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Lignins as Components of Polymeric Composite Materials

E.G.Lyubeshkina

The results of studies of natural, native, and technical lignins are surveyed. Data are presented on the structures and physico-
chemical properties of various technical lignins (hydrolytic, sulphite, and sulphate lignins), which constitute the waste of the
cellulose-paper and hydrolytic industries. Considerable attention is devoted to the examination of the properties of lignins
which are responsible for their employment for the reinforcement of elastomers and the modification of plastics.
The methods of utilisation and rational employment of technical lignins in the plastics industry as active ingredients of
polymeric composite materials are examined.
The importance of sulphate lignins as the most active from the standpoint of structure and properties in relation to the polymer
matrix for the creation of highly filled lignin-containing polymeric materials—lignoplastics of the type of poprolin—is specially
emphasised.
The bibliography includes 160 references.
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I. INTRODUCTION

The accelerated rate of growth of the industry of polymeric
materials under the conditions of the world economic crisis,
the exhaustion of the petroleum resources, and the deficiency
of polymeric raw materials has faced science and industry
with new tasks involving the extraction and effective employ-
ment of the existing reserves and also the rational utilisation
of the available natural resources.

From this standpoint, one of the promising trends in the
technology of the processing of polymers is the formation of
polymeric blended and highly filled composite materials with
high indices of physicomechanical and operational properties.
For this reason fillers play a major role in the solution of this
important problem1.

Practical experience has shown that the introduction of low-
molecular-weight and high-molecular-weight fillers of differ-
ent chemical types into the polymer matrix makes it possible
to alter specifically the physicomechanical, rheological, and
thermophysical characteristics of the polymeric materials and
the articles obtained from them2.

The creation of highly filled polymeric composites contain-
ing more than 20% of the filler (by volume), which involves
a decrease of the consumption of the scarce basic polymer
and a reduction in the cost of the material, is exceptionally
important. This requires in its turn the search for cheap
mineral and organic fillers the raw materials for which are
extensive and readily available.

Calcium carbonate, kaolin, talc, silicon dioxide, metal
oxides, asbestos, wollastonite, etc. have come to be widely
used as mineral fillers3"5. The waste from stone quarries
and stone processing industries, namely finely fragmented
tuff, is used for this purposes7.

Among organic fillers, carbon black, cellulose, carbon
and graphite fibres, sawdust, cotton, coke, starch, and
certain other substances have found applications5'8.

Lignin and their degradation products9"11, as well as
kerogens and their processing products12 '13, which constitute
the waste of the sulphate-cellulose and shale industries, are
extremely promising organic fillers.

In selecting the fillers for polymeric materials, preference
is given to organic products active in relation to the basic
polymer, which facilitates their "combination" and the con-
version of the compositions into finished articles and improves
their physicomechanical characteristics.

The most widely used organic fillers for polymers are vari-
ous kinds of carbon black, which still remain of primary
importance, particularly in the technical rubber industry,
where they are used as agents reinforcing elastomers9'11*.
However, the group of thermoplastic materials, for which
readily available fillers of organic origin must be sought,
provides the greatest potential possibilities for the develop-
ment of the manufacture of filled polymers.

Technical lignins, which were first used as reinforcing
fillers in natural and cured rubbers15 '16 but which have
hitherto found limited applications in the plastics industry,
are of great theoretical and practical interest from this
standpoint. Admittedly, in view of the deficiency of the
primary polymeric raw material, interest in lignin as a
filler for thermoplastics has greatly increased in recent
years in connection with the possibility of its employment
for the creation of composition materials based on thermo-
plastics and their industrial waste10'11'17"21.

Lignins are natural organic raw materials, since they are
constituents of wood and plants (their content in wood
reaches 30%), where they play the role of lining agents22,
and are comparable in this sense to cement and iron con-
crete23 (p.259). Thus lignins are one of the high-molecular-
weight components of wood and occupy the second place
(after cellulose) as regards their abundance throughout
the world as organic polymeric substances of natural origin.

Lignins are not only lining materials but also reduce the
permeability of cell walls and thereby play an important role
in the transport of water, nutrient substances, and metabolic
products. They also impart rigidity to the cell walls and,
acting as an intercellular binder, impart to wood resistance
to impact, compression, and bending. Lignification renders
the woody tissue more resistant to the action of micro-
organisms.
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The lignins present in plant tissues are referred to as
natural lignins, protolignins, or lignins in situ. The term
"native lignin" refers to the preparation isolated by Brauns's
method2".

When lignin is isolated from wood (delignification of wood),
it undergoes significant chemical changes which depend on
the method of isolation so that the lignins obtained under
industrial conditions (technical lignins) are not identical in
their structure to nature lignins.

Technical lignins constitute the waste of the cellulose-paper
and hydrolytic industries and are utilised extremely irra-
tionally—mainly by combustion25'26. However, the lack of
reliable data concerning the structure of lignin precludes
the determination of its behaviour in a polymer matrix and
retards its employment as a filler of thermoplastics.

On the other hand, extensive theoretical and practical data
have accumulated, which makes it possible to regard lignin
as one of the promising fillers and modifying agents for
polymeric composites (of the type of poprolin). It is there-
fore necessary to consider briefly the structure and proper-
ties of natural and technical lignins.

I I . THE CHEMICAL STRUCTURE OF THE NATURAL LIGNIN
MACROMOLCULE

The term "lignin" originates from the Latin word lignum
(wood) and does not refer to an individual substance but to a
group of related substances having common compositions,
structures, and chemical properties for which Freudenberg
suggested the term polylignols27 and Shorygin suggested that
they be referred to as lignin substances28.

Lignin substances should be present in all plant tissues
but some investigators hold the view that lignin appears in
the course of the evolution of plants only in plants adopting
a terrestrial mode of existence and that lignin is absent from
seaweed 2 9 .

At the present time lignins are understood as natural
polymeric products formed by the enzymic dehydrogenation
polymerisation of three main precursors: coniferyl alcohol
(I) , sinapyl alcohol (II), and p-coumaryl alcohol (III):21*
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The lignin macromolecule is formed in this process as a
result of the combination of phenoxy-radicals, like other
natural phenolic substances. Problems concerning the for-
mation of the precursors of lignin and its biosynthesis in
the plant cell walls in vitro and its chemical reactions have
been described in detail in the literature22 '23 '25"28 '30"39 and
there is therefore no necessity to dwell on them.

One should note that natural lignins undergo appreciable
changes even on mild chemical treatment and for this reason
methods permitting complete isolation of lignin from plants
without the alteration of its chemical structure have not been
found hitherto. The problem of obtaining ligning prepara-
tions analogous to natural lignin continues to be the most
important in the chemistry of lignin.

Natural lignins have a number of specific properties:
they are readily oxidised, they readily interact with chlorine,
which is an important factor in the bleaching of cellulose, and
they are soluble in alkalies on heating. This ability of lignin
constitutes the basis of the alkaline delignification of the

sulphate and soda methods of manufacture of cellulose, while
its ability to dissolve on heating in aqueous solutions of sul-
phurous acid and its acid salts is used in the delignification
of wood by the sulphite method25.

Lignins are resistant to the hydrolytic action of solutions
of inorganic acids and contain a large number of methoxy-
groups, which serve as sources of methanol and unpleasantly
smelling methyl-substituted sulphur compounds, and also
several per cent of phenolic hydroxyls, which play an
important role in the modification of thermoplastics21*'25'1*0.

The ability of lignins to be readily oxidised is used not
only in the bleaching of cellulose but also in the preparation
of a number of valuable products such as vanillin, vanillic
acid, etc.21*'30

Lignins from different plants differ appreciably in their
structure and for this reason one distinguishes (1) conifer
wood lignins, (2) deciduous wood lignins, and (3) grassy
plant lignins. Conifer wood lignins have been most tho-
roughly investigated—they form a fairly homogeneous group
of substances and even lignins from different conifer species
have very similar properties. On the other hand, the lignins
from deciduous tress and grassy plants have been less well
studied and are distinguished by a wide variety owing to
their complex chemical structure22>21*.

In the entire specialist literature on the chemistry of lignin,
mention is made of the fact that its structure has been poorly
investigated compared with a whole series of other substances
with more complex chemical structures such as proteins, vari-
ous enzymes, etc., which can be explained by the chemical
inhomogeneity of the lignin macromolecule and the unsuit-
ability of many classical methods of organic chemistry in the
study of its structure. Therefore hitherto there is no
formula which corresponds exactly to its real chemical struc-
ture.

Among all the known hypothetical formulae, reflecting the
chemical structure of lignin, that proposed by Freudenberg
is believed to be the most successful. A fragment of the
molecule of native lignin is presented in Scheme I,21* where
D represents the possible versions of the dimeric unit (A,
B, C) .

Adler proposed an ionic mechanism for the biosynthesis of
lignin, but here too the initial stage proceeds via a radical
mechanism and without electron transfer31*'1*1, which is of
significant interest for the explanation of the character of
the interaction of lignin with thermoplastics when it is
introduced into the polymer matrix.

