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Foreword 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

T H E I N T R I G U I N G M A C R O M O L E C U L A R B E H A V I O R of lignin and its 

derivatives has yielded to ever greater measures of explicability; the 
properties of lignin-based polymeric materials have become amenable to 
modification over a considerable range, even in a predicatable fashion. 
Significant developments in both macromolecular behavior and property 
modification owe a great deal to the application of physico-chemical 
techniques that have been made accessible through profound 
improvements in commercially available instrumentation and related 
supplies. 

The flexibility achieved in both open-column and high-
performance size-exclusion chromatography during the past 20 years has 
been invaluable to progress in documenting the macromolecular 
properties of lignin preparations. No less important have been the 
contributions from methods for absolute molecular weight 
determinations, such as low-angle laser light scattering, vapor pressure 
osmometry, and differential viscometry. It is curious that analytical 
ultracentrifugation occupies a more pivotal position in lignin chemistry 
now than before production of the classical Beckman model E 
instrument was discontinued more than half a decade ago. 

Twenty-three years have elapsed since the American Chemical 
Society published a book devoted to papers from a symposium 
exclusively about lignin. In the preface to Lignin Structure and Reactions 
(Advances in Chemistry Series 59, 1966), the symposium chairperson 
remarked that "the current presentation of lignin structure is 
oversimplified. . . . more ingenious work is needed to establish the 
sequence of units—the most prominent singular task of future lignin 
research." Presumably, the author of these words had in mind the 
sequence of intermonomer linkages rather than the units themselves 
(which differ only in their aromatic methoxyl substitution pattern), and 
from this perspective his observation could be as true in 1989 as it was 
in 1966. 

Lignin: Properties and Materials is illuminated by two keynote 
chapters: "The Lignin Paradigm" reminds readers that inadequacies still 
punctuate our understanding of lignin in both its native and its 
derivative configurations; on the other hand, "Specialty Polymers from 
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Lignin" draws attention to the spectacular vistas of new polymeric 
materials derived from this important biopolymer. 

The advent of lignin-based polymeric materials as putative 
engineering plastics represents one of several technological 
advancements in the field during the past 10 years. The characterization 
of polymeric materials has relied heavily upon differential scanning 
calorimetry and dynamic mechanical thermal analysis, and scanning 
electron microscopy has provided invaluable confirmatory evidence 
about blend morphology. Successful incorporation as integral 
components, rather than as mere fillers or extenders, in useful polymeric 
materials clearly represents a potential for adding high value to 
industrial byproduct lignins. What "the most prominent singular task of 
future lignin research" would be in this context asks for speculation 
beyond the scope of a preface, but the answer may unfold in the 
productive developments that are destined to appear during the coming 
decade. 

The book itself is divided into six sections. Collectively, the chapters 
provide a perspective that anticipates the future. The book's usefulness 
should extend to academic research groups and industrial organizations 
alike. 
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Chapter 1 

The Lignin Paradigm 

D. A. I. Goring 

Department of Chemical Engineering and Applied Chemistry, University 
of Toronto, Toronto, Ontario M5S 1A4, Canada 

Evidence supp    or t ing the or ig inal parad igm of l ign in i n 
wood as a r a n d o m , three-dimensional network po lymer 
is reviewed. M o r e recent results w h i c h do not fit this 
s imple picture are discussed. A modif ied p a r a d i g m is 
proposed i n wh i ch l i gn in in wood is comprised of sev
eral types of network whi ch differ f rom each other bo th 
u l t ras t ruc tura l l y and chemically. W h e n wood is de l ign i -
fied, the properties of the macromolecules made soluble 
reflect the properties of the network f rom w h i c h they are 
derived. 

L i g n i n i n wood may be considered to be a r a n d o m three-dimensional net
work po lymer comprised of phenylpropane units l inked together i n different 
ways. W h e n wood is delignified the properties of the macromolecules made 
soluble reflect the properties of the network f rom w h i c h they are derived. 

For several decades, the above has been the generally accepted 
p a r a d i g m for the structure of l i g n i n i n wood (1,2). In the present paper, 
some of the evidence i n favor of this p a r a d i g m is reviewed. However, certa in 
recently discovered aspects of the behavior of l i gn in do not fit easily into 
the s imple concept of a r a n d o m three-dimensional network po lymer . These 
are discussed and an attempt is made to modi fy the or ig ina l p a r a d i g m so 
that i t agrees more closely w i t h exper imental observation. 

B e h a v i o r o f L i g n i n C o m p a t i b l e w i t h t h e P a r a d i g m o f a R a n d o m , 
T h r e e - D i m e n s i o n a l N e t w o r k P o l y m e r 

Non-Crystalliniiy. L i g n i n seems to be amorphous (3). N o one has ever 
reported any evidence of crystal l ine order i n l i g n i n . A n d the molecule does 
not appear to be opt i ca l ly active (3), unusual for a b iopo lymer . Such behav
ior is what might be expected f rom a r a n d o m , three-dimensional network. 
However, w i t h the more sensitive methods of analysis available today, i t 

0097-6156/89/0397-0002$06.00A) 
© 1989 American Chemical Society 
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1. G O R I N G The Lignin Paradigm 3 

might be a good idea to check whether this lack of c rys ta l l in i ty a n d opt i ca l 
ac t iv i ty is, indeed, absolute. 

Insolubility. T h e n we have the notorious inso lub i l i ty of l i g n i n i n v i r t u a l l y 
a l l s imple solvents. A s shown by Brauns (4), a s m a l l p ropor t i on (2-3%) of 
the l i gn in i n wood can be dissolved i n ethanol . If the wood is extensively 
m i l l e d , B j o r k m a n found that 5 0 % or more of the l i gn in f r om spruce can be 
extracted w i t h aqueous dioxane (5). However, the m i l l i n g is so severe that 
i t is l ike ly that chemical bonds are broken (6). T h u s , some type of covalent 
bond rupture seems to be necessary to make the l i g n i n soluble. T h i s wou ld 
be expected of a three-dimensional network. Note t h a t , once the network 
has been degraded, there is no th ing unusual about the so lub i l i ty of the 
fragments, as shown by Schuerch (7) and by L i n d b e r g (8). 

Molecular Weight. B y reversing F l o r y ' s theory of t r i funct i ona l p o l y m e r i z a 
t i o n , i t can be shown that , when a r a n d o m crosslinked three-dimensional 
gel is degraded, there is a trend i n the molecular weight of the fragments 
produced (9). S m a l l molecules become soluble early i n the degradat ion, 
whi le larger molecules are released later i n the process. T h i s usual ly hap 
pens when l i g n i n i n wood is made soluble by chemical treatment (10-12). 
T h e theory also predicts that the fractions made soluble w i l l conta in a sub
s t a n t i a l proport ion of low molecular weight mater ia l w i t h a polydisperse, 
h igh molecular weight t a i l (9). Frac t i onat i on of kraft l ignins made soluble 
i n a continuous flow process has confirmed this behavior (12). T h e degrada
t i on of a gel has been analyzed i n more deta i l by Bo lker and his coworkers 
(13-15) and by Y a n and his coworkers (16-18). T h e results, i n general, sup
port the concept of l ign in i n wood as a r a n d o m , three-dimensional network 
po lymer . 

Conformation of the Macromolecule. In so lut ion , macromolecules can have 
a wide variety of shapes or conformations. T h e simplest is the so l id sphere 
or E i n s t e i n sphere. It is a round b a l l , impermeable to solvent. T h e b a l l may 
be stretched in to a prolate e l l ipsoid like a footbal l or flattened into an oblate 
e l l ipso id l ike a flying saucer. M a n y soluble proteins have conformations that 
approximate ell ipsoids. If a prolate e l l ipsoid is stretched enough, i t becomes 
a r od . C e r t a i n v irus macromolecules are rodl ike . 

T h e n there are flexible l inear polymers whi ch cur l up i n so lut ion to 
give a r a n d o m cel l . If the chain is stiff, such as i n cellulose or i n D N A , the 
co i l becomes h igh ly expanded. 

Con format ion i n so lut ion is indicated by the way i n w h i c h the h y d r o -
d y n a m i c properties of the macromolecules change w i t h change i n molecular 
weight. F r o m trends i n the intr ins i c viscosity, the sedimentat ion coefficient, 
or the diffusion constant w i t h molecular weight we can learn something 
about the conformation of the molecule i n so lut ion (19,20). 

Where do soluble l ignins fit w i t h respect to conformation? T h e y seem 
to be rather compact molecules i n so lut i on—the opposite of the h igh ly 
expanded cellulose molecule. T h e y are not as compact as a s imple so l id 
sphere. Ye t , the chains of the l i g n i n macromolecules i n so lut ion are more 
densely packed t h a n those of a l inear flexible po lymer such as polystyrene 
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4 LIGNIN: PROPERTIES AND MATERIALS 

(19,20). Such behavior is what would be expected for soluble fragments of 
a r a n d o m three-dimensional network po lymer . 

Before leaving the topic o f conformation , i t should be noted that there 
do not appear to be much interest i n this property today. In earlier t imes, 
several schools inc luded conformational studies i n their character izat ion of 
soluble l ignins (19). Recently, on ly P l a and his group (20) seem to be t a k i n g 
this property seriously. Ye t i t is i m p o r t a n t , bo th to the unders tanding of 
del igni f icat ion a n d to the use of l ignins as colloids and dispersants. 

Con fo rmat i on is also i m p o r t a n t i n the use of size-exclusion chromatog
raphy. In the many papers wh i ch have been graciously dedicated to the 
author (21-23), there are ten or more i n which G P C or H P L C has been 
used to determine the molecular weight a n d its d i s t r i b u t i o n . It should 
be remembered, however, that the exclusion phenomenon depends not so 
much on molecular weight but rather on hydrodynamic vo lume. T h u s , to 
give rel iable molecular weights, the co lumn should be ca l ibrated , not w i t h 
polystyrene, but w i t h a more compact l ignin- l ike molecule, preferably w i t h 
narrow fractions of the soluble l i g n i n derivative under study. T h e fractions 
used for ca l ibrat ion should be characterized independently by an absolute 
method such as ultracentri fuge sedimentation e q u i l i b r i u m or low angle l ight 
scatter ing . However, these absolute methods are t ime-consuming a n d ex
pensive. Perhaps intr ins i c viscosity should be looked at again . T h i s p a 
rameter gives the effective hydrodynamic specific volume of the molecule. 
Beno i t et al. (24) have shown that the product [rj\ M is uniquely related to 
the e lut ion volume. T h u s , by measurement of intr ins ic viscosity on selected 
fractions, a polystyrene ca l ibrat ion can be converted to a l i gn in ca l ibra t i on 
w i t h l i t t l e effort and s imple equipment . It is interesting to note that two re
ports o f the use of an on- l ine differential viscometer w i t h G P C are inc luded 
i n the present s y m p o s i u m volume (25-26). 

B e h a v i o r o f L i g n i n I n c o m p a t i b l e w i t h t h e P a r a d i g m o f a R a n d o m , 
T h r e e - D i m e n s i o n a l N e t w o r k P o l y m e r 

F r o m the discussion i n the previous sections we see that the behavior of 
the proto l ignin i n wood and the pattern of i ts subsequent degradation and 
so lut ion are compat ib le , i n a broad sense, w i t h the p a r a d i g m of a r a n d o m 
three-dimensional network po lymer . There emerge, however, several as
pects of the prob lem which do not fit easily w i t h the s imple p a r a d i g m given 
above. In the fo l lowing sections some of these anomalies are discussed. 

Molecular Weight Distribution. T h e gel degradation theory appl ied to a 
single network predicts that the sol fract ion w i l l be polydisperse but u n i -
m o d a l (9). T h u s , there should be only one peak i n the molecular weight 
d i s t r ibut i on curve—except at low molecular weights when a substant ia l 
propor t i on of oligomers are present. Ye t many authors have reported b i -
m o d a l d is tr ibut ions of molecular weight i n soluble l ignins . Such b i m o d a l 
behavior turns up not on ly i n organosolv l ignins (27-29) but also i n l ignins 
made soluble i n the chemical p u l p i n g of wood (12,30). A s the resolution of 
the chromatographic techniques are improved , the broad b i m o d a l patterns 
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1. G O R I N G The Lignin Paradigm 5 

are being resolved into d is tr ibut ions w i t h several m a x i m a (31-38). Some 
of these components are well-defined low molecular weight oligomers of the 
l i g n i n macromolecule. Others seem to be of higher molecular weight a n d 
more indeterminate . Such paucidisperse behavior is not real ly compat ib le 
w i t h a r a n d o m network. It suggests a repetit ive pat tern of weak l inks w h i c h 
allows the po lymer to be degraded into separate families o f molecules, each 
w i t h a characterist ic molecular weight and , perhaps, chemical compos i t ion . 

Association. Several authors have postulated that some l ignins i n so lut ion 
are not covalent polymers i n the n o r m a l sense, but rather an associat ion 
of smal ler molecules held together by various types of non-covalent l i n k 
ages (30,34,36,39,40,41). S. Sarkanen and his coworkers have presented 
strong evidence that low molecular weight l i g n i n fractions show consider
ab ly higher molecular weights i n certain solvents (34,41). A n d the effect 
appears to be reversible. 

T h e association phenomenon raises the poss ib i l i ty that l i g n i n i n wood 
is composed of low molecular weight molecules. W h e n these are made 
soluble they associate into complexes of higher molecular weight. T h i s 
p icture is not real ly i n accord w i t h the idea of a r a n d o m , three-dimensional 
network po lymer . It should be noted, however, that a h igh molecular weight 
l ignosulfonate gave constant molecular weight i n solvents as different as 
0.1 M aqueous s o d i u m chloride a n d d i m e t h y l sulfoxide, w h i c h indicates a 
covalent structure for the macromolecule (42). 

Non-covalent association may not be the on ly way i n w h i c h h i g h molec
u lar weight l i gn in is produced f r om smaller molecules. T h e conjugated, phe
nol ic nature o f the l ign in monomers makes t h e m prone to "condensat ion" 
reactions both i n ac id and alkaline med ia (44-46). T h u s , del igni f icat ion 
may be invar iab ly accompanied by po lymer izat i on . A g a i n , such behavior 
goes beyond the s imple p a r a d i g m of the degradation of a three-dimensional 
network po lymer . However, i t should be remembered that very few e x a m 
ples have been reported i n w h i c h the molecular weights o f soluble l ignins 
have been increased by further treatment i n the m e d i u m used for de l ign i 
fication (47). I f condensation does occur, perhaps i t takes place rapid ly , 
thus produc ing a network po lymer whi ch must then be degraded by the 
del ignif icat ion reactions. 

Topochemistry. M a n y authors have sought to characterize the chemical n a 
ture of l i g n i n . T h i s work has been extended into a s tudy of the chemical 
s tructure of l i gn in i n the various morphological regions of the cell w a l l . It 
now seems certain that i n bo th hardwoods a n d softwoods there are differ
ences between the chemical structure of l i gn in i n the midd le l ame l la a n d 
the secondary w a l l (48-56), a l though there are s t i l l m a n y questions to be 
resolved (57-59). There are also chemical differences between the l ignins i n 
the fiber and vessel walls o f b i r ch wood (48,49,52,56,60). T e r a s h i m a et al 
(61) and Beatson (62) have suggested that these topochemical differences 
are related to the biosynthet ic sequence of l igni f i cat ion i n plant tissue. 

T h e p a r a d i g m of an inf inite r a n d o m three-dimensional network po ly 
mer implies a u n i f o r m chemistry throughout . T h e topochemica l behavior 
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6 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

of l i gn in indicates that , f rom a s t ruc tura l chemical po int of v iew, more t h a n 
one type of network exists i n wood. Such topochemical differences i n chem
i ca l structure w i l l have an i m p o r t a n t bear ing on the course of del igni f icat ion 
reactions and the properties of the result ing pulps (62-70). 

Utirastructure. Perhaps the most compel l ing reason for seeking an a l terna 
tive p a r a d i g m for the nature of l i gn in is the u l t rastructure of the polysaccha
rides i n the cell w a l l . T h e i r arrangement is a n y t h i n g but r a n d o m . M i c r o f i b 
r i ls are probably single crystals of cellulose chains (71,72). A l t h o u g h the 
arrangement of the hemicelluloses is not known for certa in , i t seems l ike ly 
that the molecules l ine up i n the direct ion of the cellulose microf ibr i ls (73-
75). T h e microf ibr i ls themselves are la id down i n complex patterns (76,77). 
In the S2 layer, there is evidence of a lamel lar u l trastructure w i t h the inter-
lamel lar distance be ing equal to about twice the w i d t h of the mic ro f i b r i l , 
i .e. , 7-10 n m (78-82). In viev: of the fact that most of i t is i n the secondary 
wa l l (83-85), how can l i g n i n be regarded as a r a n d o m network when i t is 
the m i r r o r image on a molecular scale of the h igh ly organized polysaccha
ride u l t rastructure? T h e l i g n i n lamellae are probably about 2 n m thick , 
enough room for 2 to 4 phenylpropane monomers. It seems almost certa in 
that constraints of space w i l l impose non-randomness on the crosslinked 
network. Here i t is interesting to note that A t a l l a has found evidence i n 
d i ca t ing that the aromat ic rings i n l ign in are aligned preferential ly i n the 
d irect ion tangent ia l to the secondary wa l l (86). 

We should note, also, that the l i g n i n i n the S2 layers is chemical ly 
bonded to the polysaccharide moiety (87-92). Such bonds occur not on ly 
i n wood but may be formed dur ing chemical p u l p i n g (93,94). E v e n i f the 
l ign in-carbohydrate bonds are restricted to the hemicelluloses (95), the reg
u lar i ty of these chain molecules w i l l probably impose some non-randomness 
on the l i g n i n s tructure . 

T h e lamel lar structure of the cell wa l l w i l l probably affect the con
format ion of the l ign in macromolecules dissolved when wood is del ignif ied. 
T h i s is par t i cu lar ly true when high molecular weight l ignins diffuse out of 
the fibers dur ing the washing of kraft pu lp (96,97). T h e molecular weights 
of the fractions of l i g n i n leached out of the cell wa l l are of the order of 
hundreds of thousands (98). Spherical l i g n i n macromolecules of th is mass 
would be too large to pass through the porous structure of the cell w a l l . It 
is possible that i n the wa l l they are flatish covalently free fragments of the 
l i gn in lamel lae , w h i c h diffuse through the inter lamel lar spaces into so lut ion . 
Because the chains are flexible, these lamel lar fragments fo ld i n so lut ion to 
an approx imate ly spherical conformation. Such a conformation would be 
expected to be more compact t h a n that of a r a n d o m coi l but more ex
panded t h a n that of an E i n s t e i n sphere, i n accord w i t h the h y d r o d y n a m i c 
behavior noted earlier i n the paper. In support of this concept, we find that 
l i gn in macromolecules, i f spread on the surface of a non-solvent (99,100) or 
deposited on a carbon-coated gr id for electron microscopy (101), assume a 
flat conformation w i t h a thickness of about 2 n m . It seems that the con
format ion of the macromolecules made soluble, reflects the u l t rastructure 
of the cell wa l l f r om whi ch they have been extracted . 
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1. G O R I N G The Lignin Paradigm 7 

O f course, the picture given i n the preceding paragraph cannot app ly 
to the almost pure l ign in i n the true middle lamel la . Here the lamel lar 
thickness is usual ly more t h a n 100 n m (83,84). T h e concept of a r a n d o m 
three-dimensional network po lymer would seem to be appropriate for such 
a th i ck layer. However, the true middle lamel la probably contains less t h a n 
2 0 % of the to ta l l i gn in (83,84,102). T h u s , l i gn in f rom the secondary w a l l 
w i l l be the dominant fract ion i n most preparations f r o m whole wood . 

A Modified Paradigm 

F r o m the foregoing, i t seems that we need a better p a r a d i g m for l i g n i n . T h e 
o l d , comfortable concept of an inf inite r a n d o m , three-dimensional network 
po lymer is too s imple to encompass everything we know about l i gn in and 
its soluble derivatives. T o give a better fit w i t h the exper imental ly observed 
behavior of l i gn in , the or ig ina l p a r a d i g m may be modif ied as follows: 

L i g n i n i n the true midd le lamel la of wood is a r a n d o m three-
d imensional network po lymer comprised o f phenylpropane m o n 
omers l inked together i n different ways. L i g n i n i n the secondary 
w a l l is a n o n r a n d o m two-dimensional network po lymer . T h e chem
i ca l s tructure of the monomers and linkages w h i c h constitute these 
networks differ i n different morphological regions (middle lamel la 
vs. secondary wal l ) , different types of cell (vessels vs. fibers), a n d 
different types o f wood (softwoods vs. hardwoods) . W h e n wood 
is delignif ied, the properties of the macromolecules made soluble 
reflect the properties of the network f rom which they are derived. 

O f course, the modif ied p a r a d i g m given above is not entirely satisfac
tory. It is silent on the question of the association of l i gn in molecules. A l s o , 
i t does not take into account the poss ib i l i ty of condensation reactions. T h e 
t e r m " n o n r a n d o m " begs for a clearer def init ion w h i c h the p a r a d i g m does 
not provide. Perhaps the clearest concept i n i t is the two-dimensional net
work . A f ter a l l , most nets are two-dimensional ! In spite o f its fai l ings, the 
modif ied p a r a d i g m is probably the best we can do at the present t ime . W e 
should not be surpr ised , however, that , as the behavior o f the proto l ign in 
i n wood is further e lucidated, an entirely new p a r a d i g m w i l l emerge. 
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Chapter 2 

Structure and Properties 
of the Lignin-Carbohydrate Complex Polymer 

as an Amphipathic Substance 

T. Koshijima1, T. Watanabe1, and F . Yaku 2 

1Wood Research Institute, Kyoto University, Gokasho, Uji , Kyoto 611, 
Japan 

2Government Industrial Research Institute, Osaka 563, Japan 

It has been found that l ignin-carbohydrate complexes 
(LCC's) consist of sugar chains and re lat ively s m a l l l i g n i n 
fragments attached as pendant side chains; they have 
number-average molecular weights of ca. 6000-8000. T h e 
linkage between sugar and l ign in was determined to be 
m a i n l y of the benzy l ether type by a newly developed 
method using DDQ ox idat ion . Some of the LCC's ex
h ib i t a strong tendency to f o rm micelles or aggregates 
in aqueous so lut ion due to hydrophobic and also electro
static interact ions. 

Since B j o r k m a n first proposed the existence of l ign in-carbohydrate com
plexes ( L C C ' s ) as species incapable of separation into the respective com
ponents by selective chemical treatments or special pur i f i cat ion techniques, 
exper imenta l results suppor t ing the presence of L C C ' s i n wood have been 
reported by Merewether (1), K o s h i j i m a (2), Wegener (3), and Y a k u (4). 
Thereafter , a lot of experiments designed to isolate fractions conta in ing 
L C C ' s f r om p a r t l y degraded wood preserving the native conf iguration to dif
ferent extents have been conducted. A m o n g them, B j o r k m a n (5), B r o w n e l l 
(6), K o s h i j i m a (7), Y a k u (8,9), Er iksson (10) and Watanabe (11) have ex
tracted L C C ' s f r o m finely d iv ided wood powder f rom w h i c h mi l l ed wood 
l i gn in had been extracted previously. B y contrast , L u n d q u i s t (12), A z u m a 
(13), M u k o y o s h i (14), Takahashi (15) and K a t o (16) have separated the 
L C C ' s contained i n a mi l l ed wood l i g n i n fract ion extracted w i t h 8 0 % aque
ous dioxane f r o m very fine wood powder. 

Meanwhi l e , Freudenberg (17) was the first person who demonstrated 
the f ormat ion of an add i t i on compound f rom a quinonemethide a n d su 
crose dur ing enzymat ic dehydrogenation of coniferyl a lcohol i n a concen
trated sucrose so lut ion . Thereafter , T a n a k a (18) observed the f o rmat ion 
of a benzy l ester between the quinonemethide of a d i l i gno l and a uronic 

0097-6156/89/0397-0011$06.00A> 
© 1989 American Chemical Society 
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12 LIGNIN: PROPERTIES AND MATERIALS 

ac id . K a t a y a m a (19) isolated a compound i n whi ch glucose is l inked to 
coniferyl alcohol through a benzy l ether bond . Analogous compounds were 
also obta ined by Feckel (20). Since those experiments were carried out i n 
the presence of 20 to 500 t imes the amount of coniferyl alcohol i n re lat ion 
to sugar, those results indicated on ly the poss ib i l i ty o f chemical l inkage 
format ion between l ign in precursors and sugars. 

Noteworthy results have been obtained f rom electron microscopic ob
servations of L C C ' s by Fengel (21) and K o s i k o v a (22). W h e n compar ing 
these two schematic i l lustrat ions , coiled and wound fibrils of po lysaccha
rides are bur ied i n the l ign in m a t r i x i n bo th cases, but the polysaccharide 
fibril i n FengePs scheme is m u l t i p l y connected to a b i g l i gn in part ic le . In 
Kos ikova ' s scheme, a fibril is attached to a relatively s m a l l l i gn in part ic le 
at on ly one pos i t i on . Despite so many investigations of L C C ' s , no chemical 
proof has been advanced so far about the k i n d of l inkage connecting the 
sugar to the l i g n i n moiety. A l s o , no dist inct macromolecular conf irmat ion 
has yet been provided for the schematic molecular forms that have been 
proposed on the basis of electron microscopic observations. 

In this paper , the molecular shape and micelle or aggregate f o rmat ion 
of L C C molecules, the nature of the sugar - l ignin l inkage, and the molecu
lar weights of L C C ' s w i l l be documented on chemical or physicochemical 
grounds. 

N e w M e t h o d s f o r E x t r a c t i o n o f L C C ' s a n d I s o l a t i o n o f L C C 
O l i g o m e r s 

T h e use of h igh -bo i l ing point solvents, such as d imethy l formamide or 
dimethylsul foxide used by B j o r k m a n for extract ion of L C C ' s f rom spruce 
wood, may lead to denaturat ion or p a r t i a l degradation of L C C ' s i n the 
course of solvent removal or concentrat ion. W e have developed the f o l 
l owing two methods for easily ob ta in ing L C C ' s . One involves i so lat ion of 
L C C ' s f rom an aqueous 8 0 % dioxane extract obtained f r om finely d iv ided 
wood powder. A f ter separating the prec ipitate of mi l l ed wood l i gn in f r o m 
the aqueous so lut ion remain ing after dioxane removal , the L C C ' s i n the 
supernatant are taken out and purif ied by using a pyridine-acet ic a c id -
water-chloroform solvent system to remove sugar-free l i g n i n . T h e L C C - W 
thus obtained is analogous to B j o r k m a n L C C i n respect to chemical c om
posi t ion and molecular weight, but differs i n y ie ld w h i c h ranges f r om 0.75 
to 1.1% of wood (13). 

T h e second way consists o f hot-water extract ion o f finely d iv ided wood 
powder, previously extracted w i t h aqueous dioxane for removing mi l l ed 
wood l i g n i n . T h e resultant L C C - W E is obtained i n 9.3-10.0% y i e l d and 
does not differ f r om B j o r k m a n L C C i n re lat ion to chemical composi t ion 
and molecular weight (11) (see Table I) . T h i s fact is very significant i n 
demonstrat ing that L C C ' s containing up to 18% l i g n i n are able to be ex
tracted w i t h hot water alone f r om wood powder. 

In order to estimate the frequency of l ignin-sugar linkages i n pine 
L C C ' s , L C C oligomers were attempted to be prepared f r o m L C C - W E of 
pine wood . T h e greatest problems to be solved were the separation of 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

00
2



2. K O S H I J I M A E T A L . Complex Polymer as an Amphipathic Substance 13 

Table I. C h e m i c a l C o m p o s i t i o n and Propert ies o f P i n e L C C - W 

L i g n i n - C a r b o h y d r a t e Complexes 

Components L C C - W E C - l - M C - l - A C - l - R 

Recovery (%) 9.3° 43.4* 48.7* 2.1* 
C a r b o h y d r a t e content (%) 
N e u t r a l sugar 80.0 95.5 76.0 41.5 
U r o n i c ac id 4.2 N . D . C 6.4 1.9 

L i g n i n content (%) 17.9 3.7 26.6 43.6 

A c e t y l content (%) 3.3 7.6 N . D . e N . D . e 

M i ? -15.5° -28.2° -11.4° -8.0° 
S(S) N . D . C 0.9 0.8 N . D . C 

Mw 1.2 x 1 0 4 1.2 x 1 0 4 1.1 x 1 0 4 N . D . C 

Mn 7.6 x 1 0 3 7.5 x 1 0 3 6.7 x 1 0 3 N . D . C 

a Values are expressed as weight percentages of the wood meal extracted 
w i t h 8 0 % aqueous dioxane. 

6 Values are expressed as weight percentages of L C C - W E . 
c N o t determined. 

L C C oligomers f r om oligosaccharides and the prevention of reaggregation 
of L C C oligomers through hydrophobic interact ions. C h r o m a t o g r a p h y of an 
enzyme-degraded C - l - A fract ion was successful on a T o y o p e a r l H W - 4 0 S co l 
u m n w h i c h had been already demonstrated to adsorb only l ign in -conta in ing 
oligosaccharides (23). T h e m i x t u r e of L C C oligomers a n d oligosaccharides 
was prepared by hydro lyz ing the fract ion C - l - A that h a d been f rac t ion
ated f r om L C C - W E w i t h purif ied Ce l lu los in A C (protein 93.7%) a n d then 
w i t h a m i x t u r e of purif ied Meicelase (protein 92.2%) and C e l l u l o s i n A C at 
40° C for 72 hours. T h e enzyme-degraded products were introduced onto 
the Toyopearl H W - 4 0 S co lum n, w h i c h was eluted w i t h water to remove the 
oligosaccharide components ( A - E S W ) and subsequently w i t h 5 0 % aqueous 
dioxane to recover the adsorbed L C C oligomers ( A - E S D ) , w h i c h contained 
no contaminat ing l i gn in or oligosaccharide (see ref. 23 a n d Table II) . 

E s t i m a t i o n o f L i g n i n - S u g a r L i n k a g e s i n L C C ' s 

In 1982, O i k a w a et al. reported that 2,3-dichloro-5,6-dicyanobenzoquinone 
( D D Q ) reacts w i t h 4 -methoxybenzyl ether to give the alcohol q u a n t i t a 
t ively (24). P r o v i d e d that D D Q attacks specif ically at the p -a lkoxybenzyl 
ether l inkage, direct evidence can be obtained for the occurrence of ben -
zy l i c l ignin-carbohydrate linkages which may be present i n L C C molecules. 
N i n e model compound analogs of L C C ' s were synthesized and subjected 
to react ion w i t h D D Q at 50°C for 1 hr or 40° C for 24 hrs i n 5 0 % dioxane 
so lut ion (25). Further , model compounds ( I - IV) were also synthesized to 
check the effect of substituents at the para posit ions of the gua iacy l moieties 
upon the release of sugar residues by D D Q ox idat ion ( F i g . 1). A two-hour 
react ion of the model compounds w i t h D D Q at the b o i l i n g temperature 
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LIGNIN: PROPERTIES AND MATERIALS 

F igure 1. Synthesized model compounds. 
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2. K O S H U I M A E T A L . Complex Polymer as an Amphipathic Substance 15 

Tab le II . N e u t r a l Sugar C o m p o s i t i o n of L C C Subfr act ions 

L i g n i n - C a r b o h y d r a t e Complexes 

Components C - l - A A - E S D 

C a r b o h y d r a t e content, % 76.0 8.3 

C a r b o h y d r a t e compos i t i on" : 
L - A r a b i n o s e 7.3 7.5 
D - X y l o s e 49.5 17.6 
D - M a n n o s e 27.0 48.7 
D-Galactose 7.2 7.7 
D-Glucose 9.1 18.6 

a Values are expressed as mole percentages of the t o t a l neutra l sugars. 

of the dichloromethane-water (18:1) mix ture employed was o p t i m u m (26). 
T h e L C C models 3-methoxy-4-hydroxy (I) and 3-methoxy-4-benzyloxy ben 
z y l ether ( IV) were ox idat ive ly decomposed by D D Q , whi le the p-acetoxy 
L C C model compound II was inert to the ox idat ion process because of the 
electron w i t h d r a w i n g induct ive effect of the acetoxy group, as reported by 
Becker . Furthermore , a l l of the /?-ether linkages i n the L C C models I - I V 
were stable d u r i n g the D D Q ox idat ion . However, the L C C model c om
pound III h a v i n g the 3 ,4-dimethoxyphenyl moiety was stable d u r i n g D D Q 
ox idat i on under these condit ions. Probab ly , this is because the ox idat i on 
potent ia l of the L C C model III is not low enough to f o rm a charge t rans 
fer complex w i t h D D Q . In fact, when the para pos i t ion was subst i tuted 
w i t h the more electron donat ing benzyloxy group, quant i tat ive ox idat ive 
cleavage was observed i n the L C C model I V . M o s t of the pam-substituents 
i n l ignins are far more electron donat ing t h a n the m e t h o x y l group a n d , i n 
many cases, than the benzyloxy group i n their effects. T h u s , i t may be con
c luded that D D Q effectively decomposes nonphenolic benzy l ether linkages 
i n l ignins . Glycos id i c bonds between sugar residues, however, were inert to 
D D Q ox idat ion (24,25). 

T o identify wh i ch sugar hydroxy Is part ic ipate i n benzy l ether linkages 
to l i g n i n , Watanabe and K o s h i j i m a (23) developed a new method w h i c h i n 
volves acetylat ion of L C C ' s or L C C oligomers followed by D D Q ox idat i on 
and P r e h m ' s methy la t i on . Before appl icat ion of this method to L C C ' s , 
i t was confirmed by using 1,2,3,4-tetraacetyl- and 1,2,3,6-tetraacetyl-D-
glucose that D D Q does not cause acetyl group removal f r om or migra t i on 
i n the sugar and that P r e h m ' s methy lat ion does not induce acetyl m i g r a 
t i o n . A c c o r d i n g to this method (Scheme 1), the L C C oligomers A - E S D were 
subjected to analysis of the type of linkage present and the corresponding 
monomethylated sugars are summarized i n Table III . T h e sites of benzy l 
ether linkages to the sugar moieties of the L C C ' s are predominant ly at C-6 
i n hexoses and most ly at C -3 and somewhat less so at C-2 i n pentoses. T h e 
sugars l iberated by this reaction are the ones located at the a -carbons of 
l i gn in phenylpropane units etherified at the p - hydroxy l pos i t ion . M o s t of 
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16 LIGNIN: PROPERTIES AND MATERIALS 

the non-phenol ic benzy l ether linkages are easily broken b y the act ion of 
D D Q due to the enhanced e lectron-donat ing properties o f para subst i tuted 
phenylpropane uni ts . However, phenolic hydroxyls are acetylated d u r i n g 
the first step of this m e t h o d i n phenolic benzy l ethers a n d the enhanced 
electron w i t h d r a w i n g properties of the acetoxy groups make cleavage o f the 
b e n z y l ether l inked sugar residues (as shown i n Scheme 1) dif f icult . 

Tab le I I I . M e t h y l Ethers of Monosaccharides f r o m the H y d r o l y z a t e of 
M e t h y l a t e d L C C Oligomers ( A - E S D ) 

M e t h y l a t e d Sugars M o l % a 

2- 0 -methy l -D-xy lose 9.2 
3- 0 -methy l -D-xy lose 24.2 
T o t a l xylose 33.4 

2- O-methyl -D-mannose 2.8 
6- O m e t h y l - D - m a n n o s e 41.6 
T o t a l mannose 44.4 

2- 0 -methyl -D-glucose 2.0 
6- O-methyl-D-glucose 20.3 
T o t a l glucose 22.3 

a Based on t o t a l methylated sugar components identi f ied. 

M o l e c u l a r S h a p e o f L C C ' s 

T h e molecular sizes of L C C ' s extracted f rom finely d iv ided wood powder of 
10 to 30 nanometer diameter part ic le size may be somewhat smaller t h a n 
or ig ina l ly the case owing to vigorous mechanica l act ion d u r i n g the course 
of m i l l i n g . However, this act ion affects bo th l ign in and polysaccharide 
molecules evenly (2), and so i t does not seem to be the case that on ly 
specific linkages are cleaved by m i l l i n g . 

F i r s t , f ract ionat ion of the L C C ' s extracted f rom pine (Pinus densiflora) 
wood was at tempted according to the method of B j o r k m a n (5) into three 
fractions by means of adsorpt ion chromatography w i t h a D E A E Sephadex 
c o l u m n . In the case of pine L C C ' s , the fract ion C - l - M e lut ing first w i t h 
water was composed of neutra l L C C ' s ( fraction C - l - M - 1 , 5% yie ld) consist
i n g of mannose, glucose, arabinose, xylose and l i gn in , as well as l ignin-free 
acetyl g lucomannan (45% y ie ld ) . Subsequent e lut ion w i t h one mo lar a m 
m o n i u m carbonate so lut ion l iberated acidic L C C ' s ( fraction C - l - A , 25-30% 
yie ld) w h i c h const i tuted the major por t i on o f the pine L C C ' s consist ing of 
12-13% l i g n i n , about 6% uronic ac id and 7 6 % neutra l sugars. T h e last e lu 
t i o n ( fraction C - l - R , 2 -5% yield) was effected by using 10 molar acetic a c id , 
w h i c h released a fract ion containing around 4 4 % l ign in and 4 3 % sugars. 

T h e fol lowing experiments were conducted using fract ion C - l - A , w h i c h 
was thought to be representative of the L C C ' s (17). T h e acidic L C C frac
t i o n , C - l - A , was p a r t i a l l y hydro lyzed w i t h a cellulase preparat ion , C e l l u 
los in A C , and changes i n the l i gn in and sugar d is tr ibut ions were analyzed 
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2. K O S H I J I M A E T A L . Complex Polymer as an Amphipathic Substance 17 

C H 2 O H 
— O - C H 

W O A c D-Glucose 
— 0 — C H 4 

fc-0 I 

H y d r o l y s i s 

Scheme 1. E s t i m a t i o n of l inkage sites i n l ignin-carbohydrate moieities. 
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18 LIGNIN: PROPERTIES AND MATERIALS 

by means of Sephadex co lumn chromatography. F igure 1, where the l i gn in 
component is marked by a dotted l ine , shows that not on ly the polysac
charide but also even the l i gn in component was broken down to smaller 
molecules by the act ion of the cellulase preparat ion . T h i s was quite u n 
expected, since the Ce l lu l os in A C has been confirmed to have intense car-
boxy met hylcellulase, hemicellulase and /?-glucosidase as wel l as avicelase 
act iv i t ies but no ligninase or peroxidase act iv i t ies . F igure 2a shows the pro 
file of f ract ion C - l - A f rom a Sephadex G-15 co lumn. T h e major f ract ion i n 
F igure 2 A was secured, p a r t i a l l y hydrolyzed w i t h Ce l lu l o s in A C and rechro-
matographed ( F i g . 2b) . W h e n peaks I and II i n F igure 2b were isolated 
and again hydro lyzed w i t h the same cellulase preparat ion , the l i gn in com
ponents again separated into four fractions i n the lower molecular weight 
region of the profile as shown i n F igure 2c (4). T h i s phenomenon is easily 
understandable by assuming the l i g n i n component of the L C C ' s to consist 
of low molecular weight pendant- l ike fragments attached to a sugar chain 
( F i g . 3). In other words, Ce l lu l o s in A C could break down on ly the intercon
nect ing sugar chain between l i gn in moieties, w i t h the result that the l i gn in 
components appeared to be cleaved by the cellulases and separated into 
several peaks corresponding to different molecular sizes on the gel - f i l trat ion 
chromatograms (4). T h i s view was supported by the viscosimetric behavior 
of the neutra l L C C ( C - l - M - 1 ) so lut ion i n water (9). 

M i c e l l e o r A g g r e g a t e F o r m a t i o n a n d H y d r o p h o b i c I n t e r a c t i o n s o f 
L C C M o l e c u l e s i n A q u e o u s S o l u t i o n 

W h e n hydrophi l i c and hydrophobic groups are present i n a single molecule 
and their rat io and d i s t r ibut i on over the molecule are suitable , the molecules 
associate w i t h each other and f o rm micelles or aggregates i n aqueous so lu 
t i o n . A s L C C molecules have bo th hydrophobic l ign in and hydrophi l i c sugar 
moieties, i t is reasonable to consider that they should associate to f o r m ag
gregates or micelles. F igure 4 displays the relat ionship between e lectr ical 
conduct iv i ty of the L C C so lut ion and concentrat ion, which changes sharp ly 
at the po int where the micelles or aggregates are formed, conf irming indeed 
that such entities do occur. T h e cr i t i ca l micelle concentration (c.m.c.) was 
0.035% i n this case (8). 

Meanwhi le , p inacyanol chloride, a k i n d of pigment, has two v is ib le ab
sorpt ion m a x i m a , the a - b a n d ( A m a r 6 0 5 nm) and /?-band ( A m a r 5 5 0 n m ) . 
These \ m a x ' s shift to longer wavelengths w i t h increasing molar ex t inc t i on 
coefficient as the L C C concentration increases. F igure 5 i l lustrates plots 
of the mo lar ext inct ion coefficients of the L C C - p i n a c y a n o l chloride so lu 
t i o n against the concentration of C - l - A - 1 , the purif ied acidic L C C fract ion . 
T h e d iscont inuity (corresponding to the c.m.c.) i n F igure 5 confirms that 
micel le format ion occurs. F igure 5 shows the same c.m.c. value, 0.035%, 
as F i g u r e 4, ind i ca t ing that micel le or aggregate f o rmat ion takes place i n 
L C C solutions (8). F igure 6 provides another instance demonstrat ing m i 
celle f o rmat ion or aggregation of L C C ' s i n so lut ion as a result of cat ionic 
d e t e r g e n t - L C C interact ions. T h e L C C ' s used here were isolated together 
w i t h m i l l e d wood l ign in f rom finely d iv ided pine wood w i t h an aqueous diox-
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20 LIGNIN: PROPERTIES AND MATERIALS 

| : A t t a c k p o i n t s o f c a r b o h y d r o l a s e 

Figure 3. Degradat ion pattern of L C C molecule by carbohydrolases. 
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2. K O S H I J I M A E T A L . Complex Polymer as an Amphipathic Substance 21 

C o n c e n t r a t i o n , % 

Figure 4. Plot of conductivity against LCC ( f r a c t i o n 
C-l-A-1) concentration. (Reprinted with permission 
from r e f . 8, Copyright 1979 Walter de Gruyter & Co.)  P
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22 LIGNIN: PROPERTIES AND MATERIALS 

C o n c e n t r a t i o n o f C - l - A - 1 , % 

Figure 5. Plot of molar e x t i n c t i o n c o e f f i c i e n t against 
LCC ( f r a c t i o n C-l-A-1) concentration. (Reprinted with 
permission from r e f . 8. Copyright 1979 Walter de Gruy-
ter & Co.) 
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24 LIGNIN: PROPERTIES AND MATERIALS 

ane so lut ion ; the fract ion is denoted by L C C - W i n this chapter. L C C - W 
was fract ionated into three fractions, namely W - l , W - 2 and W - 3 , through 
a Sepharose 4 B co lumn (13). W - l is the one eluted at the vo id vo lume, 
W - 2 (Mn = 2 x 10 5 ) contained 5 1 % l ign in and 3 8 % neutra l sugar moieties, 
a n d W - 3 ( M n = 3 x 10 3 ) inc luded 2 1 % l i g n i n and 7 3 % sugars. 

