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ABSTRACT 

T h e  c o m p l e m e n t a r y  use o f  t he rmograv ime t r i c  analysis  a n d  e lec t ron  para -  
magne t i c  resonance  spec t roscopy  enables  the  ident if icat ion on  interrelated a n d  
su_~cr=~ss_ i r e  s t e p s  in t h e  v a c u u m  d e c o m p o s i t i o n  o f  7 n C 2 0 4  " 2 H 2 0 -  A f t e r  c o m p l e t i o n  

o f  the  oxala te  dehydra t ion ,  C O  a d s o r b e d  species ( ana loguous  to  those  previously  
repor ted  o n  M g O )  are  observed  by E P R ,  s ta r t ing  a t  a t empe ra tu r e  o f  250~C. In  the  
t empera tu re  range  250-3S0°C,  t he  C O  ad-species d i sappea r  whi le  pa r amagne t i c  
Z n O  1-= a n d  possibly C O :  enti t ies are  fo rmed .  I t  is p r o p o s e d  t ha t  the  la t te r  s t ems  
f rom the  react ion o f o x y g e n  released by the  d e c o m p o s i t i o n  o f  Z n O  wi th  CO2 p r o d u c e d  
du r ing  the  oxala te  decompos i t i on .  A b o v e  300~C, 7 n O 1 _ =  a n d  C O ~  d isappear ,  
leading  to  the  f o r m a t i o n  o f  O ] -  centers.  T h e  la t ter  a re  g r ad -a l l y  d e c o m p o s e d  
between 350 a n d  575°C,  releasing 0 2  observed  in E P R  as O ~  mo lecu l a r  a n i o n s  a n d  
t r apped  elect rons  which  are  again  de tec ted  as  ZnO~_~.  A par t ia l ly  r educed  Z n O  
phase  is m o s t  p robab ly  the  e n d - p r o d u c t  o f  the  decompos i t i on .  

L~."rRODUC'HON 

R ~ n t l y ,  it has  been  s h o w n  tha t  t he rmograv ime t r i c  analysis  a n d  e lec t ron  
paxamagnet ic  r esonance  (EPR)  m e a s u r e m e n t s  cou ld  Ix: c o m b i n e d  wi th  grea t  su__#ccs_ s 
for  the  e luc ida t ion  o f  complex  thermolys is  mechan i sms .  Th i s  in tegra ted  a p p r o a c h  was  
used in the  s tudy  o f  the  d e c o m p o s i t i o n  o f o x a l a t e s  x a n d  c h r o m a t e - o x a l a t e  m i x ~ r e s  2" 3 
fo r  several a lka l ine-ear th  metals ,  i.e., Ba, Sr,  a n d  Mg.  

" PreseMed at  the 14th~.Confetea:e on  V s a m m  ~ ,  T~'bninues Salfogd. 27th-28th 

"" Present address:-Facult~s UniversitabeS de Namnr, ~ i r e  de C~alyse." 
*** To ~q~om queak~ ~ this paper ~ ) A  be sent. . . . . . . . .  - 
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The present contribution extends our  former work to the investigation of  the 
decomposition of  zinc oxalate for which many interesting phenomena are expected 
because of  the peculiar properties of  the reaction product. Indeed, it is welt-known 
that ZnO, treated in reducing atmosphere* and even when heated under vacuum s, 
looses part of  its oxygen with the formation o f  non-stoichiometric ZnO, -~ -  The latter 
is responsible for the formation of  various parama.~aetic species (electron excess or  
electron defect centers, respectively of  F or  S, or  o f  V type) among which some have 
shown an interesting reactivity towards Oz 6, CO 7- 8 and CO 2. The last two molecular 
species being released during the decomposition of  the oxalate to ZnO, it seemed to 
us that this system was particularly suitable for the investigation o f  the possible g~s.- 
solid reactions occurring during the decomposition of  the oxalate and for the identifica- 
llon of  the adsorbed, event,rally imrnmngrmtie, residues_ 

This work clears some of  the various intermediate steps which occur during the 
thermolysis o f  zinc oxalate. Various adsorbed or  lattice paramagnetic speciez arc 
identified which can account partially for the observed non-stoichiometry of  the 
reaction products. 

E X P E R I M K ~ W A L  P A R T  

Preparation o f  the Zn o.ralate 
ZnC20.~ " 2H20  has been prepared by double decomposition using 7_n chloride 

and oxalic acid. The purity of the reaction product has been checked by X-ray 
diffract/on and chemical analysis. The thermogravimetric analysis confirms the 
presence of  two hydration water molecules. 

