic s t u d i e s  on  t h e  d e h y d r a t i o n  r e a c t i o n s  w e r e  ca r r i ed  o u t  
as d e s c r i b e d  p r e v i o u s l y  [ 1 1 , 1 2 ] .  

R E S U L T S  A N D  D I S C U S S I O N  

As e x p e c t e d ;  t h e  TG curves  s h o w  t h a t  d e h y d r a t i o n  o c c u r s  p r i o r  to  d e c o m -  
pos i t ion  o f  t h e  c o m p o u n d s .  In  a d d i t i o n  to  t h e  DSC a n d  T G  s tud ies  to  be 
desc r ibed  la ter ,  t h e  d e h y d r a t i o n  p roces ses  w e r e  s t u d i e d  i s o t h e r m a l l y .  T h e  
fi-action d e h y d r a t e d ,  ~. was  f o u n d  to  o b e y  t h e  e q u a t i o n  

- l n ( 1  - -  a )  = k t  ( I )  

w h i c h  is c h a r a c t e r i s t i c  o f  f i r s t - o r d e r  p rocesses .  T h e  l inea r  p lo t s  o f - - I n ( 1  - - a ' )  
vs. t i m e  w e r e  u s e d  to  c a l c u l a t e  t h e  r a t e  const ructs  a t  va r ious  t e m p e r a t u r e s  by  
m e a n s  o f  a l inear  r eg re s s ion  ana lys is .  T a b l e  I s h o w s  t h e  va lues  o f  t h e  r a t e  
c o n s t a n t s  fo r  t h e  d e h y d r a t i o n  o f  K3[Cr(C._Oa)3] " 8 H 2 0  a n d  K3[Fe(C2Oa).~] " 
2 H,_O. 

F o r  b o t h  K3[Fe(C~_O4)~] " 2 H 2 0  a n d  K3[Cr(C_-Oah] • 3 H,_O the  d e h y d r a -  
t ion  p rocesses  are  a d e q u a t e l y  d e s c r i b e d  b y  a f i r s t - o r d e r  r a t e  law.  Ana lys i s  o f  
t he  vm'iat ion in r a t e  c o n s t a n t  w i t h  t e m p e r a t u r e  a c c o r d i n g  to  t h e  A n - h e n i u s  
e q u a t i o n  leads  to  an  a c t i v a t i o n  e n e r g y  o f  86 .1  kJ  m o l e  -x a n d  a f r e q u e n c y  
f a c t o r  o f  1.1 × 109 s e c - '  in t h e  case  o f  K 3 [ F e ( C 2 0 4 ) j ] "  2 H~_O. F o r  K.~- 
[Cr(CzO~)3]-  3 H~O, t h e s e  p a r a m e t e r s  have  va lues  o f  64 .1  kJ  m o l e - '  and  

T A B L E  1 

R a t e  c o n s t a n t s  f o r  t h e  d e h y d r a t i o n  o f  o x a l a t e  c o m p l e x e s  

Temp. 
{'-C) 

K 3 [ F e ( C ~ O a ) 3  ] " 2 1 - 1 2 0  K 3 [ C r ( C ~ _ O 4 ) 3 ]  • 3 H 2 0  

k ( s e c  - t  ) C o r r .  c o e f f ,  k ( s e c  - I  ) C o r r .  c o e f f .  

7 5  1 . 1 1 X  1 0  -4  0 . 9 9 4  - -  - -  
8 5  4 . 3 2  X I 0  -~ 0 . 9 8 0  - -  - -  
9 0  4 _ 6 8  X 1 0  -4  0 _ 9 7 4  1 . 2 0  X 1 0  -4  0 . 9 9 1  

1 0 0  8 . 5 5  X 1 0  -4 0 . 9 8 6  2 . 6 0  X 1 0  -4  0 . 9 9 2  
1 1 0  - -  - -  3 . 6 4  X 1 0  - 4  0 . 9 9 8  
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2.1 X l 0  s sec-*,  r e s p e c t i v e l y .  T h e  a c t i v a t i o n  ene rg i e s  are  e s t i m a t e d  to  be 
a c c u r a t e  t o  a b o u t  -+ 5%. 