Investigators who have studied lignosulphonic acids, which
are formed in the bisulphite digestion of Norway spruce,
reached an interesting conclusion concerning the structure
of the monomeric unit of natural lignin. They subdivide the
aromatic compounds of spruce wood into lignin and hemilignin
(by analogy with cellulose and hemicellulose) and believe
that certain contradictions in the chemistry of lignins are
associated with the different contents of hemilignin in the
lignin preparations investigated1*2'1*3. It was shown in these
studies that spruce lignin has a high degree of structural
homogeneity and is a polymer consisting of identical mono-
meric units, each of which contains 16 guaiacylpropane and
two p-hydroxyphenylpropane groups, which corresponds to
Freudenberg's structure of lignin and confirms yet again the
agreement between Freudenberg's hypothetical formula and
the real structure of lignin.

Data concerning the structure of lignin in vitro permit the
next step—the elucidation of its "secondary" structure in
plants {in vivo) taking into account the polymers surrounding
lignin in wood, which have different compositions and struc-
tures1*0'1*1*.
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Scheme 1
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As pointed out by a number of inves t igators , lignin exis ts
in plant t i s sue as a c a r b o h y d r a t e complex and is linked to
the cellulose and hemicelluloses in wood, mainly via an oxygen
bridge30'1*5""1*7. Lignin bound to hemicelluloses, namely hemi-
lignin, must have a branched s t r u c t u r e . The relative dis-
tr ibut ion of hemilignin (L) and hemicelluloses (HC) in wood
is r e p r e s e n t e d in Scheme 2 taking into account the ligno-
carbohydra te linkages1*0.

Scheme 2
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The molecular weight (MW) of natural lignins is compara-
tively high (of the order of several thousands, but is lower
than that of technical lignins); they have a fairly porous
structure and a large specific surface (the specific surface
of native lignin is 180-280 m2 g" 1 ) . 2 2

Thus natural lignin has a fairly high molecular weight and
is located in wood between cellulose fibrils and is therefore
accessible to the action of reagents only after the hydrolysis
of the cellulose or the loosening of the fibrils with rupture

of hydrogen bonds. The delignification of wood under
industrial conditions and the preparation of technical
lignins are based on this principle 2 2 ' 2 5 ' 2 6 .

I I I . INDUSTRIAL METHODS FOR THE DELIGNIFICATION OF
WOOD AND THE PROPERTIES OF TECHNICAL LIGNINS

The methods for the isolation of lignin from wood and other
plant materials are based either on the dissolution of the
carbohydrates present in wood and the preparation of lignin
in the form of an insoluble precipitate (in the preparation of
hydrolytic lignin) or on the dissolution of lignin with its
subsequent precipitation (in the preparation of alkaline
lignins and lignosulphonates) 2 2 > 2 5 ) l* 8.

Three methods of processing wood are used in the USSR
and the side products of these industries are various tech-
nical lignins.

1. By a hydrolytic procedure, in which wood is treated
with a dilute solution of sulphuric acid, hydrolytic lignin
being obtained in the form of a non-hydrolysable residue 2 5.

2. By the sulphite method, in which wood is treated with
a solution of calcium, magnesium, or ammonium bisulphite and
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sulphurous acid, sulphite lignin or lignosulphonates being
obtained25.

3. By the sulphate method, in which wood is treated with
a solution of caustic soda and sodium sulphide with formation
of alkali lignins (sulphate alkali or soda alkali methods
depending on which reagent is used to make good the loss of
alkali)48.

In conjunction with modern technology, the sulphate
method is the most economical (compared with the soda
method) since the chemical reagents are regenerated in a
closed system with a high technical efficiency, which makes
it possible to eliminate completely the pollution of soil and
water reservoirs. These advantages of the sulphate method
of the manufacture of cellulose explain its vigorous develop-
ment both in the USSR and abroad, where sulphate lignin is
known mainly as Kraft lignin22'1*8.

Sulphate lignins have the highest chemical reactivity com-
pared with other technical lignins.

The structure and properties of technical lignins depend
on the type of tree from which the wood has been obtained
and the method of its treatment, i .e. are determined by the
type of digestion process.

Like native lignins, technical lignins are polyfunctional
high-molecular-weight aromatic compounds made up of phenyl-
propane structural units whose characteristic feature is an
irregularity of structure and a wide variety of linkages;
their density is in the range 1330—1450 kg m3 and they have
high specific surfaces (from several units to several hundreds
of m2 g"1 depending on the moisture content of the product)
and a high refractive index (1.61) as a consequence of their
aromatic nature32. The difference between the structures of
technical and natural lignins are indicated by the results
obtained in their investigation and the invstigation of model
lignin compounds by physical methods1*5'1*9"60. The EPR
method, which helps to elucidate the mechanism of the
modifying action of lignin on thermoplastics in the formation
of polymeric composites such as poprolin and lignoplastics,
has acquired considerable importance in recent times61"67.

The first studies designed to detect free radicals (R) in
lignin by EPR date back to I960.52 The absence of a signal
from specimens in the form of fresh dry undamaged wood
filings from several trees was reported and the concept of
the absence of R in natural lignins was adopted. As a result
of the employment of a more sensitive EPR spectrometer,
such signals were later detected in undamaged wood of
black spruce53. It was then observed that the intensity of
the EPR signal increases in pulped wood after mechanical
treatment and that the intensity of the signal in technical
lignins depends on the delignification conditions53"56.

The results led to the hypothesis that the radicals R are
formed as a consequence of the comminution of the rigid lignin
network due to the mechanical or thermal degradation in the
course of digestion at 180-190 °C and that R should be
present in all technical lignins. In all the lignins investigated
(regardless of the method of delignification) the EPR signals
did not exhibit an appreciable hyperfine splitting. It was
found that the lignins from deciduous and conifer wood con-
tain approximately 1018 spins per gramme with g-factors of
approximately 2.00.21* The factor g = 2.00 confirms that the
source of signals in lignins are the radicals R formed on
degradation of the lignins and consist of molecular fragments
with radical centres having a specific structure56. The
nature of these paramagnetic centres has not been established
but it is believed that they are radicals of the semiquinonoid
type. Stable phenoxy-radicals have also been detected, which
can be attributed to the dehydrogenation of lignins57.

Questions involving the study of the free-radical processes
in the delignification of wood are important both for a more
accurate determination of the structure of lignin and for the

explanation of the mechanism of its action when it is intro-
duced into a polymer matrix as an active ingredient of the
polymer composition.

These reactions have been studied in greatest detail for
sulphate alkali lignin; the results of these studies are
examined in the next section.

The thermal properties of technical lignins are significant
for their employment in the preparation of polymeric compo-
sites because the latter are processed at temperatures in
excess of 200 °C. Unfortunately, the existing fairly exten-
sive information in the literature21*'68"73 does not provide an
unambiguous answer to the question of the thermal stability
of lignins in general and technical lignins in particular, which
can evidently be accounted for by objective difficulties which
hinder the determination of their exact chemical structure.

The available data on the thermal degradation of lignins
indicate their different thermal stabilities, which are deter-
mined both by the kind of tree from which the wood has been
obtained and by the delignification method68'69. It has been
established that the lignin obtained from spruce wood has a
higher thermal stability, regardless of the method of its
isolation, than deciduous lignin; this is caused by the
enhanced capacity for condensation processes in coniferous
lignin as a result of the accumulation of C—C bonds at high
temperatures. There are data showing that lignins are
pyrolysed by a free-radical mechanism105.

It has been shown that the methoxy-groups have the
highest thermal stability in the lignin molecule, being
retained on heating above 350 °C, and it is therefore to be
expected that methoxylation is one of the effective methods
for the retardation of the rupture of the alkyl-aryl ether
linkages, whose thermal stability is lowest.

Methylation of lignins inhibits the dissociation of the alkyl—
aryl ether linkage and not only does not increase but actually
somewhat diminishes the overall thermal stability of lignin.
The reason for this is that the stabilising effect of the
methoxy-group introduced is swamped by the reduction of
the number of C—C bonds as a consequence of the cessation
under these conditions of the primary condensation process
and the decrease of the capacity of lignin for secondary con-
densation69, since two competing processes take place in it
during heat treatment (at temperatures of 150—300 °C):
primary condensation with participation of the hydroxy-
groups of the propane chain and the formation of the C-C
bonds between the structural units of lignin and the disrup-
tion of the weakest alkyl—aryl ether linkages.

Thermographic studies of technical lignins have shown that
their thermal stability is not as high as has come to be
believed. The temperature range of the softening (glass
formation) of lignins varies within wide limits (from 120° to
250 °C) and depends on the method of isolation, the molecular
weight, and the moisture content. For example, the glass
point of dry native lignin is Tg = 130 °C and that of moist
lignin is 50 <>c#2t,3o

The structural changes in sulphate lignins due to the soft-
ening and compaction of macromolecules are observed already
at 150 °C and above and the temperature range 240-360 °C
is the region of active thermal decomposition, which takes
place with a sharp increase in the number of paramagnetic
centres via a free-radical mechanism71*.

It has been noted that the thermolysis of lignins takes
place in two stages. The first stage, which occurs at com-
paratively low temperatures (100-250 °C), involves dehydra-
tion; the second high-temperature stage (250—350 °C) pro-
ceeds via a radical mechanism71'71*. Under these conditions,
even in a high vacuum and at a low rate of heating the
weight loss in the first stage is more than 40% and that in
the second is 12%.
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IV. HYDROLYTIC LICNIN AND ITS UTILISATION

Hydrolytic lignin (HL) is a waste product of the hydrolytic
industry, which exists only in the USSR, and also of the
processing of agricultural waste. When the entire capacity
of the hydrolytic industry is utilised, more than one million
tons of HL will accumulate annually in the waste. The solu-
tion of the problem of the utilisation of such waste is there-
fore urgently required.

