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The Heterogeneity of Natural Lignin

O.P.Grushnikov and N.N.Shorygina

The results of investigations of the molecular-weight distribution of lignin in the delignification of wood by various methods,
modern ideas on the distribution of lignin in cell walls of plant tissues, and the presence of bonding between the lignin and
the carbohydrate components are critically examined. The results obtained in the course of these investigations show that
natural lignin evidently consists of two main components which differ in molecular weight, in their localisation in the cell
walls of the plant tissues, in the nature and number of the bonds with the carbohydrate components of the wood, and also
in the topochemical models at the time of delignification.
The present review is the first attempt to survey the results relating to the problem of the heterogeneity of natural lignin.
There is a bibliography of 143 references.
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I. INTRODUCTION

The problem of the homogeneity or heterogeneity of
natural (that is, not isolated from plant tissue) lignin is of
both theoretical and practical interest. The establishment
of homogeneity or heterogeneity of natural lignin is
undoubtedly a necessary prerequisite for solving the
problem of the nature and number of lignocarbohydrate
bonds in plant tissues. As is well known, this problem is
of considerable interest and is now attracting the attention
of investigators both in the USSR and abroad. Further-
more, the importance of information about the homogeneity
or heterogeneity of lignin is also apparent in the develop-
ment of rational industrial processes for the delignifica-
tion of vegetable raw materials.

At the same time the complexity of the solution of this
problem is primarily due to the fact that wood chemistry
does not yet have a method for isolating lignin from
lignified plant tissues which does not involve the use of
acids, alkalis, or mechanical action, which change natural
lignin to a greater or lesser extent. However, despite
this the intensive development of the physical chemistry
of lignin which began in the middle of the 1950s and was
linked with progress in the physical chemistry of polymers
which had benefitted by a series of promising methods of
investigation, led to the obtaining of a considerable number
of results relating to this problem. These results
concerned the mechanisms observable in the isolation of
lignin from wood by various methods, the distribution of
lignin in the cell walls of plant tissues, the nature of the
bonds between lignin and carbohydrate constituents and
various other questions. The generalisation of these
results allows a representation of the present state of the
problem of the heterogeneity of natural lignin to be com-
piled.

In conclusion we note that the results examined in the
present review mainly relate to the lignin of coniferous
species, which have been investigated most.

Π. MOLECULAR WEIGHTS OF PREPARATIONS OF
LIGNIN ISOLATED AT SUCCESSIVE STAGES OF THE
DELIGNIFICATION OF WOOD

The results of the investigations 1 - 1 2 on the fractionation
of lignosulphonates isolated as a result of the sulphite
digestion of wood, made in the 1940s and 1950s, showed
that these preparations had a considerable polydispersity.
McCarthy and coworkers 13 made the first attempt to
connect the change in molecular weight of the ligno-
sulphonates isolated with the degree of delignification of
the wood. They subjected wood flour from Tsuga, spruce,
and maple to treatment with NaHSO3-H2SO3 solutions at
135°C for various intervals of time. It was found that for
coniferous woods (Tsuga and spruce) the molecular weights
of the soluble lignosulphonates isolated as a result of
brief (30 min) digestions amount to ~ 2000-4000 (diffusion
method). On increasing the duration of the digestion the
molecular weight of the lignosulphonates increases as the
delignification of the wood proceeds, reaching the maximal
value of ~ 11 000 at almost complete delignification (4 to
5 h digestion). Longer digestion reduced the molecular
weight to a minimal value of ~ 5000 and, for Tsuga, then led
to a further increase. The investigators associated these
maximal and minimal values of the molecular weights of
the lignosulphonates with the action of three processes
which occur simultaneously during the sulphite digestion
but at different rates: (a) the hydrolysis of hydrolysable
bonds in the polymeric lignin; (b) the differential diffusion
of soluble lignosulphonates from the wood tissue, with the
finer fragments diffusing first; and (c) the irreversible
autocondensation of the macromolecules of the ligno-
sulphonates.

A serious drawback of the method used by these investi-
gators is that the dissolution of the lignin is cumulative,
so that each fraction contains not only the material
dissolved during the given interval of the treatment but also
products from the degradation of the lignosulphonates
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which had been transferred to the solution in earlier stages
of the digestion. The interpretation of these results is
hindered by the fact that the main heterogeneous reaction is
accompanied by a homogeneous reaction in which the
lignosulphonate that has already dissolved undergoes vari-
ous chemical changes.

Felicetta and McCarthy14 attempted to improve the
cumulative method considered above by "incremental"
delignification, in which the wood is treated with the
digestion solution in several successive stages. After
each stage the residue is separated and subjected to further
treatment. They delignified Tsuga wood by five successive
treatments with NaHSO3-H2SC^ solutions, each of which was
continued for ~ 15 h at 130°C. An increased dissolution of
the lignin was brought about by increasing the concentra-
tion of free SO2 after each stage except the first (pH of
digestion: 4.8, 4.8, 3.4, 2.5, and 2.1). The molecular
weights of the lignosulphonates increased from 3400 to
30 000 (diffusion method) in the first four digestions. The
final sulphite treatment led to the isolation of a ligno-
sulphonate with molecular weight 20 500.

Table 1. Characteristics of the fractions of dioxan-lignin
isolated as a result of four successive extractions of spruce
wood15.

Fraction

1

3
4

Yield, % of Klason
lignin

not
purified

18.1
25.0
21.0
17.6

purified

12.7
17.0
16.2
12.9

Contents, %

OCB,

15.4
15.5
15.9
15.5

carbo-
hydrates

0.03
0,02
0.03
0.03

4300
7400

33000
85000

DA<

cmV

1.77-10-0
1.22-10"6

0.775-10-*
0.55-10-8

^280'
litre

cm-V

19.8
20.8
22 1
23.3

dn/dc,

mlg'1

0.113
0.116
0.124
0.135

la."

0.703
0.712
0.G93
0.701

Rezanowich and coworkers15 observed a similar tend-
ency to an increase in the molecular weight of the lignin
preparations with progress in the delignification of wood
during four successive extractions of white spruce sawdust
with aqueous dioxan containing a little hydrochloric acid,
by Pepper's method16. The dioxan-lignin fractions
obtained contained methoxyl groups and carbohydrate
impurities which showed ultraviolet absorption at 280 ΐημίη
(£•280), an increase in the refractive index increment
(dn/dc), characteristic viscosity, diffusion constant (PA),
partial specific volume (ΪΓ), and molecular weight (Mw),
determined by sedimentation equilibrium in an ultra-
centrifuge (Table 1). These results show the homogeneity
of the dioxan-lignin fractions in respect of the content of
methoxyl groups and carbohydrate impurities, and also of
the partial specific volumes. Nevertheless, with increase
in the molecular weight of the fractions there is a small
but definite increase in the ultraviolet light absorption
and in dn/dc. Rezanowich and coworkers15 consider that
these changes in dn/dc and £280 are probably connected
with differences in the chemical structure of the fractions,
and these in turn may be due to the heterogeneity of the
lignin in the wood. For example, the dioxan-lignin frac-
tions which are extracted later can contain a greater
proportion of biphenyl bonds which could explain the higher
molecular weights and refractive index increment
observable for these preparations. On the other hand,
the chemical changes which accompany the changes in
dn/dc and £280 can be the result of the prolonged acidolysis

of the last fractions, which can also lead to an increase in
their molecular weight, owing to polymerisation.
Although their results cannot be interpreted with certainty,
the investigators assume that slight structural hetero-
geneity of the dioxan-lignins extractible from spruce wood
is superimposed on their polydispersity over a wide range
of molecular weights.

