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Oxidation of Lignin and Cellulose, Humification and Coalification

A.  Volborth

Juiie 9, 1976

Oxygen plays an important role in the first stages of the decomposition of organic

substances derived from plant material. The decomposition and reforinulation of such

organic matter as cellulose and lignin leads, through liumification and a sequence of

metamorphic processes,  to the formation of coal. Initially, oxidation reactions cause

the formation of dark-colored humic acids, later under inore anaerobic conditions,

pressure and higher temperatures, polymerization occurs as the sediment becomes

buried. Under the:3e conditions phenolic compounds are -111ore stable, also during

tlie processes of decomposition phenolic substances are more resistant to micro-

organisms, and thus seem to accuniulate.

A very complex series of reactions results  in an organic  rock we call coal.

This process also coiisists of a sequence of hacterial decomposition of slarches and

proteins, fixation of nitrogen derived from peptides, anlino acids,  and anlmonia.

Breaking of the cellulose chains by enzymatic action (giving,rise to the formation of

alipliatic compounds later under reducing conditions), and decomposition of lignin

through oxidation of the methoxyl groups, and formation of quinones which. later polymer-

ize, all lead to a higher degree of aromatization.   The decomposition of lignin is slower

than that of cellulose.

Many primary lignin decomposition products have been identified. These are

4 mostly phenolic compounds. Aromatic molecules with side-chains of one or three-
4 13.14 10.11

1  1

carbon atoms are derived from the polymeric lignin . Flaig,  ' '
Swa in,          '

5.6 7and others  '   ' have proposed the following reactions:

1

iL



0                  PH. ..2 .OCH3 r»h
R = --CHO

,       1 -     11 2-hydroxyberizaldehyde

_  __                                                |                                R  =-COOHR

p-hydroxybenzoic acid

R =, --CH-CH-COOH
lignin

2-hydroxycinnamic acid

Tlirough cleavage or oxidation reactions the side chain is shortened. Also the

following conipounds have been identified:

OH R = -CHO (vanillin)

 ACH3 R = -COOH (vanillic acid)
lignin                .                 

R = --CH=CH-CHO (coniferyl
I aldehyde)R

R = -CH=CH-COOH (ferulic
acid)

R = -CHOH-CHOH-CH2OH
(guajacyl-glyderol)

R = -CH2-c.'0-COOH (guajacyl-
peruvic acid)

9       8
and: C-H C--H

4\'1 / -lol \-1 11

H CO    H      |   OCH3                                      30H
1

dehydrodivanillin



4,5,6,7
Tlie oxidation may proceed in tlie general sequence:

0         PH         OCH* 1 ,OCH. - DCH
-"f;'Y 3 oxidative (/ V 3    cleavage of   4 3/       3      1     

        degradation           l.%/          side chain)  -2--»1 > 4     > H depolymerization /  H      ( 10OH  3
1 2       enzymatic  (? )    OH
C- - - 71ydroxyla-  ,<,f j/OH - II
8Hl tion 1. .11 CHO vanillic acid

2 M)
r               and coniferyl aldehyde

Lignin
b---

I                                                                   b
-                   -

0                                                                0                0
11                                             11           11- .OCH H CO .1 - CH 3decarboxylation C   v       3                                 3   -\C  J

1        >  dimerization  

(-(02)                        g                                                                                                                g                             E

3,3'-Dimethoxy-diphenyl-diquinonemethoxy-2-benzoquinone 2,3,2'.5'
9.H

- - -OH

de"ietlil,lation  >. 1, OH decarboxylation     
and hydroxylation & L         6  polymers

( O OH (- 602)                      -
Ij

syringic acid hydroxy-p-benzoquinone

OH                  H
1

deniethoxylation I l' / decarboxy-   -

3    >  1.:bil /2 02 .   1 lation
li      d2 \ > V

( 'HO                                  (-C02)        COOH
*

2-hydroxybenzoic aldehyde p-hydroxybenzoic acid 2-benzoquinone

-1/

polymers

3



Equally, cellulose, helnicellulose, and other high polymer carbohydrates can

decompose through bacterial action to trioses and further to methyl glyoxal which

11, p.343may form ,iu iii ones by condensation:

0
Fr          11

H69i./ 1
sation / HOH      CH     2 3..             <

./C\ -2H 0
-C

CH3    Conden-,-                                          2                                                                      c      polymers                                 2

0-.
H,(1 040 H C .CHOH2 \ /

3  j C,TH                                                  C                                                     11                                                                                       1
li           I'         000

methyl glyoxal E-benzoquinone

Quinones can thus be formed through condensation of short aliphatic chains derived                   

from cellulose and sugars as well as by cleavage, hydroxylation, demethylation,

decarboxylation, and demethoxylation of phenolic compounds with side chains.

