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A b s l r a c t  

A kinetic and mechanistic study of the thermal decomposi t ion of copper( l I )  oxalate has 
been completed.  The reaction stoichiometry was well represented  as CUC204.0.25H20--~ 
1.92CO2 + 0.06CO + 0.25H.,O + [Cu + 0.01C]. Reactant  crystallites were below the mini- 
mum size required for resolution of surface textural detail by scanning electron micros- 
copy. It was shown that the crystallites formed adherent  aggregates and there was signifi- 
cant particle re-texturing during the latter half of the reaction. 

Analytical measurements  confirmed that decomposi t ion proceeded  with stepwise cation 
reduction (Cu 2. ---, Cu + ---. Cu°). Fractional reaction ( ,x)- t ime curves were sigmoid in shape. 
The acceleratory stage in the reaction obeyed the exponential  law in the range 
0.04 < t~ < 0.3 and the activation energy was 140-4-7 kJ reel -1 (515,550 K). The f i rs t -order  
reaction was obeyed in the range 0.24 < tx < 0.91 and the activation energy was somewhat  
larger at 180 4-7 kJ mol -~ (515-550 K). The reaction was significantly reduced in crushed 
mixtures of the salt with ei ther  Cu20 or  CuCI. 

It is concluded that reaction proceeded with intraerystalline but not comprehens ive  
melting; perhaps local and temporary  fusion within the particles took place. The 
decomposi t ion of copper(I I )  oxalate, dominant  when tx < 0.5, proceeded somewhat  more 
rapidly than the subsequent  (ix >0 .5 )  decomposi t ion of copper(I)  oxalate. These conclu- 
sions are supported by comparat ive kinetic studies of the thermal decomposit ions • of  
equimolar  mixtures of oxalic acid with either Cu.,.O or C u e .  There  was some evidence that 
the rate-limiting step was electron transfer from anion to cation. 

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

Kinetic  invest igat ions concerned  with the characterization of  the 
mechan i sms  • o f  sol id state d e c o m p o s i t i o n s  have included many  studies  o f  
the thermal  reactions o f  oxalates ,  s o m e  o f  which have b e e n  the subject o f  
mu!,tiple i n d e p e n d e n t  examinat ions  by different groups of  •workers [1, 2]. 
Bo ldyrev  et al. [3] have classified these  react ions on  the basis o f  the 
principal residual product  (carbonate ,  ox ide  or metal )  which depends  on 
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the electroposi t ivi ty  of  the cation.  These  worke r s  identify the  initial s tep  in 
all oxala te  decompos i t ions  as the rup tu re  of  the  C - C  bond  in the anion.  T h e  

l i t e r a t u r e  on this g roup  of  decompos i t i ons  is extensive  and several  salts, 
n o t a b l y  nickel oxala te  and  silver oxala te ,  have  b e e n  examined  in par t icu lar  
detai l  [2]. 

M u c h  less a t t en t ion  has been  d i rec ted  to the  decompos i t i on  of  c o p p e r ( l I )  
oxa la te ,  t hough  a recen t  r epor t  [4] was conce rned  with the influence of 
sample  p repa ra t ion  and  e n v i r o n m e n t a l  a t m o s p h e r e  on the the rma l  stabil i ty 
of  this salt. O u r  p resen t  s tudy was u n d e r t a k e n  pr imar i ly  to d e t e r m i n e  

W h e t h e r  the  decompos i t i on  of coppe r ( I I )  oxala te  p r o c e e d e d  th rough  the 
in te rven t ion  of  the  coppe r ( I )  salt. It has been  shown [5] tha t  the 
decompos i t ion  of  coppe r ( I I )  m a l o n a t e  p roceeds  to comple t ion  th rough  two 
distinct ra te  processes.  The  second of  these  reac t ions  was the decompos i -  
t ion of  coppe r ( l )  ma lona te ,  and  the  reac t ion  also involved mel t  fo rma t ion  
toge the r  with ace ta te  fo rmat ion .  Similarly,  coppe r ( I I )  f u m a r a t e  and  
c o p p e r ( I I )  ma lea t e  [6], and coppe r ( I I )  squa ra t e  [7] d e c o m p o s e d  with the 
in te rven t ion  of coppe r ( I )  salts. E a r l i e r ,  coppe r ( I )  fo rma te  [8] was infer red  
as a participant• i n  the decompos i t i on  of  c o p p e r ( I I )  fo rmate .  Thus  the  de- 
compos i t ions  of  these  several  coppe r ( I I )  carboxyla tes  p roceed  with step-  
wise cat ion reduc t ion ,  Cu 2÷ > Cu  ÷ > Cu °, a c o m m o n  chemical  character is t ic  
within a field where  behav ioura l  s imilari t ies be tween  re la ted  reac tan t s  are 
unusua l  [2]. It was, the re fo re ,  of  intere.-,t to  c o m p a r e  the  the rma l  b e h a v i o u r  
of coppe r ( I I )  oxala te  with the resul ts  a l ready ob t a ined  for the o the r  
c o p p e r ( l l )  salts and  to discuss the  reac t ion  m e c h a n i s m  in the  contex t  of the  
da ta  available.  