Yean and coworkers17 isolated five lignosulphonate
fractions as a result of the successive extraction of spruce
wood flour with an acid sulphite solution. The weight-
mean molecular weights of the resulting preparations,
determined by sedimentation equilibrium in the ultra-
centrifuge and by light scattering, ranged from 5000 to
130 000, increasing with quantity of lignin extracted from
the wood. The ratio Mw/Mn, calculated on the basis of
the weight distribution, was 3.1, which shows the appreci-
able polydispersity of the lignosulphonates isolated in
sulphite digestion of spruce wood. This polydispersity is
confirmed by the experimental separation of one of the
fractions with molecular weight 95 200 by dialysis through
membranes with successively increasing pore dimensions
as a result of which nine subfractions with molecular
weights from 37 000 to 1270 000 were obtained.

Arlt and Schuerch18 investigated four fractions of
ethanol-lignin, isolated by successive extraction of spruce
wood with 0.2 iVHCl (gas) in an anhydrous mixture (4:1)
of chloroform and ethanol at 60°C according to a method
developed earlier 1 9. Table 2 gives some results from
this investigation; they relate to ether-insoluble fractions
of the ethanol-lignin which had dissolved in chloroform,
after their purification from carbohydrates.

Table 2. Characteristics of the fractions of ethanol-
lignin isolated as a result of four successive extractions
of spruce wood18.

Yield, % of Klason
lignin*

33.3
18.4

9.9
8.9

Contents, %

C

61.24
62.44
62.96
60,74

Η

6.66
6.62
6.34
6.02

OCH,

12.7
14.3
14.8
14.8

OC,H,

10.00
8.28
6.97
7.55

O H

P hen

2.88
2.86
2.72
3.23

Molecular weight
(cryoscopic, in

ethylene carbonate

528
729
827
1070

•Calculated by us from published results18'19.

Successive treatments of lignified material with a mix-
ture (1: 4) of nitric acid (specific gravity 1.4) and 96%
ethanol at the boiling point was proposed by Kiirschner
and Hoffer 2 0 ' 2 1 as a method for the delignification of wood.
On the basis of the results of an analytical investigation
of the fractions obtained by the fractional precipitation of
nitrolignin from the combined reaction solutions after
several successive digestions of a single portion of
spruce wood, Kurschner22 concluded that the nitrolignin
isolated in alcoholic nitration is a homogeneous product.
This conclusion met with objections from Fuchs , who,
by starting from the premise of the heterogeneity of the
lignin in the wood, assumed that it could not be homogene-
ous in its derivative, nitrolignin. On the basis of the
results of a chromatographic examination of the nitro-
lignin isolated from the combined reaction solutions after
several successive digestions of a single portion of spruce
wood under the conditions of the Kurschner method,
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Chuksanova and coworkers 2 4 concluded that it was hetero-
geneous: the fractions obtained differed significantly in
molecular weight. A more detailed investigation, made
by Grushnikov and Shorygina25, showed that the nitrolignins
isolated after each of the successive digestions of spruce
wood under the conditions of this method are similar as
regards both elemental analyses and functional groups,
and also spectroscopically. Nevertheless the molecular
weight of nitrolignin isolated after the first nitration is
about half that of the nitrolignins isolated after subsequent
digestions 2 6. Table 3 gives some of the results of this
investigation.

Table 3. Characteristics of nitrolignins isolated as a
result of successive nitric acid digestions of spruce
wood25'26.

Nitrolignin
isolated after

nitration

Yield, %
of

Komarov
lignin

Contents, % Contents, moles per

NO, OCHj OC.H

Molecular
weight
(ebullio-
scopie, in
absolute
dioxan)

First series of experiments

21.0
17.2
12.0
8.2

26.3
17.3
10.9

5.5

51.88
51.32
51.92
51.92

5.14
5.05
4.82
4.78

0.79
0.73
0.74
0.74

0.88
0.94
0.86
0.88

Second series of experiments

51.26
50.20
50.38
50.17

5.00
4.96
5.07
4.95

0.6G
0.80
0.68
0.74

0.92
0.94
0.89
0.92

0.27
0.20
0.19
0.22

0.17
0.12
0.20
0.16

0.25
0.28
0.29
0.27

0.30
0.31
0.32
0.26

1524
3054
3105

1590
2783
3190

Each of the above methods of wood delignification
suffers from a significant drawback, the possibility of
irreversible changes occurring in the undissolved lignin
during the repeated operations of filtration and washing
needed to separate the residue from the digestion solutions.
A special hazard is the sorption of molecular oxygen,
which in repeat heating can facilitate an increase in the
molecular weight of the preparations isolated, due to the
polymerisation of the lignin.

These drawbacks are eliminated in continuous digestion,
in which the wood is treated in a specially constructed
autoclave in a continuous stream of digestion liquid at the
temperature and pressure corresponding to the standard
digestion conditions. Continuous digestion allows the
dissolved material to be constantly removed from the
autoclave without being subjected to the further action of
the digestion solution and it also ensures the absence of
contact between the wood being digested and the atmo-
sphere, thus eliminating the possibility of secondary
changes in the lignin.

Yean and Goring27 undertook the acid sulphite digestion
(135°C; total SO2 concentration ~6%) of spruce sawdust
by a continuous process. Six specimens of digestion
liquid, representing the soluble material at successive
stages of the wood delignification process, were withdrawn.
The lignosulphonates isolated from these specimens were
freed from low-molecular-weight impurities by dialysis
and from non-dialysable polysaccharides by electrophore-
sis-convection. The purified lignosulphonates were
analogous in the contents of sulphur and methoxy-groups
and also in ultraviolet light absorption (£280) and refractive
index increment (dn/dc) (Table 4). However, the mean
molecular weight (Mw) increased from 9700 to 143 000
(sedimentation equilibrium in an ultracentrifuge) as the

wood was delignified. To investigate the possibility of the
condensation of the lignin during treatment with acid
hydrogen sulphite solution, two of the fractions isolated
were subjected to repeat digestions under various condi-
tions. In every instance degradation of the lignin was
observedf. These results were thought by Yean and
Goring to show that in acid sulphite digestion polymerisa-
tion of lignin either does not occur or is completed in the
early stages of the digestion.