T h e  TG,  D T G ,  a n d  DSC curves  f o r  K3[Cr(C,_O4)3]" 3 H , O  and  K3- 
[Fe(C,_O4)3] " 2 H : O  are  s h o w n  in Figs. 1 and  2, r e s p e c t i v e l y .  In  t h e  case o f  
K 3 [ F e ( C : O , h ] -  2 H , O ,  t h e  d e h y d r a t i o n  in t h e  T G  resu l t s  in a mass- loss  
cu rve  hav ing  t h e  a p p e a r a n c e  o f  a t w o - s t e p  d e h y d r a t i o n .  C o n s e q u e n t l y ,  a 
k ine t i c  ana lys i s  o f  th is  p r o c e s s  was  n o t  poss ible .  H o w e v e r ,  for  K.~- 
[Cr (C :Oj )3 ]  " 3 H_,O it  was  poss ib le  to  s t u d y  t h e  d e h y d r a t i o n  f r o m  t h e  TG 
curves  us ing  t h e  Coa t s  a n d  R e d f e r n  e q u a t i o n  fo r  a f i r s t - o r d e r  p roces s  [13]  

1 A R  E 
In In 2 In T = l n - -  12) 

1 -- ~ /3E RT 

w h e r e  ~ is t h e  f r a c t i o n  d e h y d r a t e d ,  E is t h e  a c t i v a t i o n  e n e r g y .  T is t he  abso-  
lu te  t e m p e r a t u r e ,  R is t h e  gas c o n s t a n t , / 3  is t h e  h e a t i n g  ra te ,  and  A is the  fre- 
q u e n c y  f a c t o r .  F o r  f o u r  s e p a r a t e  samples ,  t h e  resu l t s  fo r  t h e  a c t i v a t i o n  
e n e r g y  a n d  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  c a l c u l a t e d  f r o m  t h e  l inear  regress ion  
ana lys i s  f i t t i ng  t h e  d a t a  t o  eqn .  (2) are  as fo l lows :  42 .6  kJ  m o l e  -!, 0 .997 ;  
45 .3  k J  m o l e  -~, 0 .997 ;  43 .2  kJ  m o l e  -~, 0 .995 ;  46 .5  k3 m o l e  -~, 0 .994 .  T h e s e  
resu l t s  y ie ld  a m e a n  va lue  o f  44 .4  kJ  m o l e  -~ fo r  t h e  a c t i v a t i o n  e n e r g y ,  w i th  a 
s t a n d a r d  d e v i a t i o n  o f  1.6 kJ  m o l e  -~. A f i r s t - o r d e r  e q u a t i o n  f i ts  t h e  d a t a  well ,  
and  r e p r o d u c i b l e  va lues  fo r  t h e  a c t i v a t i o n  e n e r g y  m'e o b t a i n e d .  H o w e v e r .  t i le  
a c t i v a t i o n  energ%, f r o m  i s o t h e r m a l  s tud i e s  is a b o u t  64 .1  kJ  m o l e  -~. No  expla-  
n a t i o n  fo r  th is  d i f f e r e n c e  is r e a d i l y  avai lable .  

T h e  DSC cu rve  f o r  K3[Cr(CzO4)s]  - 8  H : O  s h o w s  t h a t  t h e  d e h y d r a t i o n  
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Fig.  1. TG, DTG, and DSC curves for the decomposition of K3[Cr(C204)3 ] " 3 H~_O. 
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Fig .  2.  T G ,  D T G ,  a n d  DSC c u r v e s  for  t he  d e c o m p o s i t i o n  o f  K3[Fe(C~_O4)3 ] " 2 H : O .  

does  n o t  t ake  place c o m p l e t e l y  in one  step. The  to ta l  AH of  125.5  kJ 
m o l e  -1 co r re sponds  to 41.8 kJ  mole  -1 of  wa te r  r emoved .  These  results  m'e 
in good  a g r e e m e n t  wi th  those  previous ly  pub l i shed  for  this  complex  [4] .  For  
K3[Fe(C:O4)3]  " 2 H:O,  a wel l -def ined  e n d o t h e r m i c  peak  is seen in the  dehy-  
d ra t i on  region.  A A H  value of  60.8  kJ  mole  -1 is ob ta ined ,  which  is equiva- 
l en t  to  30 .4  kJ  mo le  -I of  wa te r  r emoved .  