T h e add i t i on of 0 . 1 % of a variety of detergents to the eluents i n gel -
filtration chromatography using a Sepharose 4 B co lumn resulted i n the de
crease or disappearance of the higher molecular weight f ract ion W - 2 , whi le 
the lower molecular weight fract ion W - 3 remained at its i n i t i a l pos i t ion i n 
the chromatogram. W - 3 appeared i n the chromatogram alone when cat ionic 
or amphionic detergents were used as additives (27). A s the fract ion W - 2 
h a d a number-average molecular weight i n the region of 10 5 and the r e m a i n 
i n g W - 3 is o f the order of 10 3 , W - 2 corresponds to micelles or aggregates 
of pine L C C ' s w h i c h are decomposed by interactions w i t h cat ionic deter
gents. Further , i t became evident f rom this experiment that electrostatic 
interact ions contr ibute as d r i v i n g forces for micel le or aggregate f o rmat ion 
i n add i t i on to hydrophobic interactions (27). 

T h e L C C molecules e x h ib i t ing a tendency to f o rm micelles or aggre
gates are thought to be confined to those w i t h l ign in rsugar ratios around 1:1. 
T h i s is exemplif ied by fract ion W - 2 here. O n the other h a n d , L C C molecules 
containing a larger amount of carbohydrate and less l i g n i n w o u l d lack the 
ab i l i ty to f o rm micelles as i n the case of those L C C molecules i n fract ion 
W - 3 which contained 7 0 % sugar and 2 0 % l i g n i n on average ( F i g . 7b) . F i g 
ure 7 depicts the s t r u c t u r a l determinants of the L C C molecules and their 
micelles or aggregates proposed on the basis of the summar ized results . 

T h e L C C molecules proposed here furnish a chemical and physico-
chemical basis to the images obtained by K o s i k o v a and Fengel f r om elec
t ron microscopic observations. A s shown i n F igure 7, some of the sugar 
cha in terminals are expected to l i n k glycosidical ly to l i g n i n moieties since 
sugar-free l i gn in fragments have been isolated by enzymat ic degradation of 
C - l - A us ing Ce l lu los in A C (4). However, there is no direct evidence con
cerning the occurrence of glycosidic linkages, so this prob lem remains an 
open question. 

It is expected f rom the molecular shapes of L C C ' s that strong h y 
drophobic interact ions due to the l i gn in moieties act between the L C C 
molecules i n aqueous so lut ion . W h e n the chromatography of L C C ' s was 
carried out w i t h hydrophobic s tat ionary phases using co lumns of pheny l 
and o c t y l Sepharose, 80 .4% and 77 .6% of the charged L C C ' s were adsorbed 
onto the c o lumn, wh i ch were being eluted w i t h a solvent m i x t u r e composed 
of an increasing concentration of e thy l cellosolve (0, 15, 30, 45 a n d 50%) 
and decreasing concentration of a m m o n i u m sulfate (0.8, 0.6, 0.4, 0.2 a n d 
0 . 0 M ) , respectively, adjusted to p H 6.8. T h e chemical composit ions of the 
five components hereby obtained indicated that the fractions w i t h higher 
l i gn in content are eluted at the higher concentration of e thy l cellosolve ( T a 
ble I V ; ref. 15). 

E v e n though one pheny l group is approximate ly equivalent to a three-
carbon a l k y l chain i n hydrophobic i ty , phenyl Sepharose adsorbs a larger 
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2. K O S H I J I M A E T A L . Complex Polymer as an Amphipathic Substance 25 

a e F r . W - 2 b . F r . W - 3 

L i g n i n f r a g m e n t 

C a r b o h y d r a t e m o i e t y l i n k i n g n o n -
g l y c o s i d i c a l l y t o l i g n i n f r a g m e n t 

C a r b o h y d r a t e m o i e t y l i n k i n g g l y c o s i d i c a l l y 
t o l i g n i n f r a g m e n t 

Figure 7. Structural determinants of L C C molecules and their micelle (or 
aggregate) formation. (Reprinted with permission from ref. 27. Copyright 1981.) 
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2. K O S H I J I M A E T A L . Complex Polymer as an Amphipathic Substance 27 

amount of L C C ' s t h a n o c ty l Sepharose, ind i ca t ing that 7T-7T interactions 
due to the l i gn in aromat ic r i n g moieties o f the L C C ' s act i n add i t i on to 
hydrophobic interactions invo lv ing the carbon atoms of l i gn in side chains. 

T h e number-average molecular weights were 6 x 1 0 3 for pine L C C ' s , 
and 6 x 1 0 3 and 2 x 10 5 for the species (present i n a 1:1 rat io ) compr is ing 
beech L C C ' s (28). T h e beech L C C molecules seem to consist o f very few 
but bigger l i gn in moieties compared w i t h those of pine L C C ' s . 

T h e progress o f l i g n i n biosynthesis i n the presence o f ol igo- or polysac
charides i n the p r i m a r y cell w a l l would necessarily engender the f o rmat i on 
of sugar- l inked l ignins or l ignin- interconnect ing sugar chains, provided that 
l i gn in biosynthesis involves quinonemethide intermediates. T h e resul t ing 
products are a l l l ignin-carbohydrate complexes i n a broad sense, but the 
L C C ' s wh i ch can be extracted by the usual methods w i l l be l i m i t e d to those 
w i t h less t h a n a 5 0 % l ign in content. A part o f the chemical structures of 
the in teruni t linkages i n pine L C C ' s is presented i n F igure 8. 

T h e role o f L C C ' s i n l i v i n g p lant tissues is presumed to be related to 
the prevention of water-soluble hemicelluloses f r om disso lv ing out of the 
cell wa l l by the formation of micelles or aggregates that immob i l i ze sugar 
chains, and the so lubi l i zat ion of water- insoluble mater ia l such as l i g n i n , 
thereby enabl ing i t to move to any place i n the cel l . 

F igure 8. S t r u c t u r a l features of the interuni t linkages i n the l i g n i n -
carbohydrate moieties i n pine L C C ' s . 
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28 LIGNIN: PROPERTIES AND MATERIALS 
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Chapter 3 

Heterogeneity of Lignin 

Dissolution and Properties of Low-Molar-Mass Components 

Kaj Forss, Raimo Kokkonen, and Pehr-Erik Sågfors 

The Finnish Pulp and Paper Research Institute, P.O. Box 136, 00101 
Helsinki, Finland 

On heating pre-extracted spruce wood meal for 48 h with 
a 60:40 v/v mixture of dioxane and 0.5 M phosphate 
buffer pH 6.8, low molar mass lignins (i.e., hemilignins 
and breakdown products of high molar mass glycolignin) 
amounting to 24 percent of total lignin are dissolved. By 
extraction of the solution with n-hexane the dioxane is 
transferred to the hexane phase together with hexane
-dioxane soluble lignins. Removal of dioxane results in 
precipitation of dark brown hydrophobic lignin. Water 
soluble lignins remain in solution. When wood is heated 
first with the buffer solution alone and then with the mix
ture of dioxane and buffer solution, only small amounts 
of the hydrophobic lignin dissolve. It seems that during 
heating with the aqueous buffer solution the hydrophobic 
lignin, which may form the residual lignin in kraft pulp, 
becomes irreversibly bound to the fibers. 

It has earlier been shown that spruce wood (Picea abies) lignin is a group 
of compounds, consisting of 80-85% polymeric carbohydrate-bound lignin, 
which we are designating glycolignin and 15-20% of a group of low molar 
mass lignins, monomers, dimers and oligomers, which we are collectively 
designating hemilignins (1). 

The purpose of this work is to elucidate the role of hemilignins and 
glycolignin in the formation of color in pulp. The aim of the present part 
of the work was to develop a selective method for dissolution of low molar 
mass lignins without dissolving the glycolignin. 

Heating wood with an acid bisulfite solution causes sulfonation of both 
the hemilignins and the glycolignin. The hemilignins are sulfonated and 
dissolved before the glycolignin. In all probability, due to its bonding with 
carbohydrates, the dissolution of glycolignin is strongly affected by the pH 

0097-6156y89/0397-0029$06.00A) 
© 1989 American Chemical Society 
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30 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

of the cooking l iquor . For instance, on heating wood w i t h a bisulfite so lut ion 
of p H 5.5 at 130°C, both hemil ignins and g lyco l ignin are sulfonated but 
dissolut ion is l imi ted almost entirely to the hemi l ign in sulfonates. However, 
by subject ing the wood mater ia l to a subsequent acid-catalyzed hydrolys is , 
the g lycol ignin-carbohydrate bonds are broken and the g lyco l ignin sulfonic 
acids dissolve (1). 

T h e conclusion that a l l low molar mass l ignins are hemil ignins is , how
ever, an oversimpli f ication since i t has been shown that , on heating an aque
ous so lut ion of g lycol ignin sulfonic acid acidified w i t h hydrochloric ac id or 
sulfur dioxide and bisulfite, a monomeric sulfonated hydrolysis product is 
formed (2). 

A comparison of the rates of dissolution shows that g lyco l ignin is dis 
solved much faster i n the kraft process than i n the ac id bisulfite process 
(3). In spite of th is , kraft pu lp contains more res idual l ign in t h a n sulfite 
pulp and is more difficult to bleach. 

T h i s observation leads to the view that the so-called residual l i gn in 
may not originate f rom undissolved glycol ignin but f rom low molar mass 
l ignins, i.e., hemil ignins or breakdown products f rom glyco l ignin deposited 
on the fibers at an early stage of the cook. 

In order to investigate this possibi l ity, a series of kraft cooks was per
formed. C o t t o n wool was placed in each digester. T h e chlorine number, 
( ISO 3260), of the cotton wool i n F igure 1 shows that the deposit ion of 
l ignins takes place at an early stage of the cook. These colored l ignins 
could not be removed by washing the cotton wool w i t h sod ium hydroxide 
so lut ion . 

T h i s result supports the hypothesis that the residual l i gn in i n kraft 
pu lp is formed f rom some hemil ignins or the degradation products of g ly 
co l ignin . In sulfite pu lp ing , sul fonation of the hemil ignins and the hydrolys is 
product of g lyco l ignin may prevent these compounds f rom reacting further 
and f rom becoming deposited on the fibers. 

In mechanical wood p u l p i n g , the g lycol ignin remains undissolved, 
whereas some of the hemil ignins are dissolved, their solubil it ies i n water be
ing the m a i n l i m i t i n g factor. It is thus possible that some of the hemil ignins 
are also responsible for the yel lowing of mechanical p u l p . 

D e l i g n i f i c a t i o n o f S p r u c e W o o d M e a l o n H e a t i n g w i t h W a t e r 

In order to show the amount and molar masses of l ignins that can be dis 
solved on heating wood w i t h water, 5 g portions of wood meal extracted 
w i t h cyclohexane-ethanol (4) were heated w i t h 100 m L water at 150°C. 

F igure 2 shows that del ignif ication reaches a m a x i m u m of 8% after 4 h 
of heat ing. Pro longed heating caused a redeposition of l ignins on the wood 
mater ia l . 

D u r i n g heating the p H dropped below 4 due to the f ormat ion of acetic 
ac id . T h e ac id caused hydrolysis of hemicelluloses and format ion of fur
fura l . It is thus possible that the del ignif ication was caused by hydro ly t i c 
cleavage of interuni t linkages. F igure 3 shows that the dissolved l ignins 
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32 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

were monomers and oligomers w i t h molar masses of less t h a n 1000 g / m o l 
(7). 

D e l i g n i f i c a t i o n o f S p r u c e W o o d M e a l o n H e a t i n g w i t h N e u t r a l 
P h o s p h a t e B u f f e r S o l u t i o n 

T o test the assumption that the del ignif ication t a k i n g place when spruce 
wood meal is heated w i t h water is a result of acid catalyzed hydrolys is , 
wood meal samples were heated w i t h 0.5 M phosphate buffer so lut ion at 
p H 6.8 ( F i g . 4). 

F igure 4 shows that 8% del ignif ication was reached by heat ing w i t h 
buffer so lut ion but that the rate was slower than when heat ing w i t h water . 
F igure 5 shows that , on heating w i t h buffer so lut ion , the l ignins dissolved 
are also of low molar mass. N o furfural was formed i n this experiment. 
It can be concluded that the dissolution of l ignins w i t h water and w i t h 
buffer so lut ion is not the result of an acid-catalyzed hydro ly t i c cleavage of 
chemical bonds. 

However, as shown by Sakakibara et al. (5), a - O - 4 bonds i n model 
compounds dissolved i n water-dioxane (1:1) are readily cleaved on heat ing . 

D e l i g n i f i c a t i o n o f S p r u c e W o o d M e a l o n H e a t i n g w i t h M i x t u r e s 
o f P h o s p h a t e B u f f e r a n d D i o x a n e 

Since the reason for the l imi ted degree of delignif ication reached on heat ing 
wood w i t h water or w i t h buffer so lut ion may be the low so lubi l i ty of l ignins 
i n water, wood meal was heated w i t h mixtures of phosphate buffer and 
dioxane ( F i g . 6). 

F igure 6 shows that , on heating wood meal w i t h buffer so lut ion for 
6 h at 150°C, 6% of the t o ta l l i gn in was dissolved, but on heating w i t h 
dioxane only 4% dissolved. However, on heating w i t h a mix tur e of buffer 
and dioxane 14% of the l ign in dissolved. 

U s i n g reversed-phase chromatography ( F i g . 7), i t was possible to show 
that , on heating w i t h buffer so lut ion , most of the l ignins dissolved were of 
a hydrophi l i c nature , e lut ing between 0 and 30 minutes, whereas dioxane 
preferentially dissolved hydrophobic l ignins, which eluted between 30 and 
80 minutes. 

A s heating w i t h buffer so lut ion was found preferentially to dissolve 
hydrophi l i c molecules, an attempt was made to delignify by heat ing wood 
meal successively w i t h buffer and w i t h a buffer-dioxane m i x t u r e . F igure 8 
shows that heat ing w i t h buffer resulted i n a m a x i m u m delignif ication of 
about 8% after 8 h , at which point some of the dissolved l i gn in was rede-
posited on the wood mater ia l . 

Af ter 48 h of heating w i t h buffer, 5% of the l i g n i n was i n so lut ion . 
W h e n the wood residue was subsequently heated in dioxane-buffer, an a d 
d i t i ona l 3% of the to ta l l i gn in dissolved instantaneously. Thereafter almost 
no l i g n i n was dissolved. However, by heating wood meal w i t h buffer-dioxane 
so lut ion , 24% of the l i gn in was dissolved after 48 h . It can be concluded that 
heat ing w i t h buffer alone irreversibly bound l ignin to the wood m a t e r i a l . 
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3. F O R S S E T A L . Heterogeneity of Lignin 33 

i — — 
^ 280 nm 

1.2n 

RELATIVE RETENTION VOLUME 
i i i i 1 

10000 5000 3000 1500 1000 MOLAR MASS 

Figure 3. L ign ins dissolved and furfural formed on heat ing spruce wood 
meal w i t h water for 6 h at 150°C. C o l u m n : Sephadex G-50 . E l u e n t : 0.5 M 
N a O H . 

DELIGNIFICATION,% 

1 -

01 I I I I I I I I 1—I 
0 1 2 3 4 5 6 7 8 

HEATING TIME AT 150 o C, h 
F igure 4. Del igni f icat ion on heating spruce wood meal w i t h phosphate 
buffer, p H 6.8, at 150°C. 
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34 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

280nm 

RELATIVE RETENTION VOLUME 
i » » i i 

10000 5000 3000 1500 1000 MOLAR MASS 

Figure 5. L i g n i n s dissolved on heating spruce wood meal w i t h phosphate 
buffer, p H 6.8, for 6 h at 150°C. C o l u m n : Sephadex G-50 . E l u e n t : 0.5 M 
N a O H . 

F igure 6. Del igni f icat ion on heating spruce wood meal for 6 h at 150°C w i t h 
0.5 M phosphate buffer ( p H 6.8) and dioxane i n various volume proport ions . 
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3. F O R S S E T A L . Heterogeneity ofLignin 35 

Figure 7. L ign ins dissolved on heating spruce wood meal w i t h phos
phate buffer 0.5 M ( p H 6.8) and w i t h dioxane for 6 h at 150°C. C o l 
u m n : Spherisorb O D S . E l u t i o n : Gradient e lut ion w i t h phosphate buffer-
methano l . 

DELIGNIFICATION,% 
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Figure 8. Del igni f icat ion on heating (A ) spruce wood meal w i t h phosphate 
buffer ( p H 6.8), 150°C; (B) spruce wood meal w i t h dioxane-phosphate 
buffer (60:40% v / v ) ; (C) wood residue f rom (A ) (48 h) w i t h dioxane-
phosphate buffer (60:40% v / v ) . 
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36 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

C u r v e A i n F igure 9 reveals that , on heating wood meal w i t h buffer 
so lut ion for 48 h at 150°C, the l ignins dissolved, amount ing to 5% of t o t a l 
l ign in ( F i g . 8), are hydrophi l i c to vary ing degrees. 

O n heating wood meal w i t h a mix ture of dioxane and phosphate buffer 
for 48 h at 150°C, 2 4 % of the l i gn in dissolved, as shown i n F igure 8. M o s t 
of this l ign in is hydrophobic and eluted i n the retention t ime range 60-
90 minutes (Curve B ) . However, when the wood residue obtained after 
heat ing wood meal w i t h phosphate buffer was heated w i t h the dioxane-
phosphate buffer m i x t u r e , only moderate further del ignif ication was ob
tained (Curve C ) . 

F igure 9 thus shows that most of the l i gn in dissolved on heating w i t h 
the buffer-dioxane so lut ion is bound to the wood on heat ing w i t h buffer 
alone. T h i s hydrophobic l ign in is eluted i n the retention t ime range 60-
90 minutes. 

B y extract ion of the so lut ion obtained on heating wood meal w i t h 
buffer-dioxane so lut ion for 16 h w i t h n-hexane, the dioxane was transferred 
to the hexane phase together w i t h hexane-dioxane soluble l ignins. These 
amounted to about 2 0 % of the dissolved l ignins and to about 3% of the 
to ta l l i gn in i n wood. Removal of the dioxane resulted i n prec ip i tat ion of 
hydrophobic l i gn in , as revealed by F igure 10. T h i s l i gn in amounted to 3 0 % 
of the dissolved l ignins and about 6% of the to ta l l i g n i n i n wood. T h i s 
hydrophobic l i gn in is dark brown, insoluble i n water, incompletely soluble 
i n dioxane and i n 0.1 M sod ium hydroxide, but soluble i n a dioxane-water 
m i x t u r e (60:40 v / v ) . 

F igure 11 reveals that the water-insoluble l ignin has a broad molar 
mass d i s t r ibut ion w i t h an average molar mass close to Mw = 2000 g / m o l . 

Its nature as a l ign in component is confirmed by its elemental c om
posit ion and I R - s p e c t r u m compared w i t h corresponding d a t a for a mi l l ed 
wood l ign in preparat ion , Table I and F igure 12. 

Table I. E lementa l Compos i t i on of the Water-Insoluble L i g n i n 

c H O C H 3 0 

64.37 5.48 28.67 14.03 
64.22 5.45 28.79 13.91 

Water- insoluble l i gn in : C9H7.4602.47(OCH 3 )o .83 
M i l l e d wood l ignin (P. abies) (6): C 9 H 8 . 8302 .37 (OCH 3 ) o . 96 

T h e s imi lar i ty of the two spectra in F igure 12 confirms the l i gn in nature 
of the water-insoluble substance. 

It is assumed that the water-insoluble l ign in is a po lymer izat i on and 
ox idat ion product of a C10 monomer, C g H n C ^ O C H a ) . T h e brown color 
may be the result of loss of 0.17 m e t h y l groups and hydrogen atoms d u r i n g 
the f ormat ion of a quinonoid structure and loss of 0.7 moles of water. 

O n heating wood meal for 16 h w i t h the dioxane-phosphate buffer, 
17% of the to ta l l ign in i n wood dissolved. A s revealed by F igure 13, about 
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3. F O R S S E T A L . Heterogeneity of Lignin 37 

'280 nm 

RETENTION TIME, min 

Figure 9. L ign ins dissolved on heating for 48 h at 150°C: ( A ) spruce wood 
meal w i t h 0.5 M phosphate buffer ( p H 6.8); (B) spruce wood meal w i t h 
dioxane-phosphate buffer (60:40% v / v ) ; (C) wood residue f rom ( A ) (48 h) 
w i t h dioxane-phosphate buffer (60:40% v / v ) . C o l u m n : Spherisorb. E l u t i o n : 
G r a d i e n t e lut ion w i t h phosphate buffer-methanol. 

F igure 10. L ign ins dissolved on heating spruce wood meal w i t h dioxane-
phosphate buffer (60:40% v / v ) for 16 h at 150°C: ( A ) L i g n i n s dissolved; 
(B) Water- insoluble l i gn in . C o l u m n : Spherisorb O D S . E l u t i o n : G r a d i e n t 
e lut ion w i t h phosphate buffer-methanol . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

00
3



38 LIGNIN: PROPERTIES AND MATERIALS 

F igure 11. Water- insoluble l i gn in . C o l u m n : Sephadex G-50 . E luent : 0.5 M 
N a O H .  P
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40 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

Figure 13. L i g n i n s dissolved on heating spruce wood meal w i t h dioxane-
phosphate buffer (60:40% v / v ) for 16 h at 150°C. C o l u m n : Sephadex G-50 . 
E l u e n t : 0.5 M N a O H .  P
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3. F O R S S ET A L . Heterogeneity of Lignin 41 

5 0 % of the dissolved l i gn in consisted of water-soluble l ignins . M o s t of these 
were of rather low molar mass. 

T h e water-insoluble l ign in amounted to about one - th ird , and the 
hexane-dioxane soluble l ignins (which were most ly monomers) to about 
20%, of the l ignins dissolved. 

C o n c l u s i o n 

These results support earlier findings that spruce wood l i gn in is a hetero
geneous group of molecular species. It has been shown that the low molar 
mass hemil ignins , possibly together w i t h breakdown products f rom high 
molar mass g lyco l ignin , are dissolved on heating wood meal w i t h a m i x 
ture of neutral buffer so lut ion and dioxane. P a r t of the l ign in dissolved is 
a water-insoluble dark brown substance. If heating w i t h dioxane-buffer is 
preceded by heating w i t h buffer i n the absence of an organic solvent, this 
substance becomes bound to the wood mater ia l . It is possible that this 
l ign in forms the so-called residual l ignin i n kraft p u l p . T h e h igh molar 
mass g lyco l ignin is not dissolved on heating wood meal w i t h dioxane-buffer 
so lut ion . 
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Chapter 4 

Supercritical Fluid Extraction of Lignin 
from Wood 

Lixiong Li and Erdogan Kiran 1 

Department of Chemical Engineering, University of Maine, Orono, 
ME 04469 

Reactive extraction of lignin from red spruce has been 
studied using supercritical methylamine and methyla-
mine-nitrous oxide binary mixtures. The wood residues 
and precipitated fractions after extractions have been 
characterized by chemical and spectroscopic procedures. 
The molecular weights and molecular weight distribu
tions of the extracted lignins have been determined by 
gel permeation chromatography. The effect of extrac
tion time, temperature, pressure, and composition of 
extraction fluid on molecular weights of the extracted 
lignins has been studied. The molecular weight distri
bution of the lignins extracted by methylamine-nitrous 
oxide binary mixture is observed to be similar to that of 
kraft lignin (Indulin AT). In contrast, lignins extracted 
by pure methylamine display much broader molecular 
weight distributions. Molecular weight distributions be
come broader with an increase in extraction time, tem
perature, or pressure. 

Supercritical fluid extraction is a new separation technique that finds a 
number of applications in the natural products, biochemicals, food, phar
maceuticals, petroleum, fuel, and polymer industries (1-8). There is now an 
interest in applying this technology in the pulp and paper industry (9,10). 
In a recent comprehensive study on the interaction of supercritical fluids 
with lignocellulosic materials, it has been shown that lignin can be not only 
extracted from wood by reactive supercritical fluids but also separated as 
solid products in solvent-free form by reducing the extraction fluid pressure 
from a supercritical to sub critical level (11,12). 

1Address correspondence to this author. 

0097-6156/89/0397-0042$06.00/0 
C 1989 American Chemical Society 
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4. L i & K I R A N Supercritical Fluid Extraction of Lignin from Wood 43 

A m o n g the various extract ion fluids, supercr i t i ca l methy lamine and 
methylamine-ni trous oxide b inary mixtures have been found to be espe
c ia l ly effective i n the selective removal of l ign in f rom wood. T h i s has been 
verified by chemical ( K l a s o n l ignin determinat ion) , thermal ( thermogravi -
metr ic analysis) , and spectroscopic (infrared) analyses of the wood residues 
and the extracted fractions. It has been shown that l i gn in removal increases 
w i t h extract ion t ime , temperature, pressure, and the methylamine content 
( in the b inary mixture of methylamine-ni trous oxide). A mot ivat i on i n 
the use of b inary mixtures invo lv ing one of the components w i t h selective 
reaction capabi l i ty toward l i g n i n (such as methylamine) is the poss ib i l i ty 
of induc ing a l i m i t e d fragmentation of l ign in upon w h i c h its dissolut ion is 
achieved i n the supercr i t i ca l fluid media . If this is i n fact the case, the 
molecular weight of the l ignins may be expected to be larger than that of 
l ignins obtained by conventional pu lp ing processes. T o test this hypothe
sis, in format ion on the molecular weight and molecular weight d i s t r ibut i on 
( M W D ) of l ign in f rom supercr i t ical fluid extract ion is needed. T h e present 
paper is focused on this part i cu lar aspect. 

T h e l i terature on molecular weight and M W D of l ignins result ing f rom 
various conventional chemical treatments is quite extensive (13-15). In the 
selection of proper solvents for G P C analysis of l i gn in , in format ion on so lu
b i l i t y of l ignins i n various solvents documented by many researchers (17-19) 
is very useful. T h e commonly used solvents are either aqueous solutions 
(20-23) or organic compounds such as tetrahydrofuran ( T H F ) , d i m e t h y l -
formamide ( D M F ) , dimethylsulfoxide ( D M S O ) , and dioxane (24-28). M o r e 
recently, the use of h igh performance gel permeation chromatography w i t h 
styrene-divinylbenzene copolymer gel columns to characterize l i g n i n molec
ular weight has been reported (29-31). 

A m o n g the various solvents, D M F is reported to be the most effective 
organic solvent to dissolve kraft l ignins (19). It has also been suggested 
that association effects of nonacetylated l ign in molecules i n D M F can be 
substant ia l ly reduced by adding l i t h i u m bromide to D M F solvent (31-33). 
In the present study, G P C analyses were carried out i n D M F + 0 . 1 M L i B r 
using Waters Ul t ras tyrage l columns. G P C results of the extracted l ignins 
have been interpreted w i t h respect to e lut ion volumes, and compared w i t h 
the results of kraft pine l i gn in ( Indul in A T ) to d ist inguish different molec
ular weight features. 

E x p e r i m e n t a l 

Extraction System. T h e flow-through extract ion system used i n this s tudy 
is shown i n F igure 1. T h e system is operable up to 400 bar at 200°C. It con
sists of solvent delivery systems ( F l u i d 1, F l u i d 2, F l u i d 3), a flow-through 
reactor ( F R ) , a set of separator traps ( T P 1 , T P 2 ) , and the temperature 
and pressure control units . T h e reactor, traps, micrometer ing valves, and 
t u b i n g connections are housed i n a heated oven. 

In a typ i ca l extract ion experiment, a known amount of wood (about 
3 g) i n sawdust f o rm is first loaded into the reactor. B o t h the reactor and 
the separators are heated under a gentle nitrogen flow (10 c c / m i n ) to the 
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4. L i & K I R A N Supercritical Fluid Extraction of Lignin from Wood 45 

desired extract ion temperature. T h e n the extract ion fluid is introduced into 
the reactor. B y adjust ing the micrometering valve ( M V r ) , the pressure i n 
the reactor is mainta ined at a desired level . Af ter the react ion, the system 
pressure is reduced to atmospheric level either direct ly or i n a stagewise 
fashion w i t h the a id of the micrometering valves M V i and M V 2 . T h e 
extract ion is continued for a specified t ime. A t the end of each r u n , the 
wood residue i n the reactor ( F R ) and the precipitate i n the traps ( T P 1 and 
T P 2 ) are collected and analyzed. 

In the present study reactor temperature, pressure, and extract ion t ime 
are varied i n the range f rom 175 to 185°C, 170 to 275 bar , and 0.5 to 5 hr , 
respectively. T h e pressure i n the first trap is mainta ined at 1 bar. 

Materials. T h e wood sample, red spruce (Picea rubens), was obta ined 
local ly and used i n sawdust f o rm collected f rom a 1 m m sieve. K r a f t pine 
l i gn in ( Indul in A T ) was obtained from Westvaco. 

T h e extract ion fluids, nitrous oxide (A i r co , 99.9 w t . % p u r i t y ) and 
methylamine (L inde Specialty Gases, 98.0 w t . % pur i ty ) were used w i t h 
out further puri f i cat ion. 

E luent so lut ion ( D M F + 0 . 1 M L i B r ) for G P C analysis was prepared 
w i t h H P L C grade dimethyl formamide (Burd i ck and Jackson) and l i t h i u m 
bromide (Fisher Scientific Co . ) , which were used wi thout further pur i f i ca 
t i on . 

G P C performance was tested using polystyrene standards dissolved i n 
the same solvent. T h e polystyrene standards (average molecular weights: 
300,000, 100,000, 50,000, 35,000, 17,500, 4,000, 2,000 w i t h po lydispers i ty 
< 1.06) were obtained from the Pressure C h e m i c a l Company . 

Critical Properties. T h e cr i t i ca l temperature, pressure and volume for 
methylamine , nitrous oxide and their b inary mixtures were exper imental ly 
determined and have been previously reported (34). T h e cr i t i ca l temper
atures of the mixtures are intermediate between those of the pure compo
nents ( T c methylamine = 156.9°C; T c nitrous oxide = 36.5°C). T h e cr i t i ca l 
pressure goes through a m a x i m u m between the pure component values ( P c 

methylamine = 7.43 bar; P c nitrous oxide = 72.4 bar) . T h e m a x i m u m 
(92.5 bar) is observed at about 46 w t . % methylamine content. T h e extrac
t i on conditions reported i n the present study are a l l above the cr i t i ca l T 
and P of the fluids used. 

Chemical and Spectroscopic Analyses. A c i d insoluble l i gn in ( K l a s o n l ignin) 
contents of wood species before and after extractions were determined using 
a modif ied procedure suitable for smal l samples (35). 

A Dig i lab F T I R spectrophotometer ( M o d e l F T S - 6 0 ) was used to ob ta in 
I R spectra of samples before and after extractions. S tandard K B r pellets 
containing 1% by weight sample were used. 

GPC Analysis. Molecular weight characterizations were carried out using a 
Waters 840 G e l Permeat ion Chromatograph equipped w i t h b o t h an u l t r a 
violet ( U V ) ( M o d e l 481) and a refractive index (RI) detector ( M o d e l 410). 
T w o Ul trastyrage l columns, i n the running order of 1,000 and 10,000A pore 
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46 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

size, were used. To prevent the co lumn f rom clogging w i t h impuri t ies that 
may exist i n the mobile phase, a 2-micron guard co lumn was connected i n 
series before the 1000A c o lumn. 

T h e instrument was operated at 1.0 c c / m i n solvent flow w i t h 30 m i n 
r u n t ime . T h e columns and the sample and reference cell i n the R I detector 
were mainta ined at 40°C. T h e sample concentration was 0 .1% ( w / v ) and 
the inject ion volume was 25 pi. T h e wavelength of the U V detector was set 
at 268 n m . 

Because l ignins contain a large number of phenol ic , methoxy l , and 
a r y l ether funct ional groups (36,37), interactions between l ignin molecules 
themselves, and between l ign in molecules and gel mater ia l , may not be com
pletely avoided regardless of the nature of a given solvent. Such molecular 
interactions, especially i n the case of underivatized l ignins , result i n a back
pressure rise across the columns and t a i l i n g i n the chromatogram w h i c h 
may be observed when the system is continuously used over an extended 
t ime per iod . A consequence of co lumn back-pressure rise is a reduct ion i n 
the actual solvent flow rate and an increase i n the observed e lut ion v o l 
umes. In the present study, to test the re l iab i l i ty of e lut ion t imes, s tandard 
polystyrene samples were run i n between several runs w i t h l ignin samples. 

R e s u l t s a n d D i s c u s s i o n 

F igure 2 shows the extent of dissolution of red spruce i n methy lamine , the 
amount of precipitate collected i n the first trap upon complete depressur-
i zat ion to 1 bar , and the K l a s o n l ignin content i n the wood residue after 
extract ion , as functions of extract ion t ime. T h e to ta l dissolut ion and pre
c ip i ta t i on are normal ized w i t h respect to oven dry weight of i n i t i a l wood. 
T h e extract ion condit ions were 185°C, 275 bar , and 1 g / m i n solvent flow 
rate. A s shown i n the figure, dissolution in i t i a l l y increases w i t h t ime and 
levels off at about 2 8 % by weight. T h e precipitates wh i ch were collected 
as solids follow a s imi lar t rend. T h e K l a s o n l ignin content of the wood 
residue decreases w i t h extract ion t ime, f rom an i n i t i a l value of 26 .5% down 
to 10 .1% after 5 h of extract ion . 

T h e residues and precipitates f rom the above t ime dependent extrac
t i on study were further characterized by F T I R . T h e most d ist inct ive I R 
absorbance band for l ign in is observed at 1510 c m " 1 due to aromat ic r ing 
v ibrat ions (37). A s shown i n Figure 3, the absorption intensity of the 
residues at 1510 c m " 1 decreases w i t h increasing extract ion t ime . W h e n 
compared to the spectrum of red spruce at this same absorbance region, i t 
is easy to see that the relative amount of l ignin i n the wood samples de
creases to a lower level after methylamine extract ion . F igure 4 shows the I R 
spectra of Indu l in A T and the precipitates f rom methylamine extract ion of 
red spruce and Indu l in A T , respectively. We observe f rom this comparat ive 
plot that the I R spectra of the precipitates f rom methylamine extract ion of 
red spruce and methylamine extract ion of Indu l in A T are nearly ident ica l , 
suggesting that the precipitate f rom methylamine extract ion of red spruce 
is indeed l ignin- l ike mater ia l . T h e figure also shows the I R spec trum of the 
precipitate f rom a m m o n i a extract ion of red spruce. T h e spectrum of the 
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4. L I & K I R A N Supercritical Fluid Extraction of Lignin from Wood 47 

• KLRSON LIGNIN 
o DISSOLUTION 
a PRECIPITATION 

uJ 
a ID CL 

2.0 3.0 4.0 

EXTRACTION TIME (HOURD 

5.0 6.0 

Figure 2. Disso lut ion (%) of red spruce i n methylamine (O) , K l a s o n l ign in 
content (%) i n the residues after extract ion ( • ), and the amount (%) of 
precipitates i n the first trap (at 1 bar) ( A ) , as functions of extract ion t ime . 
E x t r a c t i o n condit ions: 185°C, 275 bar, and 1 g / m i n solvent flow rate. 

American Chemical Society 
Library 

115516th St.. N.w. 
Washington. O.C. 20036 
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48 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

Figure 3. Infrared spectra of red spruce ( A ) , and red spruce residues after 
1 h ( B ) , 2 h ( C ) , 3 h (D ) , and 5 h (E) methylamine extract ion at 1 8 5 ° C , 

275 bar and 1 g / m i n solvent flow rate. 
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4. L i & K I R A N Supercritical Fluid Extraction of Lignin from Wood 49 

I i i I 
1000 2008 1500 450 

W a v e n u m b e r ( c m " 1 ) 

Figure 4. Infrared spectra of kraft lignin, Indulin A T (D), and the precipitates 
collected in the first trap (at 1 bar) after methylamine extraction of Indulin A T 
(C), methylamine extraction of red spruce (B), and ammonia extraction of red 
spruce (A). Extraction conditions: 2 h extraction at 185 ° C, 275 bar, and 1 g/min 
solvent flow rate. 
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50 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

precipitate f rom a m m o n i a extract ion displays a different absorbance pat 
tern, ind i ca t ing that this precipitate may be a mix tur e of dissolved l i g n i n as 
wel l as carbohydrates f rom red spruce. Further details of extract ion results 
w i t h other fluids and l ignocellulosic materials and the results of chemical 
analyses are presented elsewhere (11,12). 

H a v i n g identif ied the precipitate f rom methylamine extract ion of red 
spruce as being p r i m a r i l y extracted l ignins , we investigated their molecular 
weights and molecular weight d istr ibut ions by G P C . A l l G P C results i n this 
paper are presented on the basis of relative sample e lut ion volume ( ind i ca 
tive of molecular weight) and relative e lut ion volume range and intensity 
( indicative of molecular weight d i s t r ibut ion) . T h e sample chromatograms 
presented i n Figures 5 to 10 are traces of the U V absorbance detected at 
268 n m . These chromatograms show the effects of extract ion t ime , temper
ature, pressure, and composit ion on the molecular weight of the extracted 
l i gn in . 

F igure 5 shows the comparative chromatograms of five l i gn in samples 
obtained f rom methylamine extract ion of red spruce. T h e extract ion condi 
tions were maintained at 185°C, 275 bar , 1 g / m i n solvent flow rate, except 
that extract ion t ime was varied f rom 0.5 h to 5 h . A s the extract ion t ime 
increases, the detector s ignal intensity corresponding to lower molecular 
weight range (at higher e lut ion volume) becomes more d is t inct , and the 
base of the sample peaks extends more to the left ( indicated by s m a l l ar 
rows). These changes i n the chromatograms are indicative of an increase i n 
the relative fract ion of both s m a l l and large sized molecules, which lead to 
a broader M W D . T h u s , longer extract ion t ime w i t h methylamine appears 
to produce l ignins w i t h broader M W D . 

T h e effect of extract ion temperature on the M W D ' s of the extracted 
l ignins is shown i n F igure 6. T h e l ignin samples were obtained f rom methy 
lamine extract ion of red spruce at temperatures ranging f rom 175 to 185°C, 
whi le m a i n t a i n i n g other extract ion conditions at 275 bar , 3 h , and 1 g / m i n 
solvent flow rate. T h e figure shows that the M W D ' s of the l ignins become 
broader w i t h increasing extract ion temperature. In a s imi lar way, an i n 
crease i n extract ion pressure leads to a broader M W D of the l ignins ( F i g . 7). 
These l ignins were obtained f rom methylamine extract ion of red spruce at 
185°C. T h e extract ion t ime was 3 h at 1 g / m i n solvent flow rate i n the 
pressure range f rom 172 to 275 bar . 

F igure 8 shows the comparative chromatograms of l i g n i n samples ob
tained f rom extract ion of red spruce and methylamine-ni trous oxide b inary 
mix tu re at five different compositions (0.2, 0.4, 0.6, 0.8, 1.0 weight fract ion 
of methylamine , at 185°C, 275 bar , 2 h , and 1 g / m i n solvent flow rate) . 
T h e apparent M W D ' s of the l ignins f rom the b inary solvent extractions are 
narrower than those of the l ignins obtained w i t h pure methy lamine extrac
t i on . O n the other hand , l ignins f rom pure methylamine extract ion appear 
to have the largest average molecular weight among the l ignins shown i n 
F igure 8. 

T o compare l ignins produced from supercr i t i ca l fluid extract ion of 
wood w i t h l ignins f rom conventional pu lp ing processes, a kraft pine l i gn in 
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4. L I & K I R A N Supercritical Fluid Extraction of Lignin from Wood 51 

j i i i i I 
5 10 15 28 25 30 

Retention Time (mln) 

Figure 5. G P C analyses of the precipitates collected i n the first trap (at 
1 bar) after 0.5 h ( A ) , 1 h ( B ) , 2 h ( C ) , 3 h (D ) , and 5 h (E) extract ion of 
red spruce w i t h methylamine at 185°C, 275 bar , and 1 g / m i n flow rate. 

I i i i 1 1 1 
8 5 18 15 20 25 39 

Retention Time (mln) 

Figure 6. G P C analyses of the precipitates collected i n the first t rap (at 
1 bar) after extract ion of red spruce w i t h methylamine at 170°C ( A ) , 175°C 
(B ) , 180°C ( C ) , 185°(D). Other conditions mainta ined at 3 h extract ion 
t ime , 275 bar , and 1 g / m i n solvent flow rate. 
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I I I I I I I 
8 5 18 15 28 25 38 

Retention Time (min) 

Figure 7. G P C analyses of the precipitates collected i n the first t rap (at 
1 bar) after extract ion of red spruce w i t h methylamine at 172 bar ( A ) , 
207 bar ( B ) , 241 bar ( C ) , 275 bar (D) . Other condit ions mainta ined at 3 h 
extract ion t ime, 185° C , and 1 g / m i n solvent flow rate. 
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4. L i & K I R A N Supercritical Fluid Extraction of Lignin from Wood 53 

I i i i i i I 
0 5 10 15 20 25 30 

Retention Time (min) 

Figure 8. G P C analyses of the precipitates collected i n the first t rap (at 
1 bar) after extractions of red spruce w i t h b inary mixtures of methy lamine -
nitrous oxide at methylamine weight fractions of 0.2 ( A ) , 0.4 ( B ) , 0.6 ( C ) , 
0.8 (D ) , 1.0 ( E ) . Other conditions mainta ined at 2 h extract ion t ime , 185°C, 
275 bar, and 1 g / m i n solvent flow rate (The extract ion condit ions are above 
the cr i t i ca l T and P of the b inary mixtures ; see ref. 34.) 
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54 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

( Indul in A T from Westvaco) and the precipitate f rom methylamine extrac
t ion of I n d u l i n A T were also analyzed w i t h G P C . A s shown i n F igure 9, the 
precipitates f rom 1 h , 3 h , and 5 h methylamine extract ion of I n d u l i n A T at 
185°C, 275 bar , and 1 g / m i n solvent flow rate do not show an appreciable 
difference i n their apparent M W D ' s f rom that of Indul in A T . T h i s i n d i 
cates that no significant chemical transformations that may alter molecular 
weight d i s t r ibut i on of Indu l in A T occur dur ing methylamine extract ions. 

In F igure 10, the chromatograms of the precipitates f rom methy lamine 
and methylamine-ni trous oxide extract ion of red spruce, and methylamine 
extract ion of I n d u l i n A T are compared along w i t h the chromatogram of 
Indu l in A T . T h e l ignins obtained f rom methylamine extract ion of red spruce 
has the broadest apparent M W D . E x t r a c t i o n w i t h methylamine-n i trous 

I i i i I I 
0 5 10 15 20 25 30 

Retention Time (min) 

Figure 9. G P C analyses of kraft pine lignin, Indulin A T (A), and the precipitates 
collected in the first trap (at 1 bar) after 1 h (B), 3 h (C), and 5 h (D) extraction 
of Indulin A T with methylamine at 185 ° C, 275 bar, and 1 g/min solvent flow 
rate. 
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4. L i & KIRAN Supercritical Fluid Extraction of Lignin from Wood 55 

i i i i i ! 
0 5 10 15 20 25 30 

Retention Time (mln) 

Figure 10. G P C analyses of Indulin A T (A), and the precipitates corresponding to 
chromatogram C in Figure 9 (B), chromatogram C in Figure 8 (C), and 
chromatogram D in Figure 5 (D). 

oxide b inary mix ture produces l ignins which display an apparent M W D 
simi lar to that of Indu l in A T . These observations are impor tant i n that by 
m a n i p u l a t i n g the composit ion of the extract ion fluid, the molecular weight 
d i s t r ibut i on of the l i gn in can be altered and possibly regulated. 

C o n c l u s i o n s 

T h e results that have been presented indicate that supercr i t i ca l fluid ex
t rac t i on can achieve not only separation of l i gn in f rom wood, but also may 
permi t control of the l ign in molecular weight and M W D by m a n i p u l a t i o n 
of extract ion temperature, pressure, t ime , or the composit ion of the ex
tract ion solvents. A m o n g these extract ion variables, the influence of ex
t rac t i on t ime and solvent composit ion are greater. T h e l ignins produced 
f rom methylamine extract ion of red spruce generally show higher average 
molecular weight than that of kraft pine l ign in ( Indul in A T ) . In the b inary 
(methylamine-nitrous oxide) solvent system, l ignins w i t h narrower M W D 
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56 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

are obtained w i t h an increase i n nitrous oxide f ract ion . A n increase i n ex
tract ion t ime, pressure or temperature tends to broaden the M W D of the 
l ignins obtained f rom either methylamine or methylamine-ni trous oxide ex
trac t i on . 