Table 4. Characteristics of the fractions of lignosulpho-
nate isolated at various stages of acid sulphite digestion 27.

Fraction

1
2
3
4
5
6

Degree of de-
lignification, %

13.3
34.2
49.7
65.1
79.0
92.5

Contents, %

OCH,

13.6
13.4
12.5
14.0
13.8
14.0

s

4.7
4.8
4.4
4.7
4.9
5.7

9700
22 900
39 000
75 400

100 000
143 000

Δ 280·

T-l
cm L g 1

12.1
12.4
12.6
12.9
13.2
13.9

dn/ds, ml g"

0.189
0.191
3.181
0.192
0.197
0.198

The results of these investigations showed that ~ 40%
of the lignosulphonate isolated from spruce wood as a
result of acid sulphite digestion is capable of being dia-
lysed and consequently has a molecular weight of < 5000.
The remaining 60% has a molecular weight in the range
from 9700 to 143 000. This molecular weight distribution
enabled the investigators to postulate the existence of two
types of lignin in spruce wood: low- and high-molecular-
weight types and it was suggested that they were localised
in different parts of the cell wall of the fibre. To check
this assumption Yean and Goring29 investigated ligno-
sulphonates isolated from morphologically different parts
of the wood structure. The difference between sapwood
and heartwood, earlywood and latewood, compressionwood,
tensionwood, and ordinary wood were investigated. How-
ever, no significant differences in molecular weight were
observed between the lignosulphonates isolated on the
basis of which it could be concluded that the wide range of
molecular weights observed earlier was unconnected with
the morphological differences investigated. It was
assumed that the results obtained could be explained on
in molecular weight of the lignins localised in thf material
of the middle plate and in the secondary wall, or on the
basis of the assumption that in the parts of the wood struc-
ture investigated lignins with different molecular weights
are homogeneously mixed at the molecular level.

Yean and Goring30 made a hydrogen sulphite digestion
(153°C, pH 4) of spruce wood sawdust by a continuous
process. Four specimens with approximately the same
weight percentage of lignin were withdrawn during the
digestion. The lignosulphonates isolated were purified
by dialysis and moving boundary electrophoresis and
were then analogous in the contents of methoxyl groups

fAccording to Reznikov's results 2 8 even relatively mild
chemical action (acid treatment at > 100°C) of both the
lignins isolated and the lignin in wood leads to the conden-
sation of the macromolecules in the solid phase. In this
connection Reznikov assumes that from the results on the
molecular weights of preparations of lignin isolated from
acid medium it is impossible to obtain even approximate
ideas of the molecular weight of the lignin in the wood.
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and sulphur, ultraviolet absorption (£280), refractive
index increment (dn/dc), and also infrared spectra
(Table 5). Simultaneously the weighed mean molecular
weight (Mio) increased from 10 000 (sedimentation equili-
brium in an ultracentrifuge) for the first fraction to 77 000
for the final fraction.

the kraft lignins have a lower molecular weight than the
lignosulphonates, which is attributed to the more rapid
degradation of the lignin in the kraft digestion. This
regularity can be readily observed in Fig. 1, which shows
the change in the molecular weight of the lignin prepara-
tions isolated during the course of the wood delignifica-
tion.

Table 5. Characteristics of the fractions of ligno-
sulphonate isolated at various stages of the hydrogen
sulphite digestion of spruce wood °.

Fraction

1
2
3
4

Degree of de-
lignification, %

8.3
26.6
43.1
54.9

Contents, %

OCH,

11.8
12.8
12.9
12.6

s

6.2
5.6
5.2
5.5

Mw

10 000
13 600
31 000
77 000

f 280'
utfe -1

cm"1 g l

13.3
12.1
12.8
14.1

dn/dc, ml g"

0.185
0.181
0.191
0.198

Table 7. Mean value of the content of OCH3 groups,
absorption of ultraviolet light (ΕΆ0), and refractive index
increment (dn/dc) for lignin derivatives isolated as a
result of three different digestion processes.

Acid sulphite (Ref.27)
Hydrogen sulphite (Ref.30)
Kraft (Ref.31)

Content of
,OCKL groups.

13.6(±0.4)
12.5 (±0.4)
12.2(±0.4)

, litre

cmV

12.8(±0.5)
13.1(±0.6)
18.7(±1.6)

dn/dc, ml g"

0.191 (±0.004)
0.189 (±0.006)
0.198 (±0.008)

A similar tendency for an increase in the molecular
weights of lignin fractions during the course of the
delignification of wood was also observed in continuous
kraft digestion31. Some results are given in Table 6.

Brown and coworkers32'33 investigated the isolation of
lignin from liquidambar and spruce woods with the aid of
brown rot fungus. Lignin preparations were obtained by
extracting the wood with dimethylformamide at successive
stages of increased enzymatic removal of carbohydrates:
10.5, 27.1, 47.1, 59.5, 77.2, 80.5, 92.6, 97.7, and 100%.

Table 6. Characteristics of the fraction of kraft lignin
isolated at different stages of the kraft digestion of spruce
wood31.

Fraction

1
2
3
4
5
6
7

Degree of de-
lignification, %

5.5
17.2
31.0
45.0
60.0
75.0
88.0

Contents, %

carbo-
hydrates

22
9

16
11
14
12

3

OCH,

12.1
11.2
12.5
12.2
13.1
12.5
11.8

s

2.5
2.1
1.7
1.5
2.1
1.5
1.7

Mw

1780
11 700
13 100
15 500
32 800
30 900
51 000

£'280·
litre

cm"l g'l
20.5
18.8
18.4
18.5
19.0
18.8
17.2

dn/dc,

mlg"1

0.191
0.188
0.211
0.211
0.190
0.201
0.197

As the results show, seven fractions representing
different stages of the delignification of spruce wood had
analogous methoxy-group contents, ultraviolet absorption
(-E280), and refractive index increment (dn/dc), but their
weight mean molecular weights (Mw) increased from 1800
(sedimentation equilibrium in an ultracentrifuge) for the
first fraction to 51 000 for the final fraction. Gel filtration
on Sephadexes showed the considerable polydispersity of
the fractions isolated.

The authors consider that the above results for acid
sulphite27, hydrogen sulphite30, and kraft31 digestions of
spruce wood by continuous processes have shown that the
different processes used for the dissolution of wood lignin
do not alter its structural properties to any great extent,
as is shown by the similarity in orders of magnitude of
the methoxy-group content, ultraviolet absorption, and
refractive index increment for lignosulphonates obtained
as a result of acid sulphite and hydrogen sulphite digestions
and also for kraft lignins (Table 7). In a comparison of
lignosulphonates isolated as a result of the acid sulphite
and hydrogen sulphite digestions their similar molecular
weights at similar degrees of delignification of the wood
is noteworthy. In comparison with the lignosulphonates,

125

WO

1,

so.