Thermal analysis and EPR measurements 
The procedures used for conducting the thermal decompositions and recording 

the EPR spectra are identical to those which have previously been reported t -  3 

R E S U L T S  

The thermal analysis of  the decomposition under vacuum (p ---- 10 -4  tort) 
and in air o f  ZnC204 - 2H20 confirms previously published results 9- 1o. The decom- 
position occurs following the sclaeme: 

ZnC20~ - 2H20(0 --, ZnC20~O ÷ 2 H20(O 65-120 "C (12_%1750C) (1) 

29o--36o°c (34o--41o c) (2) 

ZnOto ~ Znto + 0.5 O 2 ~  T > 290°C (3) 

where the subscripts (s) and (g) refer respectively to solid and ~- ,eons compounds.  
The temperatures indicated are for the vacuum decomposition; values in parentheses 
correspond to the decomposition in air. Results are shown in Fig .  1. 
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F'W,- 1. ~ analysis  d a t a  fo r  the  d e z o m p o ~ t i o n  o f  ZnCffiO4 - 2H_-O unde r  v a c u u m  a n d  in  a i r  
T G  = "I 'hermog~vimetric ~ t s ;  E P R  ----- e lec t ron  p a r m ~ e t i c  resonance  d~ta-  sigr~[~ 
as indicated. 

Between 120 and  290°C for  the vacuum decomposi t ion  (175-340°C for  the 
thermoly~is in air), thz  thermal  analysis curve presents a slight slope which  corresponds  
to  the last stage in the dehydra t ion  o f  the  oxalate and  the  beginning o f  its decomposi-  
t ion with some release o f  CO and  COz. 

F o r  the  decomposi t ion  under  vacuum,  the observed weight  loss between 290 
and  360°C is somewha t  larger  than  the  calculated value assuming p r o c e ~  (2)- T h e  
difference is a t t r ibuted to  a part ial  reduct ion  o f  Z n O  (according to reaction (3)) as 
has  been s u g ~ e d  previously 9. ~°. 

T h e  use o f  E P R  enables the  identification o f  several different radical  species 
fo rmed  in  steps (2) and  (3). Some  o f  these will be identified as adsorbed gaseous 
residues,  o thers  as  surface centers  belon/fing to  the  Z n O  lattice, thereby providing a 
m o r e  detai led descript ion o f  the  chemical  reactions occurr ing  a t  the  various tempera-  
t m ~ .  

Five different parmnagnet ic  spe~es+are  fo rmed  and  observed,  ei ther  simul- 
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T A B L E  1 

EPR ~GNAI.S OI~i~RVED D ~  THE THERMOLY~IS OF ZL~C OX.ALATE A.h~D Tl4rt3~ 1 2 ~ p L ~ - r A T I O N  

5 i g r ~ l  g - v a l u e x  In r  e r l ~  e t  a t  ~ n  

A g ~ = 2 . 0 0 5 2 ;  g l / =  2 -0024  CO*{ad .o  
gf, m = 2 0 0 4 3  

B g =  1 . 9 6  
C g t  = 2 . 0 4 " ~ .  ~ ~- "~ 0 0 ~ .  ga = 2.003 
D g = Z 0 0 3 3  
E gl. -~ .~0448 ,  g ,  --~ ,?-O081,ga ---- ? 0 0 2 ~  

g t ~  ----- ~ 0 1 8 5  

Z.nOt--~, t rap lx~  ¢ %  o r  Zn ÷. 
C 0 4 -  
O ~ o r  V~ 
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F/g. 2- Tntensityvarlation of the various EPRs/em~I,: as a funct/on of temperature: (v) under vacuum, 
¢a) m air. - 

taneously or  in succession as shown in Table  1. A plo t  o f  their/ntensit ieg, as a funct ion 
o f  temperature,  is given in Fig.  2 . . . .  

Signal A is asymmetrical  (F/g.  3)  with g-values respectively equal to g l /  = 
2.0024 and gj. = 2 .0052 CLsotropic g-value ,  g ~ ,  = 2.0043).  I t  appears  a t  a b o u t  2 5 0 ° C .  
I ts  characterist ics a re  very c lose  to  those  o f  the  exci ted CO*-rad ica l  adso rbed  o n  

M g O  ~. 7 I t  is a neutra l ,  o r  slightly posit ive,  C O  species in  a n  exci ted e lect ronic  state.  
Its g-values are listed and compa.ned to literature data in Table 2. .... ." -: _ 
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91. = 2.002~ 

Fig. 3. EPR spectrum of  signal A, CO*, as oly.~rved after ~ at 250"C.. 

g l  ffi :2 .~28  

t 

| 

f 

Pig.4/EPR. spccu~ of  Zu offi-~t~e after vacuum ac:~ivation at 300, 325, and 350°C, show'h2g s/m.~k 
B, C,-and D.  

