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Influence of lignin origin on the efficiency of the catalytic oxidation 
of lignin into vanillin and syringaldehyde 

V. E. Taraban 7~o,* iV. I1. Koropatchinskaya, A. I1. Kudryashev, and B. N. Kuznetsov 

Institute of Chemistry of Natural Organic Materials, Siberian Branch of the Russian Academy of Sciences, 
42 ul. K. Marksa, 660097 Krasnoyarsk, Russian Federation 

The oxidation of a number of lignin species by molecular oxygen was studied. The 
selectivity of the process was found to be close to that of the oxidation with nitrobenzene. 
The influence of lignin origin on the yields of vanillin and syringaldehyde as well as the 
correlation between the rates of wood delignification and the aldehydes formation are 
discussed. 

Key words: vanillin; syringaldehyde; lignin, lignosulfonates, oxidation, catalysts. 

Oxidation of wood l ignin provides a means for pro- 
ducting considerable amounts  of aromatic aldehydes. 
Vanil l in is formed from coniferous lignins, whereas foli- 
ate lignins afford vanil l in together with syringaldehyde. 

Table 1. Oxidation of lignins of different origin into vanillin 
(V) and syringaldehyde (SA) by nitrobenzene 

The aldehyde ratio is determined mainly  by the compo-  
sition of the raw material. The yield of aldehydes de- 
pends on lignin origin, as well as on the condit ions of 
the production or pretreatment  and oxidation of l ignin 
(Tables 1 and 2). 1-11 

Nitrobenzene is commonly  known as the most selec- 
tive oxidant for l ignin (alkaline medium,  160--170 ~ 

Lignin sample Yield (wt. % Refi 
of lignin used) 

V SA 

Abies wood 24.3 -- 1 
Abies Alba 
Norwegian fir-tree wood 27.5 0.06 3 
Picea abies 
White fir-tree wood 20.1 --  4 
Picea glauca voss 
Asp wood 12.9 30.7 4 
Populus trernuloides Mishk 
Birch wood 12 35 5 
Betula verrucosa 
Maple wood 3.5 32 6 
Acer platanoides 13 37 7 
Ethanol-lignin* 6.7 17.0 8 
Sulfate lignin 13.1 0.6 8 
from conifers 
Sulfate lignin 5.3 7.9 8 
of foliates 
Sulfite lignin 16.5 C 8 
of conifers 19.7 --  1 
Sulflte lignin 6.1 10.1 8 
of foliates 
Caramel from 8.00** -- 9 
prehydrolysis 
Lignin from fir brown rot 13.9 -- 10 
Klason lignin 1.5 -- 11 

* Obtained by treatment of wood with 0.012 M HC1 
aqueous ethanol at 156 ~ 8 
** Based on substrate being oxidized. 

in 50 % 

Table 2. Yield of vanillin (V) in the oxidation of lignins of 
different origin by molecular oxygen 

Lignin sample Oxidant, Yield of V Ref. 
catalyst (% of 
(notes) lignin used) 

Fir-tree wood Air, 11.4 13 
(28 % lignin) without catalyst 

Fir-tree wood Air, 18.9 13 
10% Cu(OH) 2 
based on 
wood used 

Fir-tree wood Air, 18.2 13 
10 % MnO 2 based 
on wood used 

Asp wood Oxygen, CuO, 36* 14 
flow-type apparatus 

Lignosulfonates Air, 5--7 2,15 
without catalyst 
(Sjas' paper 
and pulp mill) 

Lignosulfonates Air, 10 16 
Cu catalyst 
(Monsanto) 

Lignosulfonates Oxygen, 12.5 1 
Co(OH)3, Mn304 

Lignosulfonates Oxygen, 15.5 1,15 
Cu(SO4)2 

* The total yield of vanillin and syringaldehyde. 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 2, pp. 375--379, February, 1995. 
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Native lignins o f  foliates provide higher  total  yields of  
a ldehydes  (42 - -50  %) t han  do l ignins  o f  coni fers  
(20--27 %). This fact can be connec ted  with the known 
tendency  of  the  guaiacyl  fragments o f  coniferous lignins 
to  undergo condensa t ion  at the  unsubst i tuted posi t ion 5 
of  the  a romat ic  ring. 3,1z The condensa t ion  processes in 
the pre t rea tment  stage can,  apparent ly,  also be the  cause 
of  the  lower yield o f  a ldehydes  from technica l  lignins. 