Analysis  o f  t he  TG curves shows t ha t  the  d e c o m p o s i t i o n  of  K3- 
[Fe(C20~)3] • 2 H20  takes  place accord ing  to  eqns.  (3)--(6) .  

K3[Fe(C204)3]  " 2 H~O(s) -* K3[Fe(C:O4)3](s)  + 2 H20(g)  (3) 

K3[Fe(C204)3](s)  -~ K3[Fe(C~_O4)(CO3)(O)](s) + 2 CO(g) + CO:(g) (4) 

K3[Fe(C=O4)(CO3)(O)](s)  -~ K~[Fe(C:O4)(O)2](s)  + CO2(g) (5) 

K3[Fe(C204)(O)2](s)  -~ K3[Fe(CO3)(O)~_](s) + CO(g) (6) 

The  final  p r o d u c t  s table a t  750°C is wr i t t en  as a basic ca rbona te ,  bu t  it is 
also possible t h a t  the  p r o d u c t  is an equ imo la r  m i x t u r e  of  K:CO3 and  KFeO~. 

Fo l l owing  the  d e h y d r a t i o n  of  K3[Fe(C204)3] • 2 H20  in the  DSC, an exo- 
t h e r m  is obse rved  f r o m  280- -295  ° C. This peak  does  n o t  appear  to  be associ- 
a t ed  w i t h  any  of  t he  processes involving mass loss, excep t  perhaps  in the  
ini t ial  stages, and  m a y  r ep resen t  a s t ruc tura l  r e a r r a n g e m e n t  in the  dehy-  
d r a t e d  mater ia l .  At  315- -330°C,  a second  e x o t h e r m  is seen, which  corre-  
sponds  to  t h e  r eac t i on  r ep re sen t ed  b y  eqn.  (41. Because an e n d o t h e r m  fol- 
lows i m m e d i a t e l y ,  it  is n o t  possible to  resolve t he  peaks  and  ob ta in  A H  
values  for  t h e  separa te  steps in the  d e c o m p o s i t i o n .  Table  2 shows the  ther-  
m a l  pa rame te r s  for  t he  d e c o m p o s i t i o n  of  K3[Fe(C204)3] • 2 H20.  The  activa- 



TABLE 2 

Thermal parameters for the decomposi t ion of  K3 [Fe(C204)3 ] " 2 H20  

8 3  

E q n .  T e m p .  r a n g e  % M a s s  l o s s  ~ E a 
(°C) (kJ mole -1 ) (kd mole -I ) 

Calc. Obs. 

3 100--145 7.6 7.5 60.8 a 173.6 
4 285--385 21.2 20.5 - -  2 4 . 8  
5 4 0 5 - - 5 2 5  9 . 2  1 0 . 2  - -  3 8 . 3  
6 625--725 6.0 4.5 -- 94.6 
Total  100--725 44.0 42.7 --  --  

a 30.4 kJ mole -1 of  H20 released. 

t i o n  e n e r g i e s  w e r e  o b t a i n e d  b y  f i t t i n g  t h e  T G  d a t a  t o  e q n ,  (2 ) ,  a n d  a g o o d  
l i n e a r  f i t  w a s  o b t a i n e d  in  e a c h  case .  

F o r  K 3 [ C r ( C 2 0 4 h ]  - 3 H 2 0 ,  t h e  a n a l y s i s  o f  t h e  T G  c u r v e s  s h o w s  t h a t  t h e  
d e c o m p o s i t i o n  t a k e s  p l a c e  in f ive  s t e p s  a c c o r d i n g  t o  e q n s .  ( 7 ) - - ( 1 1 ) .  

