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UV irradiation causes no acceleration of the oxidation of furfural by 
hydrogen peroxide but maintains its occurrence at a uniform rate. Both 
with UV irradiation and without it, the oxidation of furfural by hydro- 
gen peroxide takes place via the formation of intermediate peroxide 
compounds, with their subsequent conversion mainly into a mixture of 
t3-formylacrylic, maleic, and succinic acids. The ratio between the 
acids depends on the reaction conditions. The possibility has been 
shown of a directed oxidation to ~-formylacrylic acid. 

In spite of the fact that a large number  of i nves t i -  
gations have been ca r r i ed  out on the oxidation of f u r -  
fural ,  many aspects  of this p rocess  have not been 
studied [1]. Even the autoxidation of fur fura l  and i ts  
oxidation by molecu la r  oxygen, about which an ex-  
t r eme ly  large number  of papers  have been published,  
are t rea ted  differently by different authors [1-3]. 
There is  l i t t le  information,  and that contradictory,  
on the use of hydrogen peroxide as an oxidizing agent 
for fur fura l ,  but what there is  indicates  the format ion  
of a mix ture  of male ic  and succin ie  acids with a smal l  
amount of f l - formylacry l ic  acid [4-9]. The inves t iga -  
t ion of methods of p repar ing  f l - formylaery l ie  acid is 
of pa r t i cu la r  i n t e re s t  in view of the high reac t iv i ty  of 
this compound [10-12]. 

To study the poss ib i l i ty  of ini t ia t ing or d i rec t ing  
the react ion and to obtain in format ion  as to whether 
the mechan i sm is heterogeneous or homogeneous,  
we have studied the influence of UV i r r ad ia t ion  on 
the d i rec t ion and in tens i ty  of the oxidation of f u r -  
fura l  by hodrogen peroxide.  It is  known that UV 
light acce le ra t e s  the decomposi t ion of H20 z into 
hydroxyl rad ica l s  [13-15]. If the oxidation p r o -  
ces ses  studied are rad ica l  p rocesses  in the course  
of which the hydroxyl radica l  OH" takes part ,  UV i r -  
rad ia t ion  should accelera te  them. 

During the react ion,  the fur fura l  was de termined 
spect rophotometr ica l ly  on an SF-4  ins t rumen t  at 
Amax 278 nm [16]. The amounts  of hydrogen peroxide 
and of organic  peroxide compounds were found by a 
method developed previous ly  [17]. The acids were 
identif ied and de te rmined  quanti tat ively by descending 
chromatography on paper  and in  a column of s i l i ca  gel 
[18]. The total acidity of the reac t ion  mixture  was 
de te rmined  by t i t ra t ing  samples  with 0.01 N ethanolic 
NaOH. 

It can be seen f rom Fig. 1 (curve I) that in  the case 
of the unini t ia ted  process ,  if the heat l ibera ted  i n t e n -  
s ively in  the course of the reac t ion  is  not removed,  
8 hr after the mixing of the reagents  the reac t ion  be -  
comes vigorous and the t empera tu re  of the medium 
rapidly r i s e s  to 108 ~ C. The ra tes  of the decomposi t ion 
of the fu r fu ra l  and of the accumulat ion of acids and 
peroxide compounds r i s e  sharply.  I no rde r  to elucidate 

the action of UV radia t ion on the course of the oxida- 
tion, the reac t ion  mixture  was i r r ad ia t ed  with a m e r -  
cury  lamp for 8 hr. No acce lera t ion  of the p rocess  
was observed (curve II, Fig. 1). To complete the r e -  
action, the i r r ad ia t ed  mix ture  was left under  different 
conditions: in a Dewar vesse l  (curve II, sect ion a), 
at room t empera tu re s  (section b) and in the r e f r i g -  
e r a to r  at 5 ~ C (c). It can be seen f rom the curves  of 
Fig.  1 and f rom the UV spec t ra  of the oxidation p rod-  
ucts  (Fig. 2) that previous  photochemical  in i t ia t ion 
of the reac t ion  mixture  ensu re s  a uniform completion 
of the reac t ion  at room tempera tu re .  In the case of 
the rmal  i so la t ion  in a Dewar vesse l ,  the reac t ion  
goes to complet ion 2 hr  30 min  after i r rad ia t ion ,  
pass ing  through a vigorous stage. Removal  of heat in  
the r e f r i ge r a to r  slows down the process .  Thus, UV 
i r rad ia t ion ,  by ini t ia t ing the oxidation of fu r fu ra l  
gradually,  changes i ts  nature  and pe rmi t s  the reac t ion  
to be c a r r i e d  out at the t empera tu re  of the s u r r o u n d -  
ing medium so that it  changes f rom a se l f - acce le ra t ing  
p rocess  to a s ta t ionary  process .  The absence of an 
acce le ra t ion  under  the action of UV light indicates  
that the p rocess  takes place predominant ly  by an ionic 
and not a rad ica l  mechanism.  The uni formi ty  of the 
reac t ion  so achieved may apparent ly be explained by 
the exci tat ion of the e lec t ronic  sys tem and an inc rease  
in  the labi l i ty of the in te rmedia te  peroxides.  