Among  the o ther  selective oxidants for lignins the  
oxides and hydroxides  of  the  t ransi t ion metals ,  Co III, 
Ag I, M n  rv, Hg H, and especial ly Cu H, should be noted.  
In the  la t ter  case the selectivity is close to that  of  
oxidat ion with ni t robenzene.  1,4 But the  difficulties in 
Cu H recovery prevent  the wide use of  this reagent.13 

Al though the most  preferable technological ly ,  oxida-  
t ion with molecu la r  oxygen is, in general ,  less selective. 
The selectivity of  the  process and the yield of  the 
a ldehydes can be made  1.5--2 t imes greater  by use of  a 
catalyst (see Table 2, Refs. 1,2 and 13--16).  In general ,  
in the case of  catalyt ic  oxidat ion with oxygen the yield 
of  a ldehydes  is somewhat  lower than  that  o f  oxidat ion 
with ni t robenzene.  Even when a catalyst  is used, the 
c o n t r i b u t i o n  o f  l ow-se l ec t i ve  n o n - c a t a l y t i c  rad ica l  
autooxidat ion  by oxygen is fairly high. The variations in 
the yields o f  vani l l in  can par t ly  be explained by this fact. 

In this paper,  we report  a study of  the use of  molecular  
oxygen for the alkaline oxidation of  pine wood that  has 
been deeply affected by brown mold  17 under  natural con- 
ditions. This method  of  wood oxidation is not  only of  
theoretical  but also of  practical interest. First,  an analo= 
gous substrate, i.e., lignin from enzymatic  wood hydroly- 
sis, is a by-product  o f  a promising method of  wood pro-  
cess ing)  s Second, the supply of  putrescent wood is fairly 
rich. And  finally, the lignins from enzymatic  wood conver- 
sion are quite close to the native ones in their  structure 
and, therefore,  their  oxidation may afford vanillin and 
syringaldehyde in high yields. The oxidation of  molds fir 
wood affected by brown mold  using nitrobenzene has 
been studied earlier, 1~ but oxidation of  the analogous 
substrates with oxygen has not  yet been reported. 

In order  to make  a correct  compar ison  of  the effi- 
c iency of  the  oxida t ion  of  lignins of  different origin, the 
oxidat ion of  pine and asp wood,  as well that  of  the 
l ignosulfonates from some Russian paper  and pulp mills 
(PPMs)  were s tudied in the present  work along with the 
oxidat ion of  pine  rot. 

Experimental 

Brown pine trunks, that had rottet under natural condi- 
tions, had retained a visible structure of the initial wood, and 
could easily have been kneaded into dust, were used. The 
lignin content of the dry rot was equal to 66 wt. % (determined 
by the sulfuric acid method). 

Solid substrates, i.e., rot and asp and pine wood, were 
crushed prior to loading, and the d < 0.1 mm fraction was 
used. The distillery grain concentrate (the fermented sulfite 
liquor) was used without any further treatment. The distillery 
grain concentrate from the Svetlogorsk paper and pulp mill 

was treated with an alkali solution with heating to remove the 
ammonia. 

In order to prepare the reaction mixture (60 mL), a 
reactor was successively loaded (with stirring) with a concen- 
trate of lignosulfonates (or with wood dust), the catalyst 
(Cu(OH) 2, CuSO4x5H20 or the Monsanto Cu catalyst), wa- 
ter, and 50 % aqueous alkali solution. The oxidation of the 
substrate was carried out in a rocking steel 12x 18H10T reactor 
with a volume of 80 mL. 

Samples of the oxidized reaction mixture (3--4 g) were 
acidified with 30 % aqueous H2SO 4 to pH 3. The resultant 
specimens were extracted three times with equal portions of 
chloroform (20 mL). The combined extract was evaporated to 
dryness on a rotary vaporizer, and the residue was dissolved in 
chloroform (1 mL) containing 1 mg mL - l  of naphthalene as 
the internal standard. The vanillin and syringaldehyde contents 
of the samples were determined by GLC on a Biokhrom-2 
chromatograph (20 mx0.25 mm SE-30 column, isotherm at 
120 ~ for 2 min, temperature programming at the rate of 8 
deg/min from 120 to 160 ~ and again isotherm at 160 ~ for 
4 rain; FID). 