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

Copper(11) oxalate 

T h e  sample  of  coppe r  oxala te  p o w d e r  used  t h r o u g h o u t  the  p resen t  work  
was p r e p a r e d  as follows. Basic c o p p e r  ca rbona te ,  10.5g,  a p p r o x i m a t e  
compos i t ion  CuCO.~ • Cu(OH)2 ,  was added  in small  a m o u n t s  to a solut ion 
of  12 .6g  oxalic acid in 5 0 0 m l  disti l led w a t e r ,  ma in t a ined  at 3 3 0 K  
: th roughout  • the addi t ion  and for 1 h af terwards .  The  solut ion was fi l tered, 
Washed  With wa te r  at 3 3 0  K and dr ied  in a i r .  

T h e  m e a n  resul ts  f r o m  t h r e e  combus t ion  analyses  f o r  c a r b o n  and 
hydrogen ,  and f rom the coppe r  analysis by a tomic  absorp t ion  are  given in 
Tab le  1. The  compos i t ion  of  the  salt gives ev idence  tha t  it conta ins  a small  

• p ropo r t i on  of  w a t e r .  The  weight  loss  in v a c u u m  at 400 K, well be low de-  
compos i t ion  t e m p e r a t u r e ,  c o r r e s p o n d e d  to approx.  0 .25H20  and  n o  o t h e r  
gas was evolved  concurrent ly .  
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T A B L E  1 

Analysis of copper(II)  oxalate 

265 

%Cu %C % H  % O  
(by difference) 

Prepared  salt 40.4 15.38 0.29 43.9 
Theoret ical  for CuC2.O4 • 0.25H20 40.3 15.39 0.32 44.0 

Apparatus 

Thc  kinet ics  of  the  decompos i t ion  of  eoppe r ( l I )  oxalate ,  and re la ted  
react ions ,  were  s tudied  in a conven t iona l  glass appa ra tu s  tha t  was initially 
evacua t ed  prior• to hea t ing  the  r eac tan t  sample  to the cons tan t  reac t ion  
t e m p e r a t u r e  (±1  K) after  isolat ion f rom the pumps .  Ex ten t s  of reac t ion  
were  m e a s u r e d  f rom the pressure  of  gas p resen t  in the appa ra tus  at k n o w n  
times• using e i ther  a M c L e o d  gauge  or  a Ba ra t ron  (222B) d i a p h r a g m  gauge.  
A 178 K t rap  was ma in t a ined  be tween  the  hea t ed  salt and the gauge  to 
r e m o v e  wa te r  and o the r  condens ib le  products .  T h e  appa ra tu s  using the 
B a r a t r o n  gauge  col lected and  s tored  the pressure ,  t ime and t e m p e r a t u r e  
values  au tomat ica l ly ,  and  also inc luded facilities for da ta  processing.  The  
m e t h o d  has been  descr ibed  by Ca r r  and  Ga lwey  [5]. 

Electron microscopy 

Samples  of  salt, of  p roduc t  and  of  salt d e c o m p o s e d  to var ious  k n o w n  
extents  were  e x a m i n e d  in a Jeol  35CF scanning  e lec t ron microscope  to 
charac te r ized  the  textural  changes  tha t  occur red  dur ing  react ion.  Before  
examina t ion ,  each  sample  was r e n d e r e d  conduc t ing  by pre -coa t ing  with a 
thin film of A u / P d .  

R E S U L T S  A N D  DISCUSSION 

Reaction stoichiometry 

The  ca rbon  dioxide yield f rom the  c o m p l e t e d  salt d e c o m p o s i t i o n  was 
1.92 ± 0.05 tool COa per  mol  reac tan t ,  m e a s u r e d  f rom the pressure  of  gas 
evo lved  in the  cal ibra ted vo lume  of  the  v a c u u m  appara tus .  T h e  a m o u n t  of  
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permanent  gaseous products Was 0.060 mol CO per mole reactant ,  similarly 
measured but with a 78 K trap. Mass spectrometric analyses of t he  gaseous 
reaction products detected species on ly  at masses 44 (CO2) and 28 (CO) 
confi rming the above identifications. The mean weight o f  the r e s i d u a l  
decomposition products was 40.8% which is close to the copper content  of 
the reactant  (40.4%) and only 0.22°/'0 carbon was •detected by combustion 
analysis of this residue. The stoichiometry of the decomposition of 
copper(II)  oxalate can be expressed, from the above data and showing the 
residual products in brackets, by 