Wood and agricultural plant waste are hydrolysed in special
apparatus by percolating a hot 0.5—1% solution of sulphuric
acid through a layer of hydrolysable material at 180—185 °C
and pressures up to 144 mN m"2.

Hydrolytic lignin is a polydisperse product with a particle
size up to 1 cm and is a blend of substances of different
chemical types. It incorporates comminuted polymerised
lignin proper, polysaccharide residues, monosaccharides
which were not washed off in hydrolysis, inorganic and
organic acids, resins, waxes, nitrogen-containing substances,
and ash elements25. In addition, it contains traces of fur-
fural or hydroxymethylfurfural and its structure is that of
a cross-linked polymeric product whose molecular weight as
well as its chemical structure have not been accurately
determined; HL is insoluble in organic solvents, alkalies,
and acids.

Hydroltyic lignin is a hygroscopic product, so the moist
lignin must be regarded as a three-phase system consisting
of solid HL proper, water, and air25 '26 '75.

Technical HL obtained in factories is usually highly con-
taminated by various impurities and its chemical structure
varies, which greatly hinders its processing and utilisation
both as a reinforcing agent and filler for plastics and elasto-
mers25 '26.

Since HL has a cross-linked structure, it must be improved
and modified before being introduced into polymeric materials.
The modification of hydrolytic lignin consists in its treatment
with active chemical reagents followed by nitration, sulphona-
tion, phosphorylation, chlorination, and certain other reac-
tions . Chlorination is regarded as one of the promising
methods for its modification76.

A number of realistic methods for the activation of HL
involves the treatment with alkalies of its aqueous solutions
at elevated temperatures (180-200 °C).26 The mechanism of
this process is not yet sufficiently clear, but there exists
the view that the dissolution of lignin on treatment with an
aqueous solution of alkali takes place as a result of the rup-
ture of ether linkages with loss of methoxy-groups and the
formation of free phenolic hydroxy-groups. At the same
time the side chains are partly oxidised to carboxy-groups.
Alkaline HL is a reactive product and can be used success-
fully for the reinforcement of elastomers together with sul-
phate alkali lignin.

Since, as stated above, HL is extremely hygroscopic, its
internal surface area is determined by the moisture content
(it is 760-790 m2 g"1 for moist lignin and only 6 m2 g"1 for
dry lignin). The moisture content also determines the
specific gravity and bulk density of lignin, which amount to
1500 and 200 kg m~3 for the dry product, the specific gravity
of the product with 15% moisture content is 1300 kg m~3, and
the specific gravity and bulk density of the products with a
65% moisture content are 1150 and 700 kg m~3 respectively77.
The angle of the slope of repose for crude lignin is 40—43°.

Hydrolytic lignin has a porous structure (the pore radius
reaches from 30 to 200 A) and has a low bulk density in the
dry state, which reaches 190-220 kg cm"3.

Since HL contains an increased amount of moisture as a
consequence of its hygroscopicity and is a coarsely disperse
system with a particle size up to 1 cm, before its utilisation

it must be subjected to an additional treatment to increase the
degree of its dispersion, which is achieved by additional
drying, vibromilling, etc. The structural-mechanical (rheo-
logical) properties of HL and its capacity to absorb moisture
are important for a theoretical justification of the rational
drying regimes.

The study of the rheological properties of HL subjected to
different degrees of processing and with different moisture
contents showed that the general postulates of the physico-
chemical mechanics of disperse structures can be applied to
it75.

The methods for the utilisation of HL available at present
cannot be regarded as rational and scientifically well founded.
One of the simplest procedures for its utilisation involves
combustion, since the industrial product is highly contam-
inated by non-lignin impurities and has a cross-linked struc-
ture, which creates additional difficulties in its employment.
However, moist HL has a low heat generating capacity, which
is 5500-6500 cal kg"1 for absolutely dry lignin, 4400-4800
cal kg"1 for the product with an 18-25% moisture content,
and 1500-1650 cal kg"1 for lignin with a 65% moisture content,
so that its employment as a fuel is ineffective. The low
caloric value of HL as a fuel can be explained by the fact
that lignin ejected from the hydrolytic apparatus has a mois-
ture content in excess of 90%, so that for each tonne of lignin
it is necessary to remove 900 kg of water and this requires
a large amount of heat. The drying of lignin is also com-
plicated by the fact that, like cellulose, it can form hydrates
with water-lignin-OH.77

There exist also other methods for the utilisation of
hydrolytic lignin although not on an industrial scale. For
example, HL can be used to prepare high-quality brands of
activated charcoal. There exist technological schemes which
make it possible to obtain charcoal and also other products
of the dry distillation of HL. The charcoal obtained is used
to manufacture carbon disulphide and carbon tetrachloride,
for the preparation of activated charcoal, and also in the
manufacture of polymeric materials25'26'78'79.

More promising ways of using HL involve its chemical
reactions.

The oxidative hydrolytic cleavage of HL in an alkaline
medium leads to the formation of a mixture of organic acids,
which can be used in the yeast industry in the accumulation
of the protein and yeast mass, which makes it possible to
increase the yeast resources by 20%.80>81

The HL nitration products can be used in the drilling for
petroleum and gas as substances which reduce the viscosity
of clay solutions and the products of nitration with more
concentrated (30%) acid can be employed as growth sub-
stances79.

The most promising products are chlorinated hydrolytic
lignins which have found applications as substitutes for
natural tanning agents and as reinforcing agents for natural
rubbers and their activities are similar to those of sulphate
lignins82.

The hydrogenolysis of HL yields between 60 and 85% of
low-molecular-weight ether-soluble products which include
up to 70% of phenols, most of which are capable of condensing
with formaldehyde to form resins of the phenol-formaldehyde
type (Novolak and Reson resins)26 '83 . Thus HL can serve as
a source of aromatic phenolic substances and cheap biolog-
ically active compounds with a quinonoid structure.

In the course of the oxidative degradation of hydrolytic
lignins, which is carried out in solution in ammonia at high
temperatures (above 300 °C) in the presence of oxygen, the
formation of low-molecular-weight acids is accompanied by
the simultaneous oxidative ammonolysis reaction; it has been
noted that it proceeds via a multiplicity of pathways owing
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to the presence in the lignin macromolecule of a large
number of functional groups having both the electron-accept-
ing properties of the conjugation system and the electron-
donating properties of the protons in the aromatic rings. The
product of the oxidative ammonlysis of HL is ammonised lignin,
which is characterised by a high content of strongly bound
nitrogen not hydrolysable by acids, whose pyrolysis at tem-
peratures up to 500 °C does not entail the formation of tars81*.

In oxidative ammonolysis, conjugated bonds accumulate in
the lignin and, as a result of the incorporation of nitrogen
in its macromolecule, its electrical conductivity rises sharply
and its EPR signal intensifies, which indicates an appreciable
delocalisation of the π electrons of the double bonds both
within and between individual parts of the lignin macromole-
cule. As a consequence of the presence in HL of a system
with conjugated bonds, it has the properties of an organic
semiconductor, exhibiting paramagnetism, and its electrical
conductivity is low60'81*'85.

One of the interesting features of the ammonised lignin as
a product with the properties of an organic semiconductor is
its catalytic activity in the decomposition of hydrogen per-
oxide . A distinct correlation has been noted between the
catalytic activity of polymeric semiconductors having a
conjugation system and their paramagnetic properties81*.

Ammonised lignin is biologically active. When it is intro-
duced into soil in small amounts, the vegetative growth of
the plant mass is found to be accelerated and the resistance
to the action of decay-causing bacteria is enhanced.

Other applications of activated HL are also known, for
example, in the preparation of its derivatives which are used
as flotation agents instead of cyanides8 6.

Hydrolytic lignin has also found applications in the manu-
facture of thermoplastics and reactoplastics 2 5 ' 2 6 ' 8 7" 8 9.

A technology for the preparation of press-powders with
heat and moisture resistances and improved dielectric param-
eters (compared with the press-powder from traditional resins
of the 03-010-02 type), which can be used in the manufac-
ture of electrotechnical articles instead of traditional resins,
has been developed on the basis of the waste from the hydro-
lytic industry and agriculture8 7.

Yet another promising application of HL in the plastics
industry is the preparation from it of press-compositions
for the manufacture of pressed articles at an elevated tem-
perature with effective physicochemical parameters and
reduced capacity for the absorption of water and suscepti-
bility to wear. The optimum content of lignin is 10-15 wt.%,
the sump and neutraliser sludge from the hydrolytic industry
being used as a modifying agent, which greatly extends the
material base for the manufacture of such articles and reduces
their cost 8 9.

Since, in contrast to cellulose, stable colours can be
imparted to HL by basic vat dyes, it has been suggested
that lignin be dyed in order to modify its surface 2 5 ' 8 8 .

When insoluble dyes (Aniline Black, azo-dyes, etc.) are
deposited on HL, its adsorption properties change signifi-
cantly, so that the dyeing of lignin by appropriately selected
dyes can be used in order to modify its surface properties.

The dyed HL is of interest as an active filler for the poly-
(vinyl chloride) resin for the preparation of linoleum. The
manufacture of such linoleum is very economical, because it
makes it possible to reduce the consumption of the resin by
20—30% and the specific consumption of the plasticiser per m2

of linoleum is reduced by 15—20%.25 The dyed lignin can be
employed as an active filler for thermoplastics, reactoplastics,
and synthetic rubbers 8 8 .