A c k n o w l e d g m e n t s 

T h i s research has i n part been supported by the N a t i o n a l Science F o u n d a 
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Chapter 5 

Determination of a Polymer's Molecular Weight 
Distribution by Analytical Ultracentrifugation 

John J. Meister 1 and E. Glen Richards 2 

1Department of Chemistry, University of Detroit, Detroit, MI 48221-9987 
2Research Division, Veterans Administration Hospital, 4500 South 

Lancaster Road, Dallas, TX 75216 

A method has been developed for the calculation of de
tailed and absolute molecular weight distributions for 
complex polymer samples. The method requires that 
a sedimentation velocity experiment be performed on at 
least three dilute concentrations of the polymer in sol
vent. Rayleigh interference pattern photos must be taken 
at equal times during the experiment. Three fringes of 
the interference pattern are digitized, averaged, and fit
ted with a polynomial. The derivative of the resulting 
curve, when combined with a function obtained from the 
Mark-Houwink equation, produces a differential molec
ular weight distribution. The distribution can be used 
to calculate any molecular weight average or moment of 
the distribution. Application of the method to a com
mercial poly(1-amidoethylene) standard gave a limiting 
viscosity number that matched the experimental value 
to within 2 percent and weight average molecular weight 
that bracketed the value claimed by the supplier. 

Many physical or chemical properties, such as heat of reaction or index of 
refraction, are single valued. However, some properties are multiple valued 
and extend over a range of temperature, energy or mass. Examples of this 
phenomenon are glass transition temperature, bond energies, or molecular 
weight. These properties are called "distributed" and occur frequently in 
complex chemicals such as polymers. These chemicals have a distribution 
of values for melting point, reaction rate, or molecular weight and each such 
property must be represented by a "distribution." This paper describes how 
to determine such a distribution for the molecular weight of a homopolymer 
composed of a mixture of molecules having different numbers of repeat units 
in them. 

0097-6156/89/0397-0058$06.75/0 
© 1989 American Chemical Society 
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5. M E I S T E R & R I C H A R D S MWDistribution by Utiracentrifugation 59 

In order to describe how this procedure works, d is tr ibut ions w i l l first 
be discussed i n more detai l and then molecular weight d is tr ibut ions w i l l be 
briefly discussed. M a n y properties of samples are actual ly a d i s t r ibut i on of 
values. In a powdery, crystal l ine so l id , i n d i v i d u a l crystals come i n different 
sizes. Further , different measures of this " crysta l size" control common 
behaviors of the crystal l ine sample. A single dimension of the crystals , a 
length or diameter, w i l l be a good measure of f i l terabi l i ty of the crystals . 
T h e square of this dimension, which is proport ional to surface area, w i l l 
correlate w i t h and describe the rate of so lut ion of the crystals . T h e cube 
of this d imension, a funct ion of volume of the crystals , w i l l specify how a 
crystal w i l l sediment under a grav i tat ional force since volume times density 
gives crystal mass. T h e distribution of lengths cubed w i l l te l l how the total 
sample w i l l sediment. T h u s , the rate at which a crystal l ine sample settles 
i n a vessel or under a centrifugal force w i l l be given by a sample-specific 
curve which shows, for a l l crystals, how many crystals of a given volume or, 
equivalently, of a given length cubed there are i n this part i cu lar sample. 

Macromolecules are very much like the crystal l ine powder just de
scribed. A few polymers, usual ly biological ly-active na tura l products like 
enzymes or proteins, have very specific structure , mass, repeat-unit se
quence, and conformational architecture. These biopolymers are the excep
tions i n polymer chemistry, however. Mos t synthetic polymers or storage 
biopolymers are collections of molecules w i t h different numbers of repeat 
units i n the molecule. T h e i n d i v i d u a l molecules of a po lymer sample thus 
differ i n chain length, mass, and size. T h e molecular weight of a po lymer 
sample is thus a d istr ibuted quantity. T h i s var iat ion i n molecular weight 
amongst molecules i n a sample has important impl i cat ions , since, just as 
i n the crystal dimension example, physical and chemical properties of the 
polymer sample depend on different measures of the molecular weight dis
t r i b u t i o n . 

It is usual ly not convenient to use an entire curve of values to give a 
molecular weight of a sample, however. There are different measures of a 
molecular weight d i s t r ibut ion that provide a formula to collapse the d i s t r i 
but ion into a single number. These formulas are usual ly called molecular 
weight averages and are useful in predict ing a polymer 's properties, such as 
viscosity, tensile strength, or viscoelasticity. T h e formulas whi ch provide 
one number to represent a d i s t r ibut ion , give averages of the d i s t r ibut i on i n 
the same units as the property. These are not methods to calculate mo 
ments of the d i s t r ibut ion since a d i s t r ibut ion moment has different units 
than the d is tr ibuted property. 

T h e first average i n common use is number-average molecular weight. 
T h i s number is obtained by d i v i d i n g the to ta l mass of the sample by the 
number of molecules i n i t . T h e formula for this average is 

where Mn is the notat ion for number-average molecular weight, n* is the 
largest number of repeat units i n any molecule of the sample, N{ is the 
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L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

number of molecules w i t h i repeat units i n the molecule, and m,- is the 
mass of a molecule w i t h i repeat units . R a n k i n g samples of a po lymer by 
number average molecular weight w i l l also rank the samples by how much 
each would decrease the freezing point of a solvent, how much each would 
increase the bo i l ing point of a solvent, or how much osmotic pressure a 
so lut ion of the sample would generate when placed inside a semiperme
able membrane. These properties are a l l functions of the free energy of a 
so lut ion . T h e capacity of Mn to rank samples of a po lymer i n order of 
magnitude of change produced i n these properties shows that the number 
of po lymer molecules i n a molecular weight d i s t r ibut ion controls so lut ion 
free energy. N u m b e r of molecules i n the molecular weight d i s t r ibut i on thus 
is a control l ing variable for the thermodynamics of po lymer solutions. 

T h e second average is viscosity average molecular weight, Mv. T h i s 
expression is obtained by using the exponent f rom the l i m i t i n g viscosity 
number -molar mass re lat ionship, a , as a power for the molecular weight of 
each molecule i n the d i s t r ibut i on . T h e formula for this average is 

T h i s average shows how the d i s t r ibut ion of molecules wou ld affect the vo l 
ume fract ion that is po lymer i n a polymer solut ion and control flow i n a 
melt of the polymer sample. 

T h e t h i r d average is weight-average molecular weight, Mw. T h i s mea
sure is obtained by s u m m i n g up the mass of each molecule times the weight 
fract ion of that molecule i n the sample. 

B y having each molecule's mass contribute i n proport ion to the weight frac
t i on of the sample, the value of this average changes more when the number 
of h igh molecular weight molecules i n the d i s t r ibut ion changes, as compared 
to the preceding two averages. T h e weight average of a d i s t r ibut i on w i l l 
give a molecular weight which w i l l rank how samples of a polymer sediment 
i n a grav i tat iona l field or scatter l ight f rom so lut ion . 

A fourth average molecular weight is the zeta-average, Mz. W h i l e this 
f ormula can be wr i t ten i n terms of weight fractions of molecules i n a s a m 
ple, this formulat ion of the average gives none of the phys ica l significance 
produced w i t h the weight-aver age. T h e formula for zeta average molecular 
weight is 

T h e value of this average is controlled by the h igh molecular weight end of 
the polymer d i s t r ibut i on . M2 ranks the viscoelastic properties of a sample 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

00
5



5. M E I S T E R & R I C H A R D S MW Distribution by UUracentrifugation 61 

and gives the effect of molecular weight d i s t r ibut i on on recoverable com
pliance (capacity to recover shape, (1)) through the polydispers i ty factor, 
(MZMZ + \)/{MW)2. T h e magnitude of the different molecular weight av
erages given above w i l l , for a given sample, increase i n the order i n w h i c h 
they appear above. 

A s this discussion of molecular weight d istr ibut ions and their averages 
indicates, the properties of a polymer are direct functions of the way the 
i n d i v i d u a l molecular masses are d istr ibuted i n a sample. T h e molecular 
weight d i s t r ibut ion and its averages are cr i t i ca l to understanding the n a 
ture and behavior of polymers. M o s t impor tant for the results of this paper, 
a l l of the above averages can be calculated f r om the molecular weight dis 
t r i b u t i o n that can be determined by analysis of the Ray le igh interference 
pattern produced f rom a sedimentation velocity experiment . T h e procedure 
for obta in ing such a d i s t r ibut ion w i l l now be described. 

Ultracentrifugal Sedimentation 

T h e sedimentation velocity experiment is conducted w i t h the macromolec
ular so lut ion and solvent placed i n separate sector-shaped chambers i n the 
cell of an ana ly t i ca l ultracentrifuge rotor. T h e rotor is accelerated to the 
desired speed and sedimentation of the solute is allowed to occur. A l l of the 
molecules sediment to the centrifugal " b o t t o m " of the cel l . A f ter a certa in 
t ime the meniscus is cleared of solute, thereby creating a "boundary" i n 
the so lut ion w i t h a flat plateau region of un i f o rm concentration and a t h i n 
layer of sedimented solute against the cell b o t t o m . T h e shape of the b o u n d 
ary is determined by diffusion of the solute, concentration-dependence of 
sedimentat ion, the Johnston-Ogston effect and heterogeneity of the solute 
(2,3). D u r i n g the progression of the experiment, the plateau becomes more 
di lute because of diffusion and the sector-shaped cell w i d t h and centri fugal 
field increasing w i t h radius . 

A mathemat i ca l expression for the results of a typ i ca l experiment is 
shown i n Figure 1. T h e simplest experiment is to ob ta in an average sedi
mentat ion coefficient by measuring the movement of the boundary , r n , w i t h 
t ime . F r o m the definition of the sedimentation coefficient, 

_ 1 dr _ 1 din r 
u2r dt u>2 dt 

where s is the sedimentation coefficient, u = 2TT(RPM)/6Q, r is the radius 
measured f rom the center of ro tat ion , and t is the t ime . T h e sedimentat ion 
coefficient has units of t ime (sec) and is measured i n units of svedbergs (s) 
where 1 s = 1 0 ~ 1 3 sec. T h e sedimentation coefficient is calculated f rom the 
slope of a plot of the l o g a r i t h m of boundary posit ion versus t ime . U s u a l l y 
the boundary posi t ion is assumed to be the posit ion of the m a x i m u m or
dinate of the peak that is obtained w i t h an opt i ca l system which records 
the derivative pattern of the refractive index. U s i n g a more sophist icated 
treatment of points along the boundary, one can obta in the weight-average 
sedimentat ion coefficient for the solute at the concentration corresponding 
to the plateau region. 

(i) 
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62 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

DISTANCE DOWN CELL 

Figure 1. A d iagram of several Ray le igh fringes placed on an image of the 
c e n t r i f t ^ t i o n cel l . D i s tor t i on of the fringe f rom a straight l ine is caused 
by a concentration gradient produced by sp inning the cell about the point 
r = 0. 
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5. M E I S T E R & R I C I I A R D S MWDistribution by Ultracentrifugation 63 

Since the theories for the interpretat ion of sedimentat ion velocity ex
periments require the sedimentation coefficient at zero concentrat ion, a 
series of experiments is performed at different concentrations. T h e value at 
zero concentration (or " l i m i t i n g sedimentation coefficient"), $o> is obta ined 
f rom plots using either of these equations, 

l / « = ( l + *,c) /*o (2) 

s - s0(l - ksc) (3) 

where ks is a posit ive term that represents the given system. General ly , the 
former equation covers a wider concentration range. 

T h e molecular weight Mr of a macromolecule can be calculated f rom 
the sedimentat ion coefficient using the Svedberg equat ion, 

Mr = Nsf/(l-vp) (4) 

where N is Avogadro ' s number , / is the f r i c t ional coefficient, v is the p a r t i a l 
specific volume of the solute, and p is the density of the so lut ion . If the 
values of a l l the parameters are known , one can calculate the molecular 
weight for a homogeneous mater ia l . If the macromolecule is heterogeneous, 
an indeterminate average is obtained. 

D u r i n g the 1950's, a number of theoretical methods were put forth for 
the determinat ion of sedimentation d istr ibut ions of heterogeneous macro 
molecules, neglecting or inc lud ing the effect of diffusion. For macro 
molecules of sufficient size that diffusion is negligible, i t is sufficient to per
f o rm several velocity experiments at different concentrations and somehow 
extrapolate "corresponding" points on the pattern to zero concentrat ion. 
Several approaches made use of parameters more easily obtainable w i t h the 
Schlieren opt i ca l system generally used at that t ime, but they are of u n 
certain val id i ty (2-4). W i t h concentration d a t a obtained f rom the R a y le ig h 
opt i ca l system, the extrapolat ion procedure based upon relative concen
t ra t i on is reasonable and the necessary d a t a manipulat ions are "easy" to 
per form. Relat ive concentrations can be determined because the Ray le igh 
opt i ca l system corrects for solvent component gradients or pressure gradient 
effects because i t records index of refraction differences between sediment-
ing solvent and so lut ion . 

Before cont inuing , i t is important to understand the complexity of 
the processes that warp the shape of the boundary, even i f diffusion is 
negligible. T h e Johnston-Ogston effect w i l l be described w i t h the a i d of 
F igure 1. In the figure, the pattern at t = t2 has been d iv ided into three 
components i n the lower concentration zone. T h e first component (between 
ra and r\) starts at C = 0, rises to C i as a step and continues to the cell 
bo t t om. T h e second component starts at a concentration of zero and rises 
at the second step to C 2 , w i t h the to ta l concentration beyond the step be ing 
C\ - f C 2 . Since the mater ia l i n the first step sedimenting beyond the second 
step moves at a slower rate (because of the higher concentration) , more 
mater ia l enters the second step than leaves i t . T h u s , the magnitude of the 
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64 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

first step increases; i n other words, its apparent concentration is higher. 
T h e effect moves along the boundary, the net effect being an upward shift 
of the pat tern . However, the t o ta l concentration remains unchanged (4). 

T h e concentration dependence of sedimentat ion causes an add i t i ona l 
reshaping of the boundary, cal led boundary sharpening. T h e faster m o v i n g 
mater ia l is at a higher concentration t h a n the slower m a t e r i a l , w i t h the 
result that the boundary is progressively sharpened as the concentration 
increases; that is , i t shifts to the left. T h e dependence of sedimentat ion con
stant on concentration and on the concentration of other molecules around 
the sedimenting molecule, which causes the above effects, are too diff icult 
to measure. In some systems w i t h spherical macromolecules, approx imate 
corrections have been made (5). T h e extrapo lat ion of s to zero po lymer 
concentration should e l iminate the major part of these effects. 

Conversion of Sedimentation Patterns to Distribution Patterns 

T h e most common symbo l i sm for characteriz ing sedimentat ion d i s t r ibut i on 
patterns is the use of G(s ) (where G(s) represents the weight fract ion of 
mater ia l hav ing a sedimentation coefficient less than or equal to the given 
value) for the integral d i s t r ibut i on , and g(s) for the differential d i s t r i b u t i o n , 
where g(s) = dG(s)ds . T h e integral d i s t r ibut ion is s imple to ob ta in f rom 
Rayleigh-fr inge data . We w i l l assume that the concentration of po lymer is 
proport ional to refractive index, which the opt i ca l system records. 

F i r s t the r a d i a l pos i t ion is converted to units of sedimentat ion coeffi
cient. T h i s is accomplished by using the integrated f o rm of E q u a t i o n 1. 

where ra is the pos i t ion of the meniscus at the top ( l o w r ) of the so lut ion . 
E q u a t i o n 5 relates sedimentation coefficients to a rat io of r a d i a l distance 
along the cel l , r / r a , and t ime , t, at angular velocity, u>. T h i s equation allows 
posit ion along the cell to be p lotted as s instead of r . T h e number of fringes, 
J , seen i n the interference pattern is a funct ion of solute concentrat ion, C2, 
specific refractive index increment, dnjdci, cell thickness along the opt i ca l 
p a t h , a, and wavelength of the incident l ight , A: 

E q u a t i o n 6 allows the number of fringes to be converted to s tandard con
centrat ion uni ts . T h e concentration values in fringes must be corrected for 
r a d i a l d i lu t i on . T h e number of d a t a points n serves to d iv ide the profile 
into zones. E a c h zone, A C , - = C,- — is mul t ip l i ed by x\jx\y where 
%i = (%i + # t - i ) / 2 and each x is the distance down the fringe pattern 
recorded on film that corresponds to a given r pos i t ion i n the sp inn ing cel l . 
T h e notat ion xa thus denotes the pos i t ion of the meniscus. T h e corrected 

(5) 

J = 
a(dn/dc2)c2 

X (6) 
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5. M E I S T E R & R I C H A R D S MW Distribution by Ultracentrij"ligation 65 

relative concentration CRi is 

C f t = ^ A C , ( ^ ) / C „ (7) 

where Cn is the corrected concentration i n the plateau region, namely 

c „ = X ; a c * ( « J / « 2 ) (8) 
Jb=l 

A t any i , CRi is , of course, a weight fract ion concentration of solute based 
on or referenced to the concentration of the plateau region. W h e n consid
ered as a weight fract ion concentration, CRi w i l l be denoted as Wi. A plot 
of Wi versus s is the integral molecular weight d i s t r ibut ion for a sample . 

T o obta in the d i s t r ibut ion extrapolated to zero concentrat ion, the dis 
t r i b u t i o n at each concentration is d iv ided into a number of zones w i t h i n 
the weight fract ion zone 0 to 1. T h e n for each zone a plot of s or 1/s versus 
the sample concentration is made and extrapolated to obtained the sedi
mentat ion coefficient at zero concentration, SQ . A plot of weight fract ion 
versus so is the corrected integral d i s t r ibut ion at zero concentrat ion. T h e 
differential d i s t r ibut i on , dc/ds, can be obtained by f i t t ing groups of points 
w i t h a s l id ing least mean squares cubic fit. 

T h e conversion of the sedimentation d i s t r ibut ion to a molecular weight 
d i s t r ibut i on using the Svedberg equation requires knowledge of the fr ic -
t i ona l coefficient and p a r t i a l specific volume of each weight f ract ion . For a 
synthetic l inear po lymer , the p a r t i a l specific volumes of a l l species should 
be the same, wh i ch leaves the f r i c t ional coefficient to be est imated f r om 
a random-co i l model . One approach is to use the relat ion containing the 
sedimentat ion coefficient, l i m i t i n g viscosity and molecular weight (2,6), 

£ ^ - 4 i / 3 p - i i l z M ( 9 ) 
M2/3 ~ 9 r n N W 

where [rj] is the l i m i t i n g viscosity, n is the viscosity of the solvent and 
$ i / 3 p - i i s a c o n s t a n t of value 2.5 x 10 6 . 

C o m b i n i n g E q u a t i o n 9 w i t h the M a r k - H o u w i n k equation (7 ,8) , 

[n] = K'MQ (10) 

gives 
Mx = ( i b ) 3 / ( 2 - « ) (11) 

where Mx is a molecular weight average determined by the s tandard molec
ular weights used to determine K' and a i n E q u a t i o n 10 and 
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66 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

Note the difference between K\ the M a r k - H o u w i n k constant, and k de
fined i n E q u a t i o n 12. T h e differential sedimentat ion d i s t r ibut i on can be 
transformed to the differential molecular weight d i s t r ibut ion by t a k i n g the 
derivative of E q u a t i o n 11 w i t h respect to 5, to get 

ds ~ (2-a) S { ' 

w i t h the result that 
dc_ = (dc/ds) 

dM (dM/ds) K } 

Note the impl icat ions of E q u a t i o n 14. If the change i n amount of po lymer 
w i t h respect to the molecular weight of that po lymer , dc/dM), is needed, 
i t can be found i n a two step process. F i r s t determine (dc/ds) and then 
determine (dM/ds). T h e funct ion (dc/dM) is often desired since i t is the 
plot of the number of molecules of a given molecular weight versus molecular 
weight, or the differential molecular weight distribution. Further , (dc/ds) 
is the slope of the Rayle igh interference pattern in a sedimentation velocity 
experiment . If this slope is quantified and the value of (dM/ds) is obtained 
f rom E q u a t i o n 13, then the differential molecular weight d i s t r ibut i on can 
be found for a given sample. Deta i l s of this procedure are given here. 

Experimental 

Viscometry. Viscosit ies of aqueous polymer solutions were measured using 
a Cannon-Fenske #50 viscometer immersed i n a 20°C water b a t h . T h e 
l i m i t i n g viscosity number was determined f rom 5 viscosity measurements 
using the Huggins equation (9). T h e l i m i t i n g viscosity number of aged 
po ly ( l -amidoethylene) in 0.01 M aqueous N a 2 S 0 4 was 2.45 d L / g . 

Materials and Solution Preparation. T h e po ly ( l -amidoethylene) used i n a l l 
experiments was a "molecular weight s tandard" suppl ied by Polysciences, 
Inc., as mater ia l 8249, batch 93-5. T h e polymer was dried for 3 hr . u n 
der a vacuum of < 10 P a at a temperature of 25°C. T h e po lymer was 
dispersed on a vortex of 0.01 M N a 2 S 0 4 so lut ion and st irred for 1 day. 
T h e so lut ion was then centrifuged to remove undissolved polymer particles 
and the preweighed centrifuge tube was dried and reweighed. T h e po lymer 
concentration of the master sample was calculated from the weight of po ly 
mer retained i n the so lut ion . T h e concentration of the master sample was 
2,115 p p m or 0.2115 g / d L . 

A l l solutions were stored for 60 days before use. T h i s delay was neces
sary for accurate results since N a r k i s (10) had already shown that p o l y ( l -
amidoethylene) solutions are not molecularly disperse unt i l 54 days after 
preparat ion. These solutions age by losing intermolecular entanglements 
and becoming monomolecular solutions (10). Po ly ( l -amidoethy lene ) so
lut ions are known to lose viscosity w i t h t ime (11). Several authors have 
at t r ibuted this viscosity loss to oxygen or rad ica l degradation of the po ly 
mer (11), but Francois (12) has shown that changes i n viscosity only 
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5. M E I S T E R & R I C I I A R D S MWDistribution by Ultracentrifugation 67 

occur i n solutions made f rom broad-molecular -weight -distr ibut ion p o l y ( l -
amidoethylene) . Since very narrow-molecular -weight -d istr ibut ion p o l y ( l -
amidoethylene) produces a stable so lut ion viscosity and since N a r k i s (10) 
has shown that the or ig ina l so lut ion viscosity can be obtained by prec ip i 
t a t i n g and redissolving the polymer , it wou ld appear that so lut ion viscosity 
loss is caused by slow disentangling of a broad-molecular-weight po lymer 
m i x t u r e . A l l solutions used here were aged to insure complete dissolut ion 
and uni formity i n sampl ing the actual d i s t r ibut ion of the po lymer . 

Sedimentation Velocity Experiments. T h e sedimentat ion velocity exper i 
ments were carried out i n a B e c k m a n M o d e l E ultracentri fuge equipped 
w i t h Rayle igh interference optics and a d ig i ta l electronic system that mea
sures the rotor temperature to 0.01° w i t h control to ±0 .03°C (13). T h e op
t i ca l system was aligned according to the procedure of R i chards et al. (14). 
A Ray le igh mask w i t h 0.4 m m slit w i d t h (instead of 0.8 m m ) improved the 
accuracy of fringe measurement by increasing the number of fringes i n the 
pattern . T h e two sectors of the charcoal-fi l led E p o n centerpiece were filled 
w i t h a micro l i ter syringe w i t h the solvent side filled sufficiently higher to 
permi t resolution of the so lut ion meniscus on the fringe pattern . T h e ro
tor w i t h cell and counterbalance was controlled at 20.0°C i n the centrifuge 
chamber (no vacuum) for at least 10 m i n . T h e rotor was accelerated to 
5200 r p m , where a baseline photograph ( K o d a k Meta l l ograph plates) was 
obtained dur ing a 30 second pause. T h e rotor was then accelerated at con
stant amperage to the operat ing speed of 44,000 r p m , whereupon another 
baseline picture was taken. D u r i n g acceleration, add i t i ona l heat ing was 
used to ma inta in the temperature constant at 20.0°C and the clock mea
sur ing the t ime of sedimentation was started when the rotor reached 2 /3 
of the final speed. 

Sedimentat ion pictures were taken s tart ing at 20 to 40 m i n . after 
clock start and were taken at 20 m i n . intervals u n t i l 160 m i n . had elapsed. 
T h e experiments w i t h the po ly ( l -amidoethylene) samples were carried out 
under identical condit ions, insofar as possible. 

Reading of Rayleigh Fringe Patterns. Fringe patterns were read w i t h a 
N i k o n Profi le Pro jector model 6 C equipped w i t h d ig i ta l micrometers (ac
curate to 1.25 fim) and a dual -photoce l l light-difference detector mounted 
on the screen that locates fringe centers (15). T h e reading of patterns is 
semi-automat ic , be ing controlled by an A l t a i r 8080 microprocessor com
puter w i t h the d a t a recorded on a floppy disc. Af ter al ignment of the pat 
tern on the projector stage, the positions of the counterbalance reference 
edges and solutions menisci are located and recorded. 

T h e Ray le igh fringe pattern that is obtained f rom the ultracentri fuge 
using a Ray le igh mask w i t h 0.4 m m slit w i d t h has only about nine read
able fringes i n the y direct ion. T h e fringes are equally spaced, except for 
progressive warpage in the posit ion of fringe centers away f rom the center 
of the diffraction envelope; hence, it is necessary to confine readings to the 
central region of the envelope. However, improved accuracy is achieved by 
averaging as many fringes as possible, i n this case three. 
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68 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

For the reading of the fringe profile (usually the l ight fringes on the neg
ative photograph) i n the so lut ion region of the pat tern , the approximate 
center of the fringe envelope i n the y direct ion is located. T h e reading 
of fringes i n the y direct ion is then confined to the central distance corre
sponding to three fringe spacings (the distance between fringes being about 
280 ^ m ) . T h e reading of fringes is begun near the meniscus (Figure 2). T h e 
x -ax is of the pattern is the long axis i n the interference pattern . T h e dis 
tance across the fringe image is the y -axis . A t each x pos i t ion , the pos i t ion 
of the fringe centers is transferred to the computer by a s ignal f rom the l ight 
detector as the stage is moved i n the y d irect ion , across the l ight p a t h . T h e 
x and average y values and the fringe spacings are stored by the computer . 
A b o u t 150 points across the boundary and into the p lateau are read at 
equal x increments. A s the lower of the three fringes being measured rises 
to w i t h i n 1/2 fringe of the center of the envelope (middle of the fringe pat 
tern i n the y direct ion) , one drops down one fringe i n order to stay i n the 
central region. T h i s need to drop "down" a fringe i n order to stay i n the 
y -midd le of the fringe pattern is caused by the s igmodal d is tort ion of the 
Ray le igh fringe pattern caused by the sedimenting boundary . T h e profile 
that results f rom this procedure is discontinuous, but a s imple statement i n 
the subsequent computer program converts the data to the correct profile. 
B y measuring the fringe pattern in this way, three high-accuracy fringes are 
converted to a set of (x, y) d a t a points which are the numerica l equivalent 
of the plot of three fringes f rom the low r point to the h igh r point i n the 
sp inning cell . T h i s d a t a set can then be smoothed and averaged to give 
a complete plot of the fringe profile (and the sedimenting boundary w h i c h 
represents c as a funct ion of r) f rom the meniscus of the centrifuged so lut ion 
to the bo t t om of the cel l . 

T h e low- and high-speed baseline patterns and the 80 and 100 m i n . 
sedimentat ion patterns for each solut ion were read i n the same manner . 
T h e d a t a were transferred to a R a d i o Shack M o d e l III computer for further 
treatment . 

Calculations 

A computer program converted the fringe d a t a into concentration i n units of 
fringes by d iv is ion of the y values by the average fringe separation. T h e sed
imentat ion patterns were corrected for differences i n opt i ca l pa th through 
the two cell compartments by subtract ing the h igh speed baseline, us ing an 
interpolat ive procedure. T h e h igh or low speed baseline could be used i n 
this correction step. B o t h baselines were tested and found to give the same 
results for the higher concentration samples but to differ s l ight ly i n the 
effect on the low concentration sample's patterns. T h e h igh speed baseline 
adjustment was chosen for correcting a l l d a t a sets to avoid biasing the da ta . 
T h e x values of the corrected patterns were then transformed into distance 
r f rom the center of rotat ion according to the relat ion 

r = rc + (x - xave)/MF (15) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

00
5



s Ξ Ά fi»
 SO
 I ï I î ί SO
 

Fi
gu

re
 2

. 
A 

pr
in

t 
of

 a
 p

ho
to

gr
ap

h 
of

 t
he

 R
ay

le
ig

h 
fr

in
ge

 
pa

tt
er

n 
pr

od
uc

ed
 

by
 

se
di

m
en

ta
tio

n 
of

 
a 

gr
af

t 
co

po
ly

m
er

 o
f 

st
ar

ch
 

fr
om

 
aq

ue
ou

s 
br

in
e.

 (
Fo

r 
m

or
e 

in
fo

rm
at

io
n 

se
e 

re
f. 

17
.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

00
5
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where r c is the distance of the center of the cell f rom the axis of ro tat ion 
(6.5 cm) , x is the fringe posit ion i n micrometer uni ts , x a v e is the average 
of the inner and outer reference posit ions i n micrometer uni ts , and MF is 
the opt i ca l magnif ication factor. T h e fringe values are corrected for rad ia l 
d i l u t i o n and the rad ia l posit ions are transformed into sedimentat ion units 
as described earlier. 

T h e same program fits the data w i t h a s l id ing 15 point least mean 
squares cubic fit, using two passes to smooth the data . T h e use of fourth 
or fifth power fits for a var iat ion of the number of points fitted (13 to 21 
points) d i d not signif icantly improve the results. T h e average deviat ion for 
the fringe value (after averaging three fringes) was about 0.005 fringes and 
0.001 fringes for the smoothed values. 

Other computer programs were used to plot the d i s t r ibut i on profiles, 
interpolate these curves for extrapolat ion to zero concentrat ion, generate 
the molecular weight d i s t r ibut ion profiles, and to plot them. 

Results 

Five solutions of a po ly ( l -amidoethylene) sample at concentrations rang 
ing f rom 0.0422 to 0.2111 g / d L were sedimented i n the ana ly t i ca l u l t racen
trifuge. E x a m i n a t i o n of the patterns at different t imes revealed that the 
80 m i n . patterns had a definite plateau region, but there was s t i l l a s m a l l 
amount of mater ia l near the meniscus. For the 100 m i n . patterns , the 
plateau was nearing the cell bo t tom, and the meniscus region was almost 
clear of solute. Later patterns exhibited a definite region near the meniscus 
w i t h no solute, but no plateau near the b o t t o m . It is possible to splice 
the d i s t r ibut ion patterns obtained at different t imes, but errors can lead 
to a d iscont inuity i n the overlap region. Because the d i s t r ibut i on patterns 
obtained at 80 and 100 m i n . were nearly the same, i t was decided to treat 
only those and ignore any smal l amount of mater ia l that may not have 
sedimented: i ts contr ibut ion to the average viscosity and molecular weight 
should be negligible. Af ter integration of these patterns , the molecular 
weight d i s t r ibut ion curve showed that the mater ia l at the boundary had 
molecular weights of less than 9,000 and the mater ia l already sedimented 
had a molecular weight of 5,000,000 or more. 

T h e s tar t ing and ending regions of the integral d i s t r ibut ion patterns 
were examined to determine the fringe values at these levels. T h e s tar t ing 
value for each pattern was subtracted f rom the fringe values for the rest 
of the pat tern . T h e plateau values for the 80 and 100 m i n . patterns for 
each so lut ion agreed to w i t h i n 0.02 fringes. W i t h the zero and plateau 
concentrations determined, the patterns were converted to weight fract ion 
d is tr ibut ions . 

Since the integral d i s t r ibut ion patterns for the 80 and 100 m i n . pat 
terns were nearly the same, only the results f rom the former are shown 
i n F igure 3. T h e differential patterns (not shown) obtained f rom the s l i d 
ing 15 point least mean squares cubic fit were also nearly the same, w i t h 
considerable noise for the two solutions of lowest concentration. 
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PR4R50 

5 20,u 

Figure 3. Concentrat ion of po ly ( l -amidoethylene) i n a centrifuged sample 
plotted as a funct ion of sedimentation coefficient. 
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T h e five integral patterns were interpolated to ob ta in 49 values of the 
boundary ranging f rom 0.02 to 0.98 weight fraction of the po lymer sample . 
T h e extrapolat ions of 1/s versus c to zero concentration for the nine weight-
fract ion concentration levels ranging f rom 0.1 to 0.9 are shown i n F igure 4. 
T h e noise i n the posi t ion of the d a t a points relative to the l ine are r a n d o m . 
For the corresponding plot for s versus c (not shown) there was definite 
curvature i n the pos i t ion of the points . T h e integral plot for the 80 m i n . 
pattern is the r ight -hand lowest l ine on F igure 3. 

T h e results of the s l id ing 7 point least mean squares fit are shown i n 
F igure 5. T h e accuracy of the d a t a is indicated by the closeness of the 
ac tua l d a t a points (squares) to the smoothed points (continuous line) for 
the differential d i s t r ibut ion curve given i n F igure 6. One cannot te l l whether 
the s m a l l convolutions which are revealed i n the corresponding differential 
d i s t r ibut i on pattern are real , or represent artifacts or errors i n the d a t a . 

F i n a l l y , the integral molecular weight d i s t r ibut ion is shown i n F i g 
ure 7 and differential molecular weight d i s t r ibut ion is shown i n F igure 8. 
These transforms were made using Equat ions 11 and 14 w i t h the M a r k -
Houwink constants K' = 6.31 x 1 0 ~ 5 and a = 0.8 for weight-average, 
molecular weight samples as measured by Shawki and Hamielec (16). T h e 
shape of these curves are what one would expect for a fract ion of p o l y ( l -
amidoethylene) obtained f rom a free-radical polymerized polymer . T h e 
h igh molecular weight t a i l of the d i s t r ibut ion is a common and character
ist ic aspect of this po lymer . It should be noted that the transformat ion of 
sedimentat ion coefficient as given i n Figures 5 and 6 to molecular weight 
as given i n Figures 7 and 8 generates a profile w i t h shifted pos i t ion a n d 
relative magnitude . T h e peak at 4s seen i n F igure 6 shifts to a molecu
lar weight peak of 220,000 i n the molecular weight d i s t r ibut i on given i n 
F igure 8. T h e one s uni t displacement to the shoulder at 5s seen i n F i g 
ure 6, which implies a significant weight fraction of sample sedimenting 
w i t h coefficients between 4s and 5s, truncates to a minor inflection i n the 
differential molecular weight curve given i n Figure 8, whi le the monotonic 
t a i l f rom 5.5s to 14s i n F igure 6 expands to the long 1,000,000 to 4,500,000 
molecular weight t a i l of F igure 8. 

T h e average l i m i t i n g viscosity number and weight-average molecular 
weight were calculated by using Equat ions 10 and 11. These values increase 
w i t h an increase i n the number of zones into which the sedimentat ion fringe 
curve is broken, because increasing the zones leads to greater inc lusion of a 
region that is much higher i n molecular weight. T h e values obtained for 10, 
20, and 50 zones are shown i n Table I for b o t h the 80 and 100 m i n . patterns. 
T h e values for the 80 m i n . patterns rise more sharply w i t h the number of 
zones. T h e sharper rise is due to the fact the earlier patterns reveal the 
existence of larger molecules that are sedimented past the plateau at a later 
t ime . F r o m the d a t a i n the table one can estimate an average molecular 
weight of about 5.5 to 6.5 x 10 5 and a l i m i t i n g viscosity of 2.2-2.5. 

Since increasing the number of zones used to measure the above av
erages incorporates more of the h igh molecular weight t a i l of the po lymer 
sample, the measurement w i t h the highest number of zones should be the 
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5. MEISTER& RICHARDS MWDistribution by Ultracentrtfugation 73 

Figure 4. Determination of limiting sedimentation coefficient for 9 weight 
fractions of the poly(l-amidoethylene) standard based on equation 2. 
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74 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

0 5 10 15 
5 

Figure 5. A plot of G(s ) , the integral sedimentation d i s t r ibut ion pattern 
w i t h s shown i n svedbergs. 
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76 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

MOL WT 

Figure 7. A plot of the integral molecular weight d i s t r ibut i on for the p o l y ( l -
amidoethylene) s tandard . 
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5. M E I S T E R & R I C H A R D S MWDistribution by Ultracentrifugation 77 

I 1 1 1 1 1 1 1 1 1 1 
0 1 2 3 4 5 

MOL WT 

Figure 8. A plot of the differential molecular weight d i s t r ibut i on for the 
po ly ( l -amidoethy lene) s tandard . 
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78 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

Table I. Average L i m i t i n g Viscos i ty Number and Weight-average, M o l e c 
ular Weight for the Po ly ( l -amidoethy lene ) Sample 

Mw x 1 0 " 5 

N u m b e r of Zones 80 m i n . 100 m i n . 80 m i n . 100 m i n . 
10 5.14 4.90 2.18 2.11 
20 6.31 5.61 2.39 2.22 
50 6.42 5.61 2.52 2.29 

better measure of the actual properties of the polymer sample. Fur ther 
more, the fringe pattern w i t h the largest plateau region and a clear meniscus 
w i l l again include the largest fract ion of the sample's molecular weight dis
t r i b u t i o n . T h e best d a t a points should then come from the 80 m i n . pat tern 
analyzed w i t h 50 zones. T h e sample was suppl ied as a 500,000 molecular 
weight s tandard w i t h Mw = 476,000 as determined by l ight scattering. 
T h e value found f rom the d is t r ibut ion curve integration is 642,000, signif 
icant ly higher than the label ra t ing for the s tandard and 3 5 % higher t h a n 
the molecular weight found by l ight scattering. T h e several averages for 
the molecular weight d i s t r ibut ion of the 80 m i n . pattern analyzed w i t h 50 
zones are Mn = 127,000, Mw = 642,000, and M2 = 2 ,011,000. T h e loss 
of the h igh molecular weight end of the d i s t r ibut ion w i t h longer sp inn ing 
times is verified by a detailed analysis of the data . T h e sedimentat ion co
efficients of the two b o t t o m zones of the 80 m i n . run were 49th = 12.69 
and 50th = 14.50. T h e sedimentation coefficient of the b o t t o m zone of the 
100 m i n . r u n was 50th = 12.24. T h u s , i n 20 minutes of sp inn ing , mate -
r i a l w i t h s between 12.24 and 14.5 was spun out of so lut ion . T h e Mw at 
80 m i n . , based on only the first 49 points , was 551,000 or 98 .3% of the 
Mw f r om a l l zones of the 100 m i n . r u n . T h e method allows a l l molecu
lar weight fractions of a sample to be observed when the fringe pattern is 
photographed after sp inning times of 40 m i n . or less. Further , this method 
w i l l allow a clearer and more quantitat ive d is t inct ion to be made between 
contaminants and sample. In l ight scattering, i f the sample scatters too 
much l ight , it is filtered or spun to remove "dust . " If the sample were con
taminated by macroscopic particulates, ultracentri fugation wou ld show a 
discontinuous h igh molecular weight t a i l . T h i s contaminant could then be 
excluded f rom calculat ion of molecular weight averages. If the "dust " to 
be removed for a l ight scattering experiment is the h igh molecular weight 
t a i l of the molecular weight d i s t r ibut ion , this method would quant i tat ive ly 
demonstrate that . A l ight scattering experiment would not show that the 
results had been biased by removal of some of the sample. 

T h e l i m i t i n g viscosity number for the 80 m i n . pattern w i t h 50 zones 
is 2.50 d L / g as compared to an exper imental value of 2.45 d L / g . T h e 
exper imental l i m i t i n g viscosity number was determined f rom the d a t a of 
Table II. 

T h e rat io of calculated [rj\ to exper imental [77] is 1.020. T h i s result 
is i n strong contrast to the molecular weight values determined f rom the 
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5. M E I S T E R & R I C H A R D S MW Distribution by UUracentrifugation 79 

Tab le II. Viscos i ty of the Samples Spun i n the Ultracentr i fuge 

Concentrat ion Relat ive V iscos i ty 
Sample N u m b e r (ppm) (dimensionless) 

1 2120 1.497 
2 1690 1.400 
3 1250 1.302 
4 849 1.205 
5 412 1.102 

Solvent* 0 1.000 

* Viscos i ty of solvent was 1.005 x 1 0 - 3 Pas.s at 20°C. 

d i s t r ibut i on since the [rj\ values match to w i t h i n 2.0%. Since the rheological 
properties of any polymer are control led by the h igh molecular weight t a i l 
of the molecular weight d i s t r ibut i on , the [rj\ values provide very strong 
support for the va l id i ty of the method . A l s o , the [rj\ value obtained f rom 
experiment was determined on the polymer solutions tested for Mw. 

E r r o r s 

There are a number of factors to be considered i n the evaluation of the mea
surements. F i r s t , the average deviat ion of the fringe posit ions as calculated 
f rom the averaging of three fringes is about 0.004 fringes. T h u s , correct ion 
of the sedimentation patterns w i t h a baseline pattern doubles the dev iat ion 
to about 0.01 fringes. Af ter the s l id ing least mean squares cubic fit, the 
average deviat ion is reduced to 0.001 fringes. 

However, there is a persistent variable problem in ultracentri fuge mea
surements, namely the instabi l i ty of the cell at h igh centrifugal fields ar is ing 
f rom distort ion of plastic centerpieces and window gaskets. T h e usual test 
for cell s tab i l i ty is examinat ion of baselines at low speed and just after at 
t a i n i n g the operating speed. (Sometimes addi t ional baselines are obtained 
after removing the rotor, shaking the rotor wi thout removing the cell to re
distr ibute the sedimented mater ia l , and obta in ing new baseline patterns.) 
If the low and high speed patterns are the same, one is more confident 
that the baseline is correct. If they differ, one assumes that the high-speed 
baseline is the better of the two, but there is always the poss ib i l i ty that 
the pattern continued to change further w i t h t ime. Moreover, after dis
assembly and reassembly of a cel l , the baseline pattern usual ly changes; 
hence, it must be measured for every experiment. For these experiments , 
the baseline patterns deviate f rom one another by, at most, 0.05 fringes. 
Basel ine error leads to warpage of the interference fringe pat tern ; the m a g 
nitude of this cannot be determined. A n alternative method , sedimentat ion 
e q u i l i b r i u m ultracentr i fugat ion, does not require the h igh rotor speeds that 
produce warpage. 

In these experiments, the lack of a well-defined supernatant region 
leads to an uncertainty in the weight-fraction values for each so lut ion , w i t h 
the error being less i n the steeper parts of the curves. T h e p lateau region 
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80 LIGNIN: PROPERTIES AND MATERIALS 

was sufficiently free of random noise that the fringes values are accurate 
to probably better t h a n ±0 .02 fringes. T h e magnitude o f this fringe error 
i n molecular weight units depends on the concentration of po lymer i n the 
sample and posit ion w i t h respect to the plateau region of the spun so lut ion . 
A s an example of the effect of this uncertainty, however, an error of .02 
fringes would be a molecular weight error of 0 .3% for measurements on 
sample 2 i n the plateau region. 