Starting with benzoquinone through coiidensation naphthoquino·.'.5. anthraquinone,

anthrone, benzanthrone, dibenzanthrone, and similar compot....ds r.lay form.  We

note that as the condensation proceeds in lliis direction, the oxygen content is

decreased:

. 

4



IT7J.P=

0                    0                       0

1 11    11   1'. .1 3/2$#413 1.'.-%.,

It.....f >. l... 1,«»1
'.                                           1

11                     0                      V8                                                          
                                                           

                                                  1·l

2-benzoquincne 1,4-naplithoquinone antiiraquinoiie
29.60% O 20.2320 iD. O /'OU+  -      .-I r, 6,    ·-

 ..2
a..3-iti» »1»«i»
1 11- k /3 \.                A       /,                                                1>00/» » ««-i-             CU)                                                                                     r

0

:inthrone benzanthrone

8.24% 0 C    ·2 •-0.  '=0..,J,0 U

/-1.   4-\   , -/Ft./3-'.2-'-1-.LJ"- \-1 A- 
67 1, 9' 1-3 16
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Examples of naturally occurring polycyclic hydroxyquinones tliat may be produced

I by polymerization of quillones, according to Stedlink, 1966, are:

Emodin, 1,3, 8-Trihydroxy-6-methylantliraquinone

0H
1

.Ar««Ap
» 1   1«to'1' 1. ,

4H C /1.'V/J
1 3              11

0

29.6% 0

and alizarin, 1, 2-Dihydroxyanthraquinone,
0  OH
H ' OH

I \
1\ /

1

5
26.64% 0

1

11
' According to Swain, polymerization of hydroxyquinone may proceed as

·                    follows:
OH OH OH

440. ». »1//1 i.l
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Polymerization also may lead to PRlycyclic hydroxyquinones and coinplex hetero-

cyclic molecules. Huniic acids are exaniples of such polymeric niatrixes.  The

structure of these is not yet completely  inderstood. Models of humic acids were

worked out by Gillet· in 1956: 12

f

H-C  . OH
. »-0

\-1
1-

c, 6 . ,
0H.: 0H'

Gillet's humic acid model:

Antliraxylic acid (1956)

13 14
and by Flaig in 1960   '   :

0H

/1»H
 

l»OH  
,«1«140      1                               OH        '                 OH                               11

OH C- OH

HO   't'OCH L   C=0

» 11 11 311 11--       HQ -PH   / .«OH  -,0
--- -N.*- -»--- Tnt  [01  0  fHO

 H     8
R -c-Yc   -     6-c--

IL                                      Flaig's humic acid model  (1960)
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Table 1 is a list of derivatives formed in oxidation studies of lignin and the products

of the polynierization of the quinoid compounds and huniic acids· compared with the coin-

position of bituminous coals. The organic conipouiids are plotted in the approximate

sequence of their formation as delineated above. When compositions plotted in this

manner are conipared, one notices the  role of oxygen in this process. The oxygen content

increases slightly during the oxidation of the depolyinerized lignin derivative, coniferyl            j

alcohol, then drops with progressing condensation and aroinati z.;it ion. Humic acid com-

positions indicate that these substances may be intermediate products of oxidation of

lign in.

Ya--/0-00\
HO.IGI»,-19·1

H

Oxygen is a major constituent of plant material. In general, the content of oxygen

decreases during the processes of coali.fication, however the first stages of decomposi-

tion of plant material that lead to humification or formation of the "dark colored"

humic substances are triggered by decay organisms, enzymes, and the oxidizing

effect of atomospheric oxygen. Gradual oxidation of the sugars derived from the

depolymerized cellulose and through enzymatic hydrolysis (rotting) of coniferyl

alcoliol,
CH==CHCH OH

Cl-130 / 2

HO

derived from lignin by similar processes, leads to the formation of humic substances;

Y

these also contain nitrogen compounds of plant, bacterial, and animal origin, which

can form through interaction of carbohydrates with amino acids, resulting as shown

17
by Maillard in mealnoidins. These are dark-colored, amorphous nitrogen-contain-

ing substances, similar to humic acids.
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Table 1

Composition of Some Products of Enzymatic Hydrolysis (rotting, humificatiori)
of Ligiiin Plotted in, Approximate Sequence of Their Formation
and Their Possible Polymerization Products