Results and Discussion 

The method  used enabled us to obtain the  kinetic 
curves of  a ldehyde accumula t ion  and oxygen absorpt ion 
during the oxidat ion of  a substrate. As can be seen from 
Fig. 1, the kinetic  curve of  vanil l in accumula t ion  during 
the oxidat ion of  pine rot has a shoulder  and a maximum.  
The shape of  the  curve can be explained by the existence 
of  two forms of  lignin with different reactivit ies toward 
oxidation.  The presence of  the shoulder  is apparent ly  
connec ted  with the  consumpt ion  of  a "quick lignin" 
followed by the kinetic  manifestat ion of  a "slow lignin". 
Such an approach has been successfully used earl ier  for 
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Fig. 1. Time dependence of the vanillin concentration ([V]) 
(I) and the volume of oxygen consumed (2) during the 
catalytic oxidation of pine rot. 
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Table 3. Effect of the conditions of pine rot oxidation on the formation of vanillin (V) 

Substrate Catalyst Shoulder Parameters of maximum 

concen- concen- appearance Time [B] 02 con- Yield of V 
tration tration time /min /g L -1 sumption (wt. % on 
/g L -1 /g L -1 /rain /g L -1 lignin) 

9.l -- 10 30 5.3 0.34 8.8 
9.1 3.8 10 20 11.8 0.22 19.8 
9.1 1.9 10 35 6.6 0.45 11.4 
9.1 5.7 10 30 6.3 0.53 11.0 
11.8 3.9 15 50 8.8 0.65 11.5 
14.3 3.6 20 50 10.3 0.39 10.8 
16.7 3.7 30 >60* 14.9 0.44 13.0 

Note. Oxidation conditions: 160 ~ 0.9 MPa, 02 as the oxidant, 20 % NaOH, 75 % filling of a reactor, 
Cu(OH)2 as the catalyst. *Maximum is not achieved. 

Table 4. Effect of substrate origin on the yield of vanillin (V) and syringaldehyde (SA) in the oxidation of lignins 

Entry Substrate Substrate Catalyst Parameters of maximum 

concen- concen- Timema x [B] Yield of V 
tration tration /min /g L -1 (wt.% on 
/g L -1 /g L -1 lignin) 

1 Pine wood 70 

2 Pine wood 70 

3 Asp wood 91 

4 Asp wood 91 

5 Lye 173 
from Sjas' 
PPM 

6 Lye 173 
from Sveto- 
gorsk PPM 

7 Lye 260 
from Sveto- 
gorsk PPM 

8 Birch 70 
brown rot 

- -  15 2.5 12.8 

4.1 20 4.5 23.1 

0.25* 30 1.3 21.0"* 

-- 30 0.95 12.5"* 

6.2 15 16.2 14..4 

9.1 40 10.5 9.3 

30 5.8 3.4 

3 2.3 14.9"* 

Note. Oxidation conditions: 0.9 MPa, 160 ~ 02 as the oxidant, NaOH concentration of 200 and 120 g L -1 for the 
entries I - -4  and 5--8, respectively. Lignin content of the lyes was assumed t be 65 wt. %; lignin content of birch brown 
rot was equal to 75 wt. % (determined by the sulfuric acid method). 
* Anthraquinone as the catalyst. ** Overall yield of V and SA. 

the description of the kinetics of wood delignifica- 
t i o n )  9-2t  In the process of lignosulfonate oxidaion, the 
shoulder on the kinetic curve is slightly expressed. In the 
oxidation of asp wood, the shoulder was not  detected at 
all due to the high reaction rates. 

The t ime of the appearance of the shoulder and the 
max imum on the kinetic curve increases with the con-  
centrat ion of pine rot (Table 3). This must  be connected 
with the diffusional l imitat ions on the rate of oxidation. 
The uptake of oxygen during the oxidation of pine rot is 
equal to 22--50 wt. % based on the substrate used. 

Similar results of oxygen consumpt ion  during the 
oxidation of lignosulfonates into vanill in have been ob- 
tained earlier. 2z 

The relationship between the vanill in yield and the 
loading of a copper catalyst has an extreme character, 
reaching its max imum at Cu(OH)2 contents of 4 g L - I .  
In the presence of Cu(OH)2, the vanil l in yield is twice 
that obtained without a catalyst (20 vs. 9 wt. %) (see 
Table 3). 