Conclusions 

A method has been developed for the calculat ion of detailed and absolute 
molecular weight d istr ibut ions for complex polymer samples. T h e method 
enjoys the advantages of speed and comparat ive convenience w i t h respect 
to equ i l i b r ium ultracentr i fugation and the much needed features of absolute 
measurement and condit ion independence w i t h respect to gel permeat ion 
chromatography. T h e method requires that a sedimentation velocity exper
iment be performed on at least three different concentrations of the po lymer 
i n solvent. T h e solutions must be di lute and the Ray le igh interference pat 
tern photos of the sedimenting samples must be taken at equal times d u r i n g 
the experiment . Three fringes of the interference pattern are dig i t ized, av
eraged, and fitted w i t h a p o l y n o m i a l . T h e p o l y n o m i a l can be differentiated 
to give a curve w h i c h , when combined w i t h a funct ion obtained f rom the 
M a r k - H o u w i n k equation, produces a differential molecular weight d i s t r i b u 
t i o n . T h e differential f orm of the d is t r ibut ion can be integrated to give an 
integral molecular weight d i s t r ibut i on . E i ther d i s t r ibut ion can be used to 
calculate molecular weight averages or moments of the d i s t r ibut i on . A p p l i 
cat ion of the method to a commercial po ly ( l -amidoethylene) s tandard gave 
a l i m i t i n g viscosity number that matched the exper imental value to w i t h i n 
3% and weight average molecular weight that bracketed the value c la imed 
by the supplier . 
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Chapter 6 

Molecular Weight Distribution of Aspen Lignins 
Estimated by Universal Calibration 

M . E . Himmel 1, K. Tatsumoto1, K. K. Oh1, K. Grohmann1, 
D. K. Johnson2, and Helena Li Chum 2 

1Applied Biological Sciences Section, Biotechnology Research Branch, 
Solar Fuels Research Division, Solar Energy Research Institute, 

1617 Cole Boulevard, Golden, CO 80401 
2Chemical Conversion Branch, Solar Fuels Research Division, Solar 
Energy Research Institute, 1617 Cole Boulevard, Golden, CO 80401 

This study describes the application of differential vis-
cometry as a G P C detector to the problem of determin
ing molecular weight distributions of acetylated hard
wood lignins in tetrahydrofuran. Molecular weight distri
butions of ball-milled, organosolv, alkali-extracted/mild 
acid hydrolyzed, and alkali-extracted/steam exploded as
pen lignins were estimated using universal calibration. 
Low molecular weight lignin model compounds (syn
thetic phenyl-tetramers and Igepals™) were found to fit 
universal calibration. Fractions from preparative G P C , 
when analyzed by universal calibration, yield molecular 
weight distributions which add to a similar value to that 
found for the unfractionated parent sample. 

Lignins are irregular phenylpropane polymers that represent approximately 
20-30% by weight of the available polymeric content of hardwood tree stems 
(1-3). This material offers, therefore, a valuable resource that must be 
utilized as fully as possible if the full value of harvested tree crops is to be 
attained. 

The understanding of the macromolecular properties of lignins requires 
a reliable method for estimating the molecular weights (MW or M) and 
distribution of molecular weights (MWD) in a suitable solvent. Suitable 
solvents must be defined here as those that minimize interactions of solute-
solute (aggregation), solute-solvent, and solute-column packing material. 
Although important contributions have been made to this field historically 
through packed-bed and high performance size exclusion chromatography 
(HPSEC) (4-17), the design of a chromatography system (solvent and sta
tionary phase) that performs optimally has not been reported. Indeed, the 
more hydrophobic solvents such as dioxane and tetrahydrofuran (THF), 
which work well to minimize solute-column and solute-solute interactions, 

0097-6156/89/0397-0082$06.00/0 
© 1989 American Chemical Society 
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6. H I M M E L E T A L . MW Distribution by Universal Calibration 83 

per form poor ly at the task of so lubi l iz ing l ignins over a wide range of M W . 
However, these solvents work very wel l w i t h polystyrene-divinylbenzene 
(e.g., / / -Styragel) c o lumn packing mater ia ls , causing no perceptible c o lumn 
deterioration (18). A p a r t f rom these i m p o r t a n t l imi ta t i ons presented by 
conventional " G P C " methodology to the study of l i gn in M W D is the issue 
of the complexity of these polymers even i n ideal solvents. Convent iona l 
G P C is effective i n es t imat ing M W of unknown polymers of s imi lar or iden
t i ca l chemical structures to those used to cal ibrate co lumns. T h e e lut ion of 
polymers of u n k n o w n (or imprecisely known) chemistry, degree of b ranch 
ing , shape, degree of so lvat ion, and degree of repeat ing uni ts (as i n chemical 
copolymers) can be treated only "phenomenological ly" w i t h conventional 
S E C . T h e result of the size exclusion method ( i f chemical interact ions can 
be assumed to be negligible) is the separation of solutes on the basis of 
their respective hydrodynamic r a d i i , T h i s in format ion , alone, is not of 
great u t i l i t y . 

Size exclusion chromatography has been greatly enriched recently by 
the advent of two commerc ia l detectors, the real - t ime differential viscometer 
( D V ) and the low angle laser l ight scattering ( L A L L S ) photometer. T h e 
only D V detector currently available is offered by Viscotek i n Por ter , T X , 
as the model 100. 

T h i s s tudy reports the first appl i cat ion of universal ca l ibrat ion v i a 
H P S E C - D V to four acetylated hardwood l ignins obtained f rom aspen (Pop-
ulus tremuloides) wood meal by b a l l m i l l i n g and solvent extract ion ; steam 
explosion followed by alkaline extrac t ion ; organosolv p u l p i n g followed by 
water extract ion of the associated sugars; and di lute sulfuric ac id hydro ly 
sis followed by sod ium hydroxide extract ion . 

Materials and Methods 

Chemicals and Standards. A l l chemicals and H P S E C eluants used i n 
this s tudy were obtained f rom major chemical suppliers ( J . T . Baker , 
Fisher Scientif ic , and A l d r i c h ) . T h e T H F used was Fisher H P L C grade. 
T h e M W standards used to cal ibrate the three co lumn system were 
obtained f rom A m e r i c a n Po lymer L a b s , M e n t o r , O h i o [polybutadienes 
(narrow M W D ) : P B 9 0 0 , P B 1 K , P B 3 K , P B 5 K , P B 2 3 K , P B 4 3 K ; p o l y - a -
methylstyrenes (narrow M W D ) : P A M S 6 K , P A M S 2 3 K , P A M S 6 6 K ; po ly 
methylmethacrylates (broad M W D ) : P M M A 1 7 K , P M M A 3 5 K , P M M A 7 5 K , 
P M M A 1 0 0 K ] and f rom Po lymer Labs , E n g l a n d [polystyrenes (narrow 
M W D ) : PS1250 , PS1700 , PS2450 , PS3250 , PS5050 , PS7000 , PS9200 , 
PS11600 , P S 2 2 K , P S 3 4 K , and P S 6 8 K ; and po lymethylmethacry lates (nar
row M W D ) : P M M A 3 0 0 0 , P M M A 1 0 K , P M M A 2 7 K , P M M A 6 0 K , and 
P M M A 1 0 7 K ] . Three synthetic polystyrene star-polymers f r o m Polysciences, 
W a r r i n g t o n , Pennsy lvan ia , were also used [ M n = 7000, lot # 55687; M n 
= 59,200, lot # 71520; M n = 126,900, lot # 55690; and M n = 116,700, lot 
# 55689]. Other M W standards examined inc luded four phenyl - tetramers 
whi ch were suppl ied as generous gifts f rom D r . J . A . H y a t t at E a s t m a n K o 
dak L a b s . These model compounds were prepared by a modif ied enolate a d 
d i t i on method (19) and include b iphenyl tetramer hexaacetate (C54H6602o> 
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84 LIGNIN: PROPERTIES AND MATERIALS 

M W = 1034), b ipheny l tetramer hexaol ( M W = 782), / ? -0-4 tetramer hep-
taacetate (C55H66O22, M W = 1078) and /?-0-4 tetramer heptaol ( M W 
= 784). T h e I g e p a l ™ ( G A F C o r p . , sold through A l d r i c h ) standards F . W . 
= 749 and 1982 were also examined . T w o synthetic polymers prepared by 
an ion- in i t ia ted po lymerizat ions of a quinonemethide according to the pro 
cedure of C h u m et al. (20) were treated as intermediate M W l i g n i n model 
po lymers . 

Lignin Samples. B a l l - m i l l e d ( B M ) aspen l i g n i n was prepared fo l lowing the 
procedure of L u n d q u i s t et al. (21). T h e y ie ld of purif ied mi l l ed wood l ign in 
obta ined was usual ly about 10% w / w that of e thanol /benzene-extracted 
aspen wood. 

A lka l ine -extrac ted / s team-exp loded ( A E S E ) aspen l i g n i n samples were 
prepared f r om steam exploded wood samples (55 s residence t ime at 240°C) 
obta ined f rom Iotech C o r p . E x p l o d e d wood pulp was treated w i t h a series 
of carbon tetrachloride and alkal ine extractions (12). 

A l k a l i n e - e x t r a c t e d / a c i d hydrolysis ( A H / N a O H ) l ign in samples were 
prepared by subject ing aspen wood flour to a one hour cook at 120°C i n 
0 .05N sulfuric ac id (22), followed by m i x i n g the clarif ied supernatant w i t h 
1% w / w N a O H at 25°C w i t h a W a r i n g blender. T h e insoluble l ignins were 
prec ip i tated by add i t i on of ac id and water washes (32% y ie ld ) . 

T h e organosolv (OS) l i g n i n was prepared f rom the l iquor obtained by 
treat ing aspen wood flour w i t h a 70:30 M e O H : w a t e r ( v / v ) extract ion at 
165°C for 2.5 hours i n a rock ing autoclave as described i n ref. 23. 

L i g n i n samples were acetylated fol lowing a method developed by Gierer 
and L indeberg (24) wh i ch allows quanti tat ive recovery of l ignins. L i g n i n 
samples were stored frozen dur ing the course of the study. T h r o u g h o u t 
the study, freshly prepared solutions were investigated. However, no t ime -
dependence of M W d a t a was observed i n any of the techniques employed 
when samples were occasionally reexamined after i n i t i a l preparat ion . 

Chromatography System. T h e H P S E C - D V system used i n this s tudy con
sisted of a B e c k m a n M o d e l 100A dual -p is ton H P L C p u m p fitted w i t h exter
n a l pulse dampening , a B e c k m a n M o d e l 210 inject ion valve fitted w i t h a 250 
fiL loop, an SSI inject ion valve filter, a Hewle t t -Packard M o d e l 1037A h igh 
sensi t iv i ty R I detector, and a Viscotek M o d e l 1 0 0 L C differential viscome
ter. For studies of l ign in concentration effects, a K n a u e r U V detector set 
at 280 n m was used as we l l . T h e chromatography co lumn system was com
posed of three 7.8 x 30 m m columns (Beckman ^-Spherogel , 10,000, 1,000, 
and 500A) connected i n series i n order of increasing pore size. Ca l cu la t i ons 
were performed using the Viscotek U n i c a l 2.71 software. A l l injections on 
the H P S E C - D V system were made by overf i l l ing the 250 / /L loop, thereby 
prov id ing a true 250 fiL in ject ion. 

N a r r o w a n d broad M W standards were injected onto the H P S E C - D V 
system at concentrations near 1 m g / m L and 2 m g / m L , respectively. I n i 
t ia l ly , i n order to ob ta in a usable differential pressure chromatogram, the 
l i gn in samples were injected at concentrations near 20 m g / m L , w i t h an i n 
strument ( A - D amplif ier) ga in sett ing of 1 (0-1.0 volt F u l l Scale). A s the 
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6. H I M M E L E T A L . MW Distribution by Universal Calibration 85 

work proceeded, a ga in sett ing of 2 (0-0.1 volt F S ) al lowed e x a m i n a t i o n of 
l i gn in samples at concentrations of 4 and 8 m g / m L . A s a test for l i gn in 
association i n T H F at these concentrations, the organosolv l i gn in was chro-
matographed at i n i t i a l in ject ion concentrations of 0.5 and 1 m g / m L as wel l . 
Concentrat ions of a l l s tandard a n d sample solutions studied were precisely 
determined by weighing the dry mater ials to the nearest 0.0005 m g using a 
Sartor ius U l t r a m i c r o balance M o d e l 4504 M P 8 . L i g n i n samples examined 
b y H P S E C - D V were made to concentration immediate ly before in ject ion . 

T h e organosolv l i g n i n samples were subjected to preparat ive c o lumn 
chromatography i n T H F using a two co lumn, μ-Styragel system f r o m Y M C , 
J a p a n (5 c m x 2 0 0 c m , 500 and 1000Â). A B e c k m a n M o d e l H O B p u m p , 
M o d e l 210 inject ion valve w i t h a 2 m L loop, and a M o d e l 153 U V detec
tor w i t h semi-preparative flow cell were used w i t h these co lumns. Sample 
loadings were usual ly 60 m g . Fract ions were collected w i t h an Isco Foxy 
fract ion collector w i t h preparative capabi l i ty and stored i n K i m a x screw-
topped glass tubes (25 x 150 m m ) w i t h Tef lon- l ined caps. Before chromato
graphic analysis these fractions were pooled into five master fractions and 
concentrated by roto-evaporation at 25°C. Values found for the ext inc t ion 
coefficient of organosolv and b a l l mi l led l i g n i n by conventional gravimetr ic 
analysis , e270nm (g m L ~ 1 c m " " 1 ) = 15,300 and 10,100, respectively, were 
used to estimate the dried-weight equivalent of the concentrated fractions 
recovered f rom preparative chromatography. These concentrat ion values 
are c r i t i ca l for meaningful es t imat ion o f M W using the U n i c a l software. 

Calculation of Results from Differential Viscometry and SEC. T h e fami l iar 
re lat ionship first expressed by M a r k (25) and H o u w i n k (26) i n the 1940's 
is central to the concept of universal ca l ibrat ion first suggested by Benoi t 
et al. (27). In this re lat ionship , 

[η] = K'Ma (1) 

[η] is the intr ins ic viscosity, and K' and a are k n o w n as the M a r k - H o u w i n k 
constants and are specific to a polymer-so l vent-temperature sys tem. For 
flexible, l inear polymers , values of α are l imi ted to the range 0.50 to 0.80. 

Cons ider ing the derivations of equation (1), i t can be predicted that 
a l l molecules h a v i n g the same value of [η]Μ would have the same value of 
v/», the h y d r o d y n a m i c volume. A l s o , i f ν Λ is the parameter that uniquely 
determines the e lut ion volume, V e , these molecules should have the same 
e lut ion volume. T h e arguments presented by these authors do not predict 
that the relat ionship between these parameters should necessarily be l inear . 
M o s t universal ca l ibrat ion curves shown i n the l i terature that cover 4 to 6 
decades of M show a definite upward curvature at h igh values of M (28). 

Sources of error i n this approach arise f r om both exper imenta l and the
oret ical grounds. M o d e r n theories of S E C retention mechanism are based 
on the assumption that the size exclusion process uniquely determines the 
e lut ion volume, and yet the poss ibi l i ty of reversible adsorpt ion is diff icult to 
dismiss and , where i t occurs, errors i n the interpretat ion may easily result . 
A s a warning for the appl i cat ion of universal ca l ibrat i on methodology, C a s -
sassa (29) indicates i n a later paper that the quant i ty [η]Μ is not a t r u l y 
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86 LIGNIN: PROPERTIES AND MATERIALS 

universal e lut ion parameter for S E C , but that both theory a n d experience 
indicate that good results can be obtained for e lut ing species of s imi lar 
type (e.g., rod- l ike macromolecules of s imi lar cross-sectional d imension i n 
a restr icted size range or l inear flexible po lymer chains) . Cassassa predicts 
f r o m theory, however, that over restricted ranges of M, a c ommon [η]M 
dependence between r a n d o m coi l polymers and rod- l ike structures should 
exist . Divergence often increases, however, when considering fit us ing d a t a 
over three orders of magnitude i n M (30). 

A p p l i c a t i o n of universal ca l ibrat ion to unknown polymers us ing the 
Viscotek U n i c a l software, once the co lumn system has been cal ibrated w i t h 
narrow M W D standards, is quite s traight forward. A master ca l ibrat ion file 
of narrow M W D standards was developed whi ch incorporates the "peak 
parameter" values calculated f r om one (or averaged f r o m several) well be
haved narrow M W D standard . These values correct for chromatographic 
mismatch of the two detectors ( R I and differential pressure) used i n the 
system and lead to the ca lcu lat ion of values that approx imate a correc
t i o n for peak broadening ( r ) and peak t a i l i n g ( σ ) . These peak parameters 
represent effects specific to the chromatographic sys tem used i n each l a b 
oratory, and were determined for this s tudy to be 0.256 m L , 0.280 and 
0.256 for σ, τ ( V ) , and r ( C ) , respectively. T h e concentration value for 
each sample processed by this procedure must be k n o w n accurately, as this 
t e r m enters into calculations of reduced viscosity, measured here direct ly 
as specific viscosity, and the M W averages. A n assumption central to the 
d a t a processing is that under chromatographic condit ions sample d i l u t i o n 
is sufficient to assume that the reduced viscosity approximates the intr ins i c 
viscosity (or l i m i t i n g viscosity number) . T h e software can be used to ca l 
culate the M a r k - H o u w i n k plots ([η] versus M) for each s tandard po lymer 
series. A l l po lymer standards are then used to construct a universa l c a l i 
b ra t i on plot of [η]M versus e lut ion volume. T h e software can also be used 
to recalculate the values of M n , Mw, MZ1 and M * + i for the narrow M W D 
standards used to construct the curve (approximate ly ± 1 0 % dev iat ion for 
Mw is observed i n these recalculated values when compared w i t h the v a l 
ues entered i n i t i a l l y ) . Mo lecu lar weight averages are found for u n k n o w n 
polymers (accepting the l i m i t i n g assumptions discussed above) i n a s i m i l a r 
way. 

A p p l i c a t i o n of U n i c a l software also requires the selection of chromato
graphic baselines, thus selecting the specific d a t a taken for further analysis . 
In the studies reported here, we choose to analyze only the poly disperse en
velope f r om l ign in e lut ion , so that the dist inct component w h i c h often elutes 
near Yt (the t o ta l co lumn volume) was not inc luded i n the analysis . 

Results and Discussion 

Universal Calibration. T h e aspen wood l ign in samples chosen for this study 
were prepared by organosolv, steam explosion, d i lute ac id hydro lys is , and 
b a l l - m i l l i n g procedures. 

C a l i b r a t i o n curves were developed for H P S E C - D V using po lymer s tan 
dards i n c l u d i n g narrow M W D polystyrenes, p o l y butadienes, p o l y m e t h y l -
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6. H I M M E L E T A L MWDistribution by Universal Calibration 87 

methacrylates , and poly -a-methylstyrenes . A set of broad M W D po ly 
methylmethacrylates was also examined. A l l five s tandard curves indicated 
very good fit to a l inear funct ion over the range of M W tested. T h e M a r k -
H o u w i n k parameters for a and —K1 were found to be 0.73 and 4.35, 0.60 
and 3.76, 0.72 and 3.87, 0.69 and 4.26, 0.73 and 4.55 for the P S , P A M S , 
P B , P M M A , and P M M A - 6 standards, respectively. A l l M a r k - H o u w i n k p a 
rameters, a and K\ w i t h the exception of α for the po ly -a -methylstyrenes , 
compare closely w i t h those publ ished by Haney and A r m o n a s (31) us ing 
ident i ca l condit ions and ins t rumentat ion . 

A universal ca l ibrat ion plot (log [η]Μ vs. e lut ion volume) us ing these 
five standards series was constructed ( F i g . 1). Several other s tandard M W 
polymers appropriate to l i gn in model studies were also examined . These 
inc luded two Igepals, four polystyrene star polymers , a n d four synthet ic 
phenyltetramers (two biphenyls and two β-Ο-4 l inked tetramers) . O f a l l 
the standards examined , only the polystyrene star po lymer preparat ion 
ind icated paucidispersity. Here , the e lut ion of the lower M W component 
(usual ly i n preponderance) was considered i n the calculat ions. W i t h the 
exception of one h igh M W star po lymer , a l l these compounds were found to 
fit universal ca l ibrat ion at least as wel l as the commerc ia l po lymer standards 
( F i g . 1). Indeed, the fit of the low M W phenyltetramers ( M W « 800-1000) 
was i m p o r t a n t . T h e ca l ibrat ion curve constructed for use i n this s tudy 
shows l i t t l e or not curvature over the five decade range of log[?;]M. T h i s 
observation is consistent w i t h that of other workers (28,31) , where the 
lowermost por t i on of such curves approaches l inearity , whi le over a wider 
range of log [η] M some upward curvature is evident. U n i c a l 2.71 software 
allowed the ca lculat ion of a universal ca l ibrat ion curve f rom a broad M W D 
standard , P M M A 1 7 K - 6 . T h i s curve appears i n F igure 1 as a dashed l ine . 
A l t h o u g h some deviat ion at d a t a extremes is apparent , the fit near the 
l ign in e lut ion region is nearly ident ica l to the curve f rom narrow ca l ibrat ion . 

MWD of Acttylated Lignins. T h e first attempts at l i gn in chromatography 
employed 250 / i L injections of samples made to 20 m g / m L . T h i s proce
dure produced acceptable differential pressure signals; however, the very 
h igh concentration was undesirable as i t is known to induce solute-solute 
interact ion . A f t e r resett ing the amplifier ga in to 2 (a sett ing of 1 be
ing the s tandard "default" value for the ins trument ) , differential pressure 
chromatograms w i t h l ignins at loadings of 2 m g (250 μΐι injections f r o m 
8 m g / m L stock solutions) were very wel l behaved (Figs . 2-4). Inspect ion 
of Figures 2 and 3 reveals that the relative magnitude of the differential 
pressure s ignal at higher M W is greater t h a n that f r o m the differential 
refractive index detector. T h e four l ignins were also injected on the chro
matography system at a loading of 1 m g (250 / i L f rom a 4 m g / m L stock 
so lut ion) . These d u a l chromatograms proved to indicate the l i m i t i n g sen
s i t i v i ty for the broadly poly disperse l i g n i n samples studied here. A l t h o u g h 
the " smooth ing" routines i n U n i c a l were capable of rendering these noisy 
differential chromatograms usable, i t was clear that a more d i lute injec
t i on sample would not be meaningful . A n example of the best d u a l chro-
m a t o g r a m f rom a 1 m g load ing (before smoothing) is shown i n F igure 4 U . 
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88 LIGNIN: PROPERTIES AND MATERIALS 

F igure 1. Master universal ca l ibrat ion curve obtained w i t h a B e c k m a n 
μ-Spherogel c o lumn system i n T H F . T h e fit of narrow M W D standards , 
polystyrene star polymers , and a single broad M W D standard (calculated 
w i t h U n i c a l 2.71 software) are shown. 
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6. R I M M E L E T A L . MW Distribution by Universal Calibration 89 

DUAL CHROMATOGRAM 

25 .0 30 .0 35 .0 

RET VOL (ml) CONC CHROMATOGRAM ? 

MOLECULAR HEIGHT DISTRIBUTION 

S 6 .00 

LOG M 

Figure 2A. Dual chromatograms showing the elution of aspen A E S E lignin from 
the H P S E C - D V system. A 250 /zL sample was injected from a freshly prepared 8 
mg / m L stock solution. Viscotek A / D amplifier gain setting of 2 and R I detector 
setting of lx . Calculated molecular weights are also shown. 
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90 LIGNIN: PROPERTIES AND MATERIALS 

8.00 y 
DUAL CHROMATOGRAM 

5.00 

2 .00 

V l.oo 

25 .0 30 .0 35 .0 40 .0 

RET VOL (ml) CONC CHROMATOGRAM ? 

CJ θ.00 

7.00 

HEIGHT DISTRIBUTION 

5.00 

1.00 

Figure 2B. Dual chromatograms showing the elution of ball-milled lignin from 
the H P S E C - D V system. Sample loading was the same as in Figure 2A. 
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7.00 

4 .00 

1.00 

.000 
15.0 

DUAL CHROMATOGRAM 

25 .0 30 .0 35 .0 40 .0 

RET VOL (ml) CONC CHROMATOGRAM ! 

MOLECULAR HEIGHT DISTRIBUTION 

5.00 

4 .00 

3 .00 

.000 
2.00 

Figure 3A . Dual chromatograms showing the elution of aspen organosolv lignin 
from the H P S E C - D V system. Sample loading was the same as in Figure 2A . 
Calculated molecular weights are also shown. 
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92 LIGNIN: PROPERTIES AND MATERIALS 

DUAL CHROMATOGRAM 

25 .0 30 .0 35 .0 

RET VOL (ml) CONC CHROMATOGRAM ? 

40 .0 

MOLECULAR HEIGHT DISTRIBUTION 

Figure 3B. Dual chromatograms showing the elution of A H / N a O H lignin from 
the H P S E C - D V system. Sample loading was the same as in Figure 2A . 
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6. H I M M E L E T A L . MW Distribution by Universal Calibration 95 

Values for system "peak parameters" were found using a narrow dis
t r i b u t i o n polystyrene s tandard ( P S 6 8 K ) before ca l cu lat ing M W D d a t a for 
the l i gn in samples f r om universal ca l ibrat i on . T o check software a n d i n s t r u 
ment operat ion , several narrow M W D polystyrene and one broad M W D 
po lymethy lmethacry la te standards were treated as u n k n o w n samples and 
subjected to analysis w i t h the universal ca l ibrat ion curve assembled f rom 
a l l po lymer standards files. It was found that the M W D could be est imated 
for the "recalculated" po lymer standards w i t h errors between ± 5 and 10% 
of the or ig ina l value indicated by the supplier of the s tandard (e.g., Mw for 
P S 1 1 K and Mw and Mn for P M M A 1 7 K - 6 ) . 

Tab le I i l lustrates the molecular weight averages found f r o m u n i 
versal ca l ibrat ion (narrow standards) for four aspen l ignins and two 
quinonemethide-derived polymers using the U n i c a l software. T h e po ly -
dispersities were the same w i t h i n the exper imental errors for a l l l i g n i n s a m 
ples. In contrast, the polydispersit ies found for the quinonemethide-derived 
polymers by universal ca l ibrat ion were near 1.1. T h e molecular weight av
erages found for the four acetylated l ignins studied by universa l ca l ib ra t i on 
were substant ia l ly larger t h a n those determined f rom previous work us ing 
conventional G P C (e.g., A E S E and B M l ignins f rom refs. 7 and 12 h a d 
approx imate ly one- th ird those values found by H P S E C - D V i n the present 
s tudy) . 

Table I. M W D of Ace ty la ted A s p e n L ign ins and M o d e l C o m p o u n d s f rom 
Universa l C a l i b r a t i o n w i t h N a r r o w Standards 1 

Samples / l oad ing M„ Mw Mz Mu Mw/M„ 

A E S E / 1 m g 1100 7300 34500 3300 6.7 
A E S E / 2 m g 1900 7100 27000 — 3.7 
O S / 1 m g 1300 5200 16000 3200 4.0 
O S / 2 m g 1000 4400 18000 — 4.4 
A H / N a O H / 1 m g 2200 8100 38000 4600 3.7 
A H / N a O H / 2 m g 1300 6600 34000 — 5.0 
B M / 1 m g 3600 17300 46800 11500 4.7 
B M / 2 m g 9000 22000 47000 — 2.4 
Q M 34/0 .25 m g 8700 10300 12400 9900 1.1 
Q M 33/0.25 m g 14700 16700 20000 16000 1.1 

1 O b t a i n e d i n T H F at 20°C w i t h R I detection and U n i c a l 2.71 software 
(Viscotek, Inc.) . For h igh loadings the system was set at R I = lx and 
20 P A F S , ga in = 2; injections (250 μΐ,) made f r om 8 m g / m L stock 
solutions. For low loadings the detector settings were R I = l/4a? and 
20 P A F S , ga in = 2; injections (250 |/L) made f r om 4 m g / m L stock 
solutions. 

T h e issue of co lumn loading was further investigated by in ject ing 200 
μL samples f rom stock organosolv l i g n i n solutions of 5, 1 and 0.5 m g / m L . 
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96 LIGNIN: PROPERTIES AND MATERIALS 

T h e composite chromatogram shown i n F igure 4 L clearly indicates that 
an apparent increase i n higher M W content occurs when co lumn loadings 
increase f rom 0.1 m g to 0.2 m g l i gn in . T h e 0.1 m g loading represents the 
sens i t iv i ty l i m i t , however, of the h igh sensi t iv i ty refractive index detector 
used i n this study. However, the 0.2 and 1 m g loadings (where most l i gn in 
d a t a were collected i n this study) were nearly ident ical i n d i s t r i b u t i o n (see 
F i g u r e 4 L ) . C o m p a r i s o n of the curves i n F i g u r e 4 L w i t h closely e lu t ing pairs 
of s tandard polymers indicated that the apparent increase i n Mw induced 
by this concentrat ion effect would be < 10%. 

Chromatographic Fractionation of Organosolv Lignin. T h e preparat ive μ-
Styrage l c o lumn f rom Y M C was loaded w i t h 60 m g of organosolv l i g n i n . 
T h e result ing e lut ion profile is shown as an insert i n F igure 5. T h i s figure 
shows the relative d i s t r ibut i on of the chromatographic fractions pooled to 
generate the five master fractions used for further study. These fractions 
were chosen so that the relative areas of a l l five zones were nearly ident i ca l . 
F igure 5 also shows the superposi t ion of the result ing chromatographic 
analysis of four of these fractions. Frac t ion number five was o m i t t e d f r o m 
this analysis because this peak was not inc luded i n the s tandard procedure 
used i n establ ishing baselines for the four native l ignins described earlier. 
T h e t o t a l weight average molecular weight for the entire d i s t r ibut i on (32) 
was est imated us ing the re lat ionship 

MW)tot = EaMi/Eci (2) 

where c is the concentration (here i n mi l l igrams) of each master f ract ion , i , 
a n d M is the est imated Mw of each master fract ion f r om universal c a l i b r a 
t i o n . T h e value of MW)tot found using these four master fractions was 3800. 
W h e n considering the Mw f r om the chromatography of the unfract ionated 
organosolv l i gn in at a 1 m g load ing was est imated to be 4400, the value 
obta ined f r om the organosolv fractions is i n good agreement. 

T h i s experiment was designed to examine the possible bias the broad 
polydispersit ies of the l ign in samples may have on es t imat ion of M W D by 
universal ca l ibra t i on . These d a t a indicate that no such contr ibut ion exists, 
since the s u m m a t i o n of the i n d i v i d u a l fractions of narrow(er) d ispersity 
lead to values of M W D simi lar to those found using U n i c a l software for the 
unfract ionated l i g n i n sample. 

Conclusions 

A l t h o u g h evidence exists that concentration effects m a y be i m p o r t a n t w i t h 
even acetylated l ignins i n T H F , the effect of increasing co lumn loadings 
f r om 1 to 2 m g seems unl ike ly as the cause of the variance i n M W shown 
i n Tab le I. T h i s observation i l lustrates the more general prob lem i n current 
S E C - b a s e d "absolute" M W measurement: that of a l i m i t e d concentrat ion 
window for analysis . T h e l i m i t i n g value for sample concentrat ion appears 
to be near 1 m g per in ject ion for H P S E C - D V , w h i c h is comparable to the 
0.2-1 m g per in ject ion range usable i n H P S E C - L A L L S (33). For studies 
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98 L I G N I N : P R O P E R T I E S A N D M A T E R I A L S 

such as these, an increase i n sensit ivity of one order of magnitude would 
be h igh ly valued and should be considered an area of focus for suppliers of 
S E C detection equipment. 

T h e determinat ion that the low M W , acetylated aspen l ignins e x a m 
ined actual ly fit universal ca l ibrat ion , however, must be deferred to future 
studies compar ing these d a t a to results f rom L A L L S and sedimentat ion 
e q u i l i b r i u m analysis ( i f possible). 

A s a result o f the dependence of universal ca l ibrat i on on c o l u m n e lu 
t i on behavior (i.e., anomalous behavior due to adsorpt ion or exclusion) , 
the contr ibut ion of the po lymer "core" and " she l l " components (33,34) to 
h y d r o d y n a m i c behavior must be fu l ly understood i f competent analysis of 
block copolymers and branched heteropolymers is to be made. It is hoped 
that w i t h the advent o f appropriate M W , composi t ion , a n d branched po ly 
mer standards , the l imi t s of fit of universal ca l ibrat ion to b iopolymers such 
as l i gn in can be judged . 
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Chapter 7 

Molecular Weight Determination 
of Hydroxypropylated Lignins 

E . J . Siochi1,2, M . A. Haney3, W. Mahn 3 , and Thomas C. Ward1,2,4 

1Department of Chemistry, Virginia Polytechnic Institute and State 
University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

The number average molecular weight of hydroxypropy
lated lignins (HPL) was determined using gel perme
ation chromatography with a differential viscosity de
tector ( G P C / D V ) . Vapor phase osmometry was used to 
provide comparative number average molecular weight 
values to verify the results obtained by G P C . G P C / D V 
proved to be a reliable and convenient tool for the deter
mination of absolute molecular weights of lignin deriva
tives. The results revealed that a time dependent asso
ciation of HPL molecules was occurring in solution. 

L i g n i n is an amorphous b iopo lymer second i n n a t u r a l abundance on ly to 
cellulose. It is composed of phenylpropane uni ts l inked p r i m a r i l y through 
ether bonds a n d constitutes 15-40% of the dry weight of wood . A combina
t i o n o f the abundance o f l ignins , i ts versat i l i ty due to the variety o f sources 
available and the recent interest i n renewable resources have opened up 
research into the potent ia l applications of l ignins i n many fields (1-5). Due 
to the inherent strength of l i gn in , i t has been favored by researchers s tudy 
ing s t r u c t u r a l mater ia ls . L i g n i n s have been used as prepolymers for the 
modi f i cat ion of synthet ic polymers and as substitutes for various po lymer ic 
mater ia ls (3 ,6-8) . W h e r e the incorporat ion o f l ignins h a d adverse effects on 
the mechanica l properties of the resul t ing products , hydroxya lky la t i on of 
the l i g n i n employed has been found to improve the mater ia l characteristics 
(6)· 

In any s t ruc ture /proper ty studies on potent ia l appl icat ions of l ignins , 
an i m p o r t a n t parameter is the molecular weight and molecular weight dis 
t r i b u t i o n ( M W D ) . In recognit ion o f this fact, a substant ia l number o f papers 

3Current address: Viscotek Corporation, 1032 Russell Drive, Porter, TX 77365 
4Address correspondence to this author. 

0097-6156/89Λ)397-0100$06.00Λ) 
© 1989 American Chemical Society 
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7. SIOCHIETAL. MW Determination of Hydroxypropylated Lignins 101 

have been publ ished w h i c h report the use of vapor phase osmometry ( V P O ) 
(8-11) a n d ultracentr i fugat ion (12-16) for this purpose. M o r e recently, gel 
permeat ion chromatography ( G P C ) has gained advocates for l i gn in molec
ular weight determinat ion due to its ease of use and the short analysis 
t ime (9 ,12,17-25) . A l t h o u g h G P C is h igh ly popular , the publ ished d a t a 
treatments typ i ca l ly y i e ld only relative and not absolute molecular weights. 
T h i s is the result o f a ca l ibrat ion scheme using easily accessible polystyrene 
standards whose conformations differ f rom l ignins (14 ,26 ,27) . W h i l e low 
angle laser l ight scatter ing ( L A L L S ) has been employed to avoid c a l i b r a 
t i o n problems, other difficulties subsequently emerge. These necessitate 
corrections for absorbance, fluorescence and po lar i za t i on (9 ,28) . I n recent 
years, a number of viscosity detectors have been developed for use w i t h 
G P C i n conjunct ion w i t h the necessary concentrat ion sensitive detectors 
(29-40). A l t h o u g h such detectors are commercia l ly available (39,40) , their 
app l i ca t i on to l i gn in M W D determinat ion is rare. T h i s lack of usage may 
be related to the consensus that l ignins have a three-dimensional network 
structure which would not obey universal ca l ib ra t i on , on w h i c h G P C / D V 
is based. 

T h e objective of this present work was to investigate the feasibi l i ty 
o f us ing G P C / D V for absolute molecular weight determinat ion of hydrox 
ypropy lated l ignins . In order to verify the va l id i ty of the universal c a l i b r a 
t i o n method , vapor phase osmometry ( V P O ) was used to provide reference 
number average molecular weight values. Compar i sons w i t h L A L L S results 
have also been made and w i l l be reported i n another p u b l i c a t i o n . 

Experimental 

Materials. H y d r o x y p r o p y l derivatives of red oak, aspen and a hardwood 
kraft l i g n i n were s tudied . There were two samples of red oak. One , desig
nated as " R O : P O " , is ident i ca l to the red oak H P L , but was made i n larger 
quantit ies to al low preparat ive f ract ionat ion. T h e aspen was an organosolv 
l i gn in obta ined f r om Bio log i ca l Energy C o r p o r a t i o n of Va l l ey Forge, P e n n 
sy lvan ia . T h e hardwood kraft l i gn in was suppl ied by Westvaco , C h a r l e s t o n , 
S o u t h C a r o l i n a . A l l of the above samples were derivat ized according to the 
procedure of W u and Glasser (6). 

Vapor Phase Osmometry. A Wescan M o d e l 233 vapor phase osmometer 
was used to o b t a i n number average molecular weights. T h e l i gn in solutions 
were made up w i t h H P L C grade te trahydro furan ( T H F ) a n d shaken m a n 
u a l l y u n t i l the solutions were clear. T h e experiments were conducted at 
30° C . N u m b e r average molecular weights were determined by m u l t i s t a n -
dard ca l ibrat ion (41), a procedure found to greatly enhance reproduc ib i l i ty 
and accuracy of the results. Exper iments were conducted immedia te ly after 
sample preparat ion and three days later . 

Gel Permeation Chromatography. Po lymer Laborator ies narrow d i s t r i b u 
t i o n polystyrene standards w i t h nomina l molecular weights o f 1250, 2150, 
3250, 5000, 9000, 34500, 68000 and 170000 g /mole were dissolved i n H P L C 
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102 LIGNIN: PROPERTIES AND MATERIALS 

grade T H F . These standards were used for the construct ion of the universa l 
ca l ibra t i on curve. 

A p p r o x i m a t e l y 2.5 m g / m l solutions of the l ignins were prepared i n 
H P L C grade T H F . T h e solutions were made up immediate ly before G P C 
was conducted and shaken m a n u a l l y for a couple of minutes u n t i l the so lu 
t ions were a clear brown color. G P C analysis was carried out on a Waters 
150C A L C / G P C equipped w i t h an opt i ca l deflection type differential re
fractive index detector hav ing a sensi t iv i ty of 1 χ 1 0 ~ 6 ARl uni ts a n d a 
Viscotek M o d e l 100 differential viscosity detector. T h e chromatographic 
condit ions were: flow rate 0.9 m l / m i n , in ject ion volume 200 μΐ, w i t h C o l 
u m n Reso lut ion repacked microstyragel co lumns hav ing pore sizes of 500 Â , 
1 0 3 Â , 1 0 4 À , 1 0 5 Â a n d Ultrastyragel™ co lumns w i t h pore diameters of 
100 Â a n d 10 6 Â connected i n series. Temperature was set at 30°C for 
b o t h the G P C a n d the differential viscosity detector. Exper iments were 
conducted on the first day and the t h i r d day of sample preparat ion . 

Results and Discussion 

Vapor Phase Osmometry. T h e ca l ibrat ion curve used to determine n u m 
ber average molecular weights by V P O is shown i n F igure 1. T h e s tan 
dards used were polystyrene w i t h n o m i n a l molecular weights of 1250, 
2150 and 5000 g /mo le and sucrose octaacetate whose molecular weight is 
678.6 g /mole . T o use the ca l ibrat ion curve, a AV (voltage change related 
to the lowering of solvent vapor pressure i n solution) versus concentrat ion 
plot for the H P L sample was generated. T h e slope of such a graph was 
determined and used to o b t a i n the number average molecular weight by 
interpo lat ion f r om the ca l ibrat ion curve. Deta i l s of th is unconventional 
m u l t i s t a n d a r d ca l ibrat ion w i l l be publ ished elsewhere (41). 

T h e results o f the molecular weight determinat ion of the hydroxypropy -
lated l ignins by V P O are shown i n Table I. It may be noted that for a l l 
samples, there was about a 2 0 % increase i n apparent molecular weights 
between freshly prepared solutions and those tested three days later . It is 
postu lated that such an increase was due to a t ime dependent association 
of the hydroxypropy lated l i gn in molecules i n so lut ion . 

Gel Permeation Chromatography. A n example of a G P C / D V d u a l chro-
m a t o g r a m is shown i n F igure 2. T h e bolder trace is the D R I s ignal whi le 
the finer trace is due to the viscosity s igna l . It may be noted that the 
viscosity s ignal is s ignif icantly noisier t h a n the D R I trace. T h i s is a result 
of the H P L sample molecular weight be ing near the lower detection l i m i t 
of the differential viscosity detector. 

A s u m m a r y of the results obtained f r om G P C / D V on the first day 
a n d the t h i r d day after so lut ion preparat ion is shown i n Tab le I I . For R e d 
O a k a n d R O : P O , the number average molecular weight decreased by ap
prox imate ly 6% f r o m the first day to the t h i r d day. However, the in t r ins i c 
viscosities increased. A c c o r d i n g to t r a d i t i o n a l po lymer so lut ion theory (42), 
the product o f intr ins i c v iscosity a n d molecular weight y ie lds the h y d r o d y -
n a m i c vo lume; specifically, i t has been shown that the molecular weight that 
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0.002 η 

SLOPE (mVL/g) 

F igure 1. V P O ca l ibrat ion curve. 
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7. SIOCHI ET AL. MW Determination of Hydroxypropylated Lignins 105 

Table I. Mn f r o m V a p o r Phase Osmometry 

Sample D a y 
Mn 

(g /mole ) % Diff . 

R e d O a k 1 1416 17.3 
3 1684 

R O : P O 1 1108 19.5 
3 1348 

A s p e n 1 1393 19.3 
3 1691 

Westvaco 1 1499 21.0 
3 1850 

should be used i n this expression is Mn (43). Therefore, a significant i n 
crease i n the h y d r o d y n a m i c volume for R O : P O over t ime is ind i cated . T h e 
number average molecular weights for aspen a n d Westvaco H P L ' s increased 
by about 2 0 % f r o m the first day to the t h i r d day, w h i c h is consistent w i t h 
the results obta ined by V P O . However, the intr ins ic viscosity remained a l 
most unchanged. Nevertheless, this brought about a d ramat i c increase i n 
h y d r o d y n a m i c volumes for bo th specimens. It is recognized that i n the case 
of red oak the s m a l l change i n hy dro dy namic volume may be w i t h i n exper
imenta l error; however, the overal l trend i n these results reveals that there 
was an increase i n the hy dro dy nam ic volumes of the l ignins over t ime . T h i s 
observation may be evidence of the presence of t ime dependent association 
of the H P L molecules i n so lut ion . 

Tab le II . Results f r om G P C / D V 

M Mn [η]Μ 
Sample D a y (d l / g ) (g /mole) (d l /mole ) 

R e d O a k 1 0.041 1535 62.9 
3 0.045 1433 64.5 

R O : P O 1 0.032 1567 50.1 
3 0.041 1473 60.4 

A s p e n 1 0.044 1591 70.0 
3 0.045 1924 86.6 

Westvaco 1 0.047 1597 75.1 
3 0.044 1951 85.8 

Summary and Conclusions 

A comparison of the molecular weights obta ined f r om V P O and G P C / D V 
is shown i n Table III . T h e results reveal that the values of number aver
age molecular weights obtained by G P C / D V compare favorably w i t h those 
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106 LIGNIN: PROPERTIES AND MATERIALS 

obta ined f rom the V P O . T h u s , G P C / D V is a reliable technique o f o b t a i n 
i n g average molecular weights for l ignins quite easily; more i m p o r t a n t , the 
absolute M W D is also revealed. In add i t i on , because G P C / D V yie lds i n 
tr ins ic viscosity as we l l , one has the benefit of ob ta in ing h y d r o d y n a m i c 
vo lume in format ion . T h i s advantage allowed for the acquis i t ion o f evidence 
i n support o f the presence o f association i n l i g n i n solut ions. 