CuC20 , -  0.25H20 ~ 1.92CO2 + 0.06CO + 0.25H20 + [Cu + 0.01C] 

Copper(l l )  ion reduction 

" As in our previous studies [5-7], progressive changes in the proport ion of 
Cu 2+ remaining in the reactant  as decomposit ion proceeded were measured 
by iodometric titration. Weighed reactant  samples were decomposed,  
under  conditions identical to those used in kinetic studies, to known extents 
(fractional reaction, or) and each sample was dissolved at once in acid 
iodide solution followed by titration of the iodine released with standard 
sodium thiosulphate. 

The present results are summarized in Fig. 1. The amount  of Cu 2+ 
diminishes approximately linearly with a during the first half of the reaction 

IBi°Im•• • ,~e 
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'~ ~ i  'Pt' 0 0 
0 

0 
0 0.2 0./~ ,0.6 O.B 1.0 

. . . . . .  Extent of renction ( c,~ ) 

Fig. i -  R e d u c t i o n  in a m o u n t  of  coppe r ( I I )  p resen t  wi th  ex ten t  o f  decompos i t i on  of  
coppe r ( I I )  oxalate.  T h e  Cu 2' con ten t  app roaches  ze ro  w h c n  ~ ~-0.65. Cu 2+ con ten t s  w e r e  
measu red ,  for equal  weights  of  salt d e c o m p o s e d  to an a p p r o p r i a t e  range  of  ot values,  by 
t i t rat ion with s t andard  sod ium th iosu lpha te  solut ion.  T h e  compos i t i on  of  the  u n r e a c t e d  
samples  (cx -- 0.00) c o r r e s p o n d s  with expec ta t ion  for c o p p e r ( l l )  oxalate .  
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and relat ively more  slowly t o w a r d s  zero in the subsequen t  in te rva l ,  
0.5 < ot < 0.7. This  shows that  copper  reduct ion is again [5 -7]  stepwise,  
Cu2*---> Cu÷----> Cu °. A b o u t  80% of the copper  is r e d u c e d  dur ing the 1 st 
half  of the reaction• (to a = 0.5) a n d  that  remain ing  soon fol lows,  but  there  
i s  some over lap of the decomposi t ion  of copper ( I I )  oxalate  with the 
subsequen t  b r e a k d o w n  of copper ( l )  oxalate.  

Electron microscopy 

Scanning  e lect ron micrographs  for copper ( i I )  oxalate  are  not  r eproduced  
here  because  the individual  erystall i tes of the r eac tan t  were  too small 
( < 0 . 5 / z m )  to permi t  satisfactory resolut ion of textural  features.  Picture 
qual i ty  was often poor  due to charge re ten t ion  arising from the low 
electrical  conduct ivi ty of the porous  aggregates  tha t  cons t i tu ted  the part icle 
assemblages .  Never the less ,  some 120 pho tographs  were  ob ta ined  for 
reac tant ,  p roduc t  and salt decomposed  to va r ious  in te rmedia te  ot values. 
F rom our  compara t ive  examinat ions ,  the following conclusions were  
reached .  

T h e  reac tan t  was composed  of aggregates ,  up to 5 0 / z m  in d iameter ,  and 
i r regular  shapes  of large number s  of small rounded  part icles with d iameters  
up to 0 .5 /zm,  though many  were  smaller.  No surface detai l  of these 
apparen t ly  smooth  surfaced particles could be resolved. No textural  
changes  could be de tec ted  dur ing the early stages of reac t ion  ( a  ~0 .3 ) .  
Small crystals r ema ined  in the  form of large aggregates  but  comprehens ive  
mel t ing did not  occur.  A t  a = 0.5 the same macro tex tu re  was main ta ined  
but  the individual crystalli tes (<0.5  ~ m )  became  p i t t e d  and  genera ted  
p ro tube rances  (0.05 ~ m  diameter ) .  Surfaces were  modified by roughen ing  
th rough  the deve lopmen t  of these fea tures  at the  limits of microscope 
resolut ion.  On  comple t ion  of decomposi t ion  (or =1 .0 ) ,  the product  
consis ted of large coheren t  but  i r regular  aggregates ,  up to 100/zm in 
d iameter ,  composed  of small r ounded  particles tha t  were  too small (approx.  
0.05 ~ m )  to permi t  textures  to be character ized.  

