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The oxidative degradation of bark in ni tr ic  acid is of  pract ical  and sc ient i f ic  interes t ,  s ince  it enables  a 
w a s t e - f r e e  p r o c e s s i n g  of the raw mater ia l  to be achieved.  The absence  of information on the c h e m i s t r y  and 
m e c h a n i s m  of the p r o c e s s  is holding back progres s  in this  f ield.  The laws of the oxidation of hydro lys i s  l ignin 
by ni tr ic  acid have been studied prev ious ly  [1, 2]. Important Information was  obtained on the p r o c e s s  which,  
however ,  cannot explain the  c h e m i s t r y  Of the oxidation of the bark. In actual  fact ,  the c h e m i c a l  propert ies  of  
bark,  in spite  of their  s i m i l a r i t y  to the propert ies  of wood,  are  n e v e r t h e l e s s  fa ir ly  speci f ic .  Thus,  the l ignin 
of the bark cannot be brought into solut ion comple te ly  by the s a m e  methods by which wood is delignified.  The 
phenolic  c o m p l e x e s  of the bark include phenolic  ac ids ,  in addition to true  lignin. The bark of the Siberian larch  
contains  m o r e  than 7~o of suberin ,  the chemica l  nature of which has been studied fax f r o m  comple te ly .  All this  
shows  the des irabi l i ty  of  studying the oxidative interaction of the bark of the Siberian larch with ni tr ic  acid. 

As can be s een  f r o m  Table 1, the bulk of the bark is  decomposed  into w a t e r - s o l u b l e  products  after r e a c -  
t ion for s ix  hours.  The so l id  oxidation re s idue  is pract ica l ly  comple te ly  f r e e  f r o m  h e m i c e l l u l o s e s .  The de-  
gradation has l i t t le  effect  on the c e l l u l o s e  over  the whole  period of oxidation.  This  agrees  wel l  with what is 
known f r o m  the n i tr ic  acid digest ion of wood.  

It is  in teres t ing  to fo l low the changes  in the phenolic complex  of the bark during oxidation. The phenolic 
ac ids  are  part icular ly  labi le  in re la t ion  to the oxidiz ing agent. Information on their  chemica l  nature is in-  
adequate,  and there fore  it is imposs ib l e  at the present  t i m e  to give an unambiguous explanation of the e a s e  of 
their  oxidation.  However ,  it can be stated that aromat ic  hydrocarbons  having oxygen-conta ining  functional 
groups in the nucleus  are  read i ly  oxidized.  The phenolic  ac ids  differ f r o m  the lignin by a lower  m o l e c u l a r  
weight  and a cons iderab le  content of  carboxy groups and phenolic hydroxyls  [14]. In addition, the amount of 
methoxy groups,  which s tab i l i ze  an aromat i c  nucleus  in re la t ion  to oxidizing agents ,  is 2 .56~  in the phenolic 
ac ids  and 12.2070 in the Koenig lignin. 

TABLE 1. Influence of the T i m e  of Oxidation on the Yield of R e a c -  
t ion Products  

Components of the solid xesidue, ~ on the ab-~omponents ~ ,  
solutely dry bark 1/o on the absolutely dry bark 

1 
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3 
4 
5 
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Initial 
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TABLE 2. Charac ter i s t ics  of the ,Alkali  Lignin" of 
Oxidized Bark 

~ .. IAmt of functional groups, % on the 
" ~  ~'~ IKoenig lignin of the initial bark 

~6 .~ ~:~ ~ tmo.o i . . . . . .  
~ ~ ~ ~'~ ~ I [ phenolic quinonc 
• ,,,. ~ O O'~'~ I OCH, --.. COOH ....,~ 

1 49;44 
2 75,16 
3 I00,67 
4 67,69 
5 24,59 
6 17,71 

Dioxane 
lignin of 
Siberian 
larch 
bark 
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UV spec t ra  of alkali lignins of bark obtained with oxidation t imes of f rom 1 t 6 h. 

IR spec t ra  of alkali lignins of bark obtained on prolonged oxidation for f rom 1 to 6 h. 

In view of this it must be expected that the phenolic acids will be oxidized more  readily,  and in this p ro-  
cess  the destruction of their  a romat ic  s t ruc ture  is possible. 

To check this hypothesis,  the phenolic acids isolated f rom Siberian larch  bark were oxidized under the 
conditions for the oxidation of the bark [2]. It was found that they were  oxidized a lmost  completely in an hour 
with the formation of a considerable  amount (about 12%) of oxalic acid, which shows the decomposition of the 
a romat ic  s t ruc ture  of the phenolic acids.  On the basis of the resul ts  obtained, it may be concluded that, 
although they have the same nature  as simple phenolic acids,  the substances that a re  determined in the solid 
oxidation res idue after react ion for 2-6 h as phenolic acids a re  in fact degradation products of the lignin (frac- 
tion 2). Special experiments  have confirmed this. 