The s imul taneous  action of rad ia t ion  and heating at 
an average t empera tu re  of 40 ~ C (curve III) i nc rea se s  
the ra te  of reac t ion  almost  twofold (haft-decomposi t ion 
t i m e  of fur fur a l  " 5 w h i l e  - -  9 hr) .  

The ana lys i s  of the acids showed that in the expe r -  
iments  with in i t ia t ion  and in those without it  the ma in  
products  were fo rmylacry l i c ,  male ic ,  succinic ,  and 
fo rmic  acids with smal l  amounts  of malic ,  fumar ic ,  
t a r t a r i c ,  and pyromucic  acids. The fumar ic  acid was 
detected in  UV radia t ion at all  s tages of the react ion.  
Without i r r ad ia t ion  i t  was found only at t empera tu res  
above 70 ~ C. During the react ion,  the ra t io  of male ic  
and fo rmylac ry l i c  acids changed in  the d i rec t ion  of a 
decrease  in  the amount of fo rmylae ry l i c  acid and the 
accumulat ion of male ic  acid. The ra t io  between the 
male ic  and succinic  acids also changed (see table). 

An analys is  of the peroxide compounds showed the 
format ion  of organic  peroxides,  the s t ruc tu res  of which 
has not yet been determined.  In the f i r s t  s tages,  the 
accumulat ion of peroxides p reva i l s  over their  decom- 
posit ion.  Then the decomposi t ion of the peroxides 
acce le ra tes ,  the extent of decomposi t ion being p a r t i c -  
u l a r ly  appreciable  with a r i s e  in  the t empera tu re  (Fig. 
1, C). There were  no organic  peroxides in the f inal  
oxidation product.  However, the fact that they were 
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Fig. 1. Changes  in the temperature  (A) and in the concentrat ions  
of furfural  (B), organic  peroxide compounds (C), and acids  (D) in 
the oxidation of furfural  by hydrogen peroxide:  I) without i r r a d i a -  
t ion at 26 ~ C ; II) with UV irradiat ion  at 9.6 ~ C fo l lowed by m a i n t e -  
nance of the irradiated mixture:  a) in a Dewar v e s s e l ,  b) at 22 ~ C, 

c) at 6 ~ C; III) with UV irradiat ion  at 3 0 - 5 0  ~ C. 
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Fig.  2. Change in  the UV spec t r a  of the 
products  of the oxidat ion of fu r fu ra l  by 
perhydro l  on i r r a d i a t i o n  with a m e r -  
cury  lamp: 1) in i t i a l  mix tu re ;  2) after  
5 hr ;  3) after  8 hr ;  with the i r r a d i a t e d  
mix ture  kept: a) in  a Dewar v e s s e l  for 
2 hr 45 min ;  b) at 22" C for  13 hr ;  b ')  
at 22 ~ C for  21 hr ;  c) at 5 ~ C for 13 hr .  
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Ratio Between the Acids at Different Stages of the Oxidation of 
Furfural by Hydrogen Peroxide 

Without irradiation 

With irradiation 
by a mercury 
lamp 

Conditions 

Before the vigorous reaction (50 ~ C) 

At the moment of the vigorous 
reaction (108 ~ C) 
After the vigorous reaction (90* C) 

After irradiation for 8 hr at 26 ~ C 

After irradiation for 8 hr at 40~ 

t Yield in % of the 
total crystalline acids 

fl-formyl- 
I acrylic 

37.6 

41.5 

26.0 

66.8 

36.0 

maleic succinic 

29.3 25.5 

31.5 22,0 

32.8 37.5 

15.0 10.0 

27.9 28.0 

other* 

7.6 

5.0 

3.7 

8.2 

8.1 

*Fumaric, malic, tartaric, oxalic, and pyromucic acids were detected. 

formed in the intermediate stages of the reaction 
leads to a treatment of the mechanism of furfural 
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Fig. 3. Change in the UV 
spectra of the products 
of the oxidation of fur -  
fural with perhydrol with- 
out initiation: 1) initial 
mixture; 2) after 9 hr 40 
min, before the vigorous 
reaction (100 ~ C); 3) after 

the vigorous reaction. 

oxidation by hydrogen peroxide different from the ex- 
isting hypothetical variants [4-8]. 