Z5

-

^ 1

Δ Ζ

°J

sulphite digestion /

L

Δ . /

/ ^/kraft
/ ^/digestion

20 10 SO SO
degree of delignification, %

Figure 1. Variation of the molecular weights of the
lignin preparations isolated by different methods with
the degree of delignification of spruce wood27'30'31:
1) acid sulphite digestion; 2) hydrogen sulphite diges-
tion; 3) kraft digestion.

The separation of the resulting extracts on Sephadex
G-50 led to the formation of three fractions (1) with molec-
ular weight > 14 000; (2) with molecular weight from
~ 3000 to ~ 14 000; and (3) with molecular weight from
100 to ~ 3000. It was shown that as the proportion of
carbohydrates removed increased, the relative quantity
of lignin eluted from fraction 1 rose and the amount of
lignin eluted from fraction 3 decreased. The relative
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amount of lignin eluted from fraction 2 remained approxi-
mately constant at all stages of the carbohydrate removal.
The observed increase in the ratio of high-molecular-
weight to low-molecular-weight components as the carbo-
hydrates are gradually removed was thought to show that
wood lignin consists of at least two main components,
which differ considerably in molecular weight and are
localised in different parts of the cell walls of the fibres.

As regards the lignins isolated from plant tissue, their
heterogeneity in molecular weight was shown by gel-
filtration of lignin from mechanical grinding34' 5 and of

"TR 37 38

alkali lignins , by fractionated dioxan-lignins '
and by Brauns "native" lignin39, by sulphite 40 and kraft41

digestions of periodate lignin, and by many other investi-
gations, consideration of which is not the task of the
present review.

Hence the above results from studies of the molecular
weight distribution of lignin during the delignification of
wood by various methods (various digestion procedures,
enzymatic isolation) has allowed us to pose the question
of the existence of two types of natural lignin, which differ
considerably in molecular weight. However, before
examining the arguments for and against this hypothesis
we must briefly characterise contemporary ideas about the
distribution of lignin in the cell walls of plant tissue.

III. DISTRIBUTION OF LIGNIN IN THE CELL WALLS OF
PLANT TISSUES

According to contemporary ideas concerning the
anatomical structure of wood from coniferous species, the
cell walls of moulded tracheids consist of two ontogene-
tically different structural parts: primary and secondary
walls. The primary wall, which is the external sheath of
the cell, plays an important part in the period of surface
growth, whereas the secondary wall is formed after
surface growth ceases. In turn the secondary wall con-
sists of three layers with different optical properties
(Figs. 2 and 3). In addition to the morphological sub-
divisions shown in Figs. 2 and 3, there are indications 46

of the existence of the so-called "warty layer", which
covers the tertiary wall at the side of the lumen.

One of the first attempts to investigate the quantitative
distribution of lignin in the cell wall was made by Ritter47.
With the aim of removing the carbohydrate components,
he treated 3 mm sections of wood with sulphuric acid
according to the standard KLason method for determining
lignin and found that middle lamella lignin and cell wall
lignin could be distinguished in wood: the former retains
the initial wood structure after removal of carbohydrates
but the second is structureless. A mechanical separation
of the lignin residue thus obtained showed that ~ 75% of the
wood lignin is localised in the middle lamella, and ~ 25%
in the cell wall and that the lignins localised in these two
sites of the plant tissue differ significantly in the methoxy-
group content (Table 8). Although the low methoxy-group
content shows that the purity of the preparations is
insufficient the fact that they are isolated under similar
conditions and at the same time differ so much in the
methoxy-group content is thought to show a significant
difference between the middle lamella lignin and the cell-
wall lignin.

On taking into account the volume occupied by the middle
lamella in the wood tissue, Ritter was doubtful about the
reliability of the values he had obtained which characterise
the quantitative distribution of the lignin. The results
obtained during this investigation enabled Ritter 48 to

conclude that only half of all the wood lignin is localised in
the middle lamella. However, in 1934 Ritter *° confirmed
his initial conclusion that the main mass of the lignin is
localised in the middle lamella. Subsequently, this con-
clusion was confirmed in an investigation made by Harlow50.

secondary wall

Figure 2. Transverse section of moulded tracheids
of wood from coniferales species 42~44. On the dia-
gram are marked: the middle lamella or intercellular
substance; the primary wall; the secondary wall,
consisting of three layers: outer or external (Si),
middle or central (52), and internal (S3); the lumen or
cell cavity of the fibre.

The results obtained by Ritter and Harlow are evidently
connected with the incomplete separation of the two types
of lignin, since the mechanical method used for the sepa-
ration is extremely imperfect, and also with the incom-
plete removal of carbohydrates, which is evident from the
low concentration of methoxy-groups in the lignin prepara-
tions mentioned above.

middle lamella
primary wall

transitional plate

secondary plate

tertiary plate

lumen

Figure 3. Transverse section of moulded tracheids
of coniferales species 45.

Bailey51'52 used a micromanipulator to separate 0.5 mg
of the middle lamella from Douglas fir wood and found that
the preparation isolated contained lignin 71, pentosans 14,
cellulose 4%. Lange 53, using an ultraviolet microscope,
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calculated that the weight concentration of lignin in the
secondary cell wall amounted to 10-20%, and that in the
middle lamella to 60-90%. The mean values obtained from
50 measurements were 16 and 73% respectively, and he
suggested a gradual decrease in the lignin concentration
from the middle lamella to the lumen. A series of
investigations 54~56 showed that the distribution of lignin in
the cell wall was more uniform than according to Lange's
suggestion. The results of electron microscope investi-
gations 57~59 of preparations of wood from which the
carbohydrate components had been removed by various
chemical treatments or by the action of enzymes showed
that the distribution of lignin in the secondary cell wall is
non-uniform; the lignin concentration is higher in the
inner layer (S3) close to the lumen and in the outer layer
(Si) adjacent to the primary wall.

Table 8. Distribution of lignin between the secondary cell
wall and the material of the middle lamella 47.

Characteristic being studied

Lignin, % of wood

Lignin, % of total lignin in
wood

Methoxyl groups in Lignin, %

Red alder

secondary
cell wall

7.3

27.3

4.8

material
of middle

lamella

19.5

72.7

13.6

total
quantity

26.8

Cuban white pine

secondary
cell wall

6.9

22.7

4.3

material
of middle

lamella

23.4

77.3

10.8 •

total
quantity

30.3

Table 9 gives some results obtained by Goring and
coworkers and shows that the middle lamella material is
more lignified than that of the secondary wall, but despite
this it contains only an insignificant proportion of the total
lignin of spruce wood.

