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Pyromueic  acid (PA) in aqueous solution is oxidized by molecular  oxygen with opening of 
the furan r ing and formation of f i - formylacryl ic ,  fumarie,  and formic  acids .  The p rocess  
is accompanied by the interlinked oxidative decarboxylation of PA and the acids formed 
f rom it. PA is the major  intermediate in the autooxidation of furfural .  When PA and fu r -  
fural are  cooxidized, the rate  of t ransformat ion  of each compound increases  by a factor  of 
two; this is a sign of the interlinking of two radical  p rocesses  evolving in one sys tem.  A 
probable scheme for the oxidation of PA in water by molecular  oxygen is proposed.  

The yield of pyromucic  acid (PA) in the autooxidation of furfural  does not exceed 10%, based on the 
amount of absorbed oxygen. In this connection, PA is considered to be a side product [1, 2], and it is a s -  
sumed that the chief direction of attack by oxygen is the furan ring ra ther  than the aldehyde group of fu r -  
rural .  These concepts are valid only if PA is a final, stable product which only accumulates  but is not con- 
sumed. It has repeatedly been noted in studies of the autooxidation of furfural  that the total acidity increases  
up to a cer ta in  limit, af ter  which one observed a decrease  ; this is associa ted  with polymerizat ion of the 
acids [3, 4] or their  adsorption by res ins  [2]. In addition, there are  data [5] that PA in aqueous solutions in 
sunlight is oxidized by oxygen to f l - formylacry l ic  acid, while succinic acid is decomposed to formic  acid 
and CO2o We have establ ished [6] that pyromucic  acid is the f i rs t  of the acids to appear in the oxidation of 
furfural  with oxygen, and the other acids a re  formed only af ter  a cer tain t ime. The amount of PA decreases  
during the p rocess  and, at the end of the experiment,  e i ther  vanishes completely or is present  in ve ry  small  
quantities. Thus the analytically determined values do not ref lect  the entire quantity of acids formed but 
only their  equilibrium concentrat ions at a given period. 

In this investigation we examine the behavior  of PA in aqueous solutions under the conditions for auto- 
oxidation of furfural  in order  to elucidate its role in the autooxtdative t ransformat ions  of furfural .  

The observat ions were made at room tempera ture  for dilute (10 -~ M) PA and furfural  (F) solutions;  
this made it possible to create  the required  excess  of dissolved oxygen and also to exclude the possible ef- 
fect of polymerizat ion of PA or its adsorption by res ins  during cooxidation with furfural .  PA gradually d is -  
appears  under the influence of molecular  oxygen {Fig. 1, I) and is converted to compounds with low molar  
extinctions which do not have charac te r i s t i c  absorption bands in the near-UV zone. PA (Xmax 245 nm) is 
initially formed f rom furfural ,  and the percentage of it reaches  a maximum corresponding to the instant of 
complete .decomposition of furfural  (Fig. 1, II, and IV, curves  b and c). After this, the rate of decomposi-  
tion of PA becomes  the same as for  sample I [kinetic curve a is parallel  to the descending branch of curve 
c (Fig. 1, IV)]. A s imi lar  picture is observed during examination of the behavior  of an equimoleeular  mix-  
ture of F and PA (Fig. 1, III). However, a compar ison of kinetic curves b and d indicates that, in the ab-  
sence of PA, the rate of t ransformat ion  of furfural  is initiaIly lower by a factor  of 1.7 than for the mixture 
of F and PA, PA therefore  acce le ra tes  its decomposition. The yield of PA under the conditions used is 83- 
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T A B L E  1. Change in the C o m p o s i t i o n  of an  Aqueous  PA Solut ion a t  
100 ~ (Oz=89% and N2= 11% above  the solut ion)* 
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*The fo l l owing  s y m b o l s  w e r e  a dop t e d  in the t a b l e s  and g r a p h s :  T i s  
the h e a t i n g  t i m e ,  A de no t e s  a c i d s  wi thout  PA,  P a r e  p e r a c i d s ,  F P  
a r e  p o l a r o g r a p h i c a l l y  r e d u c e d  f u r a n  p e r o x i d e s ,  FAA i s  f i - f o r m y l -  
a c r y l i c  a c i d ,  and  FA is  f u m a r i c  a c i d .  
Sh deno t e s  the  p o l a r o g r a p h  r e a d i n g s  u n d e r  the  s t a n d a r d  cond i t i ons  
u s e d  to c a r r y  out the  a n a l y s i s .  
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F i g .  1. T r a n s f o r m a t i o n s  of p y r o m u c i c  a c i d  
and f u r f u r a l  in w a t e r  a t  25 ~ (PA)=  5.35 �9 ] 0 -5 
M, (F )=  5.35 �9 10 -5 M (the n u m b e r s  on the 
c u r v e s  a r e  the t i m e s  in d a y s ) ;  a, b, c, d, 
and  e):  p o r t i o n s  of s p e c t r a  I - I I I  f r o m  which  
the c o r r e s p o n d i n g  k ine t i c  c u r v e s  in g r a p h  
IV a r e  c o n s t r u c t e d ;  I) P A ;  II) F ;  III) P A : F =  
1:1o 