- .  Signal B .  as shown in Figs. 4-and 5 is almost  isotropic; It has a-ghe va lue  Of 
a b o u t  1.96 which  d e p e n d s  to  s o m e  extent  o n  t h e - t h e f m a l  treatment: temperature  - 
( 2 7 5 - 3 2 5 ° C  and  4 2 5 . 5 7 5 ° C ) . T h ¢  l o w e r  than  the  f r e e - e l e c ~ o n  g ~  va lue  indicates  
that we  deal with an electron excess paramagnetic center. Th i s  signal is a lmost  always 
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Fig_ 5. E P R  s p o = t ~  o f  Z n  o ~ 1 2 r e  af ter  v a c u u m  a c t ' ~ o n  at  425, 475, ~ 575°C,  showing  signals  
B, D ,  a n d  E_ 

TABLE 2 

g - v x t . t ~  oF Oo m~DlC.xtS ON M g O  A_~D Z n O  

P~. ecur$or Ell g ~ ga o  ~ f -  

t~CO, gas, MgO 
z~4~X), decomp.  M g  o~L~fc  

2-0021 2-0055 2.0043 7 
2.0026 2.0051 2.0043 1 
2*0024 2.0052 2.0043 Th i s  w o r k  

observed in i rradiated Z n O  and  various interpretat ions o f  its na ture  have been pro-  
posed~ The  mos t  _zecc__nt reports  however  agree to at t r ibute thi~ sinnai to  ~-'1 e~ectron 
more  o r  less bound  to  a Zn  2÷ ion z i althouo~h the  detailed s t ructure  o f  ~ species 

is still unknown.  I t  could  be Z n  +, F centers,  conduc t ion  electrons, Or even interstitial 
Z n . . .  The  observat ion by  H a u s m a n n t  2 o f  an  h3q3erfine ~i~acture due  to  67~n in the 
E P R  spect rum o f  thi~ species confirms the general  picture tha t  Z n  2+ ions ac t  as 

acceptors, the electron being par~lly loc~liTod on  Zn.  We w ~  then  r ep resen t  the  
r~r~m~muetic s p e c ~  responsible fo r  s ignal  B a t  g- ---- 1.96 b y  Zn+;  (¢-);- o r  m o r e  



T A B L E  3 

VARIATIg)N OF ~ g-VALIYE OF ~ (B) AS A FILrNCTION OF A~a~VATION ~ T L r g E  

Temp. ( o C)  g-valu~ 
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275--325 1.965 
425 1.963a 
475 1-9614 
575 1.958~ 

T A B L E  4 

g-VALUES OF SIGNAL (C) A!~E) OF VARIOUS OX'YG~C*CO~WAL~'IIqG RADICALS 

P,,d~ca/ Fm"nm~/on g - ra /ues  Re/. 

gx g~ g3 g tm 

(c) 
C03- 
0~- 
C04-  

D e c o m p .  ZnC.204 2_0428 2.(X~8 2.003 2.0182 T h i s  w o r k  
-k C O  ~ O ~-  -k C O 3 -  2.0465 2 0 0 6  2.001 2.0178 15 

O~ ~ / w  --~ O 2 -  2.050 2.008 2.003 2.0203 6 
C O z -  -k O= --* C O 4 -  2_040 2.0072 !(X)2 2.0164 13 

general ly by ( Z n O  ~_~). T h e  var ia t ion  o f  its g -va lue  wi th  t empe ra tu r e  is g iven explicitly 
in Tab le  3. 

Signal  C is h ighly  asymmet r ica l  (Fig.  4 a n d  Tab le  4) a n d  it  is observed  af ter  
the rmal  t r ea tmen t s  c o n d u c t e d  be tween  275 a n d  325°C.  T h e  d a t a  s h o w n  in Tab le  4 
indicate  t ha t  this  s ignal  is r a the r  ident ical  to  tha t  recent ly ~3 a t t r ibu ted  to  CO2. 
Moreover ,  as  i t  ~ i l l  be seen in the  d i s c n ~ i o n ,  its ident i f icat ion to the  l~.tter species 
enables  to  p r o p o s e  a m e c h a n i s m  accoun t ing  fo r  the  appar i t ion ,  p r o g r e s ~ ' e  changes  
a n d  d i s a p p e a r ' ~ c e  o f  the  o t h e r  signals which  a re  a lso observed  a n d  a t t r ibu ted  to  
in termed/a t¢  species. 