Table 9. Distribution of lignin in spruce tracheids

Wood

Early

Late

Morphological
differentiation*

SW
ML (r) (t)
ML (cc)

SW
ML (r) (t)
ML (cc)

Relative

absorption
ofUV

1
2.21
3.77

1
2.7
4.5

Total
fraction, %

87.4
8.7
3.9

93.7
4.1
2.2

Lignin, % of

total lignin
in wood

72.1
15.8
12.1

81.7
9.7
8.6

Lignin concn.,
g per g wood

0.225
0.497
0.848

0.222
0.60
1.0

*SW = secondary wood; ML middle lamella; r radial
direction; t tangential direction; cc cell corner.

Scott and Goring65 also used ultraviolet microscopy in
conjunction with densitometric analysis of the ultraviolet
photomicrographs obtained in investigating the concentra-
tion of lignin in the & layer of wood of coniferous species.

Investigations into the distribution of lignin in cell walls
of plant tissues, published up to 1963, were examined in
detail in the reviews of Northcote60, and of Milyutina and
Sergeeva61.

The problem of the quantitative distribution of lignin in
cell walls of plant tissues was critically examined by
Berlyn and Mark ̂ , who emphasised that the results of
Bailey and Lange are diametrically opposed to those of
Ritter. Noting that the volume of the fractions of the
middle lamella and primary-wall substances make up only
10-12% of the volume of the plant tissue, Berlyn and Mark
calculated that even if this region consisted entirely of
lignin it could not contain more than 40% of the total wood
lignin. This surmise found experimental confirmation
during an investigation by Goring and coworkers63. The
method they employed was a combination of ultraviolet
microscopy and densitometric analysis of negatives
obtained by ultraviolet photomicrography. A special
detailed examination of this method 6 4 showed that its use
was well-founded, since when certain experimental condi-
tions are satisfied the method enables the concentration of
lignin in the various parts of the cell wall to be determined
with sufficient accuracy. Furthermore, it is noteworthy
that these investigators ra calculated the concentration of
lignin in the secondary wall by two methods: (1) on the
basis of the relative ultraviolet absorption and the volumes
of the fractions of different parts of the cell wall, and
(2) directly from the absorption in the ultraviolet, using
the Lambert-Beer law. The values obtained by the two
methods showed good agreement, which also shows the
reliability of their method.

· Microfibrils (organised phase)

! I—ι : ^
ι ι Continuous matrix (amorphous phase Η

primary
wall

secondary wall

hemicelluloses

pectin substances
lignin

Figure 4. Distribution of the constituents of moulded cell
walls. The arrows show the direction of the increase in
the relative concentrations of the individual components 60.

Their results showed that in trunk wood a uniform distri-
bution of the lignin in the secondary wall is usually
observed. On the other hand, in the wood of the branches
a high concentration of lignin in the S3 layer is often
observed.

Hence the above results show convincingly that the
distribution of lignin in the cell walls of plant tissues is
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non-uniform, and it is interesting to note that according
to the results of several investigators 6 6" 6 9 non-uniformity
is also observed in the distribution of the carbohydrate
components (hemicelluloses and cellulose) of plant
tissue.

In ending the examination of the problems associated
with the distribution of lignin in the cell walls of plant
tissues, it is noteworthy that according to Northcote's
views the cell wall can be regarded as a two-phase
system consisting of microfibrils immobilised in a con-
tinuous matrix. The microfibrils are concentrated close
to the lumen and their density falls in the direction towards
the outer parts of the cell, where the other phase prevails.
Northcote proposed the following classification of the
material of the cell wall:

1. C o n t i n u o u s m a t r i x : (a) pectin substances;
(b) lignin; (c) possibly, polysaccharides of the hemi-
cellulose group.

2. M i c r o f i b r i l s : (a) polysaccharides containing
glucose (cellulose); (b) polysaccharide (polysaccharides)
containing xylose; (c) a polysaccharide (polysaccharides)
containing mannose; (d) possibly, polysaccharides of the
hemicellulose group.

The scheme presented in Fig. 4 is a representation of
the distribution of the various components of the cell wall
of plant tissue.

In conclusion, we must note that in comparison with
coniferous woods the wood of deciduous species exhibits
a more complex anatomical structure and also differs in
the nature of the distribution of the lignin in the plant
tissue7 0.

IV. SOME ASPECTS OF THE HETEROGENEITY OF
NATURAL LIGNIN

As stated above, the results obtained during experi-
ments on the delignification of wood, allowed the problem
of the existence of two types of natural lignin differing
significantly in molecular weight to be settled. However,
the solution of the problem of the homogeneity or hetero-
geneity of lignin not isolated from plant tissue is hindered
by the impossibility of an unambiguous interpretation of
the results examined in Section Π. This is primarily
because the use of acids or alkalis during the wood
delignification processes considered above leads to more
or less significant changes (on the one hand, hydrolytic;
on the other, condensation) in the natural lignin, which
change its structure significantly 28. It is now impossible
to speak with complete certainty about the absence of
depolymerisation or condensation changes in the lignin
even in its enzymatic isolation from the wood33, which is
the mildest method of those examined in Section II. Hence
the heterogeneity, according to molecular weight, of the
lignins isolated from wood by various methods may be due
to the heterogeneity of the natural lignin or may be
secondary, being the consequence of condensation or
hydrolysis of the lignin during isolation.

In this connection other aspects of the problem of the
heterogeneity of natural lignin which are of some interest
and which can assist in presenting a more complete, even
if more complex, picture of the contemporary state of
this problem must be considered.

The non-uniformity of the distribution of lignin in plant
tissue, considered in Section ΠΙ, enabled certain investi-
gators 2 7>3 0 '3 3 to suggest the localisation of lignins with
different molecular weights in different parts of the cell
walls of wood tissue. The arguments of these investi-
gators were based on a series of propositions.

According to contemporary ideas the first traces
of lignification are observed in the primary wall in the cell
corners, then the process of accumulation and deposition
of the lignin is extended to the middle lamella and through-
out the entire primary wall, subsequently into the corners
of the middle lamella of the cell, and finally, into the
secondary wall (layers Si, S2, and S3, successively, see
Fig. 2). Starting from this, it is logical to suggest that
the molecular weight of the lignin will be greatest at those
parts of the cell wall, where the concentration of the lignin
precursors is highest and consequently the degree of
condensation polymerisation is increased. Such parts of
the cell wall are the primary wall and the middle lamella.