Tab le I I I . Mn f r om V P O and G P C / D V i n g /mole 

Sample D a y V P O G P C / D V 

R e d O a k 1 1416 1535 
3 1684 1433 

R O : P O 1 1108 1567 
3 1348 1473 

A s p e n 1 1393 1591 
3 1691 1924 

Westvaco 1 1499 1597 
3 1850 1951 
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Chapter 8 

Molecular Weight Distribution Studies Using Lignin 
Model Compounds 

D. K. Johnson1, Helena Li Chum1, and John A. Hyatt2 

1Solar Energy Research Institute, 1617 Cole Boulevard, Golden, 
CO 80401 

2Research Laboratories, Eastman Chemicals Division, Eastman Kodak 
Company, Kingsport, TN 37662 

High performance size exclusion chromatography 
(HPSEC) has been extensively employed in studies of 
the molecular weight distributions of lignins. Tetrahy-
drofuran (THF) is the most commonly used mobile phase 
with polystyrene-divinyl benzene HPSEC columns. Un
der these conditions the apparent molecular weight dis
tributions of lignins may be determined relative to the 
standards employed, usually polystyrenes. There are, 
however, many lignins that are partially or totally insol
uble in T H F that require a solvent of greater solvating 
power. Many problems exist in using such eluants, e.g., 
dimethyl formamide alone or in the presence of added 
salts, including solute-solute association, and interac
tions between solute and solvent, column gel and solvent, 
and calibration standards and column gel. These interac
tions will be reported in light of their effect on the elution 
of lignin model compounds obtained from stepwise syn
theses (molecular weights of 200-1100) and quinoneme-
thide polymerizations (apparent weight-average molecu
lar weights of 2000-7000). 

The HPSEC of homogeneous linear polymers using polystyrene-divinyl ben
zene gels and relatively non-polar solvents such as tetrahydrofuran (THF) 
is well understood and can be used for the determination of molecular 
weight distributions (MWD) of similar polymers (1,2). The estimation of 
lignin MWD is, however, complicated by the interaction of several compo
nents in the HPSEC system (3). Lignins are irregular, multiply branched 
polymers containing various polar functionalities and a number of different 
interunit linkages which are a marked function of the method of lignin isola
tion. Thus, lignin solubility in T H F varies from zero to 100%. To increase 

0097-6156/89A)397-0109$06.00A) 
© 1989 American Chemical Society 
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110 LIGNIN: PROPERTIES AND MATERIALS 

so lubi l i ty and prevent interactions aris ing f rom the presence of hydroxy 1 
(alcoholic and phenolic) groups, l ignins are often derivat ized. L i g n i n s are 
most ly acetylated (4,5), but have also been methylated (6) and s i ly lated 
(7) pr ior to H P S E C . T h i s study focuses on acetylated l ignins and model 
compounds but also includes underivatized l i gn in model compounds and 
some other derivatives. Connors et al (8) examined the use of solvents 
of higher solvat ing power for the S E C of l ignins, e.g., d imethy l formamide 
( D M F ) and d i m e t h y l sulfoxide. However, the observation of m u l t i m o d a l 
e lut ion profiles i n these solvents, even when using derivatized l ignins where 
hydrogen bonding between solute and solvent molecules should not occur, 
complicates the use of these solvents. E l u t i o n of this type has been as
cr ibed to solute-solute association. T o overcome these associative effects, 
salts such as L i C l and L i B r were added to give more u n i m o d a l e lut ion pro
files. T h e mechanism of association of l i gn in molecules and effects of add ing 
electrolytes has been discussed by Sarkanen et al (9). 

Changes i n solvent can also alter the size and shape of molecules w h i c h 
must strongly influence a technique re ly ing on size exclusion for measure
ment of molecular weight. Molecu lar size may also be altered by hydrogen 
bonding of solvent molecules to solute molecules. T h i s has been observed 
i n the H P S E C of underivatized phenols w i t h T H F as solvent (10,11). P e l l i -
nen and Salkino ja-Salonen (7) have examined the H P S E C of a number 
of l i g n i n model compounds and their acetylated and s i ly lated derivatives 
using T H F as e luant . T h e y found no clear evidence of association or a d 
sorpt ion of these compounds to the co lumn gel; however, the relat ionship 
between molecular weight and e lut ion volume, while s imi lar for both sets of 
derivatives, was different f rom that of the underivatized model compounds 
whi ch eluted earlier by comparison. T h e y postulated that this was due to 
strong solvat ion of the underivatized model compounds. It would appear, 
then, that l ignins should be derivatized before H P S E C analysis ; however, 
the e lut ion of the derivatized model compounds d i d not coincide w i t h that 
of the polystyrene standards. 

H P S E C as a technique relies on transformation of e lut ion t ime or vo l 
ume into a scale of molecular weight, by observing the e lut ion of po lymer 
standards of known molecular weight or M W D . T h i s impl ies that the re la 
t ionship between size and molecular weight of the standards and polymers 
under investigation should be at least s imi lar . W i t h l inear homopolymers , 
standards can usual ly be found so that good cal ibrat ions can be made. 
W i t h more complicated polymers, e.g., branched polymers and copolymers, 
ca l ibrat ion becomes more inexact . There are only a few l i g n i n model com
pounds of low molecular weight available for ca l ibrat ion and so other po ly 
mers such as polystyrenes have been used. More polar solvents such as 
D M F further complicate the use of chemically different standards as they 
may wel l behave differently than the l ignins being studied , through changes 
i n molecular size and f rom interactions w i t h the co lumn gel. T h e use of 
more polar solvents can also affect the co lumn gel causing swell ing of the 
gel beads and excessive back pressure. A n y changes i n pore size of the gel 
w i l l obviously have a large effect on S E C al though the current gel po lymers 
are h igh ly cross-l inked to min imize this effect. 
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8. J O H N S O N E T A L . MW Distribution Using Model Compounds 111 

Recently, efforts have been made to produce ca l ibrat ion standards of 
higher molecular weight that are chemically s imi lar to l ignins , by step-wise 
syntheses (12), anion- in i t iated po lymer izat ion of quinonemethides (13), and 
preparative H P S E C of acetylated l ignins (14). Knowledge of the molecular 
weights of these materials is either bu i l t in to the method of preparat ion or 
determined by absolute methods such as sedimentat ion e q u i l i b r i u m mea
surements. 

T h i s study compares e lut ion of l ignin model compounds and model 
polymers i n two solvents of s imi lar ly h igh so lubi l i ty parameter (9.9 for T H F 
and 12.1 for D M F ) , but w i t h quite different fract ional polarit ies (0.075 for 
T H F and 0.77 for D M F ) (15). E l u t i o n of model compounds is compared to 
that of acetylated l ignins so that inferences may be made concerning molec
ular structure and the various interactions that occur between l ignins and 
the H P S E C system. A n y evidence of association of the model compounds 
and model polymers is of part i cu lar interest. T h e effects of mod i fy ing D M F 
by addi t ion of L i B r and formic acid are also assessed par t i cu lar ly to over
come associative effects. Narrow M W D standards are inc luded to s tudy 
the difference i n their e lut ion compared to the l ign in model compounds as 
solvent composit ion is changed. 

Experimental 

H i g h performance size exclusion chromatography was performed using a 
Hewlet t -Packard H P 1090 l i q u i d chromatograph containing an H P 1 0 4 0 A u l 
traviolet diode array ( U V ) detector after which was connected an H P 1037A 
refractive index (RI) detector. 

T w o columns (30x 0.8 c m each) containing po lystyrene-d iv iny l benzene 
gel beads (ΙΟμπι diameter) w i t h nomina l pore diameters of 500Â ( A l t e x , 
μ-Spherogel) and 100Â (Polymer Laborator ies , P L - G e l ) were used con
nected in series. These columns were chosen to give m a x i m u m resolution 
i n the molecular weight range of the model compounds to be studied . T h e 
columns were mainta ined at 28°C and injections (5-10 μL) were made w i t h 
an automat ic injector of samples (1-2 m g / m L ) that were dissolved i n the 
eluant being used. T h e solvents used were chromatographic grade T H F and 
D M F (Burd i ck and Jackson or s imi lar qual i ty ) . Formic ac id ( A l d r i c h , 9 6 % 
A C S reagent grade) and l i t h i u m bromide ( A l d r i c h , 9 9 + % , anhydrous) were 
used wi thout further puri f icat ion for the higher ionic strength D M F eluants. 
T h e five eluants studied were pure T H F and D M F , a m i x t u r e of T H F and 
D M F (1:1 on a volume basis), D M F containing formic ac id (5 w t % ) and 
D M F containing l i t h i u m bromide (0.1 M ) . A flow rate of 1.0 m L / m i n was 
used throughout this study. T h e reproducib i l i ty of retention volume was 
measured by fol lowing the e lut ion of toluene included i n many samples as 
an internal s tandard . 

T h e polystyrene (PS) and po lymethylmethacry late ( P M M A ) narrow 
molecular weight standards were obtained f rom three k i ts (Po lymer L a b 
oratories, S -L -10 , S - M - 1 0 and M - M - 1 0 ) covering the range f rom 3,000,000 
to 500. F i v e nonylphenyl - terminated polyethylene oxides ( A l d r i c h , Igepals) 
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112 LIGNIN: PROPERTIES AND MATERIALS 

w i t h molecular weights of 4600 to 300 were also studied. T h e monodis -
perse l ign in model compounds were prepared by a modif ied enolate add i t i on 
method (12). Other monodisperse l i gn in model compounds were prepared 
as described by H i m m e l et ai (16). T h e synthetic l i g n i n model polymers 
(a , /? -bis(0-4-aryl ) ether bonded) were prepared by anion- in i t iated po lymer 
izat ion of a quinonemethide according to the procedure of C h u m et ai (13). 
T h e structures of the l ignin model compounds and polymers are shown i n 
F igure 1. T h e l i gn in samples were prepared by organosolv p u l p i n g of aspen 
wood i n aqueous methanol (70 vol%) w i t h sulfuric ac id catalyst (0.05 M ) 
as described by C h u m et ai (17). Before analysis the l ignins were quan 
t i ta t ive ly acetylated using a method developed by Gierer and L indeberg 
(18). 

Results and Discussion 

W i t h T H F as the solvent the retention times of the P S , P M M A and Igepal 
standards were obtained. F igure 2 compares the e lut ion of these three sets 
of standards on the co lumn set used, and shows a curve obtained by a 
non- l inear least squares f i t t ing of this data . Cons ider ing the differences i n 
chemical structure of these polymers, i t is surpr is ing that such a good fit 
was found. T h i s suggests that the change i n hydrodynamic volume w i t h 
molecular weight of these polymers is s imi lar . 

F igure 3 compares the e lut ion in T H F of the l ign in model compounds 
having free phenolic groups (squares) to those i n which the phenolic groups 
were derivatized (stars). T h e sol id l ine that is shown is the ca l ibrat ion 
curve obtained by non-l inear least squares fitting of the retention t imes 
of the s tandard P S , P M M A and Igepal polymers. T h e model compounds 
w i t h derivatized phenolic groups eluted later t h a n predicted by this curve. 
Pe l l inen and Salkino ja-Salonen (7) observed a s imi lar result using a different 
set of l ign in model compounds which they acetylated and s i ly la ted . A 
best fit of the derivatized models is shown as the dashed l ine i n F igure 3 
and appears to paral le l the ca l ibrat ion curve. T h e reason for the later 
e lut ion of the derivatized models relative to the po lymer standards is most 
l ikely that they have a relat ively smaller hydrodynamic volume per un i t 
molecular weight than the polymer standards. A l ternat ive ly , e lut ion of 
the derivatized l i g n i n models may have been delayed by adsorpt ion to the 
co lumn gel. W h e n using T H F as solvent, adsorption has been reported for 
h igh ly condensed aromatic compounds (10,11). T h e dashed line could be 
used as a ca l ibrat ion for acetylated l ignins but covers too smal l a range of 
molecular weights even for low-molecular-weight l ignins. 

A p a r t f rom one compound (II), the l ign in model compounds that h a d 
free phenolic groups eluted at close to the retention t imes predicted by 
the ca l ibrat ion curve f rom the polymer standards and not f rom the der iva
t ized model compounds. T h i s could s imply be a result of the underivat ized 
models hav ing a s imi lar var iat ion i n hydrodynamic volume w i t h molecular 
weight as the polymer standards. However, i t is to be expected that so l 
vat ion of the underivatized model compounds should occur w i t h T H F as 
solvent (10), w i t h hydrogen bond ing of one T H F molecule to each under-
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Lignin Model Polymers 
•H 

X R« -ΠΜβ η - "20 
XI R - - O H η- "15 
XII R= - O H n= - 4 

η 

Figure 1. Structures of l i g n i n model compounds used i n this study. 
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114 LIGNIN: PROPERTIES AND MATERIALS 

or 

RETENTION VOLUME (mL) 

Figure 2. C a l i b r a t i o n of co lumn set w i t h T H F as eluant using polystyrenes 
(*), po lymethylmethacrylates ( • ) and Igepals ( Q ) -

F igure 3. E l u t i o n of derivatized (•) and underivatized ( • ) l i gn in model 
compounds w i t h T H F as eluant. 
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8. J O H N S O N E T A L . MW Distribution Using Model Compounds 115 

ivat ized O H group, the degree of hydrogen bonding being higher the more 
acidic the O H group. T h i s would make the underivat ized models large for 
their molecular weight relative to the derivatized model compounds and 
exp la in why they elute earlier than the derivatized models. T h e behavior 
of compound III , the b iphenyl tetramer hexaol , appears anomalous. 

T h e effects on the co lumn parameters, vo id volume ( V 0 ) and t o ta l per
meat ion volume ( V t ) , of changing the eluant were also examined . T h e vo id 
volume was determined by fol lowing the retention volumes of the largest 
P S (3000K) and P M M A (1300K) polymers. A s can be seen f rom Table I, 
the vo id volume appeared to increase s l ightly as the po lar i ty of the solvent 
was increased, a l though the change i n retention volumes could have other 
causes, especially as the P S seemed to increase more than the P M M A . 

Table I. Investigation of Changes i n V t and V 0 

Retent ion Vo lume ( m L ) 

T H F T H F / D M F D M F D M F / L i B r D M F / H C 0 2 H 

Hexane 17.45 26.74 28.08 
Toluene 18.61 20.07 23.63 24.20 24.36 
Dioxane 18.91 19.04 20.90 21.23 21.19 
Acetone 18.25 18.22 19.48 19.65 19.65 
M e T H F 18.41 18.24 23.07 23.67 23.59 
T H F 18.19 22.91 23.35 23.32 
M e Formate 18.61 19.34 19.50 19.52 
D M A 18.74 18.25 19.30 19.26 19.19 
D M F 18.88 18.36 
D E F 18.28 19.44 19.43 
V , 18.30 18.30 19.40 19.40 19.40 
3000K P S 8.99 8.99 9.01 9.26 9.26 
1300K P M M A 9.13 9.11 9.19 9.22 9.26 
Vo 8.99 8.99 9.00 9.07 9.11 

M e T H F = m e t h y l tetrahydrofuran; M e Formate = m e t h y l formate; D M A 
= d i m e t h y l acetamide; D E F = d ie thy l formamide. 

A p p r o x i m a t e values for Yt were determined using 16 compounds, some 
of which are inc luded i n Table I, w i t h molecular weights of about 100 or 
less and containing a variety of funct ional groups. In T H F the retention 
volumes of these compounds fell w i t h i n a fa ir ly narrow range w i t h i n about 
± 5 % of V t . B y comparison, the reproduc ib i l i ty of retention volume for 
toluene i n T H F was 0.01 m L and i n D M F was 0.14 m L . A s exemplif ied 
by the retention times of hexane, toluene and dioxane i n Table I, increas
ing the solvent po lar i ty substantial ly increased the retention volumes of the 
more non-polar compounds to as much as 5 0 % more than the est imated \ t -
T h i s is almost certainly an adsorption effect, w i t h the re lat ively non-polar 
co lumn packing increasingly reta ining the non-polar solutes as the solvent 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

00
8



116 LIGNIN: PROPERTIES AND MATERIALS 

po lar i ty increases. T h e best estimate of V t was obtained by fol lowing the re
tent ion volumes of compounds chemical ly s imi lar to the solvent be ing used. 
These were detected using the refractive index detector. For T H F , V t was 
est imated using m e t h y l tetrahydrofuran. For the D M F containing eluants, 
d i m e t h y l acetamide, d i e thy l formamide, etc., were used. T h e narrow range 
of e lut ion volumes for a l l the T H F and D M F analogues when using the 
m i x e d T H F / D M F solvent appears to just i fy this approach. T h e increase i n 
V t of about 1 m L w i t h the more polar solvents represents about a 10% i n 
crease i n the pore volume of the pack ing mater ia l . T h e s m a l l increase i n V 0 

and larger increase i n V t m a y or may not be consistent w i t h swel l ing of the 
po lymer beads. Because of the change i n co lumn parameters, comparison 
of solute e lut ion w i t h change i n solvent was subsequently made after ca l 
cu lat ion of solute d i s t r ibut i on coefficients (Κχ> = ( V r — V 0 ) / ( V t — V 0 ) where 
V r is the solute retention volume) (19). 

F igure 4 shows the change i n e lut ion of the polystyrene standards w i t h 
a change i n solvent. T h e retention volumes of the P S polymers substan
t ia l ly increased as the solvent po lar i ty increased such that i n D M F and 
D M F modif ied w i t h L i B r and formic ac id , e lut ion beyond V t was observed. 
S imi lar ly , but to a lesser extent, the e lut ion volumes of the other po lymer 
standards (Table II) also increased. A n increase i n K& m a y be explained 
by either a solute-solvent or a solute-column gel interact ion . It is certainly 
conceivable that a change i n solvent could produce a change i n the hydro -
d y n a m i c volume of a solute. Large molecules are considered to be p r i m a r i l y 
r a n d o m coils i n so lut ion . T h e coiled orientation of the molecule, and there
fore its hydrodynamic volume, is l ikely to be strongly affected by the solvent 
being used. S m a l l molecules have less flexibility so this mechanism of size 
change should be less impor tant for sma l l molecules. T h e format ion of 
solute-solvent complexes v i a mechanisms such as hydrogen bond ing would 
increase molecular size result ing i n smaller K # . A decrease i n molecular 
size w i l l increase the Kf> of a solute; however, K # should not be greater 
than 1 unless solute adsorption to the co lumn pack ing takes place. 

In this s tudy the lower molecular weight P S were much more strongly 
affected by the changes i n solvent w i t h K p values up to 1.5 being observed. 
T h e P M M A were affected to a much lesser extent and the Igepals the least 
of a l l by the solvent changes. T h e P S are clearly be ing retained by the 
co lumn gel by adsorption as solvent po lar i ty is increased. Since the co lumn 
gel is a copolymer of styrene and d i v i n y l benzene and is chemical ly s i m i l a r 
to the P S standards, affinity of the P S for the pack ing mater ia l should 
increase as solvent po lar i ty increases. T h e lower molecular weight P S are 
more strongly affected probably because they permeate a larger f ract ion of 
the to ta l pore volume. A n y effect due to change in size of the P S polymers 
is obscured by the strong adsorption effect. T h e smaller increases i n 
for the P M M A and Igepals are probably the result of a lower affinity of 
these polymers for the packing mater ia l a l though the influence of increased 
molecular size as a counterbalance to adsorption may also be i m p o r t a n t . 
A s has been noted before (3), P S are very poor standards for H P S E C when 
using D M F - b a s e d solvents, as they exhibi t substant ia l non-size exclusion 
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8 . J O H N S O N E T A L . MW Distribution Using Model Compounds 1 1 7 

M O L E C U L A R W E I G H T 
o10 2 10 s 10 4 10 e 10* 10 7 

Figure 4. E l u t i o n of polystyrene standards w i t h different eluants. * = T H F ; 
+ = T H F / D M F ; • = D M F ; Q = D M F / L i B r ; • = D M F / H C 0 2 H . 
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118 LIGNIN: PROPERTIES AND MATERIALS 

Table II. Effect of solvent changes on e lut ion of P M M A and Igepals 

Solute D i s t r i b u t i o n Coefficient ( Κ # ) 

M o l . W t . T H F T H F / D M F D M F D M F / L i B r D M F / H C 0 2 H 

P M M A 
1300000 0.02 0.01 0.02 0.02 0.02 

330000 0.03 0.04 0.04 0.03 0.03 
107000 0.04 0.04 0.06 0.04 0.04 
60000 0.05 0.05 0.05 
27000 0.06 0.07 0.08 0.09 0.09 
10300 0.15 0.16 0.18 0.20 0.20 

3000 0.30 0.32 0.39 0.47 0.44 

Igepals 
4626 0.19 0.20 0.22 0.23 0.23 
1983 0.31 0.33 0.37 0.39 0.39 
749 0.47 0.52 0.59 0.64 0.66 
441 0.58 0.65 0.77 0.81 0.84 
308 0.68 0.76 0.94 0.96 1.03 

behavior . T h e other polymer standards could possibly be used, but only 
i f the polymers being analyzed experienced very s imi lar non-size exclusion 
effects. 

F igure 5 shows a typ ica l example of H P S E C of an acetylated l i gn in 
i n the various solvent systems. A d d i t i o n of D M F to the mobi le phase re
sulted i n a m u l t i m o d a l chromatogram w i t h a substant ia l fract ion of the 
l ign in polymer being excluded f rom the pores of the co lumn gel. In fact, 
e lut ion of mater ia l up to 1 m l before V 0 was observed. T h i s type of behav
ior has been reported by several researchers and is generally a t t r ibuted to 
association of l i gn in molecules. Connors et al (8), using d imethy l sulfox
ide and μ-styragel columns, observed association of both underivat ized and 
acetylated kraft l ignins, ind i cat ing that the mechanism of association was 
not through hydrogen bonding. In non-aqueous solvents, E k m a n and L i n d -
berg (6), s tudy ing exhaustively methylated l ignins , and C h u m et al. (3), 
w i t h acetylated l ignins and D M F as solvent, also found association t a k i n g 
place. Sarkanen (9) reported that underivatized organosolv l ignins also ex
h ib i ted association dur ing gel permeation chromatography on dextran gels 
using aqueous sod ium hydroxide as solvent. He proposed that interactions 
of the highest occupied molecular o r b i t a l - lowest unoccupied molecular or
b i t a l ( H O M O - L U M O ) type could be governing these associative processes. 
A number of researchers (3,8) have shown that add i t i on of an electrolyte 
( L i C l , L i B r , etc.) to the solvent disrupts molecular association so that u n i -
moda l e lut ion of l ignins is again obtained. F r o m Figure 5 i t appears that 
neither formic acid (5 w t % ) nor L i B r (0.1 M ) could break a l l the associative 
interactions, w i t h formic acid being s l ightly less effective. These associa
tive interactions have been observed w i t h other polymers and it has been 
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8 . J O H N S O N E T A L . MW Distribution Using Model Compounds 1 1 9 

suggested (3) that add i t i on of L i B r could e l iminate association by shie ld ing 
the dipoles of i n d i v i d u a l molecules. B y using model compounds a better 
understanding of these interactions should be obta ined . 

Table III describes the effect of solvent change on the l i g n i n model 
compounds. None of the model compounds exhib i ted evidence of associa
t i o n ; a l l had u n i m o d a l e lut ion i n the different solvents. T h e KD of the fu l ly 
derivatized model compounds tended to increase as solvent po lar i ty was 
increased, as had that of the polymer standards. A s these are fu l ly deriva
t ized, relatively smal l molecules, the poss ibi l i ty for size change through 
interact ion w i t h the solvents is smal l . Increasing affinity for the c o lumn gel 
as the solvent po lar i ty increased is the most probable exp lanat ion for their 
greater retention. 

Table III . Effect of Solvent Changes on E l u t i o n of L i g n i n M o d e l C o m p o u n d s 
and Polymers 

Solute D i s t r i b u t i o n Coefficients (KD) 

M o l . W t . T H F T H F / D M F D M F D M F / L i B r D M F / H C 0 2 H 

F u l l y Der ivat ized M o d e l s 1 

I A 1078 0.46 0.47 0.51 0.54 0.54 
I I A 1034 0.49 0.52 0.58 0.62 0.62 
ΠΙΑ 446 0.64 0.64 0.68 0.71 0.72 
V I 378 0.70 0.68 0.75 0.77 0.81 
V I I 256 0.80 0.80 0.91 0.94 0.97 

P a r t i a l l y or Under ivat ized Models 
I 784 0.49 0.44 0.45 0.42 0.46 
V 408 0.66 0.62 0.67 0.65 0.70 
III 320 0.66 0.59 0.59 0.57 0.61 
I V 304 0.68 0.64 0.66 0.65 0.69 
V I I I 196 0.82 0.74 0.75 0.76 0.77 
I X 166 0.83 0.76 0.79 0.77 0.82 

a, /? -bis(0-4-aryl) Ether Bonded M o d e l Polymers 2 

X 6100 0.18 0.19 0.21 0.22 0.23 
X I 4500 0.21 0.22 0.24 0.26 0.28 
X I I 1200 0.40 0.40 0.45 0.46 0.49 

1 T h e A indicates peracetylated derivatives of model compounds I, II 
and III . 

2 A p p a r e n t molecular weights for the l ign in model polymers shown here 
were determined by H P S E C . 

T h e par t ia l ly derivatized and underivat ized model compounds had KD 
that appeared to vary quite differently. T h e KD for these compounds were 
generally lower i n the mixed T H F / D M F solvent t h a n i n the pure solvents. 
A d d i t i o n of L i B r i n D M F generally resulted i n lower K p , whereas a d d i 
t i on of formic acid resulted in higher KD than were observed using the 
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120 LIGNIN: PROPERTIES AND MATERIALS 

pure solvent. A s these compounds have free phenolic and alcoholic h y 
droxy groups, i t is l ikely that their size was substant ia l ly affected because 
of hydrogen bonding w i t h the solvents. However, the complex var iab i l i ty 
of the behavior of these underivat ized model compounds is probably due 
to the combinat ion of several interactions w i t h the H P S E C system. 

T h e effect of solvent change on the e lut ion of the l ign in model po ly 
mers is also shown i n Table III . A l l the polymers were increasingly retained 
by the co lumn gel as eluant po lar i ty was increased. However, as can be 
seen i n the example i n F igure 6, addit ion of D M F to the solvent produced 
m u l t i m o d e l e lut ion s imi lar to that observed w i t h acetylated l ignins w h i c h 
has been at t r ibuted to association. A s observed w i t h l ignins , add i t i on of 
L i B r or formic ac id prevented association w i t h only a sl ight shoulder i n the 
chromatogram obtained i n D M F / f o r m i c ac id ind i ca t ing that any associa
t i on remained. C o m p a r i n g the chromatograms of the acetylated l ignins and 
l ign in model polymers , it appears that the l ignins associated to a greater 
degree than d i d the model po lymers . 

T h e question posed by these results is: W h y do the model polymers ap
pear to behave l ike l ignins whi le the model compounds do not? C h e m i c a l l y 
the model compounds (e.g., I A and II A ) are more s imi lar to the acetylated 
l ignins than are the model polymers. T h e linkages between Co, units i n the 
model compounds are either /?-0-4 or b ipheny l which are two i m p o r t a n t 
interunit linkages found i n organosolv l ignins . T h e linkages between C9 
units i n the model polymers are a-0-4, but they do have a gua iacy l group 
bonded to the β- carbon of the propy l s idechain. W h i l e the model po ly 
mers are unacetylated, they have very few free hydroxy 1 groups. T h e model 
polymers are produced by anion in i t iated po lymer izat ion of a quinoneme-
thide using hydroxide or methoxide. C h a i n propagat ion occurs by reaction 
of the result ing phenoxide w i t h the unsaturated ct-C of the quinoneme-
thide , w i t h t e rminat ion occurr ing when the phenoxide reacts w i t h a proton 
instead. Consequently, the model polymers should only have one free phe
nol ic h y d r o x y l and one free a l iphat ic hydroxy l (or a methoxy l ) per molecule 
independent of their molecular weight. Despite the differences between the 
acetylated l ignins and the model polymers, their H P S E C behavior i n the 
various solvents is s imi lar and different f rom that of the acetylated model 
compounds. There is one property in which the model polymers are s imi lar 
and the model compounds are dissimilar to l ignins, and that is their dis -
persity. T h e model polymers and l ignins are polydisperse, whi le the model 
compounds are monodisperse. Connors et al. (3) observed m u l t i m o d a l e lu 
t i on f rom gel permeat ion chromatography of a synthetic D H P l ign in when 
using D M F as solvent. S imi lar behavior was found for a kraft l ign in i n the 
same system. Tentat ive conclusions that may be d r a w n f rom these results 
are that h igh and low molecular weight components must be present for 
association to occur w i t h l ign in- l ike molecules, such that complexes suffi
c ient ly large to be excluded f rom the pores of the co lumn gel are produced , 
or that the complex three-dimensional structures of these molecules some
how enhance associative interactions. 

Exper iments to ob ta in evidence of associative interactions between low 
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Figure 5. H P S E C of an acetylated 
organosolv aspen lignin in the 
various eluants. 

Figure 6. H P S E C of an a , /?-bis(o-
4-aryl) ether bonded model polymer 
(XI) in the various eluants. 
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122 LIGNIN: PROPERTIES AND MATERIALS 

and h igh molecular weight l ignin- l ike components have been at tempted . 
H P S E C of mixtures of acetylated model compounds (ΙΑ, I I A and ΠΙΑ) 
w i t h an acetylated organosolv l ignin were obtained using T H F and D M F as 
eluants. In a l l cases, no add i t i ona l associative behavior was observed. T h e 
H P S E C of the mixtures appeared to be s imply the add i t i on of the H P S E C 
of the model compounds to that of the l i gn in . In T H F no excluded peaks 
were observed and i n D M F the excluded peaks of the l i gn in were reproduced 
wi thout modi f i cat ion . There was no clearly discernible interact ion between 
these l i gn in model tetramers and dimer and the l ign in molecules. 

Conclusions 

1. A physical change i n the co lumn gel was found when using the h igh 
fract ional po lar i ty eluants made w i t h D M F . There was apparently a 
smal l increase in the void volume and approximately a 10% increase 
in the to ta l pore volume. T h e observed changes were reproducible as 
the co lumn set was cycled through eluants of h igh and low fract ional 
polarity . 

2. A s shown previously in the l i terature , polystyrenes are strongly affected 
by adsorption when using solvents containing D M F and polystyrene-
divinylbenzene gels. T h e P M M A , Igepals, derivatized l i gn in model 
compounds, and l ignin model polymers also appear to be affected by 
adsorption but to a lesser extent. Unless a different co lumn gel is used 
for chromatography w i t h D M F , this non-size exclusion effect is always 
l ikely to be a problem. 

3. T h e a, /?-bis(0-4-aryl) ether bonded l ignin model polymers exhib i ted 
associative behavior on going to the h igh fract ional po lar i ty solvents 
such as D M F / T H F and D M F . T h e association was decreased by a d d i 
t ion of 0.1 M L i B r more than by add i t i on of 5 w t % formic ac id . T h i s 
behavior is very s imi lar to that observed for derivatized and under
ivatized organosolv and other l ignins. These s imple l inear polymers 
are therefore good model polymers for l ignins and should receive more 
attent ion as ca l ibrat ion standards for the H P S E C of l ignins. 

4. None of the low-molecular-weight l i gn in model compounds used i n 
this study, derivatized or not , clearly exhibi ted associative behavior 
in the presence of higher fract ional po lar i ty eluants. T h i s indicates 
that the self-association constants for these compounds i n these med ia 
are s m a l l , at least for the concentration range studied. 

5. T h e chromatograms of mixtures of well-defined low-molecular-weight 
l ign in model compounds and a , /?-bis(0-4-aryl) ether bonded l ign in 
model polymers and acetylated l ignins in high fract ional po lar i ty so l 
vents appeared to be merely addit ive . In the concentration range inves
t igated, these mixtures d id not exhibi t evidence of association between 
the low-molecular-weight compounds and the polymers, in addi t ion to 
that already exhibited by the polymers themselves w i t h i n the exper i 
menta l errors of these measurements. 
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Chapter 9 

Determination of the Molar Mass Distribution 
of Lignins by Gel Permeation Chromatography 

Kaj Forss, Raimo Kokkonen, and Pehr-Erik Sågfors 

The Finnish Pulp and Paper Research Institute, P.O. Box 136, 00101 
Helsinki, Finland 

This paper describes the fractionation of lignin sulfonates 
on elution through Sephadex G-50, G-75 and Sephacryl 
S-300 using water or a 0.5M sodium chloride solution 
buffered to pH 8 as the eluent. Fractionation of kraft 
lignin on elution through Sephadex G-50 with 0.5M 
sodium hydroxide as well as the influence of the sodium 
hydroxide concentration is also described. By compar
ing the retention volumes of proteins and lignin sulfonate 
fractions with known molar masses, it is shown that sev
eral commercially available proteins can be used for cal
ibration of the columns. It is shown that on elution 
through Sephadex G-25 with 0.5M sodium hydroxide the 
retention volume of monomeric compounds is influenced 
more by their functional groups than by their molecular 
size. 

A method is needed for the determination of the molar mass and molar mass 
distributions of lignins. The method should give reproducible results when 
used in different laboratories. The procedure should not be complicated, 
and the calibration components must be readily available and reasonably 
priced. 

The present paper describes the fractionation of lignin sulfonates and 
kraft lignin by gel permeation chromatography (GPC) and the method de
veloped and used for several years at the Finnish Pulp and Paper Research 
Institute. 

Sulfonated Lignins 

Elution of Lignin Sulfonates with Water. As can be seen from Figures 1, 2, 
3, and 4, the fractionation of lignin sulfonates on elution with water through 
Sephadex G-50 and G-75 takes place in such a way that the logarithms of 

0097-6156/89A)397-0124$06.00/0 
© 1989 American Chemical Society 
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WEIGHT 
(LOG. SCALE) 
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• SEDIMENTATION VELOCITY 
INST. OF PAPER CHEMISTRY (USA) 

• LIGHT - SCATTERING 
FINN. PULP PAPER RES. INST. 
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1.0 2.0 
V = EFFLUENT VOLUME 

V/Vo 3.0 
V 0 = VOID VOLUME 

Figure 3. Molar mass as a function of retention volume for lignin sulfonates. 
Column: Sephadex G-50. Eluent: water. (Reprinted with permission from réf. 1. 
Copyright 1969 Wiley.) 

MOLECULAR 
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V = EFFLUENT VOLUME 

V/Vo 3.0 
V 0 = VOID VOLUME 

Figure 4. Molar mass as a function of retention volume for lignin sulfonates. 
Column: Sephadex G-75. Eluent: water. (Reprinted with permission from réf. 1. 
Copyright 1969 Wiley.) 
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9. F O R S S E T A L Molar Mass Distribution by GPC 127 

the molar masses of the l ign in sulfonates show a straightl ine relat ionship 
w i t h the retention volumes (1). 

In these experiments Sephadex G-50 effected fract ionat ion of the l i gn in 
sulfonates w i t h molar masses of 5 000-50 000 dal ton and Sephadex G-75 
those w i t h molar masses of 20 000-100 000 da l ton . T h e molar mass de
terminat ions carried out using the l ight-scatter ing and ul tracentr i fugal sed
imentat ion velocity methods gave identical results. However, ca l ib ra t ing 
the columns using l ight-scattering or u l tracentr i fugat ion is too a w k w a r d 
for routine determinations. There is thus a need for readi ly available ca l 
i b r a t i o n standards of known molar mass that elute at the same retention 
volume as l ignin sulfonates of the same molar mass. 

It should be noted that the relationships between molar mass and re
tent ion volume for l i gn in sulfonates shown i n Figures 3 and 4 are s t r i c t ly 
only va l id for the samples studied i n these experiments because l ign in s u l 
fonates are polyelectrolytes and thus interact w i t h each other and w i t h the 
gel m a t r i x of the co lumn. T h e shape of the ca l ibrat ion curve is thus af
fected by, among other things, the size and concentration of the sample (2). 
Interactions between molecular species can be e l iminated by e lut ing w i t h a 
suitable electrolyte. 

Elution of Lignin Sulfonates with Electrolyte Solution and Cali
bration of Columns 

T h e effects caused by the electrolyte nature of l ignin sulfonates are e l i m i 
nated by using a 0 . 5 M sod ium chloride so lut ion as eluent. T h i s eluent is 
made 0 . 1 M w i t h respect to T r i s - H C l and buffered to p H 8 w i t h hydrochlor i c 
ac id i n order to dissolve the proteins used as ca l ibrat ion standards ( F i g . 5). 

T h e co lumn is cal ibrated using proteins of known molar mass. T h e 
relative retention volumes 0.0 and 1.0 are defined by the e lut ion of B l u e 
D e x t r a n (molecular weight 2 000 000) and sulfosalicylic acid (molecular 
weight 218), respectively. 

In the experiment described in Figure 6, four l i gn in sulfonate fractions 
w i t h known molar masses were eluted. 

F igure 6 shows that the proteins used for ca l ibrat ion elute i n the same 
way as l i gn in sulfonates, which justifies the use of proteins as ca l ibrat ion 
standards. A comparison between Figures 4 and 6 shows that e lut ion w i t h 
an electrolyte so lut ion fractionates l i gn in sulfonates i n the range 3 0 0 0 -
80 000 da l ton , but that e lut ion w i t h water fractionates those i n the range 
20 000-100 000 da l ton . 

Because of the very h igh molar masses of enzymica l ly po lymerized 
l ign in sulfonates, Sephacryl S-300 is used as the gel m a t r i x . T h e f ract ion
at ion range is 10 000 to 1 000 000 da l ton . E v e n i n this case proteins of 
k n o w n molar mass can be used as ca l ibrat ion standards (Figs . 7 and 8). 

One disadvantage of using salt so lut ion as eluent is that the l i gn in 
sulfonates tend to adsorb onto the gel m a t r i x , resul t ing i n a resolution 
inferior to that obtained by e lut ion w i t h water. O n the other h a n d , e lut ion 
behavior w i t h water is adversely affected by the polyelectrolyte properties of 
the l i g n i n sulfonates. A d s o r p t i o n , which is caused by the phenolic h y d r o x y l 
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128 LIGNIN: PROPERTIES AND MATERIALS 

A280nm MOLAR MASS 
I DISTRIBUTION, % 

0.00 0.20 0.40 0.60 0.80 1.00 1.20 
RELATIVE RETENTION VOLUME 

80000 40000 20000 10000 5000 
1 1 ' 1 1 — MOLAR MASS 

Figure 5. Frac t i onat ion of l ign in sulfonates on elut ion through Sephadex 
G - 7 5 . E l u e n t : 0 . 5 M N a C l , 0 . 1 M I r i s - H C l ( p H 8). 

COLUMN: SEPHA0EX G-75 
ELUENT: TRIS/HCL BUFFER SOLUTION (pH 8.0. 0.1 M) NaCl (0.5 M) 

Log. M 
5.0i— 

4 . 0 h 

3 .0h 

LSA 
Μ χ 46000 

LSA M s 25 200 

ALBUMIN FROM HEN EGG M = 45000 

CHYMOTRYPSINOGEN A Ms25000 

- t ^ ^ ^ i ^ f—CYTOCHROM C M «12500 

^ GLUCAGON M.3483 

• • D E T E R M I N E D BY L IGHT-SCATTERING 

I I I L 
0 0.20 0.40 0.60 0.80 1.00 

REL. RET. VOLUME 

Figure 6. C a l i b r a t i o n of Sephadex G-75 . E l u e n t : 0 . 5 M N a C l , 0 . 1 M T r i s - H C l , 
p H 8 (4). 
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9. F O R S S E T A L . Molar Mass Distribution by GPC 129 

RELATIVE RETENTION VOLUME 

^ T - t ^ 1 0 * 4.10' 2-W W W 

Figure 7. Frac t ionat ion of enzymica l ly po lymerized l ign in sulfonates 
through Sephacryl S-300. E l u e n t : 0 . 5 M N a C l , 0 . 1 M T r i s - H C l ( p H 8). 

LOGM 

1 I I I I I I 
0 0.20 0.40 0.60 0.80 1.00 

RELATIVE RETENTION VOLUME (RRV) 

Figure 8. C a l i b r a t i o n of Sephacryl S-300. E l u e n t : 0 . 5 M N a C l , 0 . 1 M T r i s - H C l 
( p H 8). 
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130 LIGNIN: PROPERTIES AND MATERIALS 

groups of the l ign in sulfonates, can be avoided by using a strongly alkaline 
eluent to ionize the phenolic hydroxy l groups. However, the Sephadex G-75 
used for the fract ionat ion of l ign in sulfonates in the molar mass range 3 0 0 0 -
80 000 da l ton is rap id ly degraded by strong alkaline solutions. Sephacry l 
is stable enough, but the high molar mass ca l ibrat ion proteins cannot be 
used in strong alkaline so lut ion . 

Elution of Non-Sulfonated Lignins with Sodium Hydroxide Solu
tion as Eluent 

Non-sul fonated l ignins such as those f rom alkaline p u l p i n g processes are 
insoluble i n water but easily soluble in sod ium hydroxide solutions. W h e n 
dissolved i n and eluted w i t h a sod ium hydroxide so lut ion , they show po ly -
electrolyte properties, i.e., the molecular species interact . A s revealed by 
F igure 9, the f ract ionat ion result is strongly dependent on the s o d i u m h y 
droxide concentration up to a concentration of 0 . 4 M . A 0 . 5 M sod ium h y 
droxide so lut ion is thus an appropriate eluent for f ract ionat ion on Sephadex 
G-50 (3). 

W i t h 0 . 5 M s o d i u m hydroxide as eluent, Sephadex G-50 effects frac
t i onat ion i n the molar mass range 1000-15000 da l ton and can be used for 
a per iod of 3-4 weeks w i t h a single ca l ibrat ion carried out w i t h proteins 
and polypeptides of known molar mass, as revealed by F igure 10. Relat ive 
retention volumes 0.0 and 1.0 are defined w i t h B lue D e x t r a n and phenol , 
respectively. 

Due to the dark color of a lkal i l ignins , their molar masses cannot be 
determined by means of the l ight-scattering method . However, as shown 
by F igure 10, e lut ion w i t h sod ium hydroxide also brings about a consistent 
e lut ion pattern of l ign in sulfonates and polypeptides. It is assumed that 
this also applies to the kraft l ignins. 

Frac t i onat ion on Sephadex G-25 using 0 . 5 M sod ium hydroxide as e lu 
ent causes the low molar mass l ign in components in black l iquor to elute 
i n the relative retention volume range 0.3-1.3 w i t h p a r t i a l separation f rom 
each other, as shown i n F igure 11. 

It should be noted that i n this relative retention volume range e lut ion 
does not necessarily take place i n order of decreasing molecular size, be
cause, as seen f rom Figure 12, funct ional groups may have a greater effect 
on e lut ion behavior than molecular size (Forss, K . ; T a l k a , E . , T h e F i n n i s h 
P u l p and Paper Research Inst itute , unpubl ished results). 

Summary 

It has been shown that the molar mass d istr ibut ions of l ign in sulfonates 
and kraft l ign in can be determined by gel permeation chromatography. 
C a l i b r a t i o n of the columns w i t h l i gn in sulfonates of k n o w n molar mass or, 
alternatively , w i t h commercia l ly available proteins and polypeptides has 
been shown to give the same result . 