A n  i so t ropic  signal  wi th  g~..-value equa l  to  2.0033 is f o u n d  to  be  p resen t  in the  
t empera tu re  range  275-575°C.  I t  will be  refer red  to  as  s ignal  D as  ind ica ted  in  Figs .  4 
a n d  5. I t  is eharaeter is t /e  o f  t he  V~, o r  033- species, as observed  o n  M g O  3" 1 4  7 n O  11 
a n d  possibly  TiOz 15. 

F/nal ly,  a t  h igher  t e m p e r a t u r e  (425-575 °C), one  can  a lso  n o t e  the  presence  o f  
a weak  a symmet r i ca l  s ignal  ( referred to  as E) wi th  g-values  g t  = 2.0448, g2 = 2.0081, 
a n d  g3 = ~0026 .  As  seen f r o m  Tab le  4, these  va lues  character ize  the  mo lecu l a r  ~n ion  

O~. 
I f  t he  t h e r m a l : d e c o m p o s i t i o n  is c o n d u c t e d  in air,  s imi lar  signals are  observed.  

T h e  m j o r .  d i f f e r ences  are  the i r  relat ive i n t e n s i f i e s a n d  the i r  a p p a r i t i o n  a n d  dis-  
a p p ~ r a n c e  temperatures . - :The d iscuss ion  will dea l  a l m o s t  exclusively wi th  the  results  
of the v a c u u m  d e c o m p o s i t i o n  experiments. ,~ ~ ~ .: - -_ - :- _ - ~ .~ -- " 
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T A B L E  5 

"I'HER.MOLYSi5 OF Z I N C  OXALATE DIHYDRATE 

Step  Temp.  T / ~ m a l  analysis data E P R  data 
( 'C) 

O bse'rv ezt lr~r ~ ~ tzt ion O b.,sc'rr ed  ,~'gi't-F- 
prerat~,r* 

1 < ~ H_-~ rde '~-e  
2 
3 250-300  Release  o f  C O  a n d  CO-_ Reac~iorts (2) a n d  (3) 

4 300--350 

5 350-575 

R e  l e a ~  o f  C O  a n d  C02_ 

R e l e a ~  o f  C O  a n d  C O -  

Reactions (2) and (3) 

R e a c ~ o n s  (2) a n d  (3) 

s ignal  A 4 
s /gnal  A 6 
d i s a p p e a r s  
s/gnal B 5, ? 
signal C 9,9" 
siznal B 8. 8" 
s/~l C I0 
s/gnal D I0 
s/gna]  D 11 
s /gnal  E !1 
increases  a n d  

s /gnal  B 12 
a n d  

dcc=ras:s 

Numbers refer to reactions as indicated in text_ 

DISCUSSION 

T h e  c o m b i n e d  use o f  the  thermal  analysis  da t a  and  o f  the  E P R  measurements, 
as a func t ion  o f  the  decompos i t i on  tempera ture ,  enable  the  dis t inct ion of f ive  successive 
s teps  wh/ch  character ize the  thermolysis  u n d e r  v a c u u m  as ev idenced  by Table  5. 

T h e  first s tep  certa/nly is the  dehyd ra t i on  o f  the  oxalate  which  is comp le t ed  a t  
a b o u t  120~C_ N o  E P R  si~maal is observed  below 250°C.  

A t  250¢C, E P R  shows  the  presence o f  adso rbed  C O  radical  species p r o d u c e d  
by the  c he mis o rp t i on  o f  C O  released du r ing  s o m e  part ial  d e c o m p o s i t i o n  o f  the  
oxala te :  

c o . ,  + O) 

as a lso evidenced by a small  weight  loss before  the  real s tar t  o f  the  decompos i t i on .  
T h e  thermoc,  ravimetr ic  curve  shows  tha t  release o f  C O  and  C O .  occurs  be tween  