The considerable saving of thermoreactive resin is achieved
by employing phenol-lignins or lignophenol-formaldehyde
resins, obtained by the condensation of phenol and HL.
Phenol-lignins are suitable for the manufacture of press-
powders and their physicomechanical parameters are not
inferior to those of the phenol-formaldehyde resin manu-
factured industrially2 5.

One of the promising methods for the utilisation of lignin
waste from the hydrolytic industry is its employment as
thermally insulating materials; new methods of manufacture
of constructional elements on their basis are being developed.

HL is used in the building industry, in the cement and
brick industries (the preparation of lignoconcretes and other
constructional materials based on lime, cement, and gypsum
with added polymeric materials), in agriculture, and in other
branches of the national economy2 5 '2 6 '9 0, but the applications
of lignin for these purposes are merely incidental and are not
widely used on an industrial scale. Great potential possibil-
ities for such employment of HL are inherent in the plastics
industry, where the creation of filled polymeric materials
using cheap active fillers constitutes an urgent problem1.

V. SULPHITE LIGNIN (LICNOSULPHONATES) AND ITS
UTILISATION

Lignosulphonates constitute the waste from the cellulose-
paper industry in the manufacture of cellulose by the sulphite
method. In this manufacturing cellulose-producing process,
wood is heated with the digesting acid (an aqueous solution
containing 2-10% of SO2 in the form of free sulphurous acid
and 1.3-2.5% of SO2 as calcium bisulphite) with a stepwise
increase of temperature to 145 °C. During the digestion,
lignin is sulphonated. Almost the entire lignin and a large
proportion of the carbohydrates accompanying cellulose can
then be dissolved25.

The chemistry of the sulphonation of lignin in sulphite
digestions has still not been unambiguously elucidated but
it has been shown that it may entail not only the sulphonation
of lignin with formation of SO3H groups but also the introduc-
tion of sulphate groups with formation of acid sulphate esters
R—OSO3H, in which the bond between sulphur and lignin is
formed via oxygen9 1.

The spent sulphite liquors contain aromatic substances
whose composition is similar to that of lignosulphonic acids.

The lignosulphonic acids obtained in the manufacture of
sulphite cellulose in the form of salts (calcium, sodium, ammonium,
or magnesium lignosulphonates) have a variable composition,
particularly as regards the content of carbonyl groups,

Scheme 3
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depending on the degree of sulphonation and the methods of
isolation. They are soluble in water, are titrated like strong
inorganic acids, and are polyelectrolytes92.

These acids constitute a polydisperse system with a wide
range of molecular weights (2000-100 000).30 The molecular
structure of such an acid consists of a disordered, entangled,
branched helix. The chemical structure of lignosulphonates
has not been established, but by convention it can
be represented in terms of the formula in Scheme 3. 25

During sulphite digestion, a major proportion of the lignin,
in the form of lignosulphonic acids containing 4—6% of sulphur
which form acid-containing groups of different strengths in
the lignin93, a large proportion of hemicelluloses, and other
polysaccharides (including a certain amount of cellulose),
tannins, and many inorganic subbstances pass into solution
in the sulphite liquor91*.

The waste from the sulphite-cellulose industry consists
mainly of the calcium salts of lignosulphonic acids and sugars
[polysaccharides (pentoses) and monosaccharides (hexoses)]
in proportions of approximately 2 : I .2 5 The reactions occur-
ring in sulphite digestions have been examined in detail in
the literature23"25. Valuable information about the structure
of sulphite lignin is quoted by Forss and Fremer1*2.

The hydrolytic and sulphonation reactions occurring in
the acid treatment convert lignin into lignosulphonic acids
with an extremely wide variety of molecular structures,
including high-molecular-weight products with molecular
weights in excess of 40 000. The content of such high-
molecular-weight products is insignificant.

In order to isolate the lignosulphonates, the sulphite
liquors are subjected to biochemical processing after separat-
ing cellulose, which results in the formation of a concentrate .
used for technical purposes.

Lignosulphonates are also manufactured in the form of
liquid products and their amount manufactured in this form
is ten times greater than in the solid state91*.

Free radicals, probably formed in the depolymerisation of
lignosulphonates which constitutes a set of free-radical pro-
cesses, have been detected in the lignosulphonic acids
obtained from sulphite digestions1*2'1*6'56. However, the
nature of these radicals could not be identified.

Thus the sulphite lignin in the form of lignosulphonates is
the lowest-molecular-weight product among all the technical
lignins and is characterised by a high solubility, also in
water, and its principal practical applications are associated
with this factor.

The varied applications of lignosulphonates substituted
by univalent, bivalent, or polyvalent metals in various
branches of industry and agriculture are based on their use
as ion-exchange compounds, dispersants, surfactants, and
fillers for natural tannides; their adhesive properties are
also employed25'26'94.

Lignosulphonic acids are of great interest as raw materials
for the preparation of vanillin and vanillic acids9"*.

Other applications of lignosulphonates are also known and
these can be expanded by developing an extremely interesting
method of biochemical processing of the organic materials in
the liquor using not only carbohydrates but also lignin sub-
stances86.

V I . SULPHATE ALKALI LIGNIN (KRAFT LIGNIN) AND ITS
APPLICATIONS IN THE MODIFICATION OF POLYMERIC
MATERIALS

Among all the types of industrial lignins, sulphate lignin,
whose manufacture reaches an appreciable volume in view
of the fact that three-quarters of the world production of
cellulose (approximately 10 million tonnes annually) involves

the sulphate method (the Kraft process), is most widely
used in all industrial countries possessing wood as a raw
material.

Alkali lignin is obtained as industrial waste in the manu-
facture of Kraft cellulose, where a mixture of sodium
hydroxide and sodium sulphides is used as the base. The
soda and sodium sulphate methods of preparation of cellulose
are available. In these procedures wood is treated with a
solution of alkali at 165°-175 °C.1*8

The principal difference between the soda and sodium sul-
phate methods of preparation of cellulose consists in the fact
that the losses of part of the alkali, inevitable in the man-
ufacturing process, are made good in the first instance by
the addition of soda and in the second by the addition of
sodium sulphate. The soda lignins are iess soluble in organic
solvents and are apparently more condensed than the sul-
phate lignins95.

The spent dark solution obtained as a result of the diges-
tion is called the black liquor and contains, together with
inorganic substances, approximately half of the organic
components of the initial wood, most of which is lignin. Since
the technological cellulose digestion process by the sulphate
method does not differ significantly from the soda method and
the economic gain is fairly considerable, the sulphate method
has almost completely displaced the soda method at the
present time and henceforth we shall be dealing with
sulphate alkali lignin or Kraft lignin.

The sulphate alkali lignin is sometimes called (not entirely
correctly) "thiolignin", since a certain amount of organically
bound sulphur (up to 2.5—3%) has been detected in it. How-
ever, this question remains controversial. It is most likely
that the sulphur bound in organic compounds at the beginn-
ing of the sulphite digestion is split off during the subse-
quent digestion process and that the residual sulphur in the
final product—the sulphate lignin—is most likely to be
merely part of a side product stabilised as a result of side
reactions23 '95.

In the sulphate method of manufacture of cellulose, vir-
tually the only method of utilising the lignin obtained in
the form of the black liquor remains its combustion. The
part of the lignin contained in the "weak" liquor resulting
from the washing of the cellulose and in the waste from the
decomposition of the sulphate soap enters the waste water
and pollutes it (waste water lignin).

In the Soviet Union and abroad rational ways of utilising
sulphate lignin are being sought. The solution of this prob-
lem is at present urgently required also because in the
industrial manufacture of cellulose an enormous amount of
black liquors and waste water accumulate and their main
organic component is lignin. In contrast to the other tech-
nical lignins isolated, Kraft lignins contain an increased
amount of active acid groups (phenolic and hydroxyl), which
largely determines their reactivity and the possibility of their
practical employment for the reinforcement of rubbers and
in the plastics industry. Sulphate lignins are therefore the
most reactive and exhibit the highest chemical stability.

The difficulties in the employment of sulphate lignin are
associated with the necessity to isolate it from the black
liquors with a high yield of the lignin itself and this requires
the development of a special technology96'97.

For economic reasons, only two neutralising agents can be
used to isolate lignin from the black liquor: HjSOt, and CO2.
When CO2 is used, the yield of lignin is from 30% (carbonation
without the application of pressure) to 70% (carbonation under
pressure) of the amount present in the black liquor, while in
the case where sulphuric acid is used, the amount isolated is
in excess of 90%. A technology for the isolation of the carbon
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dioxide and sulphuric acid sulphate lignins has been devel-
oped in the USSR. The chemical reactivities of these lignins
hardly differ. However, the intrinsic cost of the carbon
dioxide lignin (135 roubles per tonne) is 1.5 times higher
than that of the sulphuric acid lignin 9 8 ' 9 9.

Pine, spruce, fir, larch, aspen, birch, popular and other
types of wood as well as reeds, straw, and sawmill and wood
processing waste are used as raw materials in the sulphate
cellulose industry.

In the course of alkaline digestions and during the isolation
of lignin from the black liquors, complex transformations
associated with the rupture of hydrogen bonds under the
influence of sulphide ions and alcoholic hydroxyls take place
in the protolignin molecule, which greatly alters the struc-
ture of the Kraft lignin.