Because of the polyelectrolyte properties of l ignins, e lut ion is performed 
w i t h electrolyte solutions. If the l ignins are water soluble and the co lumn 
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9. F O R S S E T A L . Molar Mass Distribution by GPC 131 

A280nm 
I ELUENT 

RELATIVE RETENTION VOLUME 

Figure 9. Influence of sodium hydroxide concentrations in the eluent on 
fractionation of lignins in draft black liquor. Column: Sephadex G-50. (Reprinted 
with permission from ref. 3. Copyright 1976 Wiley.) 

COLUMN: SEPHAOEX 6-50 
ELUENT : 0.5 Μ ΝαΟΗ 
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LSA M = 5200 

GLUCAGON M.3483 

BACITRACIN M » U23 

LSA = LIGNOSULFONATE M DETERMINED BY LIGHT-SCATTERING 

Ι I I I I 
0.20 0.40 0.60 0.80 1.00 
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Figure 10. C a l i b r a t i o n of Sephadex G-50 . E luent : 0 . 5 M N a O H (4). 
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132 LIGNIN: PROPERTIES AND MATERIALS 

M280nm 

1.2-1 

0 02 0.4 0.6 0.8 1.0 1.2 1.4 
RELATIVE RETENTION VOLUME 

Figure 11. Fract ionat ion of low molar mass l i gn in components i n kraft b lack 
l iquor . C o l u m n : Sephadex G - 2 5 . E luent : 0 . 5 M N a O H . 

ABS0RBANCE 

Figure 12. Fractionation of low molar mass model compounds. Column: Sephadex 
G-25. Eluent: 0.5M N a O H . 
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9 . F O R S S E T A L . Molar Mass Distribution by GPC 133 

gel m a t r i x is not stable enough i n the presence of an alkal ine eluent, the 
e lut ion is performed w i t h 0 . 5 M sod ium chloride so lut ion adjusted to p H 8 
w i t h 0 . 1 M T r i s - H C l buffer. If the l ignins are soluble on ly i n alkal ine so lut ion 
the e lut ion is performed w i t h 0 . 5 M sod ium hydroxide so lut ion . 
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Chapter 10 

Determinations of Average Molecular Weights and 
Molecular Weight Distributions of Lignin 

P. Froment and F. Pla 

Laboratoire de Génie des Procédés Papetiers Associé au Centre National 
de la Recherche Scientifique, UA 1100, INPG, Ecole Française 

de Papeterie B.P. 65 F-38402 St. Martin d'Hères Cedex, France 

Three methods of molecular weight determination were 
investigated and their application to lignins is discussed. 
V P O gives suitable results for Mn if adequate thermis
tor beads are used. Reliable Mw values are obtained 
by L A L L S if anisotropy, fluorescence and light absorp
tion are taken into account. Preliminary experiments by 
on-line SEC-LALLS are promising but need more inves
tigation. 

The understanding of the macromolecular properties of lignins_requires in
formation on number- and weight-average molecular weights ( M n , Mw) and 
their distributions (MWD). These physico-chemical parameters are very 
useful in the study of the hydrodynamic behavior of macromolecules in so
lution, as well as of their conformation and size (1). They also help in the 
determination of some important structural properties such as functional
ity, average number of multifunctional monomer units per molecule (2,3), 
branching coefficients and crosslink density (4,5). 

Number-average molecular weights are mainly determined by colliga-
tive methods, viz. cryoscopy, ebulliometry, vapor pressure osmometry and 
membrane osmometry. Among these methods, membrane osmometry can 
only be used for molecular weights higher than 25,000. In the case of 
lignins, vapor pressure osmometry (VPO) seems to be the most suitable 
and practical method in spite of some experimental difficulties. However, it 
only allows determinations of Mn in the range of 100 to 10,000. It follows 
that there is a molecular weight range of 10,000 to 25,000 which cannot be 
explored by using these two absolute methods. Size exclusion chromatog
raphy (SEC) covers this range and is more and more used to characterize 
lignins, although much remains to be done in order to achieve comparable 
absolute results from various laboratories. Indeed, the application of this 
technique to lignins has until now only given qualitative results owing to 
problems related to molecular associations and calibration procedures. 

0097-6156/89/0397-0134$06.00/0 
© 1989 American Chemical Society 
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10. F R O M E N T & P L A Lignin Molecular Weights & Weight Distributions 135 

Sedimentation equilibrium and light scattering are the two absolute 
methods that have been used to determine Mw of lignins and lignin deriva
tives. These methods, together with S E C , cover a wide range of molecular 
weights. Light scattering is an excellent technique, particularly with the 
advent of more sophisticated instruments as discussed below (6,7). 

Thisjpaper deals with a detailed analysis concerning the determination 
of M n , Mw and M W D of lignins using respectively V P O , low angle laser 
light scattering (LALLS) and S E C . In addition, recent results obtained by 
on-line L A L L S - S E C are presented. 

Results and Discussion 

Vapor Pressure Osmometry. V P O is a very practical method for deter
mining Mn values in a wide range of solvents and temperatures. Recently, 
results obtained with classical pendant-drop instruments showed a signif
icant dependence of the calibration constant upon the molecular weight 
of the standards (8,9). On the other hand, with an apparatus equipped 
with thermistors allowing the volume of the drops to be kept constant, this 
anomaly is not observed (10,11). 

The thermistors used in this study were of the latter type. As shown 
in Tables I and II, the corresponding Κ values appeared clearly to be a 
function of the solvent and temperature but not of the molecular weight of 
the standards. 

Table I. Influence of Solvent and Temperature on the Calibration Constant 
with Benzil as Calibrating Compound 

Temperature (°C) 

Solvent 25 37 45 60 90 

Tetrahydrofuran 
Dioxane 
2-methoxyethanol 435 

3775 
2680 

950 1445 
4765 
2520 5690 

Table II. Influence of the Molecular Weight of the Calibrating Compound 
on the Calibration Constant in T H F at 45°C 

Calibrating 
Compound 

Molecular 
Weight K(ohm.mole x.kg) 

Benzil 
P O E 
P O E 
Polystyrene 

210 
310 
420 

1790 

3775 
3750 
3790 
3780 

Given the sensitivity of colligative methods to the presence of low 
molecular weight impurities, particular care was taken to isolate lignin sam
ples free of such foreign contaminants. Thus, for example, the extraction 
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136 LIGNIN: PROPERTIES AND MATERIALS 

of a sample of spruce dioxane l ign in for eight hours w i t h d i e thy l ether pro
duced an increase of Mn f r om 1200 to 3000, the corresponding weight loss 
be ing about 5%. 

Conversely, the presence of macromolecular aggregates are not detected 
adequately by V P O . A suitable change of solvent or a temperature increase 
can lead to dissociation and a corresponding effect on Mn. Tables III and 
I V clearly show that this associative phenomenon is not relevant i n the case 
of two typ i ca l samples. 

Tab le III . Mn of N a r r o w Fract ions of Spruce Dioxane L i g n i n 

fractions D l D 2 D 3 D 4 D 5 D 6 D 7 D 8 D 9 
Mn ( T H F ) 820 970 1250 1650 2250 3100 4000 5000 6050 
M n (Dioxane) 800 970 1300 1700 2250 3100 4000 5000 6050 

Tab le I V . Mn of B l a c k Cot tonwood A l k a l i L i g n i n Fract ions i n Different 
Solvents and at Several Temperatures 

2-methoxyethanol 

Sample Mw 

T H F 
45°C Sample Mw 

T H F 
45°C 25° C 37° C 45°C 60° C 

F - l 17600 3650 3700 3750 3700 3700 
F - 2 24000 5100 5100 5000 5050 5000 
F - 3 43500 6000 5900 5950 5850 5900 
F - 4 55000 6300 6400 6400 6400 6450 

In order to overcome the so lubi l i ty l i m i t a t i o n t y p i c a l of l ign in fract ions, 
chemical modif ications have been envisaged. Obv ious ly only those methods 
g i v i n g nearly quant i tat ive recovery are adequate for the purpose of measur
ing Mn. Table V shows results related to the acetylat ion technique where 
only a slight increase i n Mn is observed as expected. 

Tab le V . Mn of Spruce A l k a l i L i g n i n Fract ions Before and Af ter A c e t y l a t i o n 
( in 2-methoxyethanol at 60° C ) 

Sample 

Mn 

Sample Before A c e t y l a t i o n A f te r A c e t y l a t i o n 

S A - 1 2000 2350 
S A - 2 2850 3150 
S A - 3 3850 4450 
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10. F R O M E N T & P L A Lignin Molecular Weights & Weigfit Distributions 137 

Light Scattering Photometry. We w i l l l i m i t our discussion to L A L L S be
cause i t constitutes a net improvement as compared to other methods of 
Mw determinat ion . It has the advantage of prov id ing absolute values of 
the Ray le igh rat io by direct comparison of scattered and t ransmi t ted l ight . 

R(e) = G(e)G(0)-1D(aiy1 (1) 

where R(9) is the Ray le igh rat io , G(0) and G(0 ) are respectively the photo-
mul t ip l i e r readings for scattered and t ransmit ted l ight , D is the attenuat ion 
used for the measure of the t ransmit ted l ight , and the product σΐ is an i n 
s t rumenta l factor. Another advantage is that , owing to the s m a l l angle 
between the incident and scattered beam, the f o rm factor Ρ(θ) is equal to 
unity . T h e equation re lat ing the Ray le igh rat io to the molecular weight 
thus reduces to: 

Kc/AR(0) = 1/MW + 2,4 2 c (2) 

where c is the concentration (g .ml"" 1 ) , A2 is the second v i r i a l coefficient, 
AR(6) is the difference between the Ray le igh ratios o f the solvent and 
the so lut ion , and Κ is the l ight scatter ing constant w h i c h , for vert i ca l ly 
polar ized incident l ight , is given by : 

Κ = Av2n2{dn/dc)2\-AN-1 (3) 

where η is the solvent refractive index, dn/dc is the refractive index incre
ment of the so lut ion , λ is the wavelength, and Ν Avogadro ' s number . Mw 

is obtained by extrapo lat ing Kc/AR(ff) to zero concentrat ion. 
Nevertheless, i n order to ob ta in reliable results w i t h l ignins, fluores

cence, l ight absorpt ion , and anisotropy must be taken into account. F l u o 
rescence is easily e l iminated by the use of an adequate interference f i lter. It 
is wel l known that l ignins exhib i t an absorpt ion spectrum w i t h a m a x i m u m 
i n the near u l t ra -v io le t t a i l i n g a l l the way into the v is ib le . 

T h e correction of absorpt ion depends on the geometry of the cell and 
of the scatter ing volume. Fortunately , i n the K M X - 6 instrument , the scat
ter ing volume is at the center of the cell and the incident and scattered 
beams are equally attenuated. Consequently the correct ion of absorpt ion 
is reduced to the measure of the intensity of the t ransmit ted beam for each 
concentrat ion. 

T h e net effect of anisotropy is an enhancement of the scattered l ight . 
T h i s excess scatter ing can be e l iminated by measuring the ver t i ca l and 
hor izonta l components of the scattered l ight w i t h an ana lyz ing polarizer . 
These two components are complex functions of s in θ and cos0 (12). For 
s m a l l values of θ sett ing s i n 0 = O(cos0 = 1) results i n a negligible er
ror . T h e Ray le igh rat io corrected for anisotropy is then given by the usual 
expression: 

AR(e) = ARv(0) - ( 4 / 3 ) Δ Λ ή ( 0 ) (4) 

where AR(9) and ARh(6) s tand respectively for the ver t i ca l and hor izonta l 
excess Ray le igh ratios . 
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138 LIGNIN: PROPERTIES AND MATERIALS 

Tables V I and V I I give results corresponding to two series of l i gn in 
fractions obtained w i t h a flow-through reactor (3). (The units for dn/dc 
and A2 are respectively rnl.g"1 and m o l e . m l . g ~ 2 ) . These results show that 
L A L L S allows the determinat ion of low Mw values. T h e dn/dc values differ 
f r om sample to sample but vary only s l ight ly for a given set of fractions. 
T h e second v i r i a l coefficient exhibits no definite t rend . Negative values 
indicate perhaps some association effects but l ight scattering alone is not 
sufficient to ascertain this po int . 

Table V I . L A L L S Results on A c i d i c Organosolv L i g n i n Fract ions f rom B l a c k 
Cot tonwood 

Frac t i on 

Parameter 1 2 3 4 5 6 7 8 

Mw 

dn/dc 
Λ 2 . 1 0 2 

1500 
0.168 

2.1 

2550 
0.159 

1.5 

4000 
0.157 

2.8 

9000 19000 
0.157 0.156 

1.7 0.15 

29000 
0.157 
0.11 

59500 
0.159 
0.18 

74000 
0.157 
0.19 

Tab le V I I . 
wood 

L A L L S Results on A l k a l i L i g n i n Fract ions f r om B lack C o t t o n -

Fract ion 

Parameter 1 2 3 4 5 6 7 8 

Mw 

dn/dc2 
Λ 2 . 1 0 2 

4700 
0.187 

0 

10500 
0.184 
-1.2 

11500 
0.188 

2.1 

17500 24000 
0.190 0.192 

1.4 1.3 

36000 
0.191 

0.9 

43500 
0.189 

1.7 

55000 
0.193 

1.1 

Size Exclusion Chromatography. One can define three levels of interpreta 
t i on i n S E C . T h e first is a v i sua l inspect ion of the weight fract ion versus 
e lut ion volume curve. K n o w i n g that for a pure size exclusion mechanism 
the molecular weight decreases when the e lut ion volume increases, this 
gives a picture of the d i s t r ibut ion and allows a qual i tat ive comparison of 
samples. T h e ca l ibrat ion and subsequent ca lculat ion of average molecular 
weights constitute the second level . T h e t h i r d level refers to the correction 
of c o lumn dispersion. Because the a i m of this paper is the determinat ion of 
molecular weight averages, at tent ion w i l l be focused on the second level , as
suming that a l l the problems associated w i t h the first one have been solved. 
T h i s is an ambit ious assumption but indispensable for proceeding to the 
second level . 

F r o m the Q factor (13) to Benoi t ' s universal ca l ibrat ion (14) and the 
more recent "southern ca l ib ra t i on" (15), a lot of papers have been devoted 
to this question. Unfortunate ly , the appl i cat ion of these procedures to 
l ignins has been unsuccessful. T h e best approach is the ca l ibrat ion of the 
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10. F R O M E N T & P L A Lignin Molecular Weights & Weight Distributions 139 

columns w i t h wel l characterized l ignin samples of broad or narrow d i s t r i b u 
t i on (16). A n o t h e r practice is the direct use of the ca l ibrat ion established 
w i t h polystyrene samples. W h e n the exponents of the M a r k - H o u w i n k equa
t i on for both polystyrene and the sample under study are the same, this 
method gives "relat ive molecular weights." If the condi t ion above is not 
ful f i l led, as for l ignins , there is no s imple re lat ion between the calculated 
molecular weights and the real ones. 

F igure 1 shows the ca l ibrat ion curves for polystyrene and l i gn in i n the 
low molecular weight region. E v e n i n this region where the effects of b ranch 
ing are reduced, there is no coincidence between l ign in and polystyrene. 
W h e n the molecular weight increases the two curves diverge. 

On-Line SEC-LALLS. T h e possibi l i ty afforded by on- l ine S E C - L A L L S to 
continuously calculate the molecular weight of the molecules e lut ing f r om a 
set of columns allows one to overcome the ca l ibrat ion prob lem. In F igure 2 
are shown the recorder traces for the vert i ca l ( V v ) and hor izonta l (Hv) 
components of the scattered l ight , the t ransmit ted l ight ( G O ) and the con
centrat ion of the effluent ( D R I ) corresponding to an acetylated organosolv 
hornbeam l i g n i n . Note that these recordings need, at least, three sample 
injections. T h e molecular weight averages are calculated by s u m m i n g over 
the e lut ion volume range spanned by the sample, the expression: 

Mw ( i )c(i ) = l / [ t f / Δ Λ(0, i ) - 2A2] (5) 

where Mw(i) and c(i) are respectively the weight average molecular weight 
and the concentration of the species e lut ing at v ( i ) . K, A2 and AR(0, i) 
have been defined above. T h e s u m m a t i o n leads to: 

Mw = ( Δ ν / ρ ) Σ { 1 / [ # / Δ Λ ( 0 , i) - 2A2]} (6) 

Mn =Vc(i)/E[c(t)/Mw(i)] (7) 

where ρ is the injected weight and Av is the e lut ion volume increment. In 
practice A2 is neglected (17). E q u a t i o n (6) shows that Mw depends only 
on the intensity of the l ight scattering signals. T h e value of Mn ca lculated 
according to equation (7) is always higher than that obtained by absolute 
methods. 

A glance at curve V v reveals an interesting feature. In the h igh molec
ular weight region (smal l e lut ion volumes) there is a s m a l l peak located 
near the void volume. T h e absence of equivalent peaks at the same e lu 
t i on volume on the concentration detector and the hor izonta l component 
curves indicates the presence of a s m a l l amount of h igh molecular weight 
species i n the sample. It remains to be ascertained i f this h igh molecular 
weight component is a fundamental characteristic of the sample or an ar
t i fact . Some experiments carried out i n our laboratory show a tendency 
for this peak to become reduced w i t h storage t ime. Further experiments 
are needed to elucidate the exact nature of this phenomenon. Fortunate ly , 
the effect on the ca lculat ion of molecular weight averages is modest . For 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
0



140 LIGNIN: PROPERTIES AND MATERIALS 

F igure 2. Recorder traces of on-line S E C - L A L L S experiment . 
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10. F R O M E N T & P L A Lignin Molecular Weights & Weight Distributions 141 

the sample studied the Mw value is 15000 instead of 12000 when the h igh 
molecular weight component is neglected. T h e Mn value is 4500 instead of 
4000 determined by V P O . 

L i g h t scattering is very sensitive to h igh molecular weight compounds 
but , on the other h a n d , low molecular weight components are not detected 
and must be e l iminated i n order to avoid difficulties and to ob ta in rel iable 
number-aver age molecular weights as stated previously w i t h V P O . 

Conclusion 

L i g n i n s are poly disperse macromolecules whose average molecular weights 
are rather low. T h e i r determinat ion by means of absolute methods becomes 
now easy owing to improvements i n techniques, and this i n spite of many 
problems inherent i n the po lymer itself. 

_ V P O appears to be the most pract i ca l col l igative method for determin
ing Mn. Nevertheless, care must be taken concerning l i gn in pur i f i cat ion and 
d r y i n g , the p u r i t y of the solvent and instrument ca l ib ra t i on . O n the other 
h a n d , rel iable Mw values can be obtained using L A L L S i f fluorescence, l ight 
absorpt ion a n d anisotropy are accounted for. 

S E C alone allows only comparison between l ign in samples. T h e ca l 
i b ra t i on of the columns s t i l l remains a real prob lem. T h e association of 
S E C w i t h L A L L S , fo l lowing the procedure described here, is certainly the 
best approach to determining molecular weight averages and the M W D of 
l i gn in derivatives. However, there remains to be explained the appearance 
of s m a l l amounts of h igh molecular weight fractions. T h i s topic is presently 
under invest igation. 

Experimental 

Dioxane Lignin. Spruce wood meal was extracted w i t h a bo i l ing so lut ion 
composed of 1000 m l dioxane and 10 m l HC1 (sp. gr. = 1.19) (18). T h e 
result ing l i g n i n was then Soxhlet -extracted w i t h d i e thy l ether and f ract ion
ated by S E C (4,18) to ob ta in narrow fractions. 

Alkali Lignin. B l a c k cottonwood platelets were cooked i n a flow-through 
reactor w i t h 1.0N N a O H at 160°C flowing at a steady rate of about 
17.5 m l . m i n - 1 (3). T h e effluent was collected as several successive fractions 
f rom w h i c h l i gn in was precipitated and purif ied (3). T h e same procedure 
was appl ied , at 170°C, to spruce matchst icks . 

Organosolv Lignins. A c i d i c organosolv l i g n i n was obtained f rom black cot
tonwood using again a flow-through reactor (3). T h e del igni f icat ion condi 
tions were methano l /water (70 /30 v / v ) i n the presence of 0 . 0 1 M H2SO4 at 
150°C. T h e successive l ign in fractions were recovered as described i n Ref. 3. 

H o r n b e a m chips were cooked i n a batch reactor under the fol lowing 
condit ions: e thano l /water (50/50 v / v ) ; catalyst : M g C l 2 0 . 0 5 M on o.d. 
wood; l iquor-to -wood rat io : 10; m a x i m u m temperature: 170°C for 3 hours. 
T h e result ing organosolv l ign in was recovered as described elsewhere (19). 
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142 LIGNIN: PROPERTIES AND MATERIALS 

Quantitative Acetylation of Lignins. To avoid f ract ionat ion of the l ignins 
and loss of low molecular weight components, which occur i n the usual 
acetylat ion procedures, the quant i tat ive acetylation described by H . C h u m 
et al. (20,21) was employed. 

Vapor Pressure Osmometry. Number-average molecular weights were eval 
uated w i t h a vapor pressure osmometer (Knauer ) fo l lowing a previously 
described method (18). 
Low Angle Laser Light Scattering Photometry. Weight-average molecular 
weights were determined w i t h a K M X - 6 photometer ( L D C / M i l t o n R o y ) . 
T h e l ight source was a 2 m W vert ica l ly polar ized hel ium-neon laser (A = 
632.8 n m ) . T h e instrument was equipped w i t h an ana lyz ing polarizer to 
measure both vert i ca l and horizontal components of the scattered l ight . 
Fluorescence was e l iminated by the use of an interference filter centered at 
632.8 n m and w i t h a band w i t h of 4 n m . T h e solvent was 2-methoxyethanol 
at r oom temperature. Solvent and solutions were clarif ied by filtration 
through a 0.2 μνα pore size teflon filter. T h e refractive index increments 
were evaluated at 2 0 ± 0 . 0 1 ° C and λ = 632.8 n m w i t h a B P 2000 differential 
refractometer (Brice P h o e n i x ) . T h e refractive index of the solvent was 
determined under the same conditions w i t h an A b b e refractometer. For 
on-l ine S E C - L A L L S , a flow-through cell was used. 
High Performance Size Exclusion Chromatography. S E C was carried out on 
polystyrene-divinylbenzene gels w i t h porosités ranging f rom 100 to 1 0 4 A . 
T h e solvent, T H F , had a flow rate of 1 m l / m i n . T h e detector was a differ
ent ia l refractometer. 
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Chapter 11 

Association of Kraft Lignin in Aqueous Solution 

Sri Rudatin, Yasar L. Sen, and Douglas L. Woerner 

Department of Chemical Engineering, University of Maine, Orono, 
ME 04469 

A technique has been developed to study the self
-association of kraft lignins in alkaline solution using ul
trafiltration membranes. The effects of alkalinity, lignin 
concentration and molecular weight distribution, ionic 
strength and some additives have all been explored. The 
association process accompanies the neutralization of the 
phenoxide groups. Neutralization can be accomplished 
by protonation or chelation. Large molecules show a 
strong affinity to associate with small molecules. High 
lignin concentrations increase the extent of association. 
Association in a 5.0 M urea solution was greatly reduced 
at alkalinities less than pH 13.0, indicating that hydrogen 
bonding may play an important role. 

U t i l i z a t i o n of kraft l ignins has been s tymied b y several factors: the di f f i 
cu l ty i n produc ing puri f ied m a t e r i a l , i n a b i l i t y to separate the kraft l i gn in 
by molecular weight, and a general lack of unders tanding of kraft l i g n i n . 
In general , the phenomenon of association has greatly retarded the u n 
derstanding and u t i l i za t i on of kraft l ign ins . Disagreement on the molec
u lar weights a n d molecular weight d is tr ibut ions of l i g n i n preparations is 
widespread, undoubtedly due to different degrees of association under m a n y 
different condit ions (1). W h e n the under ly ing mechanism and the cond i 
t ions affecting association are we l l understood, m a n y of the difficulties i n 
character izat ion and u t i l i za t i on may be overcome. T h e viscosity of kraf t 
l i g n i n solutions can be modeled as co l lo idal phenomena. T h e or ig in of the 
co l lo idal particles may be association. 

Assoc ia t i on of kraft l i g n i n is m a i n l y based on internal and externa l 
factors. T h e composi t ion and the funct ional groups w i t h i n the kraft l i gn in 
s tructure are i m p o r t a n t in terna l factors i n determining the t h e r m o d y n a m i c 
behavior of kraft l i g n i n . T h e ma jo r groups are the aromat i c r i n g ( 1 / C 9 ) , 

0097-6156/89/0397-0144$06.00/0 
© 1989 American Chemical Society 
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11. RUDATINETAL. Association of Kraft Lignin in Aqueous Solution 145 

carboxy l groups ( 1 / C 9 ) , phenol ic h y d r o x y l groups ( 0 . 6 / C 9 ) , a l iphat i c h y 
d r o x y l groups ( 0 . 4 8 / C 9 ) , a n d ether groups ( 1 / C 9 ) . T h e extent of associ
a t i on i n kraft l i g n i n so lut ion w i l l also change w i t h external factors such 
as solvent, a lkal in i ty , concentrat ion, ionic compos i t i on , organic addit ives , 
t i m e , a n d temperature . 

There are four different mechanisms o f molecular associat ion: hydrogen 
bond ing (Η-bonding) , stereoregular associat ion, lyophobic bond ing , and 
charge transfer bond ing . Η-bonding is a dipole-dipole interact ion between 
two electronegative atoms on which one has a hydrogen a t o m covalently 
bonded . T h e h i g h strength of these bonds (20 k J ) arises because the dipoles 
are on ly separated b y the very s m a l l hydrogen a t o m . Stereoregular associ
a t i on occurs between two h igh ly ordered polymers w h i c h share m a n y van 
der W a a l s interact ions along the po lymer chains. M a n y bio logical po lymers 
demonstrate stereoregular b o n d i n g , the most notable be ing the D N A d o u 
ble he l ix . Lyophob i c bond ing is a misnomer for the exclusion of solutes 
f r o m so lut ion because of the strong intermolecular a t t rac t i on between the 
solvent molecules. T h e ma jo r requirement for lyophobic b o n d i n g is the 
development of a s tructure of the solvent molecules such as water a n d ben 
zene show. Charge transfer b o n d i n g is the shar ing o f pos i t ive a n d negative 
charges as exhib i ted between cationic a n d anionic po lymers . 

A long h is tory of association of kraft l ignins i n so lut ion exists i n the 
l i terature , almost a l l of i t based on the determinat ion of molecular weight. 
In 1958 Gross et al. (2) discussed Η-bonding w i t h respect to i r r e p r o d u c i b i l -
i t y o f M W measurements by cryoscopy. B e n k o i n 1964 (3) suggested that 
Η-bonding or hydrophobic bond ing was responsible for the changes i n dif -
fus iv i ty and viscosity of kraft l ignins. In 1967 B r o w n (4) suggested that 
Η-bonding was responsible for molecular association i n vapor pressure os
m o m e t r y experiments for the determinat ion of molecular weight. Lindstrôm 
i n 1979 a n d 1980 (5) and Yaropo lov a n d T i shchenko i n 1970 (7,8) researched 
the changes i n viscosity of kraft l ign in solutions and ascribed the increas
i n g viscosity w i t h decreasing a lka l in i ty to be due to intermolecular b o n d 
i n g . M i l l e d wood l ignins have been shown to have intramolecular hydrogen 
bond ing p r i m a r i l y between the phenolic , a l iphat ic a n d ether groups. Some 
intermolecular hydrogen bond ing was observed w i t h the g a m m a a l iphat i c 
hydroxy groups (9). 

T h e most recent work i n this field has been performed by Sarkanen 
and co-workers. A series of papers (10-13) propose that kraft l i g n i n under
goes stereoregular association between h igh ly ordered fragments of the n a 
t ive l i gn in w h i c h remain after p u l p i n g . B o n d i n g is p redominant ly H O M O -
L U M O interact ions of the p i -orbi ta ls o f the benzene rings between large 
polymers and s m a l l oligomers and is s to ichiometr ica l ly constrained. T h e 
m a j o r too l used i n this work is size exclusion chromatography of prec ip i 
tated l ignins , w i t h a variety of suppor t ing evidence. T h e ma jo r findings of 
th is work are: (1) complexes i n a variety of solvents can be broken down 
w i t h ionic addit ives ; (2) the molecular weight d i s t r ibut i on of prec ip i tated 
kraft l ignins is very s imi lar below 4000 daltons ; (3) dissociat ion is favored 
b y work ing at h i g h a lka l in i ty a n d low solute concentrat ion. 
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A s imple model o f the degree of association has been presented (Wo-
erner, D . L . ; M c C a r t h y , J . L . Macromolecules, i n press) i n w h i c h the degree 
of associat ion is related to the so lub i l i ty of the protonated l i gn in i n neutra l 
water a n d the degree of i on izat ion of the phenol ic groups. T h e assumptions 
are: (1) a l l ionized phenolic ions are i n so lut ion ; (2) a certain fract ion of the 
protonated phenolic groups is soluble; (3) a single K a and so lub i l i ty l i m i t , 
S, are appl icable to a l l l i g n i n species of a l l molecular weights. T h e f u n d a 
m e n t a l react ion was i on izat i on ( E q u a t i o n 1) a n d the degree of associat ion 
is given i n E q u a t i o n 2. 

LOH = W + Η+ (1) 

1 - %ass = S + (1 - S) x X where 1/X = 1 + — ^ - r (2) 
Κ a [Un j 

Here S is the so lub i l i ty of the l i g n i n i n neutra l water, X is the f ract ion of 
phenol ic groups that have been ionized, and Ka is the d issoc iat ion constant 
of the phenol ic groups. T h e p K a was determined to be approx imate ly 11.4 
f r om l ight scatter ing results and the so lub i l i ty l i m i t was measured to be 
about 0.16 mass f ract ion . A reasonable fit of the permeate concentrat ion 
f rom ultraf i l ter experiments w i t h a 10,000 molecular weight cutoff ( M W C O ) 
was obta ined . 

Experimental Procedures 

T w o l i gn in preparations were used i n this work . T h e p r i m a r y kraft l i gn in 
was isolated f r om a northern softwood m i l l l iquor by prec ip i tat ion and 
washing fol lowing the procedures developed by K i m (14). T h e prec ip i tated 
l ignins were separated into three groups: F A M (fully associated molecules) 
were the as-precipitated molecules, S A M (smal l associating molecules) were 
molecules f r om F A M which were able to pass a 10,000 M W C O m e m 
brane, and L A M (large associating molecules) were the F A M molecules not 
able to pass the 10,000 M W C O membrane. T h e L A M so lut ion contained 
some low molecular weight m a t e r i a l . A fourth l i g n i n sample was obta ined 
f r o m the non-prec ip i tated l ignins a n d called N A S M (non-associat ing s m a l l 
molecules) . T h e second kraft l i g n i n was I n d u l i n A T obtained f r om Westvaco 
C o r p . , Char les ton , S . C . , and was used as obta ined . 

T h e l i g n i n was analyzed for concentration and molecular weight dis 
t r i b u t i o n . T h e concentration was obtained by U V absorpt ion at 280 n m 
assuming the va l id i ty of Beer 's l aw w i t h an absorpt ion coefficient of 20 c m 
m L / g . T h e molecular weight d is tr ibut ions were obtained fo l lowing S a r k a 
nen (10) using Sephadex G-100 i n a 25 m m by 70 c m c o l u m n ( P h a r m a c i a ) . 
A l l d a t a were collected and analyzed by F o r t r a n computer programs w r i t t e n 
at the Univers i ty of M a i n e fo l lowing Y a u (15). 

T h e membrane sampl ing technique was used extensively to get samples 
w h i c h were representative of the so lut ion i n e q u i l i b r i u m w i t h the associated 
complexes. Brief ly , the sample is equi l ibr iated i n a sealed polyethylene 
container under nitrogen at least overnight. A 200 m L por t i on of the sample 
is placed i n the ultraf i l ter cell ( A m i c o n 8200) w i t h an X M 3 0 0 membrane 
( A m i c o n 300,000 M W C O ) . E a r l i e r studies (Woerner, D . L . ; M c C a r t h y , J . 
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L . , Macromolecules, i n press) h a d shown that this membrane d i d not al low 
associated complexes to pass through the membrane . T h e cell is pressurized 
w i t h ni trogen. T h e first 5 m L of permeate are discarded, a n d then a 2 m L 
sample is taken for analysis . T h e ultraf i l ter condit ions were adjusted to 
m i n i m i z e concentration po lar i za t i on , C P (16), by us ing a st irrer rate of 
390 r p m and 60 k P a pressure drop across the membrane. A t h igh l i gn in 
concentrations C P could not be avoided and m a n y different st irrer rates 
a n d pressures were used to provide a correct ion for C P . 

T h e results are often presented i n terms of the rejection coefficient 
w h i c h is a dimensionless number defined as 

Λ = 1 - Cp/Cb (3) 

w h i c h allows direct comparison of results at different parent so lut ion con
centrations. T h e rejection coefficient is p r i m a r i l y a funct ion of the m e m 
brane pore size a n d the solute h y d r o d y n a m i c radius . A change i n the 
rejection coefficient when the so lut ion characteristics are changed is i n d i c a 
tive of a change i n the degree of association. A n increase i n the rejection 
coefficient indicates a decrease i n the number of molecules available to p e n 
etrate the membrane presumably as a result of an increase i n the degree of 
associat ion. 

Factors Affecting Association 

Alkalinity. T h e F A M so lut ion was d iv ided into several a l iquots a n d the 
p H was adjusted w i t h H2SO4 to a p H ranging f r o m 8.5 to 13.8, each at 
a concentrat ion of about 11 g / L . E a c h so lut ion was i n d i v i d u a l l y u l t r a f i l -
tered a n d a permeate sample obta ined . T h e p H 8.5 so lut ion was t i t ra ted 
w i t h 0 . 1 M N a O H to several alkal init ies and ultraf i l tered. T h e permeate 
concentrations and rejection coefficients are presented i n T a b l e I, a n d the 
permeate molecular weight d is tr ibut ions are shown i n F igure 1. 

T h e presence of kraft l i g n i n association was ind icated at a l l a lkal init ies 
and a l l molecules par t i c ipated . T h e association was strongly p H dependent 
and completely reversible. However, the extent of the associat ion for the 
s m a l l molecules and the large molecules was different. T h e h i g h molecular 
weight molecules show considerable association i n the p H 13.5 to p H 12.0 
range, w i t h l i t t l e or no further association at lower a lkal ini t ies . T h e s m a l l 
molecules showed no association above p H 13.0 and the major associat ion 
was i n the p H 13.0 to 11.0 region. Be low 10.0 there was no further associ
a t i on . 

These results indicate that protonat ion of the phenoxide i on is a nec
essary step i n the association process, a n d the average K a for i on izat ion o f 
the phenol ic h y d r o x y l group increases w i t h molecular weight. 

Molecular Weight. T h e four K L solutions a n d 50:50 mixtures o f the S A M , 
N A S M a n d L A M w i t h F A M were ultraf i l tered at p H 13.8 and 8.5 to ex
plore the effect of the parent so lut ion molecular weight d i s t r i b u t i o n on the 
associat ion process. T h e results at p H 13.8 are presented as rejection coef
ficient d is tr ibut ions i n F igure 2. T h e rejection coefficient d i s t r i b u t i o n was 
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0.5 

MOLECULAR WEIGHT 

F i g u r e 1. Mo lecu lar weight d is tr ibut ions o f the permeate obta ined f r o m the 
t i t r a t i o n of F A M demonstrat ing the association of large molecules i n the 
p H 13.8 to 12.0 region a n d s m a l l molecules i n the p H 13.0 to 10.0 range. 
Sephadex G-100 /0 .10 M N a O H . 

MOLECULAR WEIGHT 

Figure 2. Reject ion coefficient d i s t r ibut i on on the X M 3 0 0 membrane show
i n g the association caused by an increase i n the concentrat ion of large 
molecules at constant t o t a l l i g n i n concentrat ion. 
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Table I . T i t r a t i o n of K r a f t L i g n i n U s i n g X M 3 0 0 M e m b r a n e 

R u n P H C feed, g / L C permeate, g / L R e j . Coeff. 

1 13.5 12.10 7.00 0.42 
2 13.0 10.80 5.35 0.50 
3 12.5 10.75 4.50 0.58 
4 12.0 10.65 4.10 0.61 
5 11.5 10.70 4.00 0.62 
6 11.0 10.80 3.85 0.64 
7 10.5 11.10 3.85 0.65 
8 10.0 11.10 3.50 0.68 
9 9.5 11.00 3.00 0.72 

10 9.0 11.00 2.75 0.75 
11 8.5 11.00 2.50 0.77 
12 1 10.0 11.00 3.25 0.70 
1 3 1 12.0 10.50 4.35 0.58 
14 1 13.5 10.10 7.00 0.31 

B a c k t i t r a t i o n results . 

obta ined by d i v i d i n g the permeate concentrat ion by the parent so lut ion 
concentrat ion at every molecular weight. T h e rejection coefficient should 
be ident ica l except for changes impar ted by associat ion. 

T h e association of kraft l i gn in was strongly influenced by i ts molecu
lar weight d i s t r ibut i on ( M W D ) at p H 13.8. T h e feed M W D a n d permeate 
M W D profile o f these solutions should coincide up to a certain value of 
molecular weight regardless of the M W D of the parent so lut ion i f associ
a t i on is not present. T h e feed and permeate M W D profile were ident i ca l , 
i .e. , rejection coefficient = 0, up to 3000 for N A S M , S A M , F A M - N A S M , 
and F A M - S A M . For the solutions hav ing more large molecules ( F A M , L A M 
a n d F A M - L A M ) , the feed M W D and permeate M W D coincided up to 600. 
A p p a r e n t l y when an excess of s m a l l molecules is present ( N A S M , S A M , 
N A S M + F A M and S A M + F A M ) the associated complexes appeared to be
come saturated . O n the other h a n d more large molecules i n the so lut ion 
provided more sites for association and s m a l l molecules were effectively re
moved f rom the so lut ion . T h i s result indicates that there is considerable 
interact ion between the s m a l l molecules and the large molecules at h igh 
a lkal in i ty . 

T h e amount of s m a l l molecules i n the permeate at low a lka l in i ty i n 
creased w i t h the relat ive concentrat ion of s m a l l molecules (F igure 3). I f 
hydrophobic bond ing or s imple so lub i l i ty was the dominant mechanism for 
the association, the so lub i l i ty of l i gn in molecules should be solely a func
t i o n of p H regardless of the M W D of the parent so lut ion . Consequently , the 
permeate M W D should be approx imate ly the same a n d not a funct ion of 
the M W D of the parent so lut ion . Since the exper imenta l permeate M W D 
varied w i t h the parent M W D , the so lub i l i ty or hydrophobic interact ion 
mechanism was no longer accepted. 
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Lignin Concentration. L i g n i n concentrations have been examined i n the 
range of 10 to 100 g / L . These concentrations represent concentrations nor 
m a l l y present i n black l iquors and therefore are of i n d u s t r i a l relevance. 
T y p i c a l l i gn in concentrations i n black l iquor range f r o m 50 g / L for 1 5 % 
solids to over 300 g / L at f i r ing . 

T h e membrane sampl ing technique is m u c h more compl icated at these 
concentrations because of the effects of C P at the membrane surface. T h e 
theory of rejection by the C P layer (17) suggests that a plot o f ln(Cp) 
as a funct ion of the reduced flux rate J w / J — 1 at several st irrer rates and 
transmembrane pressures should y i e ld a straight l ine . T h e intercept is 
ln(CbtaPp x (1 — Rmem))- A t each concentration approx imate ly 20 u l t r a f i l 
ter experiments are performed at several s t i r bar rates and pressures and 
p lo t ted as shown i n F igure 4. T h e intercept values f r om these plots are 
d iv ided by (1 — Rmem) and the parent l i gn in so lut ion concentrat ion to give 
the degree of association. T h e results are shown i n Tab le II . T h e effect of 
l i gn in concentrat ion on the molecular weight d i s t r ibut i on of solutes i n equi 
l i b r i u m w i t h the associated complexes has not yet been ascertained because 
we need knowledge of the diffusion coefficient of kraft l i g n i n as a funct ion 
of molecular weight and the rejection coefficient d i s t r i b u t i o n w i thout asso
c ia t i on or concentration po lar i za t i on . 

Tab le II . Assoc ia t i on at H i g h L i g n i n C o n c e n t r a t i o n s 0 

p H ~ ~ 
Parent So lu t i on 
Concentra t i on 13.8 13.0 12.0 10.0 

10 — 1.0 .479 .77 
25 .940 .848 .604 .364 

50 .846 .748 .740 .696 
100 .744 .834 c . 9 1 1 c -

50 + 7* .440 -
T h e numbers are the permeate concentrations d iv ided by the bu lk con
centrat ion . A l l the corrections to determine the degree o f associat ion 
are not yet k n o w n , but a decrease i n this number is evidence of an 
increase i n the degree of association. T h e solute is I n d u l i n A T . T h e 
permeate d a t a are obta ined f r om the intercept of figures s imi lar to 
F igure 4. 
50 g / L so lut ion , ionic s trength 3.0 M w i t h the a d d i t i o n o f N a C l . 
T h i s apparent decrease i n the degree of association is under veri f icat ion. 

T h e results based on bu lk l i gn in concentration demonstrate that the 
degree of association increases as the concentration of the solute increases. 
T h i s result is observed at a l l a lkal init ies . T h e degree of associat ion increases 
as the a lka l in i ty decreases at any solute concentrat ion. 

T h e s imple so lub i l i ty model would predict that the concentrat ion i n the 
permeate would remain constant as the t o t a l l i gn in concentrat ion increases. 
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pH 8.5 PERMEATES 

70000 
MOLECULAR WEIGHT 

Figure 3. Molecular weight distributions of permeates obtained from parent 
solutions of differing molecular weight distributions at pH 8.5. Sephadex G -
100/0.10 M N a O H . 

Ln Cp v s . ( J w - J ) / J of 50 g / l pH=13.0 

4.00 

3.75 

3.50 

£ 3 . 2 5 
c _j 

3.00 

2.75 

2.50 

0 10 20 30 40 50 
C J w - J V J 

Figure 4. The correction for concentration polarization effects. Parent so
lution was 50 g / L at pH 13.0. Stirrer rates varied from 350 to 510 rpm, 
transmembrane pressure ranged from 34 to 207 k P a . 
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T h i s concept clearly overpredicts the degree of association at low alkal init ies 
a n d underpredicts that at h igh alkal ini t ies . 

Additives. S o d i u m dodecyl sulfate ( S D S ) , 5.0 M urea and 0.1 M betaine 
were added to the F A M so lut ion to d isrupt the association process to help 
understand the mechanism. Beta ine h a d previously shown some dissoc ia
tive properties , and urea is effective i n prevent ing association caused by 
Η-bonding. Solutions at different alkal init ies were produced as before a n d 
ultraf i l tered . 

T h e rejection coefficients l isted i n Table III showed the reduct ion of 
association f rom F A M solut ion expressed by the reduct ion of R at v a r i 
ous addit ives usage. In general the extent o f association o f F A M so lut ion 
decreased moderate ly w i t h the add i t i on of betaine at any p H . U r e a i n 
creased the degree of d issoc iat ion at h igh a lka l in i ty but more i m p o r t a n t l y 
completely stopped association between p H 13.0 and 10.0, the region i n 
w h i c h the ma jo r i ty of the phenoxide group protonat ion occurs. 0.14 M 
S D S showed an i n i t i a l decrease i n the degree of association at h igh a l k a l i n 
ity , but then increased the degree of association at a l l lower p H ' s . 