87%, i . e . ,  i t  i s  the m a j o r  p r o d u c t  of the ox ida t ive  t r a n s -  
f o r m a t i o n s  of f u r f u r a l  in w a t e r  but  i s  an uns t ab l e  c o m -  
pound o 

The  ox ida t ion  of PA in 10 -z M so lu t i ons  i s  m a r k e d -  
ly  a c c e l e r a t e d  on he a t i ng  to  100-150 ~ wi th  an e x c e s s  o x y -  
gen p r e s s u r e  of 10-15 a i m  (Table  1 and  F i g .  2). H y d r o -  
gen p e r o x i d e ,  p e r a c i d s ,  and  f u r a n  p e r o x i d e s  (with h a l f -  
wave  p o t e n t i a l s  of - 0 . 4 8 • 1 7 6  V and - 0 . 7 8 •  V), the  
c o n c e n t r a t i o n s  of which  i n c r e a s e  r a p i d l y  to  a c e r t a i n  
m a x i m u m  and then  d rop ,  a p p e a r  i m m e d i a t e l y  a f t e r  p r e p a -  
r a t i o n  of the  so lu t ion .  T h i s  i n d i c a t e s  tha t  p e r o x i d e s  a r e  
i n t e r m e d i a t e s  and t h e m s e l v e s  p a r t i c i p a t e  in s e c o n d a r y  
ox ida t i ve  r e a c t i o n s ,  f l - F o r m y l a c r y l i c ,  f u m a r i c ,  and  f o r -  
m i c  a c i d s  w e r e  d e t e c t e d  a m o n g  the a c i d s  f o r m e d .  The  
gas  p h a s e  con ta in s  c a r b o n  d iox ide ,  the y i e ld  of which  at  
150 ~ is  45 to 46 m o l e  % of the c o n v e r t e d  PA.  

When the p a r t i a l  p r e s s u r e  of oxygen above  the s o l u -  
t ion  i s  d e c r e a s e d  by  a f a c t o r  of s e v e n  to e ight ,  the r a t e  
of t r a n s f o r m a t i o n  of PA and the r a t e  of f o r m a t i o n  f r o m  i t  
of p e r o x i d e s  and  a c i d s  a r e  d e c r e a s e d  b y  a f a c t o r  of ~ 2o5 
{Fig.  2). The q u a l i t a t i v e  c o m p o s i t i o n  of the ox ida t ion  
p r o d u c t s  r e m a i n s  the s a m e ,  but  the quan t i t a t i ve  r a t i o s  
change :  the p e r o x i d e s  only a c c u m u l a t e ,  ioe., the s t age  
w h e r e  t h e i r  r a t e  of f o r m a t i o n  is  g r e a t e r  than t h e i r  r a t e  
of c o n s u m p t i o n  has  not  ye t  o c c u r r e d .  The  m a j o r  c o m -  
ponent  in the m i x t u r e  of a c i d s  f o r m e d  b e c o m e s  f i - f o r m y l -  

a c r y l i c  a c i d ,  and  only t r a c e s  of f u m a r i c  a c i d  a r e  d e t e c t e d .  J u s t  the  oppos i t e  i s  t r ue  when e x c e s s  oxygen is 
p r e s e n t .  Th i s  i s  a c o n s e q u e n c e  of a d e c r e a s e  in the ox ida t ion  po ten t i a l  of the s y s t e m .  In add i t ion ,  c a r b o n  
d iox ide  is  not  d e t e c t e d  in the gas  p h a s e  d e s p i t e  the  fac t  tha t  up to 30% of the  PA has  d e c o m p o s e d  at  the  end 
of the e x p e r i m e n t .  C a r b o n  d iox ide  i s  c l e a r l y  m a n i f e s t e d  even  at  100 ~ (when only 7% of the  PA has  d e c o m -  
posed)  when t h e r e  i s  e x c e s s  oxygen  above  the so lu t i on .  Depend ing  on the  cond i t i ons ,  the r a t i o  of the  sum 
of the a c i d s  f o r m e d  to the a m o u n t  of t r a n s f o r m e d  PA v a r i e s  (Table  2). At  100 ~ and high oxygen  p a r t i a l  p r e s -  
s u r e s ,  A A / A P A  is  c o n s i d e r a b l y  g r e a t e r  than  uni ty ,  which  a t t e s t s  to  the f o r m a t i o n  of s e v e r a l  c a r b o x y l  g roups  
d u r i n g  the d e c o m p o s i t i o n  of one PA m o l e c u l e .  At 150 ~ (Oz= 89%) d e c a r b o x y l a t i o n  a c q u i r e s  g r e a t e r  s i g n i f i -  
c ance  and  the a c i d i t y  d e c r e a s e s .  When the oxygen  p r e s s u r e  is  d e c r e a s e d ,  f i - F A A  f o r m s  and a c c u m u l a t e s  
in the  so lu t ion .  