1. Characteristic Features of the Chemical Structure of
Sulphate Lignin

Sarkanen, one of the senior foreign investigators of the
chemistry of lignin, pointed out that the sulphate lignin
precipitated from the black liquors on acidification is an
ill-defined substance containing 2—4% of sulphur. However,
its chemical structure is closest to that of natural lignin 7 2 ' 1 0 0 .

Bogomolov1*8'96""98'101 and a number of foreign investiga-
tors 21*T»55,IO2 n a v e pi ay e(j a considerable role in the alkaline
delignification of wood and the determination of the structure
of sulphate lignin. The alkaline digestion of wood in the
manufacture of cellulose constitutes a complex set of pro-
cesses of different kinds, both chemical and physical. The
chemical structure and properties of the resulting Kraft
lignins are then significantly influenced by the conditions
of the digestion and the origin of the wood employed (conif-
erous or deciduous) 21*>25. Lignins from gymnosperms (conif-
erous lignins) and lignins from angiosperms (deciduous
lignins) differ in the products of their nitrobenzene oxidation:
coniferous lignins give rise mainly to vanillin (IV) and small
amounts of p-hydroxybenzaldehyde (V), while coniferous
lignins produce vanillin and syringaldehyde (VI):

It has been established that Kraft lignin contains a con-
siderable amount of phenolic hydroxyls, catechol groups,
unsaturated quinonoid structures, aliphatic COOH groups,
and other active structural elements containing double bonds.
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The principal distinctive feature of sulphate lignin is the
presence of bound sulphur in amounts ranging from 1.5 to
3.0%, depending on the digestion conditions and the method
of isolation of the lignin. A fragment of the structure of the
sulphate lignin macromolecule is presented in Scheme 5: 2 e

The alkaline digestion process constitutes a set of chemical
reactions: the penetration of chemical reagents, the dissocia-
tion of lignin—carbohydrate linkages, thermal degradation of
the lignin macromolecule, secondary reactions involving the
condensation of fragments of this molecule, the removal of
products from the reaction zone, etc. The reactions occur-
ring in the alkaline digestion have been described in detail*'30.
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The chemical structure of the sulphate lignin isolated from
the black liquors in the alkaline digestion has been examined
and its various functional groups have been described in
detail21*'102. Reliable data have been obtained showing that
the main bulk of the phenylcoumarin structures are converted
during treatment into stilbene structures 3 0 , which are formed
when the radicals combine in accordance with Scheme 4 and
apparently persist in the sulphate digestion and are present
in Kraft l ignin 2 8 ' 3 0 ' 1 0 2 .

The stilbene structures cause the high reactivity of sul-
phate lignins and the reinforcement of polymers treated with
such lignins.

t Chapter 12.

2. The Properties of Sulphate Lignin Responsible for Its
Utilisation for the Reinforcement and Modification of
Polymeric Materials

The EPR study of the paramagnetic properties of lignin
provides great possibilities for the determination of the
structures of native and technical lignins and also for the
estimation of the modifying effect of Kraft lignin. As men-
tioned above, paramagnetic properties are characteristic of
all kinds of technical lignins'1 2 '5 6 '6 0 '8 5 '9 '*. Free radicals were
first detected in Kraft lignin by Kleinert and Marton53 and
these studies were continued in the cell of the EPR spec-
trometer in which wood was subjected to alkaline digestion21*'
5 7 ' 5 8 . It was established that the formation of the radicals R
is the principal feature of the thermal wood delignification
reactions and takes place when different methods are used
for the delignification of wood at high temperatures (160° to
190 °C) regardless of the chemical nature of the raw material
employed21*'51*'56-58.

Free-radical reactions play a very important role in the
alkaline delignification of wood particularly under the condi-
tions of high speed digestions51*'55. It has been noted that
the concentration of the radicals R increases almost linearly
with increase of the digestion time from 5 to 20 min (approx-
imately in the first 0.5 h) and after the attainment of a
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maximum the concentration of R diminishes. This is prob-
ably a consequence of the fact that the alkaline delignification
can involve two independent processes: degradation of the
Kraft lignin maeromolecules accompanied by an increase in
the concentration of R and a decrease of the molecular weight
and the subsequent condensation of the decomposition prod-
ucts accompanied by a decrease of the concentration of R and
an increase of the molecular weight of the product.

However, when sulphate lignin is used for the modification
of polymeric materials, it is necessary to know the character
of the radicals R formed in it. Difficulties arise in the solu-
tion of this problem because it is impossible to resolve the
hyperfine structure of the EPR spectra of the R formed.
Many workers believe that natural lignins do not contain R
at all and that the latter arise only on delignification of wood
or in the course of its biological decomposition. The radicals
R can also be formed as a result of the mechanodegradative
processes during mechanical treatment with dissociation of
covalent b o n d s " ' 5 2 ' 5 3 ' 5 6 ' 5 9 .

This process has remained controversial hitherto, although
recently it has been possible to obtain the EPR spectrum of
Kraft lignin with a distinctive hyperfine structure at room
temperature1*5. With increase of the digestion time, the
spectrum changes: the signal loses its hyperfine structure
and becomes of the singlet type. The EPR data for the soda
and sodium sulphate treatments differ. Thus in the soda
treatment the intensity of the EPR signal initially decreases
and after a certain time (40 min) reaches a constant value,
which permits the conclusion that two types of radicals are
generated: unstable radicals whose concentration decreases
with time from the start of the experiment and stable radicals
whose concentration remains unchanged for 40 min.

In the sulphate treatment the hyperfine structure of the
EPR spectrum was less distinct and disappeared faster than
in the soda treatment. Furthermore, only a decrease of the
EPR signal intensity was noted in the sulphate treatment.

Comparison of data for the variation of the intensity of
the EPR signal of lignin in the soda and sodium sulphate
digestions shows that the influence of sulphur in the alkaline
treatments can be explained by the inhibition of radical

processes. When reducing agents (for example, sodium
tetrahydroborate) are added to the liquors, the concentra-
tion of R falls and the hyperfine structure decreases much
faster than in the soda digestion. The primary electronic
excitation centre in the lignocarbohydrate complex is a semi-
quinonoid radical formed, which is fairly stable for some
time".

The reactions of the radicals formed in the alkaline diges-
tion cause the cross-linking of lignin and the increase of its
molecular weight during the initial periods of the digestions.
Inhibition may be achieved by introducing reducing agents
(NaBH^, Na2S, cysteine, hydrazine, and thioglycolic acid),
whose reduction potential is higher than that of lignin and
carbohydrates in an alkaline medium, and by recombination
reactions between lignin radicals and a specially introduced
substance 1 0 3.

There exist two points of view concerning the nature of
the increase of the molecular weight of lignin in alkaline
digestions: the first explains the increase of the molecular
weight by polycondensation processes and the second—by
the interaction of the radicals. Both concepts remain con-
troversial .

In addition to the view which explains the paramagnetic
properties of lignin by the formation of the radicals R, it has
been suggested that the paramagnetism of lignin has a radical
nature101* which for technical lignins is attributed to the
presence of paramagnetic carbonium centres in their mole-
cules .

Stable carbonium centres are formed in all technical
lignins, and their stability can be explained both by steric
factors and by their ability to combine with anions in solu-
tion to form carbonium salts:

H3CO

'HSOk



684 Russian Chemical Reviews, 52 (7), 1983

The proposed mechanism of the formation of carbonium
centres makes it possible to discover the cause of the differ-
ences between the sodium sulphate and soda digestions and
also to explain the sharp increase of the EPR signal intensity
of alkaline preparations of lignin in protic solvents, for
example, in concentrated sulphuric acid. The stability of
the paramagnetic carbonium ions may be influenced favour-
ably also by other nucleophilic additives, such as amines,
mercaptans, etc.

Taking into account the latter data, one may assume that
the real nature of the paramagnetism of lignin is of a dual
kind.

Interesting results have been obtained on irradiation of
lignin and its model compounds with ultraviolet light at a
wavelength of 300—400 nm directly in the EPR spectrometer68.
The resulting spectra permitted the conclusion that phenoxy-
radicals are formed preferentially.

The formation of phenolic compounds in the thermal decom-
position of lignins, including alkali lignin, has also been
discovered7 0 '7 3.

The inhibiting role of lignin (as a result of the formation
of quinone methide structures) is indicated by the data of
Zoldners et a l . 1 0 5 The results reveal yet another promising
application of lignin as an inhibitor and stabiliser with respect
to the action of light for polymeric materials and compositions
based on them (particularly compositions based on poly-
propylene), since there is a correlation between the stability
of organic free radicals and the efficiency of their reaction1 0 6.

Sulphate lignin is a lamellar amorphous polymer with a
polydisperse structure which tends to undergo association
and is characterised by a definite molecular order in its
s t ructure 1 0 7 ' 1 0 8 .

The molecular weights of Kraft lignins were first deter-
mined by Marton, Marton, and Lindberg 1 0 2 ' 1 0 9 ' 1 1 0 by different
procedures and in different solvents and showed a fairly wide
scatter: the weight-average molecular weight Mw was in the
range 5600—25 000 and the number-average molecular weight
Mn was in the range 1000-20 000. The ratio Mw/Mn was 2.2
for the sulphate lignin from conifers (pine lignin) and 2.8
for the sulphate lignin from deciduous trees, which may indi-
cate an appreciable dispersity.