At various stages, the oxidate was subjected to 
UV spectroscopic analysis (Figs. 2 and 3). As can be 
seen, the initial mixtures have Xmax 228 and 278 nm, 
which corresponds to furfural [19]. During the reac-  
tion there are quantitative changes at Xmax 278 nm, 
which shows the decomposition of the furfural, and 
qualitative changes in the 208-228-nm region. The 
furfural maximum at 228 nm gradually disappears, 
and the maximmn of the spectrum shifts to the 220-nm 
region. This region of absorption is characterist ic 
for fl-formylacrylic acid [20]. When the temperature 
r ises  because of self-heating, the absorption maximum 
begins to shift into the 200-rim region and outside the 
limits of measurement of the instrument (Fig. 2, 
curve a; Fig. 3, curve 3). We know from pure samples 
that absorption in this region is characteristic for 
formic, fumaric, succinic, and other acids. Obviously, 
their accumulation as the reaction develops leads to 

the masking of the spectrum of the fl-formylacrylic 
acid formed initially. 

The parallel formation of a number of acids shows 
the presence of several reactions competing with one 
another, the dominating ones being the formation of 
fi-formylacrylic, succinic, and maleic acids. The 
latter arises from the fi-formylacrylic acid. Fumaric 
acid is formed by the isomerization of maleie acid, 
which is quite possible under conditions of irradiation 
and high temperatures [21-23]. The formation of 
malic acid is the result  of a transformation of the 
maleic acid. The possibility of such transformations 
under the conditions of irradiation and a vigorous 
reaction without irradiation is confirmed in experi- 
ments that we have carried out with the individual 
acids. The pyromucic acid, in all probability, is the 
product of a side reaction in the oxidation of furfural. 
Thus, the formation and conversion of these sub- 
stances during the oxidation of furfural by hydrogen 
peroxide can be represented in the form of the follow- 
ing scheme: 

Furfural  
H202 

/ OrgH~o:C [ e r H : d e s  ~ 

Formylacrylic  
Succinic Acid Pyromucic 

Acid ) H202 Acid 

L 
Maleie , Fumaric 
A c i d ~  " Acid 

Malie Tartaric 
Acid Acid 

A detailed study of the conversion of the acids 
formed during the reaction has shown methods for the 
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d i r e c t e d  s y n t h e s i s  of m a l e i c ,  f o r m y l a c r y l i c ,  o r  s u c -  
c i n i c  ac id .  f l - F o r m y l a c r y l i e  a c i d  h a s  b e e n  o b t a i n e d  

w i t h  a y i e l d  of up to 60% [24]. 

EXPERIMENTAL 

The experiments were carried out with furfural freshly distilled 
in vacuum (n~ J..5234, d ~5 1.1563) and 27% hydrogen peroxide. 

A flask wa~ charged with 41.4 ml (0.5 mole) of furfural and 
150.5 ml (1.3 mole) of hydrogen peroxide. The mixture was stirred 
vigorously. In the case of the experiments with irradiation, quartz 
flasks were used and the reaction mixture was irradiated with a PRK-4 
lamp. 

Reaction Conditions 

i. Without irradiation: after 9 hr 45 rain, the temperature of the 
mixture reached t08" C, whereupon a vigorous reaction began which 
lasted 25 min, and then the temperature fell and the reaction ceased. 
All the furf~al reacted. 

2. The reaction mixture was irradiated at 26 ~ C for 8 hr, after 
which part of it was placed in the refrigerator, part in a Dewar vessel, 
and part was kept at room temperature. In the Dewar vessel, a vig- 
orous reaction took place 2 hr 30 rain after the end of irradiation, but 
no such reaction developed in the refrigerator or at room temperature 
during a day. 

3. The reaction mixture was irradiated at 40 ~ 10*C for 9 hr (after 
each 30 rain, the temperature had risen to 50~ and it was then 
brought artificially to 30 ~ C). After irradiation, part of the reaction 
mixture was kept in the refrigerator and part at room temperature. No 
vigorous reaction was observed during the experiment. At room tem- 
perature, all the furfural had reacted in 20 hr. 

To eIucidate the possible conversions of the ~-formylacrylic, 
maleic, succinic, and malic acids under the reaction conditions, two 
experiments were carried out with each of these acids. A mixture of 
0.5 g (0.05-0.037 mole) of the acid concerned and 25 ml (0.22 mole) 
of 27% hydrogen peroxide was irradiated with a mercury lamp with 
stirring for 2 hr, which corresponded to the experiments with photo- 
initiation. In another case, a mixture of the acid and HzO~ was kept 
at ~08~ for 25 min, which corresponded to the vigorous reaction in 
the experiments without irradiation. The reaction products were sep- 
arated by descending paper chromatography. 
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