The resul t s  of a chemical  analysis  of fract ion 1 of the oxidized lignin (Table 2) show that in the f i rs t  
period of the react ion (1-3 h), in spite of the increase  in the amount of carboxylie ,  phenolic, hydroxylic,  'and 
quinone carbonyl  groups the lignin is bas ical ly  insoluble in an acid medium. It is apparently just this which 
may explain the existence of an induction period in the formation of quinonic acids (see Table 1) when their 
yield increases  only slightly in spite of the occur rence  of oxidation react ions  of the lignin. 

The r i s e  in the amount of phenolic hydroxy groups shows a destruction of the lignin taking place with the 
cleavage of the f l - a ry l  ether bonds. According to Ingold's theory  [15], the demethylation of O-methylated 
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phenols on r eac t ion  with n i t r ic  acid can take  place  hydrolyt ical ly .  
a~Alogous to that  of a proton in ac id -ca t a lyzed  hydro lys i s .  

In this  c a se ,  the N O + c a t i o n  plays  a ro l e  

Rl RL R1 
I I I 

~ \  +NO+ / /~  

/ ' / \  r" i /'Ao  R I 0CI-13 R I :OCH3 ... O -  H 
OH OH NO~ I OH 

As a r e s u l t  of the hydro lys i s  of the a l k y l - a r y l  bond, the guaiacyl  s t r u c t u r e s  of the lignin chvnge into py ro -  
ca techol  s t r u c t u r e s ,  which a r e  then r ead i ly  oxidized to or tho-quinone s t r u c t u r e s  [16]. 

Adler  [17] has p roposed  a s cheme  for  the oxidative demethylat ion of O-methyla ted  phenols accord ing  to 
which the  a r o m a t i c  s t r u c t u r e  of the l a t t e r  is conver ted  into an or tho-quinol ide and then into an or tho-quinoid 
structure: 
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The r e s u l t s  of a chemica l  ana lys is  of the oxidized lignin ag ree  well  with the proposed  s c h e m e s :  the 
amount of methoxy groups in  the s amp le s  fa l ls  monotonical ly  during oxidation, and the phenolic hydroxyls  and 
quinone carbonyl  groups r e a c h  a m a x i m u m  by the  end of the th i rd  hour. 

The i nc rea se  in the number  of phenolic hydroxyls  can a lso  be explained by the c leavage  of l i g u i n - c a r b o -  
hydra te  bonds. This  is shown by the apprec iab le  fal l  in the amount of r ead i ly  hydrolyzable  po lysacchar ides  in 
the oxidized b a r k  (see Table  1). 

The fo rmat ion  of quinoid s t r u c t u r e s  in the r eac t ions  of lignin is conf i rmed  by the r e s u l t s  of spec t roscop ic  
invest igat ions.  In the UV region  (Fig. 1) the absorp t ion  band of an a roma t i c  r ing  rap id ly  d i sappears  during oxi-  
dation. The m a x i m a  on the cu rves  shift  in the long- range  direct ion where  many methylenequinones abso rb  [18], 
but the na ture  of the s p e c t r a  r e m a i n s  m o r e  complex.  The magnitude of the ba thochromic  shift ,  which is a 
c r i t e r i on  of the  fo rma t ion  of quinoid s t r u c t u r e s ,  d i f fers  apprec iab ly  f r o m  the shift a r i s ing  in the format ion  of 
o rd ina ry  phenoxide ions. The s p e c t r u m  has a b road  absorp t ion  band in the long-wave region which is c h a r a c -  
t e r i s t i c  for  a c h a r g e - t r a n s f e r  sys t em.  All this  is apparen t ly  explained by a cons iderable  contr ibution of a 
quinoid s t r u c t u r e  to the bas ic  s ta te  of the ionized fo rm.  

In the in f ra red  s p e c t r a  of s amples  of oxidized lignin (Fig. 2} t he r e  is l ikewise  d i sappearance  of the band 
at 1510-1515 c m  -1 which unambiguously  r e l a t e s  to the ske le ta l  v ibra t ions  of the a roma t i c  r ing  of lignin. Here  
an absorp t ion  band appea r s  that is c h a r a c t e r i s t i c  for  a conjugated carbonyl  group in quinoid compounds and 
which usual ly  appea r s  in the f o r m  of an ave raged  band at 1618 c m  -1 or  is spli t  into a doublet in the 1610-1630 
c m  -1 reg ion  [18]. These  r e su l t s  a lso  show that  the oxidation of ba rk  liguin in n i t r ic  acid is accompanied  by the 
convers ion  of the a r o m a t i c  s y s t e m  of bonds into a cyclohexadionone sys t em.  