The study of the molecular weight and the molecular weight
distribution (MWD) of sulphate lignins showed that Mw of
lignin is determined both by the digestion temperature and
the sulphide content of the digestion l iquor 9 6 ' 1 1 1 ' 1 1 2 . The
values of Mw obtained for sulphate lignin varied from 4000 to
24 000 for digestions according to isotypical plots and from
7000 to 31000 for stepwise digestions. The soda lignins iso-
lated from the mass of cellulose in the soda digestion had a
higher value of Mw than sulphate lignins.

The wide range of variation of the Mw of sulphate lignins
cannot be attributed solely to the method of measurement of
their molecular weight. It is probably caused by the differ-
ent degrees of degradation of the soluble lignin in the diges-
tion process or, possibly, by the association of the alkali
lignin in solution, which was not taken into account in the
early investigations3 0.

Like lignosulphonates, sulphate lignins with a low molecu-
lar weight exhibit a high dispersing power, which is deter-
mined from the decrease of the viscosity of an aqueous sus-
pension of rutile (titanium dioxide) on dissolution of a
specific amount of lignin. The high dispersing power of
Kraft lignin led to its employment in the form of industrial
colloids (dispersants, binders, fillers, and gel-forming
agents) 2 4 (Chapter 13).

A sulphate lignin paste for the building materials industry
and powdered sulphate lignin for the technical rubber article
industry are manufactured in the Soviet Union. The study

of the properties of sulphate lignins produced by industry
showed that they consist of products with a fairly high
molecular weight of 4500-7500 and a degrees of polydisper-
sity of 3.3-3.9.97

Technical lignin is a brown powder with a particle size
from 100 to 200 urn, the 100-125 μπι particles constituting the
largest fraction. Particles of this size are largely spherical
in a slightly fused envelope, while the larger particles con-
sist of aggregates of the spherical particles. When sulphate
lignin is dried (in the upper drying chamber) and also when
it is vibromilled, not only its aggregates but also the spher-
ical particles themselves are disrupted.

The vibromilled lignin particles have a high specific sur-
face (up to 23 m2 g"1) and are characterised by an excess of
free energy, which may be the cause of their adhesion to one
another and the formation of a complex of secondary particles
whose size approaches to the optimum particle size of the
non-comminuted lignin. The density of Kraft lignin is
approximately 1300 kg m~3.22

When the optimal technological parameters are maintained
in the manufacture of sulphate lignin, the finished product
has a fairly constant functional composition in terms of the
ash, acid, and sulphur contents as well as the contents of
water-soluble and tarry substances.

The infrared spectra of industrial batches of sulphate
lignin are fairly isotypical both as regards the presence of
absorption bands at the same wavelengths and the relative
optical densities.

The thermal properties of lignin were already noted above.
The presence of lignin in wood is the cause of its thermal
softening, which begins in the temperature range 120° to
160 °C. The softening temperature (glass point) of lignin
varies appreciably depending on its source and method of
isolation21* (Chapter 13). Sulphate lignins sinter at approx-
imately 200 °C and tend to pass to a fluid state at elevated
temperatures.

Important properties of sulphate lignin include its capacity
for adhesion, which is a function of temperature, and its
sorption properties2 1*'1 1 3.

On treatment with water, the degree of sorption of moisture
increases, moisture acting as a low-molecular-weight diluent
which reduces the transition temperature (Tg·)·

The solubility of lignin in various solvents depends on its
sorption properties. It has been established that the action
of solvents on lignin is a function of the cohesion energy
density and the ability of the solvent to form hydrogen bonds.
The maximum solvent power in terms of the Hildebrand
parameter δ, defined as the square root of the cohesion
energy density, is then observed for δ = 11 cal1 '2 cm"3 '2.
The solvent power of solvents with δ between 10 and 11 in
relation to lignin increases with increasing ability of the
solvent to form hydrogen bonds.

The study of solubility data has shown that the behaviour
of lignin with respect to solvents and other macromolecules
cannot be explained solely on the basis of the parameter
characterising the ability to form hydrogen bonds, whose
measure is the shift Δλ of the infrared absorption of the OD
group when the solvent is mixed with CH3OD. However,
water, which is usually a "poor" solvent for lignin, has the
very high parameter δ =23.4 cal1/2 cm' 3 ' 2 . On this basis
one may conclude that, in estimating the solubility, one must
take into account the overall effect of the polarity of the
solvent molecules110.

It has been shown that the fractions of lignin with a smal-
ler molecular weight are soluble in solvents with a wider
range of δ and Δ λ than the fractions with higher molecular
weights. "Good" solvents for lignins must have δ = 11 and
Δλ > 0.14.1 1 4
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From this standpoint, "good" solvents for sulphated lignin
are dimethyl sulphoxide, dimethyl formamide, acetone,
dioxane, pyridine, ethanol, methylcellosolve, and certain
others, while "moderate" solvents are ethyl acetate and
others110.

Evidently the infrared spectra and solubility parameters of
lignin provide information about its molecular size, the nature
of its intermolecular interaction, and the general properties
of the product. This applies particularly to the interaction
with a single solvent. When mixed solvents are used, the
problem is greatly complicated, but, with the aid of the two-
parameter theory, it is possible to predict roughly the rela-
tion between the structure and solubility of lignins in binary
and even ternary systems in terms of the reaction parameter
(the Flory parameter).

3. Other Types of Sulphate Lignins

(a) The ligno-tail product of the sulphate-cellulose
industry. In the alkaline delignification of wood, not only
lignin but also resin and aliphatic acids, neutral substances,
phenols, a proportion of carbohydrates, and other sub-
stances of organic and inorganic origin forming part of wood
pass into the digestion solution called the "black liquor"1*8.
When the black liquor is allowed to stand, the resin and
aliphatic acids in the form of sodium salts coagulate and rise
to the surface entraining the accompanying substances. The
coagulation product is called the sulphate soap which has a
complex composition, containing lignin and lignin-like sub-
stances among others.

The sulphate soap is in its turn decomposed with sulphuric
acid, after which the reaction mixture is divided into three-
layers: the tall oil brick, crust, and solid salts. The reac-
tion mixture prior to separation into three layers is called
the ligno-tall product and is a valuable raw material for the
regulation of polymeric materials. The ligno-tall product (a
mixture of tall oil and crust—lignin and lignin-like sub-
stances) contains up to 60% of tall oil, which is a mixture of
aliphatic and resin acids, an insignificant amount of non-
hydrolysable products, and approximately 40% of lignin.

The ligno-tall product (LT) can be obtained by mixing the
markedly dustlike sulphate lignin powder with tall oil in
proportions of 2 : 1.

The waste from the sulphate-cellulose industry can also
be used to obtain the LT product: the acid water from the
sulphate soap decomposition apparatus, light oil, pitch,
etc.9 7 A distinctive feature of the LT substances obtained in
this way is a high ash content, which necessitates the
removal of inorganic substances from them.

The LT substances can be mixed with a suspension of sul-
phate lignin in proportions of 1 : 2 and the new suspension
of tall oil and lignin then yields a crude ligno-tall product
which has approximately the same characteristics as dry
powdered sulphate lignin. The applications of these lignins
in the polymeric industry are approximately the same.

(b) Lignin obtained from waste water (sludge lignin) from
the sulphate-cellulose industry. When the waste water from
the sulphate-cellulose industry is purified, a large number of
wash waste is produced—a sludge, which consists of waste
water lignin and is a valuable chemical raw material. The
sludge lignin provides a virtually inexhaustible source of
raw material, since it accumulates in enormous amounts in
waste dumps after the waste water has passed through the
biological and chemical purification stages99 '115.

Industrial waste water from the sulphate-cellulose man-
ufacturing process contain a large amount of lignin and
organic substances. The purification of such water and the

processes whereby they are rendered safe are achieved by a
biological or chemical method and in many instances, when
extensive purification is required, a combined method of
purification is used.

The biochemical purification consists in the reduction of
the biological and chemical consumption of oxygen as a result
of the oxidative action of the "active silt" and the adjustment
of the oxygen content to the norms established by sanitary
requirements for industrial water released into water reser-
voirs. However, after such purification a considerable
amount of dissolved organic substances remains in the water.

In the subsequent chemical purification of waste water by
treatment with flocculants (aluminium sulphate and poly-
acrylamide) coagulation takes place and the colloidally dis-
persed particles, which are not decomposed in the biological
purification, are removed. The water untreated with the
active silt can be purified chemically with alumina and poly-
acrylamide99'115.

The sludge lignin isolated has a dark-brown colour, contains
up to 98% of moisture which is difficult to remove, and gives
rise to stable lumps on drying, which are difficult to grind.
The sludge lignin must be dried and the drying process can
be carried out twice.

The main part of the precipitate extracted from waste water
is a modified sulphate lignin, since, after prolonged treatment
with active silt, it undergoes a whole series of processes
which alter somewhat its structure116.

Sludge lignin has a high ash and active silt content. In
its activity, the waste water lignin is not inferior to Kraft
lignin and can find extensive applications for the reinforce-
ment of rubbers in the technical rubber industry and for
the modification of polymers in the plastics industry.

4. The Employment of Sulphate Lignins for the Modification
of Polymeric Materials

The applications of sulphate lignins can be divided into
three groups: (1) combustion; (2) the use of the surface-
active properties of the water-soluble lignin salts; (3) con-
densation of lignin21*.