Tab le I I I . Reject ion Coefficients of F A M So lut i on and A d d i t i v e s 

P H 

A d d i t i v e 13.7 13.0 10.0 8.5 

None 0.47 0.53 0.64 0.68 
U r e a 0.41 0.45 0.46 0.55 
Beta ine 0.36 0.44 0.51 0.56 
S D S 0.33 0.58 0.79 -

T h e effectiveness of betaine can be explained better by its b l o ck ing 
proton uptake f r om so lut ion . Beta ine lessened the amount of protonated 
phenolic h y d r o x y l groups at any p H and consequently the intermolecular 
association between kraft l ign in molecules. T h e chemical reactions can be 
shown as follows: 

LOH —+ LO- + #+ 

L C T + +LO~ +B-

T h e e q u i l i b r i u m of the i on izat i on reaction was shifted to a smal ler mole 
f ract ion by betaine a d d i t i o n . However, as the p H was dropped, pro tonat ion 
of ionized groups took place to m a i n t a i n the e q u i l i b r i u m of bo th reactions 
and association complexes were formed. 

These indicat ions suggest that the predominant mechanism of kraf t 
l i gn in association as the p H is decreased is hydrogen bonding . Hydrogen 
bond ing could be formed by phenolic O H - p h e n o l i c O H linkages or phenol ic 
OH-e ther l inkages, w h i c h could be present abundant ly i n kraft l i gn in solute 
components. C a r b o x y l groups have p K a ' s less t h a n 5 and would be fu l ly 
ionized whi le the a l iphat ic h y d r o x y l groups of the l i gn in molecules would 
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11. R U D A T I N E T A L Association of Kraft Lignin in Aqueous Solution 153 

not ionize i n the alkal ine region and therefore should not contr ibute to 
the above results. A n o t h e r poss ib i l i ty is that the hemicellulose attached to 
l ign in forms hydrogen bonds, and protonat ion of the phenoxide is necessary 
only to reduce electrostatic repulsions. 

Ionic Strength. T h e role of ionic strength m a y be p ivo ta l i n unders tanding 
the thermodynamics of black l iquor solutions w h i c h have ionic strengths of 
2.0 M for 1 5 % solids l iquor and about 7.0 M at f i r ing . P r e l i m i n a r y results 
show that the ionic strength has a major effect on the degree o f associat ion 
at h i g h alkalinit ies as shown i n Tab le II . W h e n the ionic strength of a 50 g / L 
l i gn in so lut ion at p H 13.8 was raised f r om 1.0 M to 3.0 M , the extent of 
association increased substantial ly . A s of this t ime the reason for this is 
not k n o w n . A somewhat related effect is demonstrated i n the importance 
of ionic strength i n adsorpt ion of l ignins on Sephadex G 2 5 (13). Research 
i n this area is cont inuing to verify the single result . 

C o n c l u s i o n s 

1. T h e membrane technique being developed at the Univers i ty of M a i n e 
is a powerful too l to study intermolecular interact ions when one of the 
solutes is a macromolecule or i n a separate phase. 

2. P r o t o n a t i o n of phenoxide is a key step i n the association process. 
3. T h e Κa of kraft l ignins is a funct ion of molecular weight. 
4. T h e s imple so lubi l i ty model is not adequate to exp la in the var ia t i on 

of observed effects w i t h molecular weight, concentrat ion and ionic 
strength. However, i ts s impl i c i ty and relative ease of use warrant fur 
ther modi f i cat ion . 

5. T h e addit ive studies indicate that hydrogen bond ing plays an i m p o r 
tant role i n the association process at low a lka l in i ty (less t h a n p H 13.0). 
It is not clear i f hydrogen bond ing occurs between the phenol ic h y 
d r o x y l groups or i f bonded hemicellulose is responsible. 

6. Higher l i gn in concentrations and higher ionic strengths increase the 
degree of association. 

7. T h e mechanism of association at h igh a lka l in i ty may be different f r o m 
that at low alkal inity . 
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Chapter 12 

Modes of Association Between Kraft Lignin 
Components 

Sunil Dutta, Theodore M . Garver, Jr., and Simo Sarkanen1 

Department of Forest Products, University of Minnesota, St. Paul, 
MN 55108 

Ultraviolet-visible spectral concomitants have been iden
tified for the associative/dissociative processes which af
fect the apparent molecular weight distributions of kraft 
lignin preparations in aqueous alkaline solution. Their 
kinetic time course has a form which appears to be the 
same as that of the weight-average molecular weight it
self. The results indicate that the velocities for both 
dissociation and association of the individual molecular 
species are independent of molecular weight. These find
ings suggest that the kraft lignin components interact 
productively with the associated complexes in a partic
ular order. Protonation of the kraft lignin phenoxide 
moieties facilitates, in nonaqueous polar solvents such as 
D M F , much more extensive association; here the under
lying intermolecular forces are different from, yet in their 
selectivity complementary to, those operative in aqueous 
alkaline solution. The severe restrictions prevailing upon 
associative/dissociative behavior imply that the macro-
molecular kraft lignin complexes embody a well-defined 
regular structure derived, presumably, from the original 
configuration of the native biopolymer. 

It is now quite well established that the behavior of the molecular species 
comprising various lignin derivatives is strongly affected by attractive in
termolecular interactions between them (1-9). There is nothing inherently 

1Address correspondence to this author. 

0097-6156/89A)397-0155$06.25A) 
© 1989 American Chemical Society 
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156 LIGNIN: PROPERTIES AND MATERIALS 

unique about th is , except perhaps i n the current divergence of op in ion 
among workers i n the field regarding the extent, importance and i m p l i c a 
t ions of such phenomena. Indeed a comparison of reported findings suggests 
that at least two k inds of intermolecular forces exert their respective i n f l u 
ences under rather different circumstances (6,9). 

However, a declared intent ion to embark upon detai led studies of non -
covalent interactions between kraft l ign in components is almost certain to 
cause some surprise. T h e major i ty of chemists would find it difficult to en
ter ta in a more unattract ive prospect than the invest igation of compl icated 
macromolecular structures constituted f rom (p-hydroxyphenyl )propane 
units by random proport ionate d istr ibut ions o f t e n different linkages. T h e i r 
concerns would hard ly be mi t iga ted by the belief (7) that such structures 
might adequately describe native l ignins , the second most abundant group 
of b iopolymers . B u t to bedevi l the s i tuat ion further by exposing these 
macromolecules to the indus t r ia l kraft process (developed, after a l l , for 
converting wood into pulp) would surely confound even the most dedicated 
analyst . T w o - h o u r contact at 170°C w i t h aqueous solutions containing 45 
g L " 1 N a O H and 12 g L " 1 N a 2 S can engender quite drastic modif icat ions 
through interunit covalent bond cleavage and format ion , redox reactions, 
and numerous other transformations, both intel l igible and obscure (10,11). 

Ye t sometimes product ive insights can appear f rom quite unexpected 
quarters, and i t is the contention of this chapter that the associative i n 
teractions prevai l ing between kraft l ign in components i n so lut ion afford 
such an occasion. T h e ensuing account embodies selected excerpts f rom 
recent work carried out at the Univers i ty of M i n n e s o t a (12,13) that w i l l 
be publ ished i n complete detai l elsewhere. T h e kraft l i gn in adopted for 
invest igat ion was derived f rom Douglas fir (Pseudotsuga menziesii ( M i r b . ) 
Franco) and recovered f rom an industr ia l black l iquor sample donated by 
the Weyerhaeuser C o . f rom their m i l l i n Everet t , Wash ing ton , U . S . A . (8). 

Molecular Weight Distributions of Kraft Lignins 

T h e experience of pr ior work has repeatedly confirmed that the molecular 
weight d istr ibut ions of kraft l ign in preparations can be re l iab ly deduced 
f r om Sephadex G100 /aqueous 0.10 M N a O H e lut ion profiles by u l t racen
trifuge sedimentat ion e q u i l i b r i u m techniques (5, 6, 8). A l t h o u g h their res
o lu t i on does not approach that obtained under H P S E C condit ions, such 
profiles have a part i cu lar advantage i n depict ing the populat ions of macro -
molecular complexes and i n d i v i d u a l components prevai l ing at p H ' s greater 
t h a n 11.5: below this point the effects of intermolecular hydrogen bonding 
are no longer counteracted by the negative charge densities ar is ing f r om 
unprotonated phenoxide groups on the species involved (9). Indeed wel l -
defined associative processes m a y be readi ly detected i n aqueous alkaline 
solutions containing kraft l i g n i n concentrations greater t h a n 100 g L " 1 at 
p H ' s i n a fa i r ly narrow range immediate ly above 11.5; conversely disso
c iat ion occurs at kraft l ign in concentrations less t h a n 1 g L - 1 i n aqueous 
0.10 M N a O H (6). 
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12. DUTTAETAL. Association Between Kraft Lignin Components 157 

Ultraviolet-Visible Spectral Concomitants of Associative Interac
tions between Kraft Lignin Species 

Figure 1 i l lustrates the ultravio let -v is ib le spectral changes accompanying 
the dissociation of a Douglas fir kraft l i gn in (8) d u r i n g incubat i on at 
0.047 g L " 1 i n aqueous 0.10 M N a O H . In the regions around 230 and 290 n m , 
and above 450 n m , the marked reduct ion i n absorpt iv i ty is characterized 
by a t ime course wh i ch is reasonably wel l described by superimposed first 
and pseudo-zero order kinet ic rate processes. O w i n g to the fact that the 
respective velocities are comparable i n magnitude, through the Levenberg-
M a r q u a r d t nonl inear regression procedure (14) i t is difficult to determine 
the corresponding first order rate coefficients accurately f r om d a t a i n these 
spectral regions. 

A r o u n d 350 n m , however, the absorbance increases w i t h t ime i n a 
first order process superimposed upon a much smaller zero order ve loc i ty 
(F igure 2). Indeed, appropriate subtract ion of the l inear asymptote to the 
change reveals that the predominant rate process obeys first order kinet ics 
quite accurately for at least two half-lives (F igure 3). Interestingly, the net 
extent of this first order process increases appreciably w i t h decreasing kraft 
l ign in concentration i n so lut ion (Table I) . Despite the accentuated errors i n 
herent i n their numer i ca l analyses, the spectral changes around 230 n m a n d 
above 450 n m are not inconsistent w i t h their first order components ' be ing 
characterized by rate coefficients of the same magni tude as that deduced 
at 350 n m . 

Table I. V a r i a t i o n i n Extent of K r a f t L i g n i n Dissoc iat ion w i t h C o n c e n t r a 
t i on i n Aqueous 0.10 M N a O H at 25 .0 °C a 

Concentrat i on Spectrophotometric Aoo- A 0
 c 

g L " 1 k x h " 1 » P a t h l e n g t h , c m at 350 n m 

4.62 χ 1 0 " 1 3.9 χ Ι Ο " 3 0.1 0.059 
4.68 χ Ι Ο " 2 4.2 χ 1 0 " 3 1.0 0.064 
4.72 χ Ι Ο " 3 4.1 χ Ι Ο " 3 10.0 0.118 

a Determined spectrophotometr ical ly at 350 n m . 
b R a t e coefficient for first order physicochemical process. 
c O v e r a l l change i n absorbance aris ing f rom first order process. 

Kinetic Changes in Weight-Average Molecular Weight 

T h e foregoing ultravio let -v is ib le spectral changes are direct ly correlated 
w i t h the var iat ion i n molecular weight d i s t r ibut i on of the kraft l i gn in s a m 
ple under comparable conditions i n aqueous 0.10 M N a O H (Figure 4) . 
Phenomenological ly , the decrease i n weight-average molecular weight, Mw, 
w i t h t ime also k inet i ca l ly conforms to a superpos i t ion of first and pseudo-
zero order rate processes (Figure 5). E m p l o y i n g the Levenberg -Marquardt 
procedure (14) to enable subtract ion of the pseudo-zero order c o n t r i b u 
t i o n , MW}00}t, f r om the overal l change i n MWit> the remain ing plot of 
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158 LIGNIN: PROPERTIES AND MATERIALS 

2.5 ι 1 

250 300 350 400 450 500 550 

wavelength, nm 

Figure 1. Ultraviolet-visible spectral concomitants of dissociation and ox
idative cleavage of kraft lignin preparation during incubation at 0.047 g L 1 

in aqueous 0.10 M N a O H between (1) 0 h and (5) 1340 h. 

0 200 400 600 800 1000 1200 

time, h 

Figure 2. First and pseudo-zero order kinetic components of change in ab
sorbance at 350 nm with time for kraft lignin preparation during incuba
tion at 0.46 g L 1 in aqueous 0.10 M N a O H at 25.0 °C; kx = 0.0039 h 1 , 
v 0 = 0.0000026 A ^ - 1 (0.1 cm pathlength). 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 159 

2.0 

0 100 200 300 400 500 

time, h 

Figure 3. Rate plot for first order kinetic component of change in absorbance 
at 350 nm with time for kraft lignin preparation during incubation at 0.46 
g l / 1 in aqueous 0.10 M N a O H at 25.0° C; = 0.0039 h 1 . 

0 0.5 1.0 1.5 2.0 
VR 

20 10 5 2 1 0.5 

M w χ 10"3 

Figure 4. Dissociation and oxidative cleavage of kraft lignin preparation 
during incubation at 0.50 gL* 1 in aqueous 0.10 Af N a O H for (1) 48 h, (2) 
168 h, (3) 336 h, (4) 840 h and (5) 1780 h. (Sephadex G100/aqueous 0.10 
M N a O H elution profiles monitored at 320 nm.) 
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160 LIGNIN: PROPERTIES AND MATERIALS 

ln(MWtt — MW}00tt) against t ime , t , reveals that the est imated first order 
rate coefficient, 5.0 ± 0.3 χ 1 0 ~ 3 h " 1 , is quite close i n magni tude to that 
(4.05 ± 0.15 χ 1 0 ~ 3 h " 1 ) characteriz ing the var iat ion i n A350. In a s i m i 
lar manner , the phenomenological rate coefficient descr ibing the first order 
contr ibut ion to the change i n Mw dur ing the dissociation at 0.50 g L " 1 of a 
preassociated kraft l ign in sample i n aqueous 0.10 M N a O H (Figure 6) was 
found to be 3.9 ± 0 . 4 χ 1 0 " 3 h " 1 . 

Implications at the Molecular Level 

A number of structures thought to be present i n kraft l ignins , i n c l u d i n g 
sti lbenes (15), s t y r y l a r y l ethers (16, 17) and aromat ic rings of phenol ic 
moieties (18), are susceptible to cleavage by oxygen i n aqueous alkaline 
so lut ion . Indeed the oxygen content of kraft l i g n i n fractions increases s ig 
ni f icant ly dur ing incubat ion for extended periods at 0.5 g L " 1 i n aqueous 
0.10 M N a O H so lut ion (12). I f the pseudo-zero order components of the 
changes i n absorpt iv i ty and Mw are identif ied w i t h the results of such ox ida 
tive cleavage reactions, the first order processes must reflect the dissociat ion 
of the macromolecular kraft l i g n i n complexes. 

Indeed the characteristics of the ultravio let -v is ib le spectral changes for 
the kraft l ign in so lut ion i n aqueous 0.10 M N a O H d u r i n g the course of dis
soc iat ion and covalent cleavage differ according to w h i c h process contributes 
to the greater extent (Iwen, M . L . , Sarkanen, S., Univers i ty of M i n n e s o t a , 
unpubl i shed results) . In i t ia l ly , when the decrease i n molecular weight o r ig 
inates p r i m a r i l y f rom dissociat ion, quasi-isosbestic points reside near 305 
a n d 455 n m ; subsequently, when covalent cleavage predominates , quas i -
isosbestic points appear around 330 and 385 n m . T h e overal l effect is one 
where the change i n absorpt iv i ty is least i n the regions about 315 and 
400 n m (Figure 1). 

T h e e q u i l i b r i u m constant characteriz ing the association of i n d i v i d u a l 
kraft l i gn in components would be expected to increase r a p i d l y w i t h molec
u lar weight above a value corresponding to the c r i t i ca l chain length for 
macromolecular complex format ion (19). A l t h o u g h this change i n equ i l ib 
r i u m constant would not be dictated exclusively by differences i n the phe
nomenological rate coefficients for d issoc iat ion, i t is reasonable to ant ic ipate 
that kraft l i gn in components of higher molecular weight would dissociate 
more slowly than those of lower molecular weight. Such an effect may be 
exemplif ied by the reported interact ion between poly(AT-vinylpyrrol idone) 
and dansy l labeled po ly (acry l i c acid) w i t h Μη = 5.9 χ 10 5 , the d a t a for 
w h i c h support the existence of hydrogen bond donor and acceptor groups 
i n equivalent concentrations (20): in t roduct ion of an over five-fold mo lar 
excess of unlabeled po ly (acry l i c acid) w i t h Μη = 6.9 χ 10 5 fac i l i tated a 
rate of interchange that is ten t imes slower for 5.7 χ 1 0 4 t h a n for 1.0 χ 1 0 4 

molecular weight poly(TV-vinylpyrrol idone) (21). 
Consequently any model proposed to account for the dissociat ion of i n 

d i v i d u a l components f rom associated kraft l i gn in complexes should pay par 
t i cu lar at tent ion to restrict ions that would rationalize the concomitant first 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 161 

6 .0 ι 1 

3.0 1 1 1 1 1 

0 500 1000 1500 2000 

t ime, h 

Figure 5. First and pseudo-zero order kinetic components of change in M w 

with time for kraft lignin preparation during incubation at 0.50 gL*1 in 
aqueous 0.10 M N a O H (calculated from Sephadex G100/aqueous 0.10 M 
N a O H elution profiles monitored at 320 nm.) 

I I I I I I 

20 10 5 2 1 0.5 

M W χ 1er3 

Figure 6. Dissociation of preassociated kraft lignin sample during incuba
tion at 0.50 gL* 1 in aqueous 0.10 M N a O H for (1) 0 h, (2) 25 h, (3) 118 h, 
(4)171 h, (5) 401 h, (6) 575 h and (7) 1340 h. (Sephadex G100/aqueous 
0.10 M N a O H elution profiles monitored at 280 nm.) 
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162 LIGNIN: PROPERTIES AND MATERIALS 

order behavior of both absorpt iv i ty and weight-average molecular weight. 
T h e fo l lowing scheme invo lv ing the consecutive release of components L\ 
f r om complexes Cc+i i n a specific order could successfully meet these re
quirements: 

C'c+2 Cc+1 + £1+1 

Cc+1 cc + Li 

Cc + ^ l - l 
Cc-2 + £/-2 

Stoichiometry impl ies [C c +i ] - [C c+i]o = - [£f+i]o - ( [£ / ] - [£/]o), 
where [C c +i]o , [£/+i]o and [L/]o are the molar concentrations [ C c + i ] , 
and [L/ ] , respectively, of the complex C c + i and components L / + i and L / 
at arb i t rary t ime t = 0. A d o p t i n g m to represent molecular weight, since 
m c + i = mc + m j , 

Y^m\[Ce] + mJ[L,]) = £ > i 2 + 1 [ C e + 1 ] o + m " + 1 ( [ L , + 1 ] - [I/+i]o) 
C,/ C,/ 

- - [Li]o) - 2 m c m / ( [ L / ] - [L , ] 0 ) 

- m ? ( [ L , ] - [ L | ] o ) + m ? + 1 [ L , + i ] ) 

= S ( ^ + i [ C c + i ] o + m ? [ L , ] 0 

c,/ 

- 2ro e m,( [L , ] - [L , ] 0 ) ) . 

Accord ing ly , the weight-average molecular weight, MW1 for the sys tem of 
interact ing species at any t ime dur ing the associative/dissociative process 
can be wr i t t en as 

— _ Z c , / ( ™ c + i [ C W i ] o + rnj[Li]0 - 2 < m c m , > {[L{\ - [L , ] 0 ) ) 
' E c i K I C J + rmlL , ] ) 

where < m c m / > = 5 3 / m c m / ( [ ^ / ] - [ ^ / ] ο ) / ( Σ / ( [ ^ ' ] [^j]o)) a n d l t i s u n ~ 
derstood that a unique relat ionship exists between c a n d /. 

T h e number-average (w i th respect to the i n d i v i d u a l components re
leased) product of the molecular weights, < mcm\ > , of interact ing species, 
{ C c , L / } , w i l l remain constant i f the evolut ion w i t h t ime of {[L{\ — [L/]o) 
follows exact ly the same kinet ic course for each L\. T h i s is reminiscent 
of earlier findings that the relative ratios of kraft l i g n i n components w i t h 
molecular weights below 3500 do not vary w i t h the degree of association for 
the sample as a whole (6). A n appropriate ly posit ioned rate -determining 
step i n the sequence of dissociative events would impose such a restr i c t ion 
upon the system. If the step i n question were to exhib i t first order behav
ior , so also w o u l d the changes i n Mw and absorpt iv i ty accompanying the 
overall dissociative process. 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 163 

Associative/Dissociative Homology among Kraft Lignin Samples 

T h e associat ive/dissociat ive processes i n wh i ch kraft l i g n i n species p a r t i c i 
pate are reversible: association and dissociat ion take place respectively at 
h igh and low kraft l i g n i n concentrations i n aqueous alkal ine so lut ion . For 
example , a kraft l i gn in sample that has been preassociated (dur ing i n c u 
ba t i on at 190 g L * " 1 i n 1.0 M ionic strength aqueous 0.6 M N a O H ) spon
taneously dissociates when d i luted i n aqueous 0.10 M N a O H to 0.5 g L " 1 

(F igure 6). Conversely, a kraft l ign in sample that has been predissociated 
( through incubat ion at 0.5 g L " 1 i n aqueous 0.10 M N a O H and subsequent 
recovery by u l t ra f i l t ra t i on w i t h a nomina l ly 500 molecular weight cutoff 
membrane) associates spontaneously when dissolved to a level of 160 g L " 1 

i n 1.0 M ionic strength aqueous 0.40 M N a O H (Figure 7). 
O n t o a l l such associative/dissociative processes, the effects of ox idat ive 

covalent cleavage reactions w i l l be appended to vary ing extents depending 
upon the prevai l ing circumstances. Consequently the molecular weight dis 
t r ibut ions depicted by the corresponding e lut ion profiles exhib i t points of 
intersection that m a y vary quite widely (Figures 4 and 6). However, the 
kraft l i g n i n species capable of interact ing w i t h one another can be read
i l y separated f rom those components that , owing to covalent modi f i cat ion , 
cannot. T h i s may be accomplished through the straight forward expedi 
ent o f p a r t l y re lax ing the impediments to association imposed by so lut ion 
condit ions; appropriate ly elaborated chromatographic f ract ionat ion of the 
macromolecular complexes w i l l then complete the task. 

T o this end kraft l ignin samples possessing different degrees of associa
t i on i n aqueous s o d i u m hydroxide solutions can be secured by ac idi f icat ion 
to p H 7.5 and freeze-drying. Thereupon dissolution i n a p o r t i o n of eluent 
containing 0.325 M N a O H and subsequent f ract ionat ion through Sephadex 
L H 2 0 w i t h aqueous 3 5 % dioxane separates the sample into two groups of 
species: a subset of associated complexes appearing at the v o i d vo lume is 
segregated f rom the remain ing components e lut ing jus t after the salt b a n d 
(Figure 8; cf. réf. 8). A f ter freeze-drying, refract ionation of the leading 
peak through Sephadex L H 2 0 w i t h aqueous 3 5 % dioxane allows a net 60-
6 5 % of the or ig ina l kraft l ign in to be recovered as an associated salt-free 
specimen. 

T h e molecular weight d istr ibut ions depicted by the Sephadex G 1 0 0 / 
aqueous 0.10 M N a O H e lut ion profiles (Figure 9) of these recovered kraft 
l i gn in preparations reflect the degrees of association for the constituent 
subsets of species i n the or ig ina l samples. T h e y exhib i t a c ommon inter
section po int , and as such represent the molecular weight d is tr ibut ions of 
preparations that are homologous from an associative/dissociat ive point of 
v iew: the relat ionship between successive members of the series is un i formly 
confined to systematic differences i n their degrees of association w i thout 
perturbat ions ar is ing f rom the effects of covalent cleavage reactions. 

T h i s harmonious outcome f rom a s imple procedure has far-reaching i m 
pl icat ions . T h a t the species appearing at the vo id volume i n aqueous 3 5 % 
dioxane f rom Sephadex L H 2 0 are associated is readi ly confirmed by the cor
responding size-exclusion chromatographic profiles f r om a 10 6 À pore-size 
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164 LIGNIN: PROPERTIES AND MATERIALS 

0 0 .5 1.0 1.5 2 . 0 

I I I I I I 

2 0 10 5 2 1 0.5 

M w x 1er3 

Figure 7. Association of predissociated kraft lignin sample (92% retained 
by nominally 500 molecular weight cutoff ultrafiltration membrane) during 
incubation at 160 gL" 1 in 1.0 M ionic strength aqueous 0.40 M N a O H for 
( l ) 0 h , (2) 50 h and (3) 480 h. 

salt band 

J I L 

elution volume 

Figure 8. Kraft lignin fractionation into two subsets of species during de
salting by elution with aqueous 35% dioxane through Sephadex L H 2 0 of an 
initially 4.5 gL ' 1 sample solution at 2.3 M ionic strength containing 0.32 
M aqueous N a O H . 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 165 

poly(styrene divinylbenzene) c o lumn. W h i l e the intermolecular forces caus
ing association i n aqueous dioxane necessarily differ f rom those i n aqueous 
alkal ine so lut ion , their respective stoichiometric selectivities towards the 
i n d i v i d u a l kraft l i g n i n components must be direct ly complementary. T h e 
relat ively r a p i d association fac i l i tated by lowering the p H is presumably 
mediated by hydrogen bond ing (9) a n d / o r d ipo lar interact ions; the slower 
associative processes encountered i n aqueous alkaline solutions are probab ly 
caused by nonbonded o rb i ta l interactions, the concomitants of w h i c h con
t r ibute to the long-wavelength absorbance changes i n the u l t rav io le t -v is ib le 
spec t rum (Figure 1). 

The Behavior of < mcm\ > during Association and Dissociation 

It has not been possible exper imental ly to detect systematic differences 
i n the ultracentri fuge sedimentat ion e q u i l i b r i u m weight-average molecular 
weight ca l ibrat ion curves for the Sephadex G 1 0 0 / aqueous 0.10 M N a O H 
e lut ion profiles of kraft l ign in preparations w i t h different degrees of associa
t i o n (F igure 10). Consequently the same relat ionship has been employed to 
calculate the overal l weight- and number -average molecular weights, Mw 

and M n , of the preparations as associative or dissociative processes are 
underway. 

Accord ing ly , the average product of the molecular weights, < mcm\ >, 
of interact ing kraft l i gn in species (vide supra: Implications at the Molecular 
Level) can be evaluated numerica l ly by p l o t t i n g Mw versus l/Mn: the 
slope at any point on the result ing curve is given by —2 < m c m / > (4). It 
is hereby evident that the value, 1.03 χ 1 0 7 , o f < m c m / > character iz ing 
the relat ionship between the members of the homologous series of kraft 
l i gn in preparations is , w i t h i n exper imental error, ident ica l i n magnitude 
to those encountered dur ing association of the or ig inal kraf t l i g n i n sample 
at 195 g L " " 1 i n 1.0 M ionic strength aqueous 0.4 M N a O H (Figure 11), 
dissociation of the preassociated kraft l i gn in preparat ion (Figures 6 and 
11), a n d association of the predissociated kraft l i g n i n preparat ion (Figures 7 
and 11). 

D u r i n g dissociat ion of the or ig ina l kraft l i g n i n sample at 0.46 g L " 1 i n 
aqueous 0.10 M N a O H (Figure 4) , however, the apparent value, 5.1 χ 1 0 6 , o f 
< mcm\ > is considerably lower (Figure 11). Indeed the manner i n w h i c h 
Mw varies w i t h 1 / M n dur ing the dissociation of the preassociated kraft 
l i gn in preparat ion (Figures 6 and 11) suggests that < mcm\ > s imi la r l y 
becomes smaller when a comparable range of degree of association has been 
reached. P r e s u m a b l y the magnitude of < mcm\ > under these condit ions 
is influenced by addi t iona l contributions ar is ing f rom covalent cleavage of 
i n d i v i d u a l kraft l i gn in components, the effects of wh i ch would be more 
extensive when the degree of association is smaller , the p H higher, a n d 
the so lut ion more d i lute (whereupon the stoichiometric ra t io of dissolved 
oxygen to i n d i v i d u a l kraft l ign in components is larger) . In this connect ion 
i t should be pointed out that , i n aqueous alkal ine solutions containing the 
highest kraft l i g n i n concentrations where association is favored, the p H 
tends to approach a value around 11.6, just above the region where the 
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166 LIGNIN: PROPERTIES AND MATERIALS 

« 1 ι ι : ι ι 
2 0 10 5 2 1 0.5 

M w x 1 0 " 3 

Figure 9. Apparent molecular weight distributions representing a homolo
gous series of kraft lignin samples secured by desalting after association and 
dissociation in aqueous alkaline solutions for: (1) 300 h, (2) 144 h and (3) 
48 h at 170 g L 1 in 1.0 M ionic strength aqueous 0.40 M N a O H ; (4) 0 h; 
(5) 144 h and (6) 644 h at 0.50 gL ' 1 in aqueous 0.10 M N a O H . (Sephadex 
G100/aqueous 0.10 M N a O H elution profiles monitored at 320 nm.) 

0.0 0.5 1.0 1.5 

Figure 10. Molecular weight calibration curves for kraft lignin samples dif
fering in degree of association eluted from Sephadex G100 with aqueous 
0 . 1 0 M N a O H : « > ) associated sample after 385 h at 180 g L 1 in 1.0 M 
ionic strength aqueous 0.40 M N a O H ; (O) original preparation; ( • ) dis
sociated sample precipitated upon acidification to p H 3.0 after 2000 h at 
0.50 gL" 1 in aqueous 0.10 M N a O H . 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 167 

molecular weights of the macromolecular complexes fa l l most r a p i d l y d u r i n g 
t i t r a t i o n of the component phenolic groups w i t h hydroxide (9). 

Remarkably , the magnitude of < m c m / > del ineating the associative or 
dissociative influences upon molecular weight d i s t r ibut i on does not appear 
to be affected by the smal l variations i n component composi t ion result ing 
f rom differences i n the preparative histories of the samples. Indeed the 
same constant value of < racra/ > prevails d u r i n g association and dissoc ia
t i o n despite marked changes i n the relative populat ions of the constituent 
species. B o t h processes thus embody restrict ions whereby the i n d i v i d u a l 
components are captured by or released f rom the macromolecular complexes 
at respective rates of which the kinet ic forms are independent of molecular 
weight. In the context imposed by the dissolved kraft l i gn in preparat ion , 
therefore, the e q u i l i b r i u m constants for a l l pairs of interact ing species are 
operat ional ly the same as one another. 

C o n t r a r y to a priori expectations (19), then , the e q u i l i b r i u m constant 
for the association of kraft l i gn in components does not increase w i t h the 
degree of po lymer izat ion . Rather the behavior encountered indicates that 
the rates of association and dissociation are governed by a par t i cu lar rate 
determining step. Such a restr ict ion strongly suggests that the i n d i v i d u a l 
molecular species interact w i t h complementary loc i on the corresponding 
macromolecular complexes i n a specific order. It is difficult to conceive how 
selectivity on this scale could be sustained i n a system wi thout a h igh level 
of s t ruc tura l regular i ty i n , and molecular organizat ion among , the species 
involved. 

Further Evidence for Nonrandom Interactions between Kraft 
Lignin Species 

There are other quite independent indicat ions that the associative processes 
t a k i n g place i n l i gn in samples are not r a n d o m . T h i s is exemplif ied by the 
composit ion of a par t ia l l y dissociated kraft l ign in preparat ion secured by 
prec ip i tat ion (59% of o r ig ina l sample) upon acidi f icat ion to p H 3.0 of a 
0.50 g L - 1 so lut ion i n aqueous 0.10 M N a O H that h a d been incubated for 
2000 h . Paucidisperse fractions selected f rom the Sephadex GlOO/aqueous 
0.10 M N a O H e lut ion profile of the preparat ion can be separated into two 
subsets of components Β and C by e lut ing w i t h water through Sephadex 
G 2 5 i n the presence of a h igh ( in i t ia l ly 2.0 M ) ionic strength salt b a n d (8). 
T h e components i n subsets Β and C respectively contr ibute p r i m a r i l y to the 
higher and lower molecular weight regions of the Sephadex G100 /aqueous 
0.10 M N a O H e lut ion profile (Figure 12). 

T h e behavior of the kraft l i gn in species dur ing e lut ion through 
Sephadex G 2 5 is determined by three coupled physicochemical processes, 
viz. adsorpt ion at h igh so lut ion ionic strengths of the lower molecular 
weight components onto the gel , intermolecular association, and diffusion 
of the higher molecular weight entities through the salt b a n d . T h e overal l 
effect facil itates more complete separation between the smaller and larger 
kraft l i gn in species when the differences i n their molecular weights are 
greater. T h e weight-average molecular weights of the component subsets 
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7.0 h 

Ο 

5.0 

2.0 3.0 4.0 5.0 

1 0 4 / M n 

Figure 11. Relationship between M w and M n during associative/dissoci
ative processes between molecular kraft lignin species in aqueous alkaline 
solutions: ( Q ) desalted homologous series of samples with different de
grees of association; association of (O) preparation at 180 gL" 1 and ( Λ ) 
predissociated sample at 160 gL ' 1 , both in 1.0 Af ionic strength aqueous 
0.40Af N a O H ; (O) dissociation of preassociated sample and (φ) dissoci
ation and covalent cleavage of preparation, both at 0.50 gL ' 1 in aqueous 
0.10 Af N a O H . 

Figure 12. Contributions of component subsets Β (φ) and C ( • ) to 
Sephadex G100/0.10 Af aqueous N a O H elution profile for dissociated kraft 
lignin sample precipitated upon acidification to p H 3.0 after 2000 h at 0.50 
g L - 1 in 0.10 M aqueous N a O H . 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 169 

B and C are juxtaposed i n F igure 13 to those of the parent paucidisperse 
fractions f rom the part ia l ly dissociated kraft l i gn in preparat ion . T h i s com
parison establishes that a part i cu lar subset of components characterized by 
a weight-average molecular weight of 3500 can be spontaneously l iberated 
f rom the entire range of kraft l ign in species w i t h molecular weights i n i t i a l l y 
fa l l ing between 10,000 and 23,000. 

A n impor tant physicochemical concomitant of the assoc iat ive /dissoc ia
tive processes i n wh i ch kraft l i g n i n components part ic ipate can be detected 
i n the ul travio let -v is ib le spectra of paucidisperse fractions i n aqueous a l 
kaline so lut ion derived f rom kraft l ign in preparations characterized by dif
ferent degrees of association. T h e rat io of the absorpt iv i ty at 230 n m to 
that at 300 n m generally decreases w i t h increasing frequency of phenox
ide moieties among the species present (22). Except i n the very lowest 
reaches of the molecular weight range, this rat io for those components w i t h 
molecular weights less t h a n 3500 is independent of degree of association 
for the entire kraft l i gn in preparat ion (Figure 14). O n the other h a n d , the 
frequencies of unprotonated phenoxide groups among the higher molecular 
weight species clearly increases w i t h degree of association for the sample as 
a whole. These observations are consistent w i t h the suppos i t ion (6) that the 
associative processes involve preferential interactions between the subset of 
components w i t h molecular weights below 3500 and the complementary 
higher molecular weight entities; accompanying protonat ion of the phenox
ide moieties, which tends to reduce the charge density on the associated 
complexes, evidently need not be complete. 

Association in Nonaqueous Polar Solvents 

W h e n the phenoxide moieties of the kraft l i gn in components p a r t i c i p a t 
ing i n associated complex format ion are fu l ly protonated, far more ex
tensive association can occur i n accommodat ing solvents. Such an out 
come m a y be readi ly demonstrated for the series of kraft l i gn in prepara
tions differing homologously w i t h respect to their degrees of association i n 
aqueous 0.10 M N a O H (Figure 9). W h e n cal ibrated w i t h paucidisperse 
polystyrene standards, the corresponding e lut ion profiles (F igure 15) i n 
D M F f rom 10 6 À pore-size poly(styrene-divinylbenzene) exhib i t apparent 
molecular weight d istr ibut ions characterized by weight-average molecular 
weights 1.5 to 1.9 χ 10 4 t imes greater than those i n aqueous 0.10 M N a O H 
(Table II ) . 

W h e n measured through a 26 n m b a n d w i d t h interference filter (reject
ing most fluorescence), Ray le igh scattered l ight intensities (mul t ip l i ed by 
rec iprocal so lut ion transmittance to correct for absorbance) furnish weight-
average molecular weights for the same series of kraft l i gn in preparations 
i n D M F that are between 190 and 1100 times larger t h a n those i n aqueous 
0.10 M N a O H (Table II ) . T h e trends i n , rather than the absolute values 
of, the reported numbers have the greater significance. T h e forms of the 
respective Z i m m plots (Figure 16) are t y p i c a l of associating macromolecu
lar species (23): the apparent second v i r i a l coefficients, calculated f r o m the 
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ο 

0.0 0.5 1.0 1.5 

V R 

Figure 13. Comparison of weight-average molecular weights for component 
subsets Β (φ) and C ( • ) with those for complete paucidisperse fractions 
( • ) isolated from Sephadex G100/0.10 Af aqueous NaOH elution profile of 
the dissociated kraft lignin sample precipitated upon acidification to pH 3.0 
after 2000 h at 0.50 g L 1 in 0.10 Af aqueous NaOH. 
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k230 

'300 

5.0 10.0 15.0 
Mw x 10" 3 

20.0 

Figure 14. Variation with molecular weight exhibited by ratios of ab
sorbance values at 230 and 300 nm for paucidisperse kraft lignin fractions 
in aqueous 0.10 Af N a O H from ( ^ ) associated sample after 385 h at 180 
gL" 1 in 1.0 M ionic strength aqueous 0.40 M N a O H ; (O) original prepa
ration; ( • ) dissociated sample precipitated upon acidification to p H 3.0 
after 2000 h at 0.50 gL*1 in aqueous 0.10 M N a O H . 
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I I I 1 

20 10 5 2 x 1 0 7 

extrapolated molecular weight 

calibration from polystyrenes 

Figure 15. Apparent molecular weight distributions in D M F of kraft lignin 
samples secured by desalting after association and dissociation in aqueous 
alkaline solutions for: (1) 300 h and (2) 144 h at 170 g L 1 in 1.0 Af ionic 
strength aqueous 0.40 Af N a O H ; (3) 0 h; (4) 144 h and (5) 644 h at 0.50 
gL" 1 in aqueous 0.10 Af N a O H . (Profiles from 106 À pore-size 20Λ» particle 
poly(styrene-divinylbenzene) column monitored at 320 nm.) 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 173 

Figure 16. Z imm plot of 514.5 nm light-scattering data characterizing as
sociated kraft lignin sample in D M F following desalting after incubation at 
170 g L 1 for 300 h in 1.0 M ionic strength aqueous 0.40 M N a O H . 
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174 LIGNIN: PROPERTIES AND MATERIALS 

Tab le II . C o m p a r i s o n of Homologous K r a f t L i g n i n Samples i n D M F and 
Aqueous 0.10 M N a O H a 

Dissociated O r i g i n a l Assoc iated 
Parameter K r a f t L i g n i n * K r a f t L i g n i n c K r a f t L i g n i n d 

Mjv,NaOH e 4.67 χ 1 0 3 5.89 χ 1 0 3 7.91 x 1 0 3 

MW<DMF 5 8.7 χ 10 5 1.3 x 1 0 6 8.7 χ 1 0 6 

M W.DMF 190 220 1100 

c m 3 m o l g - 2 - 8 . 4 χ 1 0 " 4 - 4 . 2 χ 1 0 ~ 4 - 3 . 9 χ 1 0 ~ 4 

74 130 310 
MW)DMF 9 

f r om H P L C 8.9 χ 1 0 7 1.0 χ 10 8 1.2 χ 1 0 8 

a Desalted by e lut ion w i t h aqueous 3 5 % dioxane through Sephadex L H 2 0 
after incubat ion i n aqueous N a O H solutions. 

b A f te r 644 h at 0.50 g L " 1 i n aqueous 0.10 M N a O H . 
c W i t h o u t pr ior incubat ion i n aqueous N a O H so lut ion . 
d A f ter 300 h at 170 g L " 1 i n 1.0 M ionic strength aqueous 0.40 M N a O H . 
e C a l c u l a t e d f rom Sephadex G100/aqueous 0.10 M N a O H e lut ion pro 

files moni tored at 320 n m . 
J Deduced f rom Z i m m plots of 514.5 n m l ight -scatter ing d a t a f r o m so

lut ions containing between 0.35 and 2.3 g L " " 1 kraft l i g n i n . 
9 A p p a r e n t values calculated on the basis of the extrapo lated polystyrene 

ca l ibrat ion curve for 1 0 6 A pore-size 20μ part ic le po ly (s tyrene-d iv iny l -
benzene) co lumn. 

i n i t i a l slopes of the curves incorporat ing the points extrapolated to zero 
angle, are negative (Table II ) . 

D isso lut ion i n , and subsequent recovery f rom, D M F does not alter 
the molecular weight d istr ibut ions of the kraft l i g n i n preparations i n aque
ous 0.10 M N a O H . Consequently the associative processes occurr ing under 
these two so lut ion condit ions must be governed by different intermolecular 
forces—presumably hydrogen bonding and nonbonded o r b i t a l interact ions , 
respectively. Yet the effect of the latter influences the extent of the former: 
preassociation of the kraft l ign in preparat ion i n aqueous N a O H engenders 
a greater degree of cooperat iv i ty in the pronounced associative processes 
occurr ing i n D M F (Table II ) . T h i s m a y be of more t h a n passing interest 
i f the stoichiometric selectivities of the putat ive intermolecular nonbonded 
o r b i t a l and hydrogen bonded interactions w i t h respect to the i n d i v i d u a l 
kraft l i gn in components are direct ly complementary (vide supra: Associa-
tive/Dissociative Homology among Kraft Lignin Samples). 
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12. D U T T A E T A L . Association Between Kraft Lignin Components 175 

Concluding Remarks 

T h e kinetics of macromolecular kraft l ign in complex dissociat ion i n aque
ous alkal ine so lut ion are successfully accounted for through a s imple scheme 
whereby the i n d i v i d u a l components are released i n a specific order. O w 
ing to concomitant changes i n so lut ion viscosity, the association of kraft 
l i gn in components cannot be k inet i ca l ly delineated i n a straight forward 
way. Nevertheless, the average product of the molecular weights of the 
interact ing species remains fixed at the same constant value as d u r i n g dis 
soc iat ion. T h i s confirms that the pr inc ip le of microscopic reversibi l i ty is r i g 
orously operative u p o n both facets of the system. Such drastic restrict ions 
upon associative/dissociative behavior suggest that the kraft l i g n i n com
plexes embody the memory of a regular native macromolecular s tructure . 
A s the two dist inct intermolecular forces putat ive ly governing association, 
nonbonded o r b i t a l interactions and hydrogen bonding exhib i t selectivities 
towards the i n d i v i d u a l kraft l i g n i n components that are s t r i c t l y comple
mentary to one another. 

T h e exper imenta l observations summar ized i n this chapter resist inte 
grat ion w i t h prevai l ing views about kraft l ignins. Inevitably, their present 
interpretat ion w i l l be judged as over-simplif ied f rom the perspective of fur
ther insights yet to be divulged i n future work. B u t when a remarkable 
harmony emerges f rom the cacophony of kraft p u l p i n g , is i t not t ime to 
l isten for the echo of a new theme i n l ign in chemistry? 
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Chapter 13 

Reversed-Phase Chromatography of Lignin 
Derivatives 

Kaj Forss, Raimo Kokkonen, and Pehr-Erik Sågfors 

The Finnish Pulp and Paper Research Institute, P.O. Box 136, 00101 
Helsinki, Finland 

The paper shows that lignosulfonates and kraft lignin can 
be fractionated according to their polarities by reversed
-phase liquid chromatography. The high molar mass 
lignin derivatives are fractionated in such a way that 
those with highest molar mass are eluted last. Lignin
-carbohydrate compounds can be separated from virtually 
carbohydrate-free lignin. 