In order to compare the efficiency of pine rot oxida- 
tion, we also studied the oxidation of other substrates 
(Table 4). The yields of vanil l in from intact  or rotten 
wood match closely, differing by 15--20 %. The close- 
ness of the yields points to the fact that the lignins from 
sound wood and from brown rot are similar in structure 
and are equally usable for vanill in production.  
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The yield of aldehydes in the oxidation of asp wood 
in the presence of anthraquinone is almost twice as high 
as that in the non-catalyzed process. The aldehyde yield 
from a flow-type process in the presence of the copper 
catalyst approximates that obtained by oxidation with 
nitrobenzene. 4,14 The oxidation of birch brown rot af- 
forded syringaldehyde as the main product (the vanillin 
to syringaldehyde ratio was I : 3). An analogous make- 
up of the product mixture was obtained in the oxidation 
of birch wood with nitrobenzene 5 and in the oxidation 
of birch ethanol-lignin with oxygen with no catalyst (see 
Table 4). 

The catalyzed oxidation of lignosulfonates from the 
Syas' paper and pulp mill afforded vanillin in 14.4 wt. % 
yield (based on lignin used). This value is slightly lower 
than those obtained both in the oxidation of lyes with 
nitrobenzene and in the oxidation of pine wood or pine 
rot with oxygen (see Tables 3 and 4). The lower vanillin 
yield obtained by the oxidation of the lyes from the 
Svetogorsk paper and pulp mill can be caused by the 
removal of a base during cellulose production. 

The results reported here and the literature data on 
the oxidation of different lignins make it possible to 
consider the whole problem of the reactivity of native 
and isolated lignins of foliates and conifers. Thus, the 
results of lignin oxidation with nitrobenzene were used 
(with some restrictions) to analyze the structures of the 
substrates. 3 These restrictions could be possibly caused 
by the fact that not the real structure of the initial lignin 
is revealed by its oxidation with nitrobenzene but one 
that is interrnediately formed during the process. The 
oxidation with nitrobenzene proceeds under rather se- 
vere conditions, which do not rule out by-processes, 
including condensation. Therefore, the changes in the 
structure of lignin, that occur under mild conditions, 
e.g., by heating to 120 ~ in an alkaline medium, 3 
cannot be detected by this method. On the other hand, 
technical lignins, which were obtained under severe 
conditions and whose structure was already altered and 
condensed, are less liable to condensation during oxida- 
tion with nitrobenzene. In other words, the more stable 
the lignins either by their nature or owing to the condi- 
tions of their production, the more adequately their 
structure can be characterized by the results of their 
oxidation with nitrobenzene. 

It is well known that the wood of foliates is easier to 
delignify than that of conifers. This fact can be quantita- 
tively interpreted by the above concept of the higher 
stability of the syringyl fragments, compared to the 
guaiacyl fragments, due to the inability of the former to 
undergo condensation at position 5 of substituted 
phenylpropanes: 12 

H O ~ R '  + R"CH(OH)Ar ~ H O ~ R "  ~(1} 
R"CHAr 

H3C(~ H3C(~ 
HO ~'~_.~-R' NO;H" HO--~"---CHO 

R R 

, ( 2 )  

R = C H 3 O o r H ,  

The results obtained can be explained by competi- 
tion between condensation (1) and oxidation into alde- 
hydes (2). The portion of the guaiacyl fragments that is 
stable toward oxidation by nitrobenzene, is also suffi- 
ciently stable in the other processes. As a result, the 
vanillin yield decreases slightly in the following order: 
native (23 %) > fermentative (20 %) > sulfite (17 %) 
lignin. This decrease in the yield also occurs when 
nitrobenzene is replaced with another oxidant, i.e., oxy- 
gen. The stability of foliate lignins toward condensation 
with nitrobenzene makes it possible to observe a de- 
crease in the yield of aldehydes when the conditions of 
substrate isolation are more severe: the aldehyde yields 
from ethanol-lignin and from lignosulfonates are smaller 
than that from native lignin by factors of 2 and 3, 
respectively. 

The contents of the fragments stable during boiling 
(in the course of production) are similar for foliates and 
conifers and are in accordance with the formation of 
16--18 % aldehydes either by oxidation with nitroben- 
zene or by catalytic oxidation with oxygen. This value is 
about 1/3 of the total guaiacyl and syringyl content in 
native lignins. It is noteworthy that the same quantity of 
lignin, unlike the rest, is dissolved very quickly during 
the delignification process. 19 Thus, -30 % of the uncon- 
densed phenylpropane structures of native lignins are 
stable toward condensation during both the delignifica- 
tion process and the oxidation into aldehydes. About 
40 % of the guaiacyl fragments of coniferous species are 
condensed much faster than the syringyl fragments of 
foliates, and they cannot be oxidized into vanillin by the 
known methods. This part of the lignin is the cause of 
the known difficulties of  the delignification of conifer- 
ous wood compared to that of foliate wood. lz 
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