Weight Percent.
C         H       0

    Coniferyl Alcoliol C H O 66.65 6.71 26.6410 12 3

1,-anillin (aldehyde) C H O 63.15 5.30 31.55883
Van illic   A c id C8H804 57.14 4.80 38.06

Dimethoxybenzoquinone C H O 57.14 4.80 38.06884
2-Hydroxybenzoic acid C H O 60.86 4.38 34.75763

2-Benzoquinone C H O 66.67 3.73 29.60
.6  4  2

Emodin 1,3,8-Trihydraxy-
6-methylanthroquinene ClsH1005 66.67 3.73 29.60

Alizarin 1,2-Diliydroxy-
anthraquinone                        C 69.98 3.36 26.6414H804

Humic Acids froln sub-
bituminous coal (7 samples)4 69.2 4.5 26.3

Hypericin                                 C                                              71. 43 3.20 25.383OH16O8

Naphthoquinone C HO 75.94 3.82 20.2310 6 2

Anthraquinone C14H802 80.76 3.87 15.37

Anthrone                   C
14HlOO 86.75 5.19 8.24

1 Benzanthrone C H O 88.67 4.38 6.9517 10

Dibenzanthrone C34H1602 89.46 3.53 7.01
(Violanthrone)

Low to high rank
bituminous coals 79-92 5.5-4.5 14-2

(Table 2)
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Chitin, C H NO- (C 47.29%, H 6.4594 0 39.3793 N 6.89%)and glucosamine,                    1
8 13  5

C  H    NO    (C  40.22%,  H 7. 31%, 0 44.65%, N 7.8296) inay lie precursors of melanoidins
6 13  5

18
through the Maillard Reaction. Melanoidins are important cohstituents of the huinic

acid fractions in soils, peat, and lignite, and probably essential building blocks within

the complex humic acid molecules. Analyses of preparations of nielanoidin and                                ,   ,

glucosainine show high carbon, oxygen, and nitrogen contents, similar to that of                     

humic acids (see Table 2) .

An interesting aspect of the first stages of the bacterial degradation of carbo-

hydrate chains is the sudden drop in the oxygen content of the fresh 01'0'anic matterD

from about 43% in wood and 41ft in fresh peat to about 26 to 32 percent in the humic

acid concentrates and to 32 to 22 percent in lignitic soft coal and subbituminous coal

(see  Table  3).

'I'he organic plant matter is mainly a  mixt·. re of cellulose  (49% 0) and lignin (33% 0).

The composition varies depending on the plant species.  Lignin usually amounts to 10 to

35% of the total·dry weight, and the cellulose i,-1 20 to 55 weight percent. 48,18,49,50

Sugars, derived. from the cellulose, such as glurose and cellobiose, have 51-53960.

The first steps of enzymatic decomposition (oxidation) of cellulose seem therefore to

somewhat increase the oxygen content of the rotting plant matter, then lower it abruptly

by some 25 percent relative to the original composition. This step must be accompanied

by considerable evolution of water and carbon dioxide.

MThe enzymatic hydrolysis of the lignin proceeds more slowly, but seems to involve

a similar sequence, consisting of initial oxygen loss due to degradation of lignin                       ' 

(  - 33%) to coniferyl alcohol (26.64% 0) or similar compounds.   Then an

10



Tabl e   2

#

Composition of humic acids, melanoidin and glucosanline

C H N O
s Huinic Acids:

i                                                                                                                                                     14

                 From
peat 61.78 4.28 1.72 32.22

**
Froni chernozem 57.32 4.25 4.04 34.34

'."     8Froni a.verage podzol soil 57.94 5.79 4.86
31.41     &

* 4,  From humified plant deposits 57.57 6.35 7.64 28.48     p

Melanoidip from glucosamine 52.51 4.99 4.5 38.0

Melanoidin from glucosamine and glycine 52.8 5.7R 8.96 32.46     J

Humic acid from straw                                           ' 53.74 5.19 3.44
37.63     1           41>5  1

Humic acid from chernozem 58.9 3.3 2.5 34.2 1 dA.   i

Humic acid from lignitic soft coal, 2 samples 61.2 4.1 -0.6
34.8                1

Humic acid from subbituminous coal, 7 saiIiples 69.2 4.5 26.3 /

4                                             18from Manskaya and Drozdova, 1968, pp 42 and 76 and humic acid  from Flaig,
iHF 1966, p. 65

by difference

*

E
1

1.
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1 Table 3

Composition of Solne Carbollydrates, Lignin, Wood, Peat, and
Coalification Products

Weight Percent

C                          H                           0                          N

Glucose C H O 40.00 6.72 53.29
6 12 6

Sucrose C
12H22011

42.10 6.48 51.42

Cellobiose     C          O 42.10 6.48 51.4212H22 11

Cellulose (C6H 0 ) 44.45 6.22 49.34
10 5 n

16                                                                  43.20Wood 49.65 6.23 0.92

11 *Peat 51.13 - 6.05 = 40.99 - 1.83 *
58.48 5.64 33.54 2.34

I.