At the same time, according to Cowling's results 75,
obtained in the enzymatic isolation of lignin with brown rot
fungus, the micro-organisms initially occupy the lumens
of the cells of the wood tissue. It is logical to assume
that in this connection the enzymatic "digestion" of carbo-
hydrates takes place gradually in the direction of the
middle lamella and consequently the lignin in the earlier
stages of the enzymatic decomposition of the wood is
extracted from the secondary layer and in the later stages
from the middle lamella. Such a sequence of enzymatic
action is shown by several investigators 4 5 ' 7 6 ' 7 7, On this
basis, Brown and coworkers 33 assumed that the low-
molecular-weight lignin extracted in the initial stages of
the enzymatic removal of carbohydrates is extracted from
the middle lamella. The stated distribution of lignins
with different molecular weights in the cell walls will
favour a gradient in the size of the spaces between the
microfibrils and the distances between the cellulose
macromolecules in the amorphous regions from the central
plate substance through the secondary wall to the lumen53.
The electron microscope studies mentioned above57"59

showed that the greatest density of lignin is observed in the
middle lamella, the primary wall, and the S3 layer. In the
S2 layer of the secondary wall the lignin exists as a
branched three-dimensional lattice which immobilises the
carbohydrate chains, which exhibit crystal structures.
Furthermore all the investigators noted an obvious
orientation of the lignin in the Si layer.

Finally, as a result of the investigation of the path of
penetration of various liquids into wood and of the influence
on this process of morphological factors, Wardrop and
Da vies 8 found that after penetration into the lumens of the
cells the reagents used diffuse through the cell walls so
that the middle lamella and especially the regions of the
cell angles of the middle lamellas are the last parts which
react with these agents. In the digestion of wood the path
of penetration of the digestion solutions stayed the same
but the rate of passage was greatly increased. These
results give a basis for suggesting that low-molecular-
weight lignin isolated at different stages of the delignifica-
tion of wood by different methods (see Section II) is
localised in the secondary wall, but the high-molecular-
weight lignin is localised in the middle lamella.

A special investigation of the topochemistry of the
delignification of spruce wood during industrial digestions
showed the following regularities 79. In the early stages of
kraft and acid sulphite digestions the lignin is preferential-
ly removed from the secondary cell wall. After ~50%
delignification the lignin of the middle lamella is rapidly
dissolved, leaving the residual lignin in the secondary wall.
In the neutral sulphite digestion the removal of lignin from
the secondary cell wall and middle lamella proceeds with
approximately the same rates up to 50% delignification.
Approximately analogous topochemical models of deligni-
fication were observed in kraft and neutral sulphite diges-
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tions of birch wood74; in the early stages of the digestions
preferential delignification of the secondary walls of the
fibres and vessels. It is interesting to note that the
sequence of the delignification of the various morphological
parts of the cell wall of both spruce79 and birch74 wood in
the order of the digestion processes used is: SW >
> ML(cc) > ML(r)(t) (for symbols see Table 9), opposite
to that examined above for the deposition of lignin during
the lignification of plant tissue.

According to some results74'79, the above morphological
differences in the rate of delignification are not connected
with the diffusion of the active reagent into the cell wall or
with the diffusion of lignin macromolecules from the cell
walls, but are due evidently to the different stability of the
lignins to the actions of the digestion solutions. Were the
morphological structure of the cell the main factor
affecting the rate of delignification, it could be expected
that the sudden breakdown of the wood structure (for
example, as a result of the compression treatment of the
wood at high temperature) leads to a considerable change
in the rate of delignification. However, as the investi-
gations of Yean and coworkers 80 have shown, preliminary
treatment of spruce and birch sawdusts at pressures up to
35 155 kgf cm"2 and temperatures up to 200°C hardly
altered the rate of delignification. Analogous results were
obtained by Kleinert81, who showed that preliminary
compression of the wood had no effect on the absorption
of SO2 nor on the delignification in sulphite and kraft
digestions. These results show that since the changes in
the morphological structure of the cells have no significant
effect on the rate of delignification of wood, the rate-
determining factor for the dissolution of lignin in the
various morphological parts of the cell wall is not its
accessibility but the chemical structure of the lignins in
these regions, which also determines their different degree
of stability to the action of digestion solutions.

The mathematical model for the degradation of a three-
dimensional gel developed by Szabo and Goring ^, applied
to the delignification of spruce wood in kraft and acid
sulphite digestions is thought82 to confirm this assumption.
In their calculations Szabo and Goring started from the
assumption that the degradation of a three-dimensional gel
is a reversible process in relation to trifunctional polycon-
densation, the theory of which was propounded by Flory 83.
According to this theory, the polycondensation of mono-
mers which contain more than two functional groups leads
to the formation of a three-dimensional lattice polymer.
A characteristic feature of the three-dimensional poly-
condensation is the sudden formation of an infinite lattice
observable at the point of gel formation. After this a high-
molecular-weight three-dimensional lattice polymer (the
so-called "gel-component") and a low-molecular-weight
soluble product (the so-called sol-component) are present
in the system, but a sharp separation into these com-
ponents is not observed: the particles of the sol enclose
the infinite lattice of the gel. With further condensation
the amount and molecular weight of the sol component
decrease as a result of the selective addition of its coarser
and more complex particles to the infinite lattice of the
gel-component, According to the model developed by
Szabo and Goring, in the degradation of the three-dimen-
sional gel initially low-molecular weight fragments are
formed, which are distinct from the infinite lattice of the
gel owing to the breaking of the intramolecular transverse
bonds. In the later stages of the degradation the gel will
"break up" and give coarser fragments of soluble lignin.
In this model Szabo and Goring started from the assump-
tion of the presence of two structurally different gels,

one of which corresponds to the secondary wall lignin, the
other to the lignin of the central lamella. The quantities
predicted on the basis of the model developed by Szabo
and Goring agree well with the experimentally obtained
topochemical model of the delignification of spruce wood79

and also with the molecular weight distribution of lignin in
its isolation in acid sulphite27 and kraft31 digestions of
spruce wood.

An analogous condensation was proposed by Elton84 on
the basis of a kinetic investigation of the delignification of
wood of the loblolly pine during neutral sulphite digestion.
As a result of the investigations it was found that 8-11%
of the lignin is removed at an appreciably greater rate than
the remaining lignin. This difference in the rate of
delignification in the initial and subsequent periods of
digestion was explained primarily on the basis of the
molecular weight distribution of the lignin in the wood, and
also on the basis of the diffusion of the reaction product and
the physical availability of the lignin in the plant tissue.
Elton assumed that the low-molecular-weight lignin
dissolves slowly after sulphidation, and the rate of
delignification in the initial digestion period is determined
by the rate of sulphitation. On the other hand, for the
dissolution of the remaining high-molecular-weight lignin
its hydrolysis to finer fragments is necessary, which
also determines the rate of delignification in the subsequent
period of digestion.