K 3 [ C r ( C : O 4 ) a ]  " 3 H~_O(s)-~ Ka[Cr (C- .O4)3] ( s )  + 3 H 2 0 ( g )  (7 )  

K~[Cr(C,_O4)~](s)  -~ Ka[Cr(C-_O4)s ,2(COa)a/2](s )  + 3 / 2  C O ( g )  (8 )  

Ka [Cr(C204)a /2(COa)a i2]  (S) "+ K 3 [ C r ( C 2 0 4 ) l / 2 ( C O a ) s / 2 ]  (s) + CO(g) (9) 

K a [ C r ( C : O 4 ) u : ( C O a ) s , 2 ] ( s )  -~ K a [ C r ( C O a ) ( O ) 2 ] ( s )  + 1 / 2  C O ( g )  
+ 2 CO2(g) ( 1 0 )  

K 3 [ C r ( C O 3 ) ( O ) : ] ( s )  -~ K a C r O 3 ( s )  + C O : ( g )  ( 1 1 )  

T h e  f i n a l  p r o d u c t  is w r i t t e n  as p o t a s s i u m  c h r o m i t e ,  a l t h o u g h  i t  c o u l d  a l so  b e  
c o n s i d e r e d  as a m i x t u r e  o f  t h e  m e t a l  o x i d e s .  T h e  s t e p s  in  t h e  d e c o m p o s i t i o n  
w e r e  s u f f i c i e n t l y  s e p a r a t e d  t h a t  k i n e t i c  a n d  t h e r m a l  p a r a m e t e r s  c o u l d  be  
d e t e r m i n e d  f r o m  t h e  T G  a n d  D S C  c u r v e s .  I n  e a c h  case ,  t h e  f i r s t - o r d e r  C o a t s  
m~d R e d f e r n  e q u a t i o n  p r o v i d e d  t h e  b e s t  f i t  t o  t h e  T G A  d a t a .  I n  g e n e r a l ,  c o r -  
r e l a t i o n  c o e f f i c i e n t s  in  t h e  r a n g e  0 . 9 9 2 - - 0 . 9 9 9  w e r e  o b t a i n e d  f r o m  t h e  

TABLE 3 

Thermal parameters for the decomposition of K3 [Cr(C204)3 ] - 3 H20 

Eqn. Temp. % Mass loss A/-/ E a 
r a n g e  ( k J  m o l e  -1 ) ( k J  m o l e  - l  ) 
(°C) Calc. Found  

7 100--165 11.1 10.5 125.5 a 44.4 
8 185--265 8.6 9.5 22.3 174.9 
9 285--310 5.7 5 . 0  2 0 . 9  - -  

1 0  345--485 20.9 20.9 89.7 163.1 
11 48:---545 9.0 9.6 --  --  
Total  100---545 55.4 54.6 --  

a 4 1 . 8  k J  m o l e  -1 o f  H 2 0  r e l e a s e d .  
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curves for several runs. Table 3 shows the thermal  parameters for the  decom-  
pos i t ion  o f  K3[Cr(C=O4)3] " 3 H20.  

The  results o f  this work  show that d e c o m p o s i t i o n  o f  K3[Fe(C204)3]  and 
K3[Cr(C204)3] takes place in s o m e w h a t  di f ferent  ways.  For the  c h r o m i u m  
c o m p o u n d ,  on ly  CO is lost  in the first two  steps as oxalate  is converted to 
carbonate.  For the  iron c o m p o u n d ,  this is no t  the  case, CO and CO_~ being 
lost  in the initial step. However,  equivalent  products ,  K3[Fe(CO3}(O)2] and 
K3[Cr(CO3)(O)2],  axe obtained during the  processes [eqns.  (6)  and ( 1 0 ) ] .  It 
has no t  been possible to determine  the  kinet ics  o f  all the  steps, but  the 
decompos i t i on  patterns appear to be reproducible  and reliable. 
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