Textura l  modifications within the small reac tan t  part icles could not  be 
resolved or  charac ter ized  in detail  by the microscopic techniques  available; 
thus the observat ions  are  not  useful for the in te rpre ta t ion  of kinet ic  data.  
T h e r e  was no evidence that  the salt u n d e r w e n t  comprehens ive  fusion and,  
in this respect ,  the  present  r eac t an t  resembled  copper ( I I )  malona te ,  w h e r e  
melt ing was intraerystal l ine [5]. T h e r e  are indications,  • however ,  t h a t  
copper ( I I )  oxaiate  u n d e r w e n t  significant re- textur ing dur ing  react ion,  re -  
quir ing appreciable  m o v e m e n t  of material :  this could be r ega rded  as local 
a n d / o r  t empora ry  fusion. The  microscopic evidence here  is inconclusive, 
a l though the rounded  surfaces of part icles and the coherence  o f  the 
par t i c les  in aggregates  are consis tent  with some local s inter ing or  •superficial 
fusion, . . . . . .  

. . . . . .  . . . . . . . . . .  . . . . . . . .  . . . . . .  . . . . .  • . . .  . . . . . . . . .  . . . . . .  . . ' . :  . . . . . .  : . . . . . . .  
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Kinetics of  the decomposition o f  copper(lI) oxalate 

I so the rma l  t~ - t ime  curves  for  the decompos i t ion  of c o p p e r ( I I )  oxala te  in 
t h e  range  5 1 5 - 5 5 0 K  were  s i g m o i d  shaped;  r ep resen ta t ive  plots  for five 
typical expe r imen t s  are shown in Fig. 2. Fol lowing r eac tan t  hea t ing ,  the re  
was evolut ion  of  a p p r o x .  3% p roduc t  gas, identif ied as an initial rap id  
reac t ion  (o~ = 0.03). This  con t r ibu t ion  was sub t rac ted  f r o m  the y i e l d - t i m e  
data  in  subsequen t  kinet ic  ' analyses.  The  main  decompos i t i on  was com-  
p le ted  in t h r e e  dis t inguishable  ra te  processes.  The  acce le ra tory  phase  was 
c o m p l e t e d  b y  approx,  t~ = 0.25; the  subsequen t  med ian  s tage p r o c e e d e d  at 
an approx imate ly  cons tan t  ra te ,  0.2 < a < 0 . 6 ,  be fore  the  dece le ra to ry  
approach  to comple t ion  (when  t~ > 0.6). 

N o n e  of  the ra te  equa t ions  appl icable  to nuc lea t ion  and  growth  reac t ions  
[1], processes  t h a t  character is t ical ly  exhibit  s igmoid shaped  t~-time curves,  
satisfactorily r e p r e s e n t e d  the p resen t  y i e ld - t ime  da ta  across  the  overal l  
react ion.  

The  best  fit for  the acce le ra tory  phase  was p rov ided  by the  exponen t ia l  
ra te  law. Plots of  ln(r~ - 0.03) against  t ime were  l inear,  see Fig. 3, be tween  
t~ = 0.04 and  an u p p e r  limit tha t  was s o m e w h a t  var iable ,  t~ = 0.30 ± 0 .06 ,  
though  such values  did no t  vary systematical ly  with t e m p e r a t u r e .  (Values  of  
u were  co~'rected by sub t rac t ion  of  t~ = 0.03 for the initial process . )  T h e  
act ivat ion energy,  ca lcula ted  f rom 17 m e a s u r e d  ra te  cons tan ts  for i so ther-  
mal  decompos i t ions  be tween  515 and 550 K, was 140 ± 7 kJ  mo1-1. 

D a t a  m e a s u r e d  dur ing  the  acce lera tory  phase  were  also tes ted  for  
accuracy of  fit to the  power  law a it'' = kt [1]. Plots  of ln(t~ - 0.03) against  
In t indica ted  values  for  n = 5 -6 ,  which is larger  than  the  r ange  mos t  usually 
found  appl icable  to nuc lea t ion  and growth react ions.  
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• Fig.  2. T y p i c a l  i s o t h e r m a l  f r ac t i ona l  r e a c t i o n  , - , - t ime  c u r v e s  f o r  t he  t h e r m a l  d e c o m p o s i t i o n  
o f  c o p p e r ( I I )  o x a l a t e  a t  r e p r e s e n t a t i v e  t e m p e r a t u r e s  wi th in  the  r a n g e  i n v e s t i g a t e d .  
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F ig .  3. Fit of data to the exponential equation I n ( e - 0 . 0 3 )  = kt for the acceleratory stage o f  
the experiments in Fig. 2. The contribution from the initial rapid reaction, tx~--0.03,  has 
been subtracted from each value. 
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The  first-order rate equat ion  was applicable  a c r o s s  the widest  t~ - t ime 
interval,  0.24 4- 0.02 < t~ < 0.91 + 0.02, o f  all the express ions  tested,  see  Fig. 
4. Data  were  satisfactorily represented by this relation from the c o m p l e t i o n  
o f  the acceleratory process ,  but in the final stages (t~ > 0.91) rates were  
more  deceleratory than expec ted  for first-order behaviour.  It is cons idered  
to be significant that react ion did not  preceed  to the re lat ive ly  rapid 
c o m p l e t i o n  that is the kinetic characteristic of  many  interface-advance 
processes .  The  activation energy,  calculated from the same  17 exper iments  
m e n t i o n e d  for the acceleratory stage analysis, was 180 ± 7 kJ mol  -I. 