TABLE 2, Dependence of the Composition of the Acids in the 
Oxidate on the Conditions Used to Oxidize PA in Water {based on 
converted PA) 

T,h APA "I@ AA'103 I AA/APA ~-FAA/ COz, mole 
N N [ FA % 

0.8 
1,7 
2,7 
3,6 

5,0 
9.6 

14,9 
20.2 
20,2 

1,7 
3,2 
4,6 
5,8 

100~ above the solution 02 = 89 % 
I, I i ,25 < I 
4,2 2,48 
4,9 1,83 
5,8 1,65 

150~ above the solution O 2 = 89 % 

4,9 0,98 
9,1 0,95 

13,6 0,91 
20,6 1,02 
17,2 0,86 

150"; above the solution O z 
1,6 0,94 
3,1 0,97 
4,5 0,98 
5,7 0,98 

I <<1 

=12% 
>>l 

2--3 

45-46 

Traces  
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~ _ _ _ g  _ _ _ o  5 ] 
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F ig~  2. D e c o m p o s i t i o n  of p y r o m u e i c  a c i d  in 
w a t e r  at  150~ the s o l i d  l ine  r e p r e s e n t s  da ta  
fo r  Oz=89% and N2=11% (PA= 20.2 "10 -~ M), 
whi le  the  d a s h  l ine  r e p r e s e n t s  da t a  fo r  O 2 = 
12% a n d N z = 8 8 %  { P A = 1 6 o l o 1 0  -3 M): ]) P A ;  
2) A (�9 3) HzO 2 (&); 4) P ( + ) ;  5) F P  (U) 
( e t /2=-0o48  V);  6 ) F P  (_+_) ( e~ / z= -0 .78  
V). 

The dependence  of the  r a t e  of f o r m a t i o n  of CO z on 
the 02 p r e s s u r e  i n d i c a t e s  tha t  ox ida t ion  of PA e v o l v e s  
a s  a p r o c e s s  of i n t e r l i n k e d  ox ida t ive  d e c a r b o x y l a t i o n  [7] 
and is  not  a c o n s e q u e n c e  of t h e r m a l  d e c o m p o s i t i o n  of 
p y r o m u c i e  and o t h e r  a c i d s  p r e s e n t  in the  s y s t e m .  

F u r f u r a l  a c c e l e r a t e s  the ox ida t ion  of PA,  and  PA 
in turn  s u b s t a n t i a l l y  i n c r e a s e s  the  r a t e  of d e c o m p o s i -  
t ion  of f u r f u r a l .  At  150 ~ f o r  s e p a r a t e  ox ida t ion ,  the 
h a l f - d e c o m p o s i t i o n  t i m e s  f o r  PA and F a r e  2.1 h and 
2~ h, r e s p e c t i v e l y .  When P A : F =  ] :6, %/2 i s  1.1 and 
] o2 h, r e s p e c t i v e l y ,  i . e . ,  the  r a t e  of ox ida t i on  of e a c h  
componen t  in the m i x t u r e  i n c r e a s e s  b y  a f a c t o r  of 2. 
The c o m p o s i t i o n  of the ox ida te  r e m a i n s  the s a m e  as  in 
the s e p a r a t e  ox ida t ion  of PA and  F ,  but  m a l e i c  a c i d  is  
found i n s t e a d  of the a c i d s  l i s t e d  a b o v e .  A to ta l  of 2.4 
m o l e s  of CO2, i . e . ,  41.5% of the a m o u n t  which  would  be 
ob ta ined  f r o m  c o m p l e t e  c o m b u s t i o n  of both  compounds  
to CO,, and  HzO, i s  f o r m e d  f r o m  1 m o l e  of F and 0.16 
m o l e  of PA.  Th i s  d e m o n s t r a t e s  c o n v i n c i n g l y  that  the 
m o n o b a s i c  a c i d s  a s  wel l  a s  the d i b a s i c  a c i d s  unde rgo  
ox ida t ive  d e c a r b o x y l a t i o n .  
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The e x p e r i m e n t a l  da ta  ob t a ined  m a k e  i t  p o s s i b l e  to p r o p o s e  a m e c h a n i s m  for  one of the  p r o b a b l e  pa ths  
fo r  the t r a n s f o r m a t i o n s  of PA in w a t e r  u n d e r  the  in f luence  of m o l e c u l a r  oxygen .  