In ending our examination of the problems associated
with the topochemical delignification of wood during indus-
trial digestions mention must be made of the work of Jayme
and Torgersen85, who investigated the topochemical
delignification in sulphite and sulphate digestions. Their
ultraviolet microscopical investigation into the partial
delignification of spruce wood showed that in the sulphite
digestion (loss of 27.5% of the initial lignin) the concentra-
tion of lignin in the secondary cell wall hardly altered and
almost all the dissolved lignin was removed from the
middle lamella. The delignification began with the
material of the middle lamella and proceeded in the
direction of the lumen. In sulphate digestion (removal of
29.8% of the initial lignin) a considerable proportion of the
lignin was removed from both the secondary wall and from
the middle lamella. The delignification in this instance
began simultaneously from the middle lamella and the
lumen.

In the present review we have not spent time on an
examination of the occasionally contradictory results of
the early investigations on the topochemistry of the
delignification of wood78'86"97. However, a comparison of
only two late investigations in this field (Goring and
coworkers 79 and Jayme and Torgersen85) who used the
same method but arrived at different conclusions shows
that this problem requires further experiments to be made.

In conclusion, it is interesting to trace the evolution of
Goring's opinions on the heterogeneity of natural lignin.
On the basis of investigations of the molecular weight
distribution of the lignins isolated during acid sulphite 27

and bisulphite30 digestions, he suggested the presence in
spruce wood of two types of lignin: low-molecular and
high-molecular-weight, localised in different parts of the
cell wall. Later experiments79 on the topochemistry of
the delignification of spruce wood, which showed that in
the early stages of sulphite and kraft digestions there is
preferential delignification of the secondary wall, allowed
Goring98 to suggest that the low-molecular-weight lignin
is localised in'the secondary wall. Finally, the theory of
the degradation of a three-dimensional gel, developed by
Szabo and Goring82 led them to the conclusion that low-



Russian Chemical Reviews, 40 (8), 1971 665

molecular-weight lignin, which, dissolves in the early
stages of the digestion, is formed as the result of the
degradation of both lignin gel localised in the secondary
wall and also the lignin gel of the middle lamella. They
assume that instead of low- and high-molecular weight
lignins we must speak of the structurally different lignin of
the secondary wall and the lignin of the middle lamella.

V. HETEROGENEITY OF LIGNIN IN RELATION TO ITS
BONDING WITH THE OTHER COMPONENTS OF PLANT
TISSUE

In conclusion yet another aspect of the problem of the
heterogeneity of natural lignin must be mentioned, one
which is connected with the existence of lignocarbohydrate
bonds in plant tissues " .

In 1958 Aaltio1 0 0 '1 0 1 published the results of an extensive
investigation of the type of bonding of lignin with other
components of plant tissue. He undertook a series of nine
butanol digestions of aspen wood. Fine sawdust, previous-
ly extracted with acetone was digested with neutral
buffered butanol-water mixture for 4 h at 158°C. Each
successive digestion was carried out on the residue from
the previous one. The solubility of the wood was traced
by analysis of the insoluble residues and digestion solu-
tions. Table 10 gives some of the results of the investi-
gations .

Table 10. Some results obtained in successive digestions
of aspen wood with buffered aqueous butanol 10°.

Digestion
No.

1

3
4
5

Ratio of dis-
solved lignin
to dissolved
pentosane-

uronids

1.05
0.75
0.77
0,73
0.74

OCH-, groups in dis-

solved lignin, %

found

21.4

20.1

17.9

calculated

21.7
21.3
20.2
21.4
17.9

D
ig

es
ti

on
N

o.

6
7
8
9

Ratio of dis-
solved lignin
to dissolved
pentosane-

uionids

0.59
0.55
0.54
0.55

OCHj groups in dis-

solved lignin, %

found

15.0

14.9

calculated

15.3
15.0
15.0
12.0

The results led Aaltio to the conclusion that aspen
wood consists partly of homogeneous ligno-carbohydrate
complexes. According to his interpretation, during the
first five digestions there is a gradual action of the diges-
tion solution on the middle lamella, which leads to the
separation of a highly methoxylated lignin and pentosan
uronides in the ratio ~ 0.75. After dissolution of all the
middle lamella defibrisation of the material takes place
and in subsequent digestions the secondary cell wall is
subjected to the action of the digestion solution. This
leads to the separation of lowly methoxylated lignin and
pentosan uronides again in a constant ratio (~ 0.55), which,
however, differs from the ratio found for the dissolution
of the middle lamella. It is noteworthy that according to
Aaltio, the greater part of the lignin in the complex
isolated from the middle lamella is in the free state and
does not have chemical bonds with the carbohydrate com-
ponents. This assumption of Aaltio agrees with the con-
clusions of other investigators.

Thus, according to BjSrkman's ideas 102, the lignin in
the growing plant tissues can be divided into two fractions

in respect of its bonding with hemicelluloses. One frac-
tion has a very small number of bonds with hemicellu-
loses or none at all and in all probability is localised in
the middle lamella. This fraction is isolated under mild
conditions and corresponds to the lignin of mechanical
grinding obtained by Bjo'rkman's method. The other
fraction is firmly linked with hemicelluloses and can be
isolated by more severe methods. This fraction corre-
sponds with the lignocarbohydrate complex obtainable by
the Bjo'rkman method. The ratio between these fractions
is ~ 1:1. On the basis of experiments on the fractionation
of hydroxyethylated wood (previously ground in a ball mill)
dissolved in dimethylformamide, Brownell and West103

also concluded that approximately three-quarters of all
the lignin in wood is chemically bound with carbohydrates.
About one-quarter of the lignin can be easily separated
from the carbohydrates. They assume that this fraction
is not linked with the carbohydrates by a hydrogen bond
although it is quite possible to assume that these bonds
are broken at the time the wood is ground in the ball mill.
As a result of an investigation involving oxidation of wood
with hydrogen peroxide, Berlin 1 0 4 concluded that the
lignin localised in the middle lamella is of higher molec-
ular weight and is chemically unconnected with the
polysaccharides. Tishchenko105 concluded, on the basis
of results on the stepwise ozonation of spruce wood in ethyl
acetate, that in spruce there are both lignin unconnected
chemically with carbohydrates (not less than 43% of all the
lignin) and lignin thus connected.

It is interesting to note that in 1934 Boyarkin 1 0 e made a
microchemical examination of the sclerin-chemical fibres
using two widely known colour reactions: phloroglucinol
and the Maule reaction. As a result of this, he found the
presence of different microchemical reactions at different
elements of the lignified tissues. Thus a characteristic
reaction with phloroglucinol + cone. H2SO4 is shown only by
the primary walls of neighbouring cells with inter cell
substance between them, whereas the Maule reaction is
characteristic only for the secondary cell wall}. These
results enabled him to suggest the existence in the lignified
tissue of two components of lignin, designated respectively
as " F " and "M". Later Bardinskaya112 found that
alkaline extraction of lignified material alters the micro-
chemical reaction significantly: after extraction with
alkali (0.5 Ν NaOH) the vessels which had retained their
form were not stained by phloroglucinol f H2SO4. Evident-
ly this is because the alkali extracts that part of the lignin
which is responsible for the phloroglucinol reaction of the
lignified fibres. On the basis of this a scheme for the
isolation of both components of the lignin was proposed;
it involved the alkaline extraction of the plant material,
previously extracted with alcohol-benzene mixture (isola-
tion of component "F") and then the acid hydrolysis of the
residue (isolation of component "M"). The fractions
obtained were quite different in elementary and functional
composition (Table 11).