° g  ~ ,..- - -  / , -  

! " 0.3 

| .  
0.1 I I , 
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Fig.  4. First=order obedience during the median and deceleratory stages of the experiments 
shown in Fig. 2. " 
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.... It was also n o t e d  tha t  da ta  obeyed  the P r o u t - T o m p k i n s  equa t ion  [1], 
in(or/(1 - t~ ) )=  kt, over  the  res t r ic ted ot range  0 .10-0 .52  and again the  ra te  
was re la t ive ly  m o r e  dece le ra to ry  after  the half-way stage,  when  ot > 0.5. 
A l t e rna t ive ly  (again)  reac t ion  p r o c e e d e d  at an approx ima te ly  cons tan t  ra te  
be tween  0.2 < t~ < 0 . 7  ( ze ro -o rde r  kinetics).  A r r h e n i u s  act ivat ion energy  
values calcula ted for  bo th  these  ra te  express ions  appl icable  to the med ian  
range  gave act ivat ion energies ,  1 6 0 ±  1 0 k J m o 1 - 1 ,  i n t e rmed ia t e  be tween  
the  values cited above  for equa t ions  obeyed  dur ing  the acce lera tory  and the  
dece le ra tory  stages of react ion.  

Crushing 
Crushing  of the  reac tan t  in a pest le  and m o r t a r  resu l ted  in no de tec tab le  

change  in the  ra te  or  kinet ic  character is t ics  o f  s u b s e q u e n t  decompos i t ion .  
Plots o f  a ~ t i m e  for  the  p r e p a r e d  and for p re -c rushed  c o p p e r ( I I ) o x a l a t e  
coincided within the  limits of expe r imen ta l  er ror .  

Added metal 
C o p p e r ( I I )  oxala te  c rushed  with an equ imo la r  a m o u n t  of coppe r  meta l  

p o w d e r  exhib i ted  decompos i t ion  kinetics tha t  were  indis t inguishable  f rom 
those of  the  pu re  reac tant .  Plots of a - t i m e  for a s imilar  mix ture  with 
p l a t inum were  similarly identical  with resul ts  for  the pure  salt when  
t~ > 0 . 1 5 .  H o w e v e r ,  dur ing  the  onse t  of decompos i t ion ,  the  acce le ra tory  
process  character is t ic  of  the  p u r e  salt was rep laced  by an approx ima te ly  
cons tan t  reac t ion  ra te  that ,  af ter  15% react ion,  coincided with results  f rom 
the pure  salt and p r o c e e d e d  u n c h a n g e d  thereaf te r .  

DISCUSSION 

The  react ion meehanis 'm must  be discussed in the context  of  analytical  
da ta  tha t  d e m o n s t r a t e  conclusively tha t  ca t ion reduc t ion  p roceeds  in two 
steps: decompos i t ion  of coppe r ( I I )  oxala te  fol lowed by, and over l app ing  
with, copper ( I )  oxalate .  W h e n  t~ < 0.5, copper  is r educed ,  Cu 2÷ ~ Cu +, and 
in the la t ter  s tages this over laps  with cat ion reduc t ion  to the  meta l ,  
Cu ÷ ~ Cu °. A l t h o u g h  c~--time curves are s igmoid shaped ,  da ta  did not  fit a 
single (solid s tate)  ra te  equa t ion  and  this is consis tent  with the  occur rence  
of two consecut ive  and dif ferent  chemical  s teps in the  overall  react ion.  
Act iva t ion  energy values for the  two steps are significantly different:  the 
v a l u e  of  E for the  decompos i t ion  of coppe r ( I I )  oxala te  (140 kJ t o o l " )  when  
a < 0.5, was  apprec i ab ly  less than that  for the c o p p e r ( I ) s a l t  (180 kJ mol-1),  
when  ,~ > 0 . 5 .  