The d e c r e a s e  in absorp t ion  in the 1510-1515 c m  -1 reg ion  may  also  be the r e su l t  of a condensat ion of 
benzoid de r iva t ives  in the s t ruc tu ra l  units of the lignin. Braun [19] has found that the 1515 c m  - I  baud d isap-  
pea r s  at an e a r l y  s tage of coal~fication. This  band appea r s  e x t r e m e l y  feebly or is comple te ly  absent  in the 
s p e c t r a  of condensed a roma t i c  hydrocarbons  containing m o r e  than t h r ee  benzene r ings .  In our case ,  the ap-  
pea r ance  of Secondary  a r o m a t i c  s t r u c t u r e s  is shown indi rec t ly  by the low yield of oxalic acid (see Table  1), in 
spi te  of the fact  that  the lignin m a e r o m o l e c u l e  is in tensively  oxidized (see Table  2). 

The s t rong  absorpt ion  in the 1400-1000 c m  -1 shows the sa tura t ion  of the lignin by oxygen-containing func- 
t ional  groups  [20], which is connected with oxidat ive p r o c e s s e s  and is conf i rmed  by the r e su l t s  of chemica l  
ana lys i s  (see Table  2).  
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A broad  band at 3300 c m  - I  c h a r a c t e r i z e s  the s y m m e t r i c a l  v ibra t ions  of OH groups involved in hydrogen 
bonds [20]. Absorpt ion in the 1140 c m  -1 c h a r a c t e r i z e s  the s y m m e t r i c a l  v ibra t ions  of OH groups involved in 
hydrogen bonds [20]. Absorpt ion in the 1140 c m  -1 regiun shows that  a cons iderab le  number  of these  groups has 
a phenolic na ture  [20]. This  is a l so  shown by the chemica l  ana lys is  of the alkal i  l[gnin. 

T h e  poss ib i l i ty  of the fo rmat ion  of s table  s t r uc tu r e s  with a quinoid s y s t e m  of bonds on the oxidation of 
lignin is mentioned in a paper  by V. V. Ershov et al.  [21]. They have es tabl i shed that  methylenequinones con-  
ta ining as subst i tuents  s t rongly  electronegatLve functional groups,  such as ca rboxy  groups,  a r e  p rac t i ca l ly  
s table  in an acid medium.  Apparent ly ,  in this case  conjugation between the e lec t ronegat ive  substi tuent  and the 
~ - e l e c t r o n s  of the methylene bond is so grea t  that  the exis tence  of the quinoid s y s t e m  of bonds becomes  p r e -  
f e r r e d  to that  of a phenolic sys tem.  In this case ,  no quinone-phenol r e a r r a n g e m e n t  of bonds takes  place under 
the act ion of an acid medium.  

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

Depending on the conditions,  in n i t r ic  acid both oxidation and ni t ra t ion reac t ions  of the main components  
of the b a r k  may  take place.  We have previous ly  found the op t imum conditions for  oxidative degrat ion,  t e m p e r a -  
tu re  92-95°C, r a t io  of liquid to solid 6, r a t io  of acid to r aw  ma te r i a l  2.25 pa r t s  by weight,  r a t e  of flow of a i r  in 
oxidation 1.7-2.0 mS/h per  kg of bark ,  t ime  5 h 30 min [3]. Nitr ic  acid with a densi ty  of 1.32-1.36 was added to 
the s y s t e m  gradual ly  at a constant  r a t e .  In this way, in the f i r s t  p lace ,  the O9/NO s ra t io  was kept  at a constant  
level  and, in the second place ,  the decomposi t ion of the quinonic acids f o rmed  was reduced.  After  the s e p a r a -  
tion of the insoluble r e s idue  f r o m  the acid solution, the oxalic acid was prec ip i ta ted  in the f o r m  of ca lc ium 
oxalate  [4]. Then the ni t rophenols  w e r e  el iminated by succes s ive  ext rac t ion with benzene and ch lo ro fo rm,  and 
the quinonic acids with methyl  ethyl ketone [5]. After all  the ex t rac t ions ,  the hydroxy acids were  prec ip i ta ted  
in the f o r m  of the b a r i u m  sa l t s  in acetone [6]. The solid oxidation r e s idues  were  washed f r e e  f r o m  t r a c e s  of 
n i t r ic  acid and were  analyzed by a scheme  genera l ly  adopted in b a r k  c h e m i s t r y  [7] with the d i f ference  that the 
isolat ion of the suber in  and phenolic acids was p e r f o r m e d  in a cu r ren t  of n i t rogen at pH 11-12 in o rder  to p r e -  
vent condensation t r an s fo rma t ions  of the lignin [8]. 