In all the industrially developed countries sulphate lignin
is used mainly as a fuel in regeneration furnace systems.
This application cannot be regarded as normal, because
lignin is a valuable chemical raw material and its employment
for the generation of power is an example of an uneconomic
utilisation of a valuable natural polymer such as sulphate
alkali lignin.

Problems concerning the employment of sulphate lignin
for the stabilisation of emulsions, in the processing of
cement and ceramics, in the dispersion of dyes, pigments,
etc., where the surface-active properties of the water-soluble
lignin salts are used, and in the preparation of thermoreac-
tive resins in combination with phenols, urea, and other
products, have been fairly thoroughly described in the
literature. Sulphate lignin can be used to prepare valuable
low-molecular-weight products: dimethyl sulphide (the
starting material for the manufacture of dimethyl sulphoxide,
which is a very valuable solvent), phenolic derivatives more
valuable than those obtained from petroleum, vanillin, etc.
The possibility, in principle, of using sulphate alkali lignin
in the form of liquid self-hardening mixtures in the casting
industry, etc. has been demonstrated recently 23~25'"8'96'117'118.

Among all the technical lignins, sulphate lignins are
chemically the most reactive and have therefore been used
for a long time to modify polymers. The majority of investi-
gators believe that chemical bonds may be formed between
the lignin macromolcule and the macromolecules of synthetic
polymers, although the question of the nature of these bonds
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remains open. The oldest and the most familiar application of
lignin as a component of polymeric materials involves the rein-
forcement of raw rubbers. Very extensive studies, published
both abraod and in the USSR, have been devoted to this
problem 9 ' 1 5 ' 1 6 ' 9 6 ' 1 1 9 " 1 2 5 .

A distinctive feature of the preparation of lignin-filled
rubbers is that, in order to reinforce the latter, lignin is
introduced at the latex stage, since the introduction of
powdered lignin into dry rubber does not lead to the "rein-
forcement" effect. It is believed that the reason for this is
the binding of lignin particles to one another by hydrogen
bonds, which leads to condensation and growth of its par-
ticles and prevents the dispersion of the lignin particles
during the rolling of rubber 9 ' 1 1 9 .

The introduction of lignin into rubber at the latex stage
greatly complicates and increases the cost of the technology
of its manufacture, since the usual method for the prepara-
tion of the parent lignin-rubber mixture consists in the dissolu-
tion of lignin in an aqueous solution of alkali, mixing of the
alkaline solution with the rubber latex, heating the mixture,
and the joint coagulation of the rubber and lignin by pouring
the mixture into a solution of acid while stirring. The rein-
forcing effect of lignin is determined by its particle size,
which depends on the precipitation conditions and certain
other factors9. In the parent mixture the lignin is not
bound to rubber by chemical bonds. The reinforcing effect
of lignin increases appreciably when lignin is precipitated in
the presence of sodium silicate16.

The mechanism of the reinforcement of raw rubbers by
sulphate lignin can be accounted for mainly by its surface-
active properties and the coagulate is therefore precipitated
in the form of fine particles. This leads to the formation of a
material with low stress parameters for 300% elongation and a
high hardness, so that the lignin-filled vulcanisates exhibit a
lower resistance to wear than carbon-black filled rubbers.

In order to eliminate the above defects, the lignin-rubber
mixture is treated with polyisocyanates and is used in the
manufacture of rubbers for car tyres. The polyisocyanates
employed are di- and tri-isocyanates of different chemical
structure in amounts ranging from 1 to 10 parts per 100
parts of rubber (dry weight) 1 2 6. The articles obtained
from such a composition have improved operating character-
istics, in particular the stress corresponding to 300% elonga-
tion and the resistance to abrasion increase by a factor of
1.5-2.0 (depending on the content of the additive).

The mechanism of the reinforcement of rubbers by lignin
is fairly complex and has not been completely investigated.
Apart from the physical explanation, associated with the
surface-active properties of lignin, there is a chemical
explanation of this phenomenon. The reinforcement of
rubbers by alkali lignin can be accounted for by the interaction
of the active groups of lignin with the double bonds or active
groups of the rubbers—the formation of hydrogen bonds
between the hydroxy-groups of lignin and the π electrons of
the double bonds of the rubbers 1 1 9 . When isocyanates are
introduced, the high reactivity of the isocyanate groups
promotes the rupture of the hydrogen bonds, which are
unable to reinforce the dry lignin and the latter is thus
converted into an active series.

Sludge lignin can be used successfully as an active filler
and reinforcing agent for polymeric materials1 2 7.

Lignin-filled rubbers can be obtained in two ways: (1) the
coprecipitation of lignin and rubber from a lignin—latex mix-
ture by the method indicated above and (2) by introducing
hydrated lignin into rubber with the aid of rubber mixing
equipment. Both these procedures are technologically com-
plex and uneconomical and have not therefore found exten-
sive industrial applications.

The vulcanisates filled with dry lignin are characterised by
a tensile stress at not exceeding 6.0 mN m~2.

Lignin—oil pastes can be used as lignin products isolated
from black liquors for the reinforcement of raw and cured
rubbers. They are obtained by mixing hydrated lignin,
containing approximately 60% of moisture, with a plasticiser
(tall oil, pine resin, PN-6 oil), after which moisture is
evaporated from the resulting mixture with continuous stirr-
ing (the stirring temperature is 60—70 °C). Simultaneously
with drying, the lignin is dispersed in the plasticiser, which
prevents the agglomeration of the lignin particles and tends
to increase the degree of their dispersion. Outwardly, the
lignin—oil paste consists of a powder or solid lumps of dark-
brown colour, depending on the type of plasticiser. Such a
paste can be introduced into rubbers using the normal rub-
ber mixing equipment1 2 3.

Yet another method for the isolation of lignin from black
liquors involves its precipitation in the presence of water-
soluble additives (low-molecular-weight alcohols, aldehydes,
ketones, or emulsifiers) which promote the formation of a
highly disperse product. The vulcanisates obtained using
these lignins have high values of the tensile stress: a t = 16
and 18 mN m~2 respectively.

Dry sulphate lignin is of considerable interest for the
filling and modification of thermoplastics in order to obtain
frost-resistant polypropylene (PR) compositions and also in
the reprocessing of waste from polymeric materials. Studies
have been carried out on the creation of composite materials
using sulphate alkali lignin based on polyolefins (PO)—
materials of the type of poprolin, including preparations
based on secondary polyethylene obtained from used
articles 1 7" 2 1 ' 6 1-* 7 ' 1 2 8- 1 3 8 .

The study of the character of the interaction of the ingredi-
ents of the polymer composition under processing conditions
is very important for the specific modification of the basic
polymer by sulphate lignin (when the content of the latter is
up to five parts) and for the determination of the techno-
logical regime for the conversion of poprolin materials into
articles.

The EPR method is of practical importance for such pur-
poses. It has been established by this method that para-
magnetic polypropylene and lignin centres formed at the
processing temperatures interact at the interface between
the two phases (polypropylene—lignin); it has been shown
that the interaction has a radical mechanism19'61*'66'97. The
results agree with data obtained in the study of free radicals
in the formation of the carbon black—raw rubber gel. It has
been observed that during the rolling of the rubber in the
course of its processing, free radicals are formed and inter-
act with the polymer via a radical mechanism1"*0'11*1. An
interesting feature of this process is the approximately
linear relation between the ratio of the EPR line widths in
air and in vacuo (AHair/A//vac) and the specific surface of
the carbon black, which indicates the surface character of
the interaction of some of the spins, capable of participating
not only in the formation of the carbon black—raw rubber gel
but also in the agglomeration of the carbon black particles.

By analogy with data obtained in the study of carbon black
by EPR, the concept of c a /c 0 —the relative concentration of
the active free radicals on the surfaces of the lignin par-
ticles—was introduced for the interpreation of the results
in the polypropylene—lignin system and the differentiation of
the free radicals present on the surfaces of the lignin par-
ticles and responsible for the interaction with the poly-
propylene; according to the l i terature 1 9 ' 1 2 9 ' 1 3 2 , the relative
concentration represents the different c/c 0N aci—c/copp,
where c is the overall concentration of the lignin free radicals
at the experimental temperature, c 0 the concentration at room
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temperature calculated with a correction for the Curie law,
coNaCl the concentration of the radicals R of lignin in the
inert NaCl diluent, and c o pp the corresponding concentration
in the polypropylene matrix. This approach makes it possible
to follow the kinetics of the interaction of the paramagnetic
centres of lignin and the radicals R of polypropylene at the
processing temperatures, to assess its character and to
optimise the polymer composition and the optimum lignin
content.

In order to improve the operating characteristic of poprolin
(to reduce the embrittlement temperature Γ D r and increase the
frost resistance), a low-molecular-weight plasticiser dioctyl
sebacate (DOS) was introduced into the polypropylene—
lignin system, which resulted in the formation of a frost-
resistant material—poprolin-1.

It follows from the EPR data that the introduction of DOS
into poprolin disrupts the interaction between the para-
magnetic centres of lignin and polypropylene, which entails
a decrease of ca/c0. The attempts to intensify the disrupted
interaction by introducing an additional amount of lignin
(in excess of the optimum value for the given composition)
did not lead to the desired results. Tests showed that the
disrupted interaction cannot be restored by introducing
fillers of the type of titanium dioxide, which has been stated21*
to be capable of adsorbing lignin, wetting its surface and
leading to a more effective dispersion of the plasticiser and
lignin in the polymer matrix. Furthermore, the introduction
of titanium dioxide prevents the interaction of lignin with
DOS, stimulating the interaction of lignin with polypropylene
and leading to an enhanced stability of the system61*'65. These
data indicate the possibility of regulating by the above proce-
dures the properties of complex materials important for prac-
tical applications.