O b e d i e n c e  of the react ion acce lera tory  s tage  to the exponent ia l  l aw  
closely resembles  behav iou r  of  coppe r ( I I )  m a l o n a t e  [5] where  reac t ion  is 
ident i t iea  as p roceed ing  increasingly rapidly in a progressively rising 

a m o u n t  of mo l t en  mater ia l ,  T h e  s to ieh iomet r ie  observa t ions  he re  p rov ide  



M.A. Mohamed, A.K. Galwey/Thermochim. Acta 217 (1993) 263-276 271 

evidance  that copper(I)  oxalate i s  formed (there is no analogue to the 
copp : acetate formed during decomposition of cOpper(II) malonate [5]). If 
coppec( I )  oxa la te  or a euteetie with the eopper(II)  salt melts within the 
reactant  crystallites, the exponential obedience is explained; reaction ac- 
celerates in proportion to the amount  of prodl!ct formed and the expo- 
nential law is obeyed, d a / d t  = k~x [5]. 

Although comprehensive melting was not observed microscopically, the 
apparent  absence of crystallite textural changes during decomposition is 
identical with the behaviour of copper(II)  malonate. The rapid initial 
decomposition of a superficial reactant  crystailite layer is bel ieved t o  
preserve particle identity through the generation of a durable "skin"  [5]. 
Thereaf ter  reaction proceeded within the molten zones of the intrapartieu- 
late reactant.  These particles tended to remain coherent in aggregates. 

Copper metal did not promote anion breakdown. Addition during the 
early stages did not accelerate the onset of  decomposition and its 
appearance as a product  (a  > 0.4) was not associated with any acceleration 
of reaction or rapid completion during the first-order deeeleratory process. 
The second reaction was somewhat slower than the first. Platinum metal 
apparently did catalyse the onset of reaction but the promotional effect was 
small and temporary.  Intracrystalline decomposition with local melting is 
consistent with the absence of influence of reactant  crushing on decomposi- 
tion kinetics. Particle size usually exerts an important  control on solid state 
reaction rates [1] and the destruction of the crystal structure on melting 
means that kinetic characteristics are determined by homogeneous con '  
trois. Microscopy gave no evidence of nucleation and growth processes. 
The present observations demonstrate  conclusively that the sigmoid shaped 
~x-time curve is not the copper-catalysed decomposition of oxalate ions at 
an advancing rnetal-sal t  interface. In contrast,  reaction is identified as an 
intracrystalline homogeneous decomposition proceeding preferentially 
within progressively increasing zones of molten salt. 

K I N E T I C S  O F  D E C O M P O S I T I O N  O F  O X A L I C  A C I D  + C O P P E R  
O X I D E  M I X T U R E S  

Copper(I)  salts of organic acids are not usually prepared from aqueous 
solutions because the copper(I)  ion readily disproportionates, 2Cu~--> 
Cu ~+ + Cu °. The present studies, therefore,  foiloweo the previously applied 
procedures [5-7] in which crushed mixtures of oxalic acid with the appro: 
priate metal oxide  were h e a t e d  rapidly to decomposition t empe ra tu r e .  
We here complete kinetic measurements  of the reactions of the crushed 
mixtures (C~O4H~ + Cu~O and C204Ha + CuO),  both in equimolar  pro- 
portions. The product  yields corresponded to the CO2 yields expected from 
breakdown of the constituent oxalic ac id  of the reactant mixture, and no 
appreciable acid sublimates were observed. 
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Fig. 5. Plots of a - t i m e  for the decomposit ion at 540K of equimolar mixtures of 
(C_~O4H2 + CuO) and of  (C204H2 + Cu20)  together with a reaction of  eopper(II) oxalate at 
the same temperature. The significance of these relative rates is discussed in the text. 

Comparative a - t i m e  plots, representative of the kinetic behaviour of  
CO2 evolution at 540 K for (Cu20  + C204H2) and for (CuO + C,.O4H2) 
mixtures, together with a comparative curve for copper(II)  oxalate 
decomposi t ion are shown in Fig. 5. Thesc, characteristically exhibited linear 
reaction-rate intervals and s lopes in the median region were 0.0195 
(Cu20  + C20+H2), 0,080 (CuO + CaO4H2) and 0.069 min -1 (copper(II)  
oxalate) .  