According to Bardinskaya116, fraction " F " is the most
"mobile" part of the lignin, less firmly connected with
the other components of the cell wall. The remaining part
of the lignin (fraction "M") is evidently more strongly

Jit has been repeatedly suggested107"111 that this differ-
ence in the colours in the microreactions on the lignin is
because some of the histochemical reactions (including that
of phloroglucinol) are characteristic for the guacyl resi-
dues of the lignin and the second group (including the
Maule reaction) for the syringyl residues.
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bound to the poly sac char ides components of the cell wall
and therefore is not extracted by alkali under the conditions
employed. Bardinskaya assumes that the two fractions
also differ in molecular weight. In addition it has been
suggested117'118 that there is the possibility of the existence
of different paths of biosynthesis for the two components
of the lignin. Later Furs t U 9 investigated differential
conduction systems and the dynamics of the accumulation of
lignin in the elements of the xylem at various stages of the
development of leaves of certain types of onion from the
moment of germination of the seed up to 4-6 month seed-
lings. He showed that the " F " component is formed
earlier than "M" lignin, and if the " F " component starts
to be deposited at the side of the middle lamella and
primary wall, then the component "M" is mainly deposited
on the inner (at the side of the cavity) envelopes of the leaf
tracheids.

Table 11. Characteristics of the lignin fractions isolated
from sugar beet stalks U 4 ' 1 1 5 .

Fraction

Lignin " F "
Lignin "M"

Yield of lignin,
% of initial
raw material

0.59
7.25

c

57.
58.

32
32

Pres

Η

6.62
6.02

;nt, "ι

3
0

i

N

.71
9

OCH,

14.05
18.46

Yield of aromatic
aldehydes after

nitrobenzene oxi-
dation of the lignin,

% of lignin
6.0
4.8

The hypothesis of the existence of two types of lignin
received confirmation as a result of Ludtke's chemical
investigation120 of the best fibres of various plants.
According to his results, these lignins are distinguished
in localisation in the cell wall of the plant. The major
fraction of the lignin is localised in the middle lamella;
the second fraction, which makes up 10-30% of all the
lignin, is localised in the primary and secondary cell
walls and is chemically bound with carbohydrate material.
These fractions differ somewhat in elemental composition
and content of OCH3 groups.

In conclusion, mention must be made of the results of
an investigation by Matsukura and Sakakibara, published
recently 121. They isolated from the wood of the spruce
(Picea jezoensis), ground in a vibromill, the mechanically
ground lignin (MGL) and lignin-carbohydrate complex (LHC)
(by extraction with dimethylsulphoxide) according to Bjb'rk-
man's method. The MCL and LHC and the residue were
subjected to ethanolysis and also to oxidation by KMnC>4
or nitrobenzene in alkaline medium. The quantity of
degradation products was found by gas chromatography.

The oxidation of LHC by permanganate led to the produc-
tion of a very small quantity of degradation products:
1.78% (reckoning from the lignin in the LHC) veratric acid,
0.46% isohemipinic, and 0.25% dehydrodiveratric acid. As
a result of the ethanolysis of LHC, monomeric products
were obtain in good yield: guacylacetone, methyl vanyloyl
ketone, and 2-ethoxy-l-guacylpropan-l-one. From these
results it was concluded that bonds of the arylglycerol
/3-aryl ethers type predominate in the lignin present in the
LHC.

The oxidation of the wood residue with permanganate
led to the production of the same acids in good yields:
9.88, 3.46, and 3.43% on the lignin; at the same time as a
result of ethanolysis only insignificant amounts of the

monomeric "Hibbert ketones" were obtained. These
results are thought to show the presence in the wood
residue of a large quantity of condensed chains of lignin.
The results of alkaline nitrobenzene oxidation of all three
specimens showed small but distinguishable differences
between them.

Matsukura and Sakakibara assume that the above results
convincingly show the heterogeneity of the chemical
structure of the lignin. According to the results obtained
the LMP isolated by the Bjo'rkman method exhibits a struc-
ture intermediate between the other two preparations and
in this connection they think that it cannot be regarded as
a model for all the lignin of wood.

—oOo—

The investigations of the last 10-15 years which we have
considered above enable us to acknowledge to the first
approximation the presence in plant tissue of two types
of lignin, which differ in molecular weight, in localisation
in the cell wall, in bonding with other components of the
plant tissue, and also in the topochemical behaviour in the
different processes for the digestion of wood.

The results of these investigation confirm the hypo-
theses, repeatedly expressed earlier, concerning the
heterogeneity of natural lignin. Here we must first note
Klason's hypothesis 122~124 concerning the existence in
spruce wood of a- and β-lignins. He formulated this
hypothesis on the basis of experiments on the precipitation
with 2-naphthylamine hydrochloride of the lignosulphonic
acid obtainable in the sulphite digestion of wood. Later
Holmberg and Wintzell12 and also Hibbert and coworkers126

reported the presence of two fractions in alkali lignin
which could be isolated from black alkali after the soda
digestion of spruce wood. Proof of the heterogeneity of
natural lignin is also provided by the results of the frac-
tionation of a series of preparations that have been iso-
lated: formic acid lignin isolated from birch wood127,
ethanol-lignin from wood 128~130

( acetic acid 131 and butanol-
lignins 1 3 2"1 3 5, isolated from various wood species; lignin
isolated by hydrogenolysis of maple wood130'136, lignins
extracted from oat and wheat straw by methylcellolsolve +
HC1137; lignins isolated from bamboo 138 and aspen 1 3 9 ' 1 4 0

woods by a hydrotropic method, and also enzymatically
isolated lignins 141. Finally, mention must be made of the
hypothesis of Purves1 4 2, who assumed that the molecular
weight and the ratio of the "free" and "combined" lignins
in the plants can vary not only with the type of plant but
also with growth and the growing conditions. These
investigations have been partly considered in Lebedev's
review143.

As regards the practical recommendations 7 4 ' 7 9 which
can be made from the existence of different types of
natural lignin, clearly of most importance would be the
finding of a delignifying agent which exhibits specific
action towards the middle lamella, which probably consists
mainly of lignin. This would lead to the obtaining of a
fibrous mass in very high yield which could then either be
used as such or be subjected to further delignification for
obtaining a desired type of fibre.
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