-                             -                 4
Bjorkman Lignin (fresh stra'w) 60.68 5.79 33.11 0.4

4
Lignitic soft coal 2 samples 63.2 4.5 32.3           1.

4
Subbituminous coal, 10 sainples 73.2 5.3 21.5 0.8

11 „„ 5.45         14Low rank bituminous coal iw 1.55

4
Bituminous coal, 5 samples 84.3 5.3. 10.4 0.8

11Medium rank bituminous coal 85-88 5-5.2 7-5 1-1.75

11
High rank bituminous coal 91.7 4.5 2.2 1.6

11Semianthracite coal 92.3 4.2 2.0 1.5

11
Antliracite 93-97 3.7-0.6 1.9-1.8 1.4-0.6

11German peats, variation iii composition with increasing maturity, from Swain, p. 339, 1970



increase is noted due to.oxidation (hydroxylation) to.van illin   (31 . 55% 0) and vanillic acid

(38.06%.O),and through decarboxylation to diniethoxybenzoquitione (38.06 96 0). Furtlier

oxidation (decarboxylation) reduces the oxygen content due to the evolution ·of carbon.

dioxide, thus 2-hydroxybenzoic acid (34..75 ·%0) is formed and 2-benzoquinone

(29.6004 O). Aromatization of the quinones leads to a further  drop in oxygen content,

e.g., Emodin (29. 60% O, hydroxyanthraquinone found in natures), and alizarin (26. 64%

0),  see Table 1.   It may be of interest to note that hilinic acids extracted by Flaig4

from subbituiikinous coals seem to have a nearly identical composition (Table 1), and

little or no nitrogen.  It also should be noted that the natural oxidative degradation of
18chitin (39.372 0)toglucosamine (44.6596 0) to melanoidins (31-35%0) seems to

/

show a pattern of an iii itial increase, then an abrupt drop of the oxygen content by

some 20% relative, followed by a more prolonged and gradual removal of oxygen

from the system, similar to the degradation of cellulose and lignin. If these processes

of enzymatic decomposition of organic matter do orcur simultaneously, the bulk oxygen

content variations in the decaying matter may servesas a good indicator of the. respective

stages of huniification and coalifidation ind thus 'of -the rank of coal.   This is  shown.in

Table 3 , which is a conipilation of analyses of lignite to anthracite taken from numerous

sources.  In this table comparison is made with compositions of wood, fresh lignin,

and some carbohydrates to eniphasize the whole spectrum of oxygen depletion during

the coalification processes.
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1                                                                                                                              IIn suminary, the humification process inay be considered as the first step in coali-

fication of plant matter. It starts by rapid decomposition of the cellulose and by

enzymatic degradation of the lignin of the rotthig plant substance to form C6-C3 or C6-Cl

compounds. These lose methoxyl groups and carboxyl groups and can form hydroquitiones

5 10,11,12,13,14which may polymerize and combine, forming humic acids. ' Degradation

inay proceed also to aliphatic compounds which again serve as energy supply for the micro·

organisms.    Most of the reactions  seem to lead to benzoquinones which dinierize and poly-
11 merize further, causing an increase in. aromatization with age (see Table 1), and under

k more anaerobic conditions later during coalifj.cation. During the later stages of the

process of humification when conditions become anaerobic, melanoidin and glucosamin

compounds form and nitrogen fixation occurs wlien decomposiiig nitrogen compounds,

such as protein-derived a-amino acids react with the dimerized and polymerized

aromatids.   This explains thepresence of about 1 to 3.5 percent nitrogen in humic acid

4
concentrates, lignin, lignite, subbituminous and. bituminous coal (see Table 3).  The

fixation of nitrogen also results in further reduction of carbon in humic substance during

the later stages of humification. Further cualificatinn of buried humified strata of

decomposed organic material causes reduction as the methoxyl and oxygen group content

decreases, and CO and CO2 gases and H20 evolve and gradual dehydration occurs.  This

process leads to lignite, subbituminous coal, bituminous coal, coal and finally anthracite.

Increasing pressure, temperature, and time are obviously critical factors in the forma-

89tion  of  coal   ' (see Table 3) .
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