React ions  of both of the oxide-containing mixtures differ significantly 
from the behaviour of  the prepared salt in that there was no induction 
• period. React ions  of  the mixtures started at a maximum rate and 
• subsequently  decelerated during the approach to complet ion.  We  have 
identified (above)  the acceleratory stage in the reaction of  copper(II)  
oxalate with the onset  of  melt ing in the solid reactant. The rapid heating of  
the present reactant (oxide + acid) mixtures can be expected to result in 
acid melting (m.p. of oxalic acid 4 6 2 K )  accompanied b y  o n s e t  of 
breakdown of any copper salt formed; This fused material is probably 
similar to the molten phase in copper(II)  oxalate decomposit ion.  Thus the 

a b s e n c e  of s01idification of  any salt formed in the (CuO + C20+Hz) mixture 
expla ins  the rapid onset  of  reaction that proceeds at a rate (0 .080min ' ' )  
that is only slightly greater than that of  copper( lI )  oxalate at the same 

• temperature  (0,069 rain-') .  This  agreement issuff iciently close at this, and 
also a t  other temperatures,  to  conclude that the same mechanism of  anion 
breakdown occurs in both reactant mixtures. React ion in mixtures 
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( C u : , O + C 2 0 4 H 2 )  w e r e  significantly s lower (0 .0195min -~) and this is 
ent i rely consis tent  with the behav iour  of the salt where  the s lower reac t ion  
occurred  later  with copper ( I )  oxalate.  We conclude,  therefore ,  that  these 
da ta  provide fur ther  d i r ec t  evidence  that  the decomposi t ion  of copper ( I I )  
oxalate  proceeds  ,vith stepwise cation reduct ion  within a reac tan t  that  
undergoes  progressive melt ing.  

KINETICS  OF D E C O M P O S I T I O N  OF C O P P E R ( I I )  O X A L A T E  + C O P P E R ( I )  
O X I D E  A N D  C O P P E R ( I I )  O X A L A T E  + COPPER( I )  C H L O R I D E  M I X T U R E S  

Plots of a - t i m e  fc/!" ihe isothermal dcc~,ni)osition of copper ( I I )  oxalate  
at 540 K alone and iI~ i'tillil~:,,lar crushed I]i[xtures (CuC204 + CuzO) and 
(CuC204 + CuCi)  ar~ : ; i l t~a  in Fig. 6. Both addit ives marked ly  reduce  
decomposi t ion  rates" r:cro-order ra te  constants  for the approximate ly  l inear  
med ian  region of the reac t ions  were  0.069, 0.0074 and_, 0.0038 rain -~ for the  
pure  salt and with CuzO and CuCI,  respe.:tively. The  addi t ion of C u B r  
similarly s lowed copper ( I I )  oxalate  decomposi t ions ,  

Compara t ive  a - t i m e  curves for the decomposi t ion  of crushed mixtures  
of copper ( I I )  oxalate  with var ious  propor t ions  (x, added  wt .%)  of Cu20  are 
shown in Fig. 7. T h e r e  is a dominan t  t rend  of reduc t ion  in ra te  as x is 
pro~;ressively increased.  For  all mixtures s tudied,  behav iour  resembled  that  
of the pure  salt in tha t  a - t i m e  curves were sigmoid shaped.  The  initially 
accelera tory  process was comple ted  by a = approx. 0.2. This  was followed 
by an approximate ly  ze ro -order  process and the final dece le ra tory  react ion 
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Fig. 6. The rate of decomposit ion of copper(II)  oxalate at 540 K is significantly reduced by 
crushing in equimolar  mixtures with Cu,O or with CuCl. 
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Fig. 7. F:ots of  ~ - t i m e  for the decompos i t ion  of  copper( lI )  oxaizte  at 527 K mixed and 
crushed with the various added weights of Cu=O (CuC=O4 + (x wt ,%)Cu20) .  Progressive 
addition of  oxide leads to a systematic  reduction of  decompos i t ion  rate. 

o b e y e d  the first-order equat ion ,  T h e  changing  pattern of  kinet ic  behav iour  
with c o m p o s i t i o n  is useful ly expressed  through the variation in magn i tudes  
of  zero-order  rate constants  with c o m p o s i t i o n  s h o w n  in Fig. 8. T h e  shapes  
o f  a - t i m e  curves w h e n  x < 20% resemble  those  of  the pure salt, though 
rates reduce  in direct proport ion  to the a m o u n t  of  addit ive present .  W h e n  
20% < x < 30%,  there is a significant relative d iminut ion  o f  rate in the later 
stages and two rate processes  can be dist inguished.  W h e n  x > 30%,  a single 
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Fig.  8. Approximate  zero-order rate constants for tile median regions of copper (H)  oxalate 
= - t i m e  curves at  527 K in Fig. 7, plotted against w t .%  of added Cu.,O. Rates diminished 
progressively with proportion of oxide added and there was a discontinuous decrease close 
to the stoichiometric proportion (x -- 3 1 % ) ,  though two values could be distinguished in the 
vicinity of  this value. 
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s lower react ion is identified: the s to ichiometr ic  mix ture  CuzO:CuC_,zO4 
occurs  at x = 31%.  In contras t ,  the incorpora t ion  of  copper ( I I )  oxide in  
c rushed  mixtures  resul ted  in no apprec iab le  change  in the ra te  of c o p p e r ( I I )  
oxalate  decompos i t ion .  