The study of the rheological characteristics of poprolin-1
showed that the introduction of the optimum amount of lignin
(three parts) reduces its fluidity, which entails the transi-
tion of the flow curve to the region of the lowest shear
stresses compared with the initial polypropylene 1 9 ' 6 1 ' 1 2 8 ' 1 3 9 .
This greatly facilitates the processing of poprolin-1, the
articles obtained from it being characterised by effective
operating characteristics under the conditions of low tem-
peratures (compared with the basic polypropylene) and the
range of their utilisation is greatly increased.

One of the procedures in the technology of the processing
of plastics designed to increase the quality of the polymeric
materials and to increase the useful lifetime of the articles
obtained from them is known to involve the introduction of
antioxidants in order to suppress oxidation processes
occurring under the influence of various factors (high tem-
peratures, solar radiation, etc.) . Phenols, as inhibitors
absorbing in the ultraviolet, have come to be widely used
among antioxidants11*2. The photoreaction of phenols leads
to the formation of phenoxy-radicals, which in their turn
undergo a photoreaction in the polymer matrix and their
subsequent fate depends on their reactivity, temperature,
concentration, and the type of polymer matrix11*2"1'*'*.

In terms of their chemical structure, lignins can be
assigned to the class of sterically hindered phenols. On the
other hand, the involvement of sterically hindered phenols in
radical reactions reduces to the initial abstraction of the
hydrogen atom from the hydroxy-group of the phenols with
formation of a phenoxy-radical, i .e. the behaviour of the
sterically hindered phenol in radical reactions is determined
by the properties of the phenoxy-radicals formed. It is
known that the Ο—Η bond energy in sterically hindered
phenols is somewhat lower than in unsubstituted phenols,
which facilitates, on the one hand, the homolytic dissociation
of the given bond with formation of phenoxy-radicals, and on

the other hand, leads to the formation of thermodynamically
more stable species—stable free radicals1'*'*. The stability of
the radicals R formed in the reaction of the antioxidant has a
significant influence on the kinetics of the ageing of the
polymeric materials, since the probability of the involvement
of these radicals, following the enhancement of their stability,
in recombination reactions in subsequent processes dimin-
ishes, which promotes an increase of the inhibiting effect of
the antioxidant. The character of such stability is to a large
extent determined both by structure factors (intramolecular
stabilisation) and by the interaction of the radicals with the
medium (intermolecular stabilisation). The experimental
results, showing that lignin or its degradation products can
be used as thermostabilisers for polypropylene at its proces-
sing temperatures (in excess of 200 °C) and as inhibitors
in its photoageing process, may serve as confirmation of
the above considerations61*'132'11*5'11*6.

However, data have been obtained recently showing that
sulphate lignin can be used as a photomodifying additive to
polypropylene and that it does not affect its degradation on
prolonged irradiation. At the same time it can greatly reduce
the efficiency of light stabilisers operating in accordance with
an inhibition mechanism, so that, in order to improve the
light stability of lignin-containing compositions, it is desir-
able to introduce additional substances belonging to the
class of u .v . absorbers or dyes. Since the ligno-tall product
contains simultaneously structure-forming (lignin), reinforc-
ing (aliphatic acid salts), and plasticising (tall oil) sub-
stances, it is a complex modifying agent 1 3 9 .

The application of the ligno-tall substances greatly sim-
plifies the technology of the preparation of frost-resistant
polypropylene of the type of poprolin-1 because the necessity
for the initial introduction of the scarce and expensive DOS
is eliminated.

The application of sulphate alkali lignin in the preparation
of compositions based on polyolefins using secondary low-
density polyethylene (SLDPE), obtained from worn agricul-
tural sheeting, is of great theoretical and practical interest 2 0 '
21,134-136

A factor promoting the formation of such composite material
(poprolin-2) was the fact that SLDPE is a product activated
during use as a consequence of photo-oxidative reactions in
the LDPE during the use of the sheeting. The kinetics of
the oxidation of the LDPE depend to a large extent on the
degree of branching of the polymer and the oxidation pro-
ceeds via the formation of polymeric hydroperoxides (POOH)
and ketones with the possible occurrence of radical reactions
in the photodecomposition of ketones via a Norrish type I
mechanism1£|7>11*8. At the same time an additional amount of
radicals R are formed in the SLDPE, their concentration
being somewhat greater than in LDPE and lower than in
polypropylene19. As a result of the formation of an additional
amount of free radicals in the secondary polyethylene matrix,
the effect of the interaction of the polymeric components in
poprolin-2 (SLDPE and polypropylene) with lignin is much
stronger, which increases the stability of the composition as
a result of the improvement of the operating stability of the
system.

Materials of the type of poprolin have been successfully
converted into articles of extrusion (film materials, including
coextrusion films based on moderate-pressure polyethylene,
tubes, and sheets), by casting under pressure (transport
packing capable of repeated use for branches of industry
manufacturing food products), and by mechanothermomould-
ing and rotation moulding (large packing for various branches
of the national economy) 1 3 1 ' 1 3 3 ' 1 3 7 .
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A distinctive feature of articles made of poprolin materials
is their effective physicomechanical and operating character-
istics (compared with various polyethylenes and even poly-
propylene) and the lower intrinsic cost of the articles
obtained from them. The poprolin materials are more sus-
ceptible to technological procedures and have a better capa-
city for being worked compared with the basic polymer. The
use of poprolin provides the national economy with a signifi-
cant economic gain by increasing the useful lifetime of articles
in the course of their employment, and promotes the rational
employment of natural lasources, protection of the environ-
ment, and the expansion of the reserves of a scarce primary
polymeric raw material as a result of the employment of a
secondary raw material.

The study of the behaviour of lignin in the modification of
wood by synthetic polymers is of interest because it is one of
the high-molecular-components of wood. The possibility of
radiation grafting onto isolated lignin of various synthetic
polymers, for example styrene, methyl methacrylate, and
acrylonitrile has been demonstrated11*9""151*. It has been
established that the radiation-chemical modification of wood
with styrene involves the cross-linking of lignin and poly-
styrene, in which stable free radicals play an appreciable
role 1 5 5 .

Studies of the polymerisation of styrene with hydrochloric
acid lignin and Kraft lignin with chemical and radiation initia-
tion have been carried out by non-Soviet workers 1 5 0 ' 1 5 5 ' 1 5 6 ,
who, with the aid of model lignin compounds (guaiacol, 2,6-
dimethoxyphenol, and isoeugenol), discovered its inhibiting
effect on the polymer. The graft copolymerisation of lignin
and styrene takes place as a result of the transfer of the
chain of the growing polymer radicals to the lignin units
containing phenolic groups, which have an inhibiting effect
on the kinetics of the process, resulting in its retardation,
which entails the formation of a graft copolymer with a
reduced molecular weight.

Sulphate lignin has an analogous effect on the thermal
initiation of styrene in dimethyl sulphoxide in the presence of
chemical initiators 1 5 7. A considerable increase of the inhibit-
ing effect of lignin in the presence of oxidants (for example,
atmospheric oxygen), owing to the formation of quinonoid
structures for both chemical and radiation methods of initia-
tion has been noted.

The graft copolymerisation of various monomers with wood
lignin leads to a new way of creating mixed composites with
a graft structure as a result of the mixed chemical combina-
tion of natural and synthetic polymers possessing a valuable
set of properties.

According to structural ideas, grafting can occur on the
surface of the polymer particle (surface grafting) and
within it (block grafting), which depends on the process
conditions. By creating conditions for grafting via one
procedure or another, it is possible to regulate within wide
limits the properties of the resulting composite materials1 5 8.

Like hydrolytic lignin, sulphate lignin can be used for
condensation with phenols in order to obtain lignophenol-
formaldehyde resins. In the polycondensation reaction the
phenol adds to lignin via a ring hydrogen atom but not a
hydroxyl hydrogen atom, which follows from the solubility of
phenol-lignin in alkali. The introduction of a third compo-
nent (formaldehyde) makes it possible to obtain fusible and
alcohol-soluble resins whose properties are analogous to those
of industrial products 2 5 .

Latvian investigators suggested that hydroxypropylated
lignins (HPL) be obtained on the basis of modified ligno-
organosilicon oligoethers and epoxypropane1 5 9, which con-
stitutes an extremely promising application of technical
lignins. A method for the preparation of polyurethane foam

materials (on the basis of HPL) has been developed; HPL can
be used as fillers (based on technical lignins) for plastics.

There exist data concerning the utilisation of modified
sulphate and sulphite lignins for the preparation of a com-
posite friction material with up to 15 wt.% of lignin1 6 0.

A new and promising application of all types of technical
lignins in the light of the fulfilment of resolutions concerning
the rational employment of natural resources and the protec-
tion of the environment involves the development of highly
filled polymeric materials based on lignin—lignoplastics. This
task is extremely complex and laborious, since it requires
very extensive scientific and technological investigations
and also the creation of industrial comminuting equipment.
However, a realistic basis for its successful fulfilment
already exists.
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