Chain propagat ion  can be accompl i shed  only via reac t ion  (1) since the po la r  O - H  bond in the carboxyl  group 
r e a c t s  m o r e  r ead i ly  than a nonpolar  bond, although somewhat  l e s s  readi ly  than the s t rong  C - H  bond [8]. 
The furoyloxy radica l  (I) fo rmed  is s tabi l ized by conjugation, which lowers  the energy  for  its format ion  and 
is the r e a son  for  the low reac t iv i ty .  Conjugation is aggrava ted  by solvation of the radica l  by polar  wa te r  
molecu les .  As a resu l t ,  I is not in a s tate  to c a r r y  on the chain, and it the re fo re  is e i ther  decarboxyla ted  
or r ecombines  to difuroyl peroxide {II). Furyl  radical  III in the p re sence  of oxygen is immedia te ly  con-  
ve r t ed  to furyl  peroxide radical  IV, which r ea c t s  with new PA molecu les  [ react ions  (3), (4), and (5)]. This 
evolving of a chain p r o c e s s  is unusual s ince the chief radica l  (III) propagat ing  the kinetic oxidation chain 
a r i s e s  not as  a r e su l t  of c leavage of a hydrogen f rom the PA molecule  but as a consequence of its in t e r -  
l inked oxidative decarboxy..lation (5). As hydroperoxide  V accumula tes , the  initial r eac t ion  may  be s o m e -  
what a c c e l e r a t e d  due to FO and ()H rad ica l s  [degenerate branching  (6)], but homolys is  of the hydroperoxide 
is insignif icant  in a po la r  medium.  The m a j o r  port ion of the H~O 2 and organic peroxides  is consumed by a 
nonchain route .  It is e x t r e m e l y  l ikely that radica l  VI r e a r r a n g e s  (7) to Via with subsequent  format ion  of/3-  
f o r m y l a c r y l i c  acid,  which is then oxidized to male ic  and fumar i c  ac ids .  The predominant  evolution of r e -  
ac t ions  (2) o r  (3) depends on the conditions (p r imar i ly  the t empe ra tu r e ) .  When the t e m p e r a t u r e  is r a i s e d ,  
the hydrogen bonds a r e  weakened, the s tabi l i ty  of the FCO~oo~ complex rad ica l  d e c r e a s e s ,  and the ra te  
of decarboxylat ion i n c r e a s e s ,  which is in a g r e e m e n t  with the exper imenta l  r e su l t s .  

The cooxidation of PA and F is an example  of c r o s s o v e r  reac t ions  of two chain p r o c e s s e s  evolving in 
a single sy s t em [8, 9]. In the p roce s s ,  additional chain propagat ion and chain t e rmina t ion  reac t ions  appear ,  
and the p r e r equ i s i t e s  for  acce le ra t ion  or r e t a rda t ion  of the r a t e s  of t r ans fo rma t ions  of the components  of 
the mix tu re  a r e  c rea t ed .  

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

Rec rys t a l l i zed  PA with mp 128 ~ and f r e sh ly  vacuum-dis t i l led  fur fura l ,  which did not contain peroxides  
and ac ids ,  were  used fo r  the invest igat ions .  The expe r imen t s  were  c a r r i e d  out with an appara tus  [10] 
that  made it poss ib le  to accompl i sh  the kinetic invest igat ions during heating at  high p r e s s u r e s  of an o x y g e n -  
ni t rogen mix tu re  under i so the rmal  conditions (~ 1~ The dilute (10 -5 M) solutions were  s to red  at room t e m -  
pe r a tu r e  in glass  f lasks  with f ree  a c c e s s  to the a i r .  PA and F were  de te rmined  by a computat ional  s p e c t r o -  
photomet~'ic method [11], hydrogen peroxide was de te rmined  by c e r i m e t r y  [12], the perac ids  were  de t e r -  
mined by iodomet ry  [12], and the organic acids were  de te rmined  by t i t ra t ion  with 0~ N KOH. The compo-  
sition of the acids  was de te rmined  by paper  ch romatography  and by po la rography  on a background of 0.3 M 
LiC1, carbon dioxide was de te rmined  with a UKh-1 gas ch romatograph  and a GPKh-3M gas ana lyzer ,  and 
the furan peroxides  were  de te rmined  with a P-60 po la rograph  on a background of 0.3 M LiC1. 
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