DISCUSSION 

The  m a r k e d  reduc t ion  in ra te  of  copper ( I I )  oxalate  decompos i t ion  when  
c rushed  with relat ively large p ropor t ions  of C u 2 0  o r  CuCI suggests  the 
facile comple t ion  of  a chemical  react ion be tween  the c o m p o n e n t s  of  the 
mixture .  This change  in reactivity is also consis tent  with the above  
conclusion tha t  coppe r ( I I )  oxala te  unde rgoes  b r e a k d o w n  involving at least 
part ial  fusion. Extens ive  reorgan iza t ion  of the c o m p o n e n t s  of the  mix ture  is 
an essential  p rerequis i te  to the modif icat ions r equ i red  to gene ra t e  
subs tances  t h a t  are s o m e w h a t  m o r e  stable than  the  original  reactant ,  
CUC204. 

The  sys temat ic  expe r imen t s  with (CuC_~O4 + x C u 2 0 )  mixtures ,  Fig. 7, 
show that  there  is some d iminu t ion  in the decompos i t ion  ra te  at low values 
of x which can be a t t r ibu ted  to an increase in the availabil i ty of  Cu  ÷ in the  
mix ture  (Fig. 8, @). A t  h igher  p ropor t ions  of Cu20 ,  however ,  the effective 
reduc t ion  in ra te  is apprec iab ly  g rea te r  (Fig. 8, C)). This  may  be ascr ibed to 
the  fo rmat ion  of a m o r e  s table  molecu la r  grouping,  one possibility is 

C02 
9 i C u  + C u 2 0  
- C 0 2  

, co -cuo-c.-o c 

C 0 2 - C u  C u - O : C  

L inkage  of  the Cu 2+ ion to oxygen would  reduce  the ease of e lect ron 
t ransfer  and thus stabilize the salt. A n  ana logous  s t ruc ture  may be 
envisaged for react ions  with CuCI 

CO2 CO2--Cu--CI 
t C u  + C u C l  ) I 

CO2 CO2--Cu 

C O N C L U S I O N S  

P r o b a b l y  the mos t  significant mechanis t ic  observa t ion  of the p r e s e n t  
s tudy was the conf i rmat ion  tha t  coppe r ( I I )  oxalate  decompos i t ion  p roceeds  
with s tepwise cat ion reduc t ion  (Cu 2+ > Cu+---> Cu°), as with o the r  copper  
salts of  carboxylic acids [5-8].  As  previously  observed ,  the second react ion 
was s o m e w h a t  s lower than  the first [5]. 

Scanning  e lec t ron  microscopic  observa t ions  were  unable  e i ther  to 
confirm or  a l ternat ively  to. exclude the possibili ty of  mel t ing  d u r i n g  
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reaction. There  was, however, evidence of textural changes, at the limits of 
resolution, indicative of some mobility within the reacting material. The 
kinetic evidence provides support for the participation of fusion, through 
the  observed obedience of data to the exponential law, confirmed more 
positively previously by the observations for copper(II) malonate decom- 
position [5], The absence of any change in decomposition rate on salt 
crushing is again evidence that crystal size and perfection are not dominant  
features in controlling the breakdown rate of the present salt. Further  
observations supporting the intervention of melts, already discussed above, 
are the absence of an induction period in the reactions of oxalic acid with 
the copper oxides, the rates of established reactions being comparable with 
those for copper(lI)  oxalate. Copper(II)  oxalate also reacted very readily 
on heating with Cu20 or CuCl, leading to a reduction in the decomposition 
rate of the mixture. 

The activation energy for the decomposition of copper(II) oxalate, 
140 ± 7 kJ mol -!, gives a point that is on the line (dotted) for decomposi- 
tions of divalent oxalates (see Fig. 6 of ref. 9). This relationship is based on 
the identification of the rate-limiting step as electron transfer [9]. The value 
for the decomposition of copper(I) oxalate is appreciably above this line. 

There is a point of similarity between the decomposition of copper(II) 
oxalate and that of ferric oxalate, which we have recently studied [10], in 
that decomposition of ferric oxalate was also found to proceed through a 
cation reduction process (Fea+--> Fe2+). 
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