The p r e sence  of a cons iderable  amount of functional groups in the tignin is r e spons ib l e  for  its act ive 
ro l e  in the oxidative degradat ion of the bark .  In a study of the macrok ine t ics  of the p r o c e s s ,  we found that  the 
oxidation of ba rk  1ignin in n i t r ic  acid takes  place in two s tages .  The in te rmedia te  oxidation product ,  unlike the 
initial 1ignin of the ba rk ,  is r ead i ly  soluble in 1% NaOH. By making use of this  p roper ty ,  the unchanged lignin 
was sepa ra t ed  f r o m  the oxidized product.  By ac!dif icat ion of the alkaline ex t rac t ,  the la t ter  was prec ip i ta ted  
in the f o r m  of c h a r a c t e r i s t i c  f locs  (fraction 1). Par t  of the 1ignin r ema ined  in the acidified solution and on ex-  
t r ac t ion  with ether  it was de te rmined  in the f o r m  of phenolic acids (fraction 2). 

To elucidate the c h e m i s t r y  and mechan i sm of the oxidation of the lignin, these  f rac t ions  were  studied in 
m o r e  detail.  In all  the samples  of oxidized lignin obtained at different  reac t ion  t i m e s ,  the following functional 
groups were  de te rmined  by genera l ly  adopted methods [9-13]: methoxy,  carboxy,  phenolic and tota l  hydroxylic ,  
and carbonyl  groups.  

The changes taking place  in the lignin mac romolecu l e  under the action of n i t r ic  acid and a tmospher ic  oxy-  
gen were  also studied spec t rophotomet r ica l ly .  The UV s p e c t r a  of the s amples  of oxidized 1ignin (fraction t) 
we re  taken in 1% NaOH on a SF-16 spec t ropho tomete r ,  and the IR s p e c t r a  on a UR-20 ins t rument .  The spec i -  
mens  were  p r e p a r e d  in the f o r m  of tab le ts  with KBr (3 mg of spec imen  to 600 mg of KBr).  

SUMMARY 

1. It has been es tabl i shed that  in the reac t ion  of Siberian l a r c h  b a r k  with a tmospher ic  oxygen in ni t r ic  
acid,  the hemice l lu loses  and the phenolic complex  a r e  oxidized most  read i ly .  

2. The phenolic acids a r e  decomposed  a lmos t  comple te ly .  The cons iderab le  yield of oxalic acid shows a 
degradat ion of the i r  a roma t i c  nucleus during oxidation. 

3. In the oxidation of the ba rk  llgnin the c leavage  of the 1ignin rnaeromolecule  to the final products  does 
not take place  di rect ly .  During oxidation an in te rmedia te  product  with a quinold s y s t e m  of bonds is f o r m e d  in 
cons iderab le  amounts ,  and this  then undergoes  f ragmenta t ion  as the r e su l t  of the oxidat ive-hydrolyt ic  action of 
the medium.  
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THE M E C H A N I S M  OF THE F O R M A T I O N  OF QUINONIC 

ACIDS IN THE O X I D A T I O N  OF THE B A R K  OF THE S I B E R I A N  

L A R C H .  I I  

l~. D. L e v i n ,  L.  N. D a v y d o v a ,  UDC 634.0.892.4 
a n d  N. A. C h u p r o v a  

The results  of a chemical and spectroscopic study of the oxidative degradation of the bark of the Siberian 
larch have shown that the oxidation of the lignin of the bark to quinonic acids takes place through an intermediate 
complex with a quinoid system of bonds. This paper presents ideas on the mechanism of the formation of the 
latter.  

The results  of a study of the molecular-weight distribution of the samples (Table 1) shows an increase in 
molecular weight and a fall in the degree of polydispersity of lignin fraction 1 by the end of the third hour of 
oxidation. This is explained both by a fractionation of the lignin, since its low-molecular-weight fraction (frac- 
tion 2) does not precipitate when an alkaline extract is acidified, and also by a polycondensation of the radicals 
formed. The molecular weights of samples of fraction 1 have been calculated by means of Eq. (1) taking into 
account the maximum possible increase in them through the effect of fractional dissolution [6]: 
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