In our op in ion , l ign in i n wood consists of h igh molar mass g lyco l ignin bound 
to carbohydrates and of a group of low molar mass l ignins col lectively re
ferred to as hemil ignins . T h e term lignin(s) is used col lectively for g lyco l 
i g n i n and hemil ignins . In spruce wood, hemil ignins representing 15-20% 
of the to ta l l i gn in consist of monomeric , d imeric and oligomeric molecules. 
D u r i n g the ac id bisulfite and kraft p u l p i n g processes, the hemil ignins and 
g lyco l ignin are rendered soluble; as g lycol ignin undergoes both depolymer-
i za t i on and po lymer izat ion dur ing the cook, the result is a complex m i x t u r e 
of molecules of different sizes and characteristics (1-4). 

T h e complexi ty of this mix ture is in no way reduced by the fact that 
s m a l l fragments peel off the glycol ignin dur ing the del ignif ication and that 
some of the dissolved l ignins are probably bound to carbohydrates as l i g n i n -
carbohydrate compounds. It is interesting to note i n the present context 
that these l ignin-carbohydrate compounds are much more po lar t h a n the 
other l ign in compounds. 

A study of dissolved l ign in derivatives first requires their separation 
f r o m each other. For this purpose gel permeat ion chromatography ( G P C ) 
is widely used. In this technique separation of l ign in derivatives is based 
largely on the size and shape of the molecule, namely its h y d r o d y n a m i c 
volume. 

However, i t is possible for compounds w i t h the same molecular size to 
have different chemical structures. Such compounds may not be separated 

0097-6156/89/0397-0177$06.00A) 
© 1989 American Chemical Society 
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178 LIGNIN: PROPERTIES AND MATERIALS 

by G P C . There is thus a need i n exper imental l i g n i n research for f rac t ion
at ion techniques that separate molecules on the basis of properties other 
t h a n size. One such fract ionat ion method, which is based on the po lar i ty 
of the components, is reversed-phase l iqu id chromatography ( R P C ) . T h e 
purpose of this paper is to describe the fract ionat ion of l ign in derivatives 
by means of this method . 

T h e hydrophobic stat ionary phase used i n reversed-phase chromatog
raphy is a s i l i ca gel or polymeric m a t r i x to which hydrocarbon chains have 
been attached by s i ly la t i on . T h e most commonly used are C i s , C g , Ce and 
C 2 chains. 

E l u t i o n i n reversed-phase chromatography is often carried out us ing 
a gradient , produced f rom water and some water-miscible organic solvent. 
T h e solute components are thus d istr ibuted between the s tat ionary and 
mobile phases m a i n l y on the basis of their polarit ies . In reversed-phase 
chromatography hydrophi l i c compounds elute before hydrophobic ones. 

Fractionation of Lignosulfonates 

In order to study b i rch lignosulfonates, spent sulfite l iquor, f rom w h i c h 
monosaccharides had been removed by ion exclusion chromatography, was 
fract ionated on the basis o f molecular size by preparative G P C ( F i g . 1). 

It can be seen f rom the figure that almost hal f of the b i r ch l ignosul 
fonates have a molar mass greater than 1000 g / m o l . 

T h e fractions i n the region 700-1230 m L in F igure 1 were combined 
i n order to study the structure of the polymeric por t i on of the b i r ch l igno
sulfonates. T h e combined so lut ion was then refractionated by preparat ive 
R P C into five fractions ( F i g . 2). 

F igure 2 shows that the lignosulfonates are fract ionated into two por
tions. T h e lignosulfonates eluted i n the retention t ime range 0-15 minutes 
are strongly po lar , whereas those eluted i n the range 15-40 minutes behave 
as less polar compounds w i t h po lar i ty decreasing w i t h increasing retention 
t ime. 

It must be noted that lignosulfonates are strong polyelectrolytes and 
thus po lar components. However, part of the high molar mass molecule 
is non-polar i n character, and this part of the molecule causes h igh mo lar 
mass lignosulfonates to elute as non-polar compounds. 

T h e reason why lignosulfonates elute i n the retention t ime range 
3-9 minutes could be because they are, i n fact, s trongly polar l i g n i n -
carbohydrate compounds. To investigate this possibi l i ty , fractions I - V were 
subjected to acid hydrolysis and the monosaccharide content and compo
s i t ion of the result ing mix ture determined by l i q u i d chromatography. T h e 
carbohydrate and lignosulfonate contents are shown i n Tab le I. 

Tab le I shows that carbohydrates account for about one- th ird of the 
solids i n fract ion I. Fract ions I I I - V contained considerably less carbohy
drates. 

Af ter hydrolysis , fract ion I contained xylose and arabinose i n the rat io 
10:1. Hydro lys i s of fractions I I I - V yielded very s m a l l amounts of xylose. 
T h e other monosaccharides present i n fractions I I I - V were arabinose and 
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W / { f f { f f / { f f t^f / f f / f f f f / U Lé j la LA ι 
7 5 0 /nnn 1 °00 1250 1500 1750 

. 4 0 , 0 0 , , , RETENTION VOLUME, ml 
7000 3000 2000 1000 MOLAR MASS 

Figure 1. Fract ionat ion of b i rch lignosulfonates by preparat ive gel perme
at ion chromatography. 

RETENTION TIME, min 

Figure 2. Frac t i onat ion of h igh molar mass b i r ch lignosulfonates ( fraction A 
i n F igure 1) by preparative reversed-phase chromatography. 
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180 LIGNIN: PROPERTIES AND MATERIALS 

Table I. Carbohydrate and Lignosulfonate Contents of the H y d r o l y z e d 
Fract ions I - V 

Frac t i on 

C o m p o u n d s I II III I V V 

Monosaccharides, % ( w / w ) 
Lignosulfonates, % ( w / w ) 

30 
70 

5 
95 

2 
98 

6 
94 

rhamnose. These results suggest that fract ion I contains l ignosulfonate-
x y l a n compounds. 

F igure 2 shows that fract ion I elutes over a very narrow retention 
t ime range, whereas fractions I I - V are spread over a wide range. T o deter
mine the reason for this , fractions I - V were fract ionated by ana ly t i ca l G P C 
( F i g . 3). 

It can be seen f rom Figures 2 and 3 that the v i r t u a l l y carbohydrate-
free fractions I I I - V are eluted by R P C i n order of increasing molar mass 
and that fract ion V contains the highest molar mass lignosulfonates. A 
large part of fract ion I is eluted by G P C i n the same region as fract ion V . 
T h i s supports the supposi t ion that the lignosulfonates of fract ion I are 
bound to carbohydrates. Otherwise they would have been eluted by R P C 
i n fract ion V . 

It should be noted that the broad molar mass d i s t r ibut i on of f ract ion I 
i n F igure 3 reflects the molar mass d i s t r ibut ion of the l ignin-carbohydrate 
compounds and not that of the l ign in por t i on of the l ignin-carbohydrate 
compounds. 

It was shown that h igh molar mass lignosulfonate compounds can be 
fract ionated by R P C into hydrophi l i c and hydrophobic compounds. It can 
be seen f rom Figures 4 and 5 that the b i rch lignosulfonates w i t h low molar 
mass (fractions Β and C i n F igure 1) were also fract ionated into hydrophi l i c 
and hydrophobic port ions w i t h no clearly resolved peaks. 

O n the other h a n d , fractions D and E , which elute later i n preparat ive 
G P C ( F i g . 1), show clearly separated peaks i n both the hydrophobic and 
hydrophi l i c zones when fract ionated by R P C (Figs . 6 and 7). 

It can be seen f rom Figure 3 that the molar mass d i s t r ibut i on of the 
hydrophi l i c compounds (fraction I) is broad a l though they are eluted by 
R P C i n a narrow zone ( F i g . 2). T h e i r reversed-phase chromatographic 
f ract ionat ion is thus based almost exclusively on their polar i ty , molecular 
size hav ing no effect on the process. 

T h e results show that R P C w i l l also separate low molar mass l igno
sulfonates in to hydrophi l i c and hydrophobic fractions as well as in to a far 
greater number of i n d i v i d u a l components than obtained by f ract ionat ion 
w i t h G P C . 

Fractionation of Kraft Lignin 

In the same way as w i t h b i r ch lignosulfonates, preparative R P C can be used 
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13. F O R S S E T A L . Reversed-Phase Chromatography 181 

CU 0.6 0.8 1.0 
RELATIVE RETENTION VOLUME 

10000 5000 3000 1500 1000 MOLAR MASS 

Figure 3. M o l a r mass d i s t r ibut ion of high molar mass b i r ch lignosulfonates 
(fractions I - V i n Figure 2). 

F igure 4. Frac t i onat ion of low molar mass b i r ch lignosulfonates ( fraction Β 
i n F igure 1) by reversed-phase chromatography. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
3



182 LIGNIN: PROPERTIES AND MATERIALS 

MeOH,% 

~i 1 Γ 
20 30 40 

RETENTION TIME 

Figure 5. Frac t i onat ion of low molar mass b irch lignosulfonates ( fraction C 
i n F igure 1) by reversed-phase chromatography. 

*280nm 

MeOH,% 

π 1 Γ 
20 30 L0 

RETENTION TIME 

Figure 6. Fract ionat ion of low molar mass b i rch lignosulfonates ( fraction D 
i n F igure 1) by reversed-phase chromatography. 
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13. F O R S S E T A L . Reversed-Phase Chromatography 183 

to fractionate kraft l i gn in into hydrophi l i c and less hydrophi l i c compounds 
( F i g . 8). 

T h e figure shows that hydrophi l i c l ign in derivatives ( fraction I) elute i n 
the retention t ime range 30-80 minutes, compared w i t h 90-140 minutes for 
the hydrophobic compounds (fractions I I - I V ) . Refract ionat ion by ana lyt i ca l 
G P C of fractions I - IV ( F i g . 9) shows that these fractions encompass wide 
molar mass ranges. 

Frac t i on I, which is less hydrophobic than fractions III and V ( F i g . 8), 
contains lower molar mass compounds than fract ion III , w h i c h i n t u r n con
tains lower molar mass compounds than the most hydrophobic fract ion 
(fraction I V ) . 

Frac t i on I, which consists m a i n l y of low molar mass compounds , also 
contains a smal l amount of h igh molar mass l ign in derivatives e lut ing w i t h 
relative retention volumes of 0-0.1. These derivatives are polar and some 
may be bound to carbohydrates, or otherwise they wou ld have been eluted 
by R P C along w i t h the hydrophobic fractions I I - I V . 

T h e ana ly t i ca l reversed-phase chromatograms i n F igure 10 show that 
h igh molar mass hydrophobic kraft l i gn in i n kraft black l iquor elutes i n 
the retention t ime range 60-90 minutes. T h e corresponding lignosulfonates 
elute sooner i n the retention t ime range 30-60 minutes because of their 
sulfonate groups and consequently their more h ighly hydrophi l i c nature . It 
can also be seen f rom Figure 10 that the hydrophi l i c sulfonated hemil ignins 
i n the spent sulfite l iquor elute i n the retention t ime range 0-15 minutes . 

F igure 11 shows that the e lut ion of monomeric benzene derivatives i n 
R P C is closely connected w i t h the structure of their funct ional groups and 
thus w i t h their polar properties. T h e figure shows that the strongly h y 
drophi l i c sulfonate is the first of the model compounds to be eluted. It 
is also seen that i n R P C monomeric acids elute before the corresponding 
alcohols, which elute before the aldehydes. G u a i a c y l compounds elute be
fore the corresponding syr ingy l compounds, which i n t u r n elute before the 
veratry l compounds. 

C o n c l u s i o n s 

It has been shown that R P C can be used to fractionate bo th l ignosul 
fonates and kraft l ignin on the basis of polarity . Strongly hydrophi l i c l i g n i n -
carbohydrate compounds can be separated f rom v i r tua l l y carbohydrate-free 
l i gn in . H i g h molar mass lignosulfonates and kraft l i g n i n are fract ionated 
on the basis of molar mass, w i t h the highest molar mass compounds eluted 
last . 

Preparat ive and ana ly t i ca l reversed-phase chromatography combined 
w i t h G P C is a useful tool i n exper imental l i gn in research. 

E x p e r i m e n t a l 

Lignosulfonates. Samples of b i rch and spruce wood meal extracted w i t h 
ethanol-cyclohexane (1:3) were heated f rom 20°C to 135°C d u r i n g 1 h and 
then cooked for 6 h at 135°C i n 150 m L reactors w i t h s od ium bisulfite l iquor 
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184 LIGNIN: PROPERTIES AND MATERIALS 

RETENTION TIME 

Figure 7. Frac t ionat ion of low molar mass b i rch lignosulfonates ( fraction Ε 
i n F igure 1) by reversed-phase chromatography. 

RETENTION TIME, min 

Figure 8. Frac t i onat ion of pine kraft l ign in by preparative reversed-phase 
l i q u i d chromatography. 
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13. F O R S S E T A L . Reversed-Phase Chromatography 185 

A280 nm 

RELATIVE RETENTION VOLUME 
I I I I I 

10000 5000 3000 15001000 MOLAR MASS 

Figure 9. M o l a r mass d i s t r ibut ion of pine kraft l ign in (fractions I - I V i n 
Figure 8). 

RETENTION TIME, min 

Figure 10. Fract ionat ion of spruce spent sulfite l iquor and pine kraft black 
l iquor . 
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186 LIGNIN: PROPERTIES AND MATERIALS 

F igure 11. Influence of funct ional groups on retention t ime . 
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13. F O R S S E T A L . Reversed-Phase Chromatography 187 

containing 7% S O 2 and 1% N a 2 0 . T h e spent and washing l iquors f rom the 
pulp were combined and evaporated. 

Sulfite and sulfate ions were precipitated f rom the spent b i r ch l iquor 
( F i g . 1) w i t h b a r i u m hydroxide . Monosaccharides and other low molar mass 
non-electrolytes and weak electrolytes were separated quant i tat ive ly f rom 
the lignosulfonates by means of ion exclusion chromatography (5). 

Kraft Lignin. T h e industr ia l pine black l iquor was d i luted w i t h water (1:10) 
before analyt i ca l R P C . 

RPC System and Conditions. 
Reversed-phase columns: 
A n a l y t i c a l : Figures 4,5,6,7 Spherisorb C6 , 5 / / m , 140/6.4 m m 

(Phase Separat ion, U K ) 
Figures 10,11 Spherisorb O D S 2, 5 / / m , 140/4 m m 

(Phase Separat ion, U K ) 

Preparat ive : F igure 2 L i C h r o p r e p C s , 40-60 μπι, 250/10 m m 
( E . Merck , F R G ) 

Figure 8 Sepralyte C i 8 , 40 / i m , 300 /25 m m 
( A n a l y t i c h e m , U S A ) 

Solvent delivery system: M o d e l L C - 5 0 6 0 (Var ian , U S A ) 
M o b i l e phase: Figures 2,4,5, 

6,7,10,11 
Figure 8 

G r a d i e n t : Figures 2,4,5, 
6,7 

Figures 10,11 

F igure 8 

F l ow rate: Figures 2,8 

Figures 4,5,6,7 

Figures 10,11 

Detect ion of A280nm · 

A ) KH2PO4 50 m M / L 
+ K O H 1.15 m M / L 

B ) M e O H 
A ) H 2 0 
B ) M e O H 

T i m e (min) 
v / v , % ( A ) 
v / v , % (B) 
T i m e (min) 
v / v , % (A) 
v / v , % (B) 
T i m e (min) 
v / v , % ( A ) 
v / v , % (B) 
2.0 m L / m i n 

1.5 m L / m i n 

1.0 m L / m i n 

0 10 30 
96 96 50 

4 4 50 

0 60 90 
100 50 0 

0 50 100 

0 30 90 120 
100 100 50 0 

0 0 50 100 

Spectrophotometric Detector M o d e l L C - 7 5 
( P e r k i n - E l m e r , U S A ) 

Injection: Syringe L o a d i n g Sample Injector M o d e l 7125 
(Rheodyne, U S A ) 
w i t h analyt i ca l 20 μL loop and preparative 2 m L loop. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
3



188 LIGNIN: PROPERTIES AND MATERIALS 

GPC System and Conditions. 
G e l permeat ion columns: 
A n a l y t i c a l : Figures 3,9 Sephadex G-50 , fine, 1500/10 m m 

( P h a r m a c i a , Sweden) 
Preparat ive : F igure 1 Sephadex G-50 , fine, 1400/40 m m 

( P h a r m a c i a , Sweden) 

Solvent del ivery system: S T A - m u l t i p u r p o s e per istal t ic p u m p 13 19 00, 
(Desaga, F R G ) 

M o b i l e phase: Figures 3,9 H 2 O 
Figure 1 0.5 M N a O H 

F l o w rate: Figures 3,9 90 m L / h 
F igure 1 20 m L / h 

Detect ion of A280nm : 
A n a l y t i c a l : Figures 3,9 UV-detec to r U V I C O R D S M o d e l 2138 

( L K B , Sweden) 
Preparat ive : F igure 1 Col lected fractions measured w i t h a 

spectrophotometer M o d e l P M Q 2 
( C . Zeiss, F R G ) 

Inject ion: Syringe inject ion, analyt i ca l volume 0.5 m L and 
preparative volume 100 m L . 

Literature Cited 

1. Forss, K.; Fremer, K . - E . Tappi 1964, 47, 485-93. 
2. Forss, K.; Fremer, K . - E . Pap. Puu 1965, 47, 443-54. 
3. Forss, K.; Fremer, K . - E . ; Stenlund, B. Pap. Puu 1966, 48, 565-74, 669-

76. 
4. Forss, K.; Fremer, K . - E . Appl. Polym. Symp. 1983, 37, 531-47. 
5. Jensen, W.; Fremer, K . - E . ; Forss, K. Tappi 1962, 45, 122-7. 

RECEIVED March 17,1989 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
3



Chapter 14 

Specialty Polymers from Lignin 

J . Johan Lindberg, Tuula A. Kuusela, and Kalle Levon1 

Department of Wood and Polymer Chemistry, University of Helsinki, 
SF-00170 Helsinki, Finland 

The chemical and technological aspects of lignin modi
fication and utilization are discussed. Competition with 
petrochemicals does not, for a number of reasons, per
mit the commercial utilization of non-oil based products 
made from lignin. However, pressure from governments 
and the public for a cleaner environment and new pulping 
processes (organosolv processes) may inevitably result in 
full scale industrial use of lignin other than fuel within 
the not too distant future. 

The yearly growth of the world forests is about 7-9 billion cubic meters of 
biomass (FAO 1966). During the production of 140 million tons of cellulose 
and pulp from a part of this biomass, about 50 million tons of lignin are 
formed. Over 95% of the lignin residue is used as an energy source for the 
recovery of inorganic pulping chemicals or disposed of as a waste (1,2). 
Although lignin has given its technological developers a lot of trouble and 
economic disappointments, there is a clear and positive trend favoring lignin 
modification and use for purposes other than as a valuable industrial fuel. 

The difficulties involved in the chemical utilization of lignin and the 
factors which promote such developments can, in the authors' opinion, be 
summarized as follows: 

Negative or retarding factors: 
• chemical and molecular weight inhomogeneity causes high fractionation 

and modification costs; 
• the three-dimensional structure involving carbon-carbon bonds that 

are difficult to break and which resist degradation to low molecular 
weight compounds; 

• high oxygen content and hygroscopicity; 
• comparatively high basic cost as a raw material owing to its use as an 

important industrial fuel; 

1Current address: Department of Chemistry, Polytechnic University, 333 Jay Street, 
Brooklyn, NY 11201 

0097-6156/89/0397-0190$06.00/0 
© 1989 American Chemical Society 
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14. L I N D B E R G E T A L . Specialty Polymers from Lignin 191 

• if spent liquors are combined with effluents from bleaching processes 
based on chlorine or reactions with halogen containing chemicals, a 
range of harmful compounds are formed through thermal and/or chem
ical treatment (23). 

Positive or promoting factors: 
• readily available in huge amounts; 
• if disposed of as waste, black liquor can be a serious environmental 

pollution hazard; 
• high energy content owing to the aromatic nuclei; 
• a number of reactive points are present on the carbon skeleton which 

can be used for a wide range of substitution and addition reactions; 
• good compatibility with several important basic chemicals; 
• excellent colloidal and rheological properties, especially in the case of 

lignosulfonic acids; 
• good adsorbent and ion exchange and adhesive properties; 
• a direct source of various kinds of phenolic and aromatic compounds. 

The cost of one kilogram of lignin is equivalent to about 0.6 kilograms 
of heavy oil. This fact, coupled with the points listed above, indicate why 
oil is a significant competitor in most common industrial applications. 

Some basic facts are given below to support the following discussion. 
The tentative structure of softwood lignin is seen in Figure 1 (3), and some 
important data regarding its present uses are given in Table I (4). After 
cellulose and agricultural products, lignin is the largest source of organic 
matter in the plant kingdom that is readily available for industrial purposes. 

As far as the utilization of lignin for polymers and other chemicals is 
concerned, we can proceed along two principal routes: either by using the 
whole unfractionated lignocellulosic material obtained from the spent liquor 
for the manufacture of simple and cheap bulk products, or by extracting 
certain fractions or low-molecular weight degradation products and modi
fying them into speciality polymers or high quality chemicals. In the next 
chapters we shall discuss various aspects of these processes. 

Chemical and Physical Properties 

Data concerning the elemental composition and methods for isolating lignin 
from the wood structure, as well as the mean molar masses and distributions 
of the obtained fragments, are given in Table II (1,5). 

Figure 1 and Tables I and II indicate the importance of carbon-carbon 
and ether bonds. The former bonds can only be disrupted using strong 
reaction conditions, whereas the latter bonds are broken by much milder 
treatment. The methoxyl groups in the ortho position in softwoods, and in 
the ortho and para positions with relation to the phenolic hydroxyl group 
in hardwoods, have a marked influence on the reactivity and solubility 
behavior. They can be chemically blocked or removed. 

The double bonds, carbonyl groups, carboxyl groups and large number 
of hydroxyl groups determine the physical and reaction behavior. In the 
case of lignosulfonates, the strongly acidic and polar sulfonic acid groups 
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192 LIGNIN: PROPERTIES AND MATERIALS 

CHaOH 

OH OH 

Figure 1. Structure of native l i gn in according to A d l e r (3). 
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14. LINDBERG FT AL. Specialty Polymers from Lignin 193 

Table I. Technica l appl icat ions of spray dr ied spent sulfite l iquors 
(SSL) and kraft l i gn in or its modif ications ( K L ) 

B i n d e r and adhesive: 
Pe l l e t i z ing a n i m a l fodder (SSL) 
R o a d dust (SSL) 
Subst i tute for phenolic resins ( S S L , K L ) 
C a r b o n black and rubber filler ( K L ) 

Ore and mold binders ( S S L ) 
G r i n d i n g a id and addit ive for cement ( S S L ) 
Dispersants : 

Dyestuffs ( S S L , K L ) 
C lays and ceramics ( S S L , K L ) 
Pa ints ( S S L ) 
Pesticides (SSL) 

Emuls i f ier and stabil izer for emulsions ( S S L ) 
O i l wel l d r i l l i n g m u d ( S S L ) 
T a n n i n g and sequestering agent (SSL) 
E le c t r i ca l uses: 

Storage battery plates ( K L ) 
E lec t ro ly t i c refining ( K L ) 

p r i m a r i l y determine the so lubi l i ty and col lo idal behavior . T h e sulfonic ac id 
groups are easily spl i t off by thermal treatment to give a chemical ly active 
intermediate (6). 

Raw Materials for Polymers by Degradation 

Some monomeric and oligomeric products derived f r om l ign in by degrada
t i on are given i n Table III (3). O f hundreds of l i gn in degradation products , 
on ly guaiacol , v a n i l l i n , d i m e t h y l sulfide and dimethylsul foxide ( D M S O ) 
have been produced on a s m a l l indus t r ia l scale. A s the yields are gen
eral ly low and costs are h igh , the markets for these special i ty chemicals are 
somewhat l i m i t e d , especially as sources for monomers for b u l k po lymers . 

O n the other h a n d , there are potent ia l ly large markets for puri f ied phe
nols derived f rom l i gn in . Q u i t e h igh theoretical yields have been c la imed 
for bo th wastes f r om sulfur consuming p u l p i n g processes (4) (kraft l i gn in 
and lignosulfonates) and soda l i g n i n and especially non-sulfur organosolv 
processes. However, the heterogeneity of the phenolic fractions obta ined is 
especially a drawback i n the synthesis of h igh-qual i ty homogeneous po ly 
mers. 

A more promis ing way of ob ta in ing more un i f o rm degradation products 
is pyro lys is at h igh temperature . Synthesis gas is obtained at ever higher 
temperatures (700-1000°C), but according to N i m z , at the present i t is not 
compet i t ive w i t h the corresponding processes based on coal (2). 

A n o t h e r way is to produce acetylene f rom sulfur-free l i gn in by flash 
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194 LIGNIN: PROPERTIES AND MATERIALS 

Tab le II . Some Bas ic D a t a of L ign ins . M i l l e d W o o d L i g n i n = M W L 

E l e m e n t a l C o m p o s i t i o n ( M W L ) a n d F u n c t i o n a l G r o u p s 
( u n i t s / 1 0 0 C 9 ) : 

Spruce P i n e B i r c h 

C a r b o n % 63.15 63.70 58.8 
H y d r o g e n % 6.21 6.29 6.5 
M e t h o x y l % 15.90 15.50 21.5 
M e t h o x y l groups 92-96 139-158 
Pheno l i c groups 15-30 9-13 
B e n z y l a lcohol groups 15-20 
B e n z y l ether 6-8 6-8 
C a r b o n y l 20 
2- or 6-condensation 2.5-3 1.5-2.5 

M o l a r M a s s a n d P o l y d i s p e r s i t y : 

W o o d Species 
M e t h o d of Isolation M W M w / M n 

Eastern spruce 20600 2.6 
M W L (22) 

Western hemlock 22700 2.4 
M W L (22) 

Western hemlock 400/150000 7.1 
Sul fonat ion (1) 

Norway spruce 5300/131000 3.1 
Sul fonat ion (1) 

B i r c h 1750 2.5 
Ethano lys i s (77) 

Spruce 1750 2.5 
Ethano lys i s (77) 

Pop lar 3540 3.5 
Ethano lys i s (76) 
(Populus tremuloides) 

Note : T h e content of funct ional groups depends on the or ig in of the 
l i gn in i n the cell w a l l . Great variat ions i n molar masses and 
M w / M n - v a l u e s are reported for technical l ignins. 

pyrolysis by the C r o w n Zel lerbach process (2). Bench scale experiments 
(68) indicate that l ignins also may be used as an agent i n l iquefact ion 
of coal to ob ta in oligomers or low molecular weight hydrocarbons . B o t h 
methods, and also methods based on kraft l i gn in (4), lead to we l l -known 
raw mater ials for po lymer syntheses. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
4



14. LINDBERG ET A L Specialty Polymers from Lignin 195 

Table III. Main products obtained on pyrolysis of hardwood 

Gases: 
Water, carbon monoxide, carbon dioxide, methane, hydrogen, hydro
carbons 

Distillates, tars: 
Acetic acid, methanol, acetone, hydrocarbons, phenols, levoglucosan, 
furfural 

Char and charcoal —• activated carbon 
Ash (g/100 g): wood: 2.5; lignin: 1.9; holocellulose: 1.4. 

The values vary with source of wood and growing conditions. 

Calorific value (MJ/kg) : 
Wood: 20; lignin: 26.4; holocellulose: 16.2. 

Organosolv Lignins as Raw Materials for Polymers 

The partially degraded lignin can easily be separated from other wood 
components by refluxing wood chips at moderately elevated temperatures 
in weakly acid media of organic solvents, e.g., acetosolv, alcohol, peroxy-
formic acid, and similar pulping processes (7). In contrast to the normal 
technical processes, the lignin in this case is free from sulfur and chlorine, 
and is not burned to recover the inorganic pulping chemicals. However, the 
development of any organosolv pulping method is a difficult and complex 
matter which has been solved on a pilot plant scale in a few cases only 
(7,69). At present it would appear that hardwoods are especially suitable 
for organosolv processes, whereas softwoods require higher cooking temper
atures and greater amounts of additives. 

Non-woody materials have been used comparatively little for organo
solv cooking. Apart from silicate problems, they may be easier to deal with 
than wood (8). 

Chemical Modification 

In combination with the above discussed functional groups, the aromatic 
nature of the polymer provides a potential for further reaction, cf. (69): 

• Alkylation (9) and dealkylation (14,22) 
• Oxyalkylation (71,72) 
• Amination (20,21,25) 
• Carboxylation and acylation 
• Halogenation and nitration 
• Hydrogenolysis 
• Methylolation 
• Oxidation and reduction 

• Chemical 
• Electrochemical 
• Microbiological (63) 

• Polymerization (28,36-42) 
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196 LIGNIN: PROPERTIES AND MATERIALS 

• Sul fomethylat ion (50) 
• Sul fonat ion (62) 
• S i l y l a t i o n (27,67) 
• Phosphory la t i on (26,67) 
• Ni t rox ide f ormat ion (59) 
• G r a f t i n g 
• Compos i te format ion 

Polymers from Degradation Products and Lignin Fragments 

A wide range of polymers can be synthesized using the aforementioned re
actions as wel l as some reactions whi ch are discussed i n later chapters on 
engineering plastics , and divalent reactants. It is thus possible to o b t a i n 
various types of homopolymers and copolymers f r om the phenolic degrada
t i on products ment ioned before, as wel l as f r o m macromolecular fragments, 
by modi f i cat ion reactions. A proposed reaction scheme for some routes to 
polymers and oligomeric derivatives is given i n F igure 2. 

T h e routes give, using wel l -known condensation and rad i ca l reactions, 
bakélites (I), polyazophenylenes (II), po ly imides (III), polyurethanes ( I V ) , 
n i t ro compounds and polyamides ( V ) , aromatic poly ethers and polyesters 
( V I ) , polychalcones (VI I ) , polyphenylene sulfides ( I X ) , a m m o n i a l i g n i n ( X ) , 
carbon fibers ( X I ) , silicones ( X I I ) , and phosphorus esters ( X I I I ) . In a d 
d i t i o n , rad ia t i on and chemical graft ing can be used to ob ta in polymers 
of theoretical interest and pract i ca l use. A l t h o u g h the l i terature on the 
above subject is very large, there are comprehensive summaries available 
(1 ,28 ,69) . 

Aromatic Units and Phenols 

T h e ac id condensation reaction of the aromat ic and phenol ic units is a t y p 
i ca l reaction of l i g n i n . T h e presence of acids results i n resonance stabi l ized 
c a r b o n i u m ion structures formed i n the l i g n i n macromolecule . These car-
b o n i u m ion structures react further, e.g., w i t h unsubst i tuted posit ions i n 
the l i gn in macromolecule. T h u s , thermal treatment of powdered wood i n 
acidic condit ions causes condensation, the coniferyl aldehyde and coniferyl 
a lcohol groups being especially reactive. In add i t i on , other inter - a n d / o r 
intramolecular condensations m a y occur. 

C h e n (29) found that the amount of sulfuric ac id direct ly determines 
the hardening t ime i n the ac id condensation of spent sulfite l iquors used 
i n p lywood and veneers. However, i n general the adhesives based purely 
on ac id condensed l ignins have often been found to be an uneconomic and 
qual i ta t ive ly inferior alternative to adhesives based on synthet ic polymers 
and phenol or l ignin- formaldehyde resins. 

If l i gn in is heated w i t h phenol , the phenol condenses w i t h l i gn in i n the 
α-position of the side chain. Pheno l generally couples i n its p a r a - pos i t ion 
(15). Under o p t i m u m condit ions, f rom 2.5 to 3 moles of phenol or phenol ic 
derivative per phenylpropane uni t are added to the proto l ign in (18). 

One of the most widely used condensation reactions is between l ign in 
and phenol using formaldehyde as a coupl ing agent. T h i s reaction depends 
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14. LINDBERG ET AL. Specialty Polymers from Lignin 197 

Figure 2. A general scheme of various ways to modi fy l i gn in and its low 
molecular weight degradation products . 
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198 LIGNIN: PROPERTIES AND MATERIALS 

on the wel l known bakélite react ion , w h i c h since the 1960's has been used to 
synthesize l ignin-phenol based adhesives. One of the best k n o w n processes 
of this type is the base catalyzed one-step K a r a t e x process, i n which can 
be used either lignosulfonates or kraft l i gn in as raw mater ia l (19). L i g n i n 
may also react i n a comparable manner w i t h nitrogen containing reagents 
such as hexamethylene tetramine , urea, and melamine (20). 

A m m o n i a and a m m o n i u m persulfate can also be used as reagents (21). 
However, as po inted out by N i m z (48) and other authors , owing to the 
non-uni formity of the product , only 15% of urea-formaldehyde and 2 5 % 
phenol- formaldehyde resin binder may be replaced by ca l c ium base spent 
sulfite l iquors . 

Thermal Stability and Antioxidant Effect 

It is evident f r om model studies on the pyrolysis of sulfonated aromat ic ion 
exchangers (30) and the synthesis of sulfur l i gn in , as wel l as f rom studies 
on the coextrusion of lignosulfonates w i t h v i n y l polymers (6), that only 
part of the sulfur is evolved as sulfur dioxide. A considerable amount of 
the residual sulfur is converted dur ing the pyrolysis to sul fonyl and sulfur 
bridges between the base polymers . M o d e l studies (30) indicate that these 
bridges make the base polymer thermal ly stable. T h e above reactions also 
permi t the use of l ign in containing sulfonic acid groups as stabi l izers for 
v i n y l polymers such as polyethylene, polypropylene and p o l y v i n y l chloride. 

G u i et ai (31) found that l i gn in derivatives increase the cold and 
U V l ight resistance of polyphenylene. A c c o r d i n g to L e v o n et ai (6), a 
b lending of l ignosulfonate w i t h polyethylene i n a plasticorder increases the 
stabi l i ty , as indicated by rheological behavior and sp in density, i f the ac
t i va t i on temperature is higher than 463 K . A h igh carbohydrate content 
i n the l i gn in gives poorer results. T h e ant ioxidant effect of hydroxy lated 
l i gn in on polyethylene, measured as oxygen uptake, has been reported to 
be only 10 times less than for usual commerc ia l ant ioxidants (32). 

F r o m model studies on guaiacol derivatives and thioglycol ic ac id l i gn in 
i t is k n o w n that stable n i troxide radicals can easily be introduced by 
S c h o t t e n - B a u m a n n reactions i n the l ign in polymer (59). It is evident f rom 
the general chemical and photochemical properties of n i troxide radicals (60) 
that nitroxide derivatives of l ignins could be used as preservative agents and 
rad i ca l scavengers as well as processing stabil izers for polymers . 

Electrically Conducting Polymers 

L i g n i n has long been used together w i t h carbon black i n master batches for 
rubbers w i t h good success (33). It is to be expected that i n t e r m i x i n g w i t h 
carbon would also give it properties enabl ing i t to be used as an extender 
i n conductive compounding mater ia ls . 

It is evident f rom the studies carried out by Wessel ing (34) on other 
po lymer compounding systems that the electrical conduct iv i ty i n such cases 
is of a complex percolat ion type which is p r i m a r i l y confined to the t h i n 
surface layer of the graphite coating the large, globular insu la t ing po lymer 
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14. L I N D B E R G E T A L Specially Polymers from Lignin 199 

partic les . T h e macromolecular spheres may agglomerate to chain- l ike l inear 
structures wh i ch b u i l d up networks, where the d r i v i n g perco lat ing force is 
the inter fac ia l energy. 

A s already shown by C h u p k a and R y k o v a (65), other mechanisms are 
involved when semiconduct ing polymers are obtained f rom l ignins by dop
ing t h e m w i t h Lewis acids. Lignosulfonates and kraft l ignins give generally 
poor results, but a derivative, sulfur l i g n i n , has been found to be better 
suited for this purpose (35). T h e mechanism of conduct ion is definitely 
very s imi lar to that of other doped semiconductor polymers , a l though a 
chemical complex format ion mechanism cannot n a t u r a l l y be excluded (58). 
Under certain condit ions we have also noted a reversible charging effect 
( "battery effect") (73), cf. also the theory i n (74). T h e long t e r m s tab i l i ty 
o f the mater ia ls is quite good, but their potent ia l uses have s t i l l not been 
explored. 

T h e work of C h u p k a (65) and pre l iminary work i n our laboratory i n 
dicate that l i g n i n can under certain conditions be a photoconductor . 

Engineering Plastics from Lignin 

A considerable amount of da ta has accumulated regarding the modi f i ca 
t i on of l ignins to engineering plastics. Unfortunate ly , the incorporat ion of 
various monomers and polymers , such as d i - and polyvalent epoxyphenols , 
esters and isocyanates, i n the l i gn in structure i n most cases resulted i n 
br i t t l e or tarry mater ials whose properties designated t h e m as potent ia l 
adhesives, lacquers, dispersants and films, but not as s t r u c t u r a l mater ia ls 
(36-40). 

Recent systematic studies on the re lat ion between network structure 
and substituents i n kraft l i g n i n , steam exploded, have shown that the l i gn in 
containing networks can be modif ied i n new ways, cf. e.g. (80). A l s o the 
toughening of glassy, s t ruc tura l thermosets can be achieved by incorporat 
ing a variety of polyether and rubber- type soft segment components i n the 
po lymer network structure . 

Glasser and co-workers (41) applied this pr inc ip le to l ignins. T h e y 
found that toughening elements can also be bu i l t into these mater ials to 
f o rm elastic polyurethanes through h y d r o x y l funct ional i ty , acrylates f r om 
v i n y l funct ional i ty , and epoxies f rom amine funct ional i ty . It is thus possible 
to completely abol ish the generally noted brittleness of l i gn in caused by the 
globular structure of the l ign in fragments. A l s o K r i n g s t a d and co-workers 
have been working on s imi lar questions (42). 

A c c o r d i n g to Glasser (79), the low glass t rans i t i on temperature and the 
decrease i n brittleness can be explained by in t roduc t i on of soft molecular 
segments capable of a plast ic response to mechanical deformation. T h e 
in t roduc t i on of hydrophi l i c polyether segments results predominant ly i n 
single phase morphology, and less polar rubber segments seem to favor 
two-phase morphology. 

T h e use of l ignins i n po lymer blends, e.g., w i t h p o l y v i n y l alcohol (81) 
w i t h no sign of phase separation, is a new promis ing technique. It is found 
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200 LIGNIN: PROPERTIES AND MATERIALS 

that blends prepared by inject ion m o l d i n g have consistently better mater ia l 
properties than blends prepared by usual so lut ion cast ing. 

T o conclude the above methods of incorporat ion o f modif ied l i gn in 
i n po lymer networks and blends opens new promis ing possibi l it ies for the 
technical use of l ignins and makes i t competit ive w i t h other raw mater ia ls 
for engineering plastics . 

Gelation and Crosslinking 

It has been widely known that a water- insoluble gel is obta ined when spent 
sulfite l iquors are treated w i t h dichromate solutions. T h i s property has been 
used, among other things, for increasing the t a n n i n g effect of l ignosulfonates 
and for m a k i n g o i l wel l d r i l l ing muds. 

T h e lignosulfonates react i n the gelation process w i t h d i - or po lyvalent 
meta l ions and f o r m covalent coordinative bonds. T h e h y d r o x y l , carbony l 
and carboxy l groups i n the l i g n i n structure seem to be effective i n the com-
p lexat ion process. A c c o r d i n g to Hayash i and G o r i n g (43), the catechol 
groups formed by demethylat ion dur ing the p u l p i n g process are operative 
when dichromate complexes are formed w i t h l ignosulfonate. Further inves
t igat ions indicate that the greatest part of the h y d r o x y l groups disappear 
and a s m a l l amount of carboxy l groups are formed dur ing the process (44). 

M a n y other agents promot ing oxidat ive coupl ing catalyze the gelat ion 
process. It has therefore been proposed that an oxidative coupl ing process 
could be involved (45). T h e gel f ormat ion process is i n a l l c ircumstances a 
three-stage one: complex formation—•intermolecular bridge formation—+gel 
f o rmat ion . 

Grafting of Lignin 

It is also possible to modi fy l i gn in by graft ing using, e.g., styrene or acry l i c 
monomers. T h e graft ing process is a free rad ica l react ion whi ch can be 
i n i t i a t e d either by rad ia t i on or by peroxide, as used i n o rd inary p o l y m e r i z a 
t i on processes. T h u s , acryl ic monomers can be grafted onto lignosulfonates 
i n aqueous so lut ion using hydrogen perox ide / i r on (II) catalyst . T h e r a d i 
cals add probably to the non-substitute posit ions i n the aromat ic nucleus 
(46,47) . 

E x p e r i m e n t a l evidence has indicated that 7-radiation can also be used 
to graft styrene onto kraft l i g n i n to give a product w i t h s imi lar so lub i l i ty 
properties as polystyrene. T h e reaction seems to be promoted by methano l 
(56). 

A l s o , acry lonitr i le may be grafted by rad ia t i on to lignosulfonates w i t h 
graf t ing yields of about 20%. However, the compat ib i l i t y of the grafted 
product as a filler i n S B R seems to be inferior to that of the or ig ina l l igno
sulfonate (57). 

Intermolecular Association 

It is we l l k n o w n f rom very early studies on l ign in react iv i ty that h y d r o 
gen bond format ion and other secondary valence forces strongly affect the 
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14. L INDBERGETAL. Specialty Polymers from Lignin 201 

so lub i l i ty and col lo id behavior as well as react iv i ty and general rheologi -
cal behavior of l ignins (52-54). A s a consequence, water a n d other po lar 
solvents and foreign matter are removed on ly w i t h difficulty. 

T h e app l i cat ion of l ignosul fonate-chromium derivatives i n o i l well 
d r i l l i n g m u d has already been mentioned as a t y p i c a l example of the above 
effects i n combinat ion w i t h crossl inking. T h e use of lignosulfonates as ac
tive extenders i n concretes is a further example of the app l i cab i l i ty of the 
above effects (61). A n o t h e r is the use of l ignins as extenders for asphalt 
cement (70). 

Recent ly Bogo ly t s in and co-authors (62) found that the associations 
of sulfur dioxide and other inorganic sulfur derivatives interact w i t h the 
aromat ic nuclei of l ignins , and strongly influence their react ion and redox 
behavior . T h i s association effect also forms a selective pre-association state 
i n the sulfonation reaction i n wood p u l p i n g . It is evident that a wide range 
of s imi lar association effects may be present, but they remain to be detected 
and studied . 

Materials of Future 

W h e n a new m e t h o d is reported for synthesis of po lymers , i n a short t ime i t 
is also t r ied on l ignins. New l ignin-based raw mater ials are also constant ly 
appearing: the use of steam exploded hardwood l i g n i n for m a k i n g p lywood 
adhesives has recently been explored by Gardner and Sellers (64) and found 
promis ing i n this intensively competit ive area. 

E n z y m a t i c a l l y degraded l ign in also seems to be a potent ia l source of 
chemicals , as can be seen f rom the extensive review of Harvey and co
authors (63). 

Conclusions 

It is evident f r om the above discussion that l ign in is s t i l l a m a t e r i a l of 
the future i n the areas of s t ruc tura l plastics and as a source of chemicals . 
However, the ever-increasing demand for a clean environment hastens the 
day when l i g n i n is used on a large indus t r ia l scale. T h i s day is much nearer 
t h a n was predicted on ly a few years ago. F r o m this po int o f v iew, i t is 
evident that research should continue and more funds should be al located 
to research work on l ignin modi f i cat ion. 
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Chapter 15 

High-Performance Polymers from Lignin 