a n d  300°C.  I m p o r t a n t  changes  occu r  in the  E P R  spect ra  f r o m  a n d  above  t ha t  
temperature_ T h e  CO *  si~n~l d i sappears  while two  new si6nals a p p e a r  which  arc  
a t t r ibu ted  to  C O ~  a n d  Z n O x _ ~  ( t r apped  electrons).  T h e  la t te r  species ( Z n O l _ ~ )  
s temg p robab ly  f r o m  a part ial  decom pos i t i on  o f  the  freshly p r o d u c e d  oxide.  Gaseous  
( o r  adsol10cd) oxygLm can  then  rcac.t wi th  C O *  with f o r m a t i o n  o f  C O  z a n d  dis- 
a p p c m a n c e  o f  the  CO *  E P R  signal:  : + 
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7 n O  --~ 7-nOl_= + x ]20z  

x C O ~ ' ~  + xt~ Oz ~ x '  C O z ~  + x" COz(,a,~ (6) 

corresponding to the overall reaction: 

ZnO + x CO~.,.~ ~ ZnOl_~  (or e - )  + x" C O ~  + x7 C02o,  t,) (7) 

In a recent paper ~, we have shown that the adsorbed CO* species, on MgO, was 
stable at temperatures much higher than 300°C. Hence, it confirms that in the 
present case, the disappearance of  the adsorbed CO species must  be due to a real 
chemical reaction of  CO* with one or  more o f  the reaction products and not  to a 
simple desorption phenomenon. In  addition, steps (5) and (6) explain the simultaneous 
apparition of  COz and Oz at  the surface of  the solid residue. Molecular oxygen 
produced by (5) can trap electrons from ZnOl_~  species (simm! 13) and react with 
COz formed during step (6) leading to CO~ species. 

The mechanism would be as follows: 

( e - )  + 0 ,  --, 0~" (8) 

0~ + COz~ o,-~L~ -'* C O ~  (9) 

another possibility being: 

(e- )  + CO2~,~ ~ C O ~ . ~  (g') 

CO~-o, LO + 0 2  ~ CO~LO (9") 

No EPR signal characteristic of  COCoas ) is observed (contrarily to the case of  MgO 1) 
and hence, if present, it should have a lifetime smaller than 10- lo  scc. This gives 
further support to steps (9) and (9") in which COz intermediates immediately react 

with oxygen. 
Starting from 300°C, the intensities o f  sigmals B and C decrease rapidly. They 

have completely vanished a t  325°C and a new species, O ] - ,  appears. The dis- 
appearance of  the CO~ and of  the ZnO l -~  species with the formation of  O~- can 
be explained by a mechanism which involves the participation of  one oxygen atom 

from the ZnO lattice: 

c o ~ . , ~  + o ~ , , ~ o  --* co2~,~ + o ~ -  0 0 )  

The disappearance of  CO~ must lead to the disappearance of  ZnO s-~ which was its 
precursor. CO2 is released as it cannot  adsorb on the acidic (electron defect) site 

o~- OrO. 
Between 350 and 575°C9 the intensity of  the O ] -  sil~nal decreases steadily and 

two new paramagnetic species can be ident i f ied-the previously reported ZnOl_~  
(or e--  trapped on Z n  2+) with a small intensity and mainly the oxygen mo!_~o_ 1!~ r 

anion O~-. Fro m these . results, w e  then have some evidence for the occurrence of  the 
following processes: 
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o ] , ~ )  ~ o'- + o ~ , ~ ,  (11) 

0~,,~) -,- 0~¢,) + ZnO,_..  (or e- )  (12) 

No EPR signal is observed above 575°C. The X-ray diffrac'don diagrar 0 
confirms that the end-product ~ ZnO but does not show traces of  pa_rti:~| reductig"n 
(such as the presence of  met~llic Zn, eventually) althou~h the latter is apparent from 
the thermogravimetric data. 

The combination of  thermal analysis measurements and of  EPR data has 
enabled to propose a detailed mechanism of  the various reactions which occur during 
the thermal decomposition in vacuum of  zinc ox~l~to dihydrate_ 

The successive reactions scheme represented in Fig. 6 summarizes the observa- 
tions and our conclusions, showing the important role played by non-stoichiometric 
and intermediate ph~es .  It is emphasized that althour~_h the decomposition o f  this 
compound is certainly a solid-state reaction, gas-solid and/or gas-surface reactions 
play a mzjor role. 

Zn 020~. z,~,. 

Zn C20L 

Z n O  * C O *  - CO J ' - .  C02  " ~  
I I II I 

0 2  , Z n O l l _ x )  -- [ I - )  ! 0 2  " [ C 0 2 ]  (9- o r  o d ~ )  

$ i ~ !  8 

I . |  • • ! t 

Of' ~ O ~ l ~ t "  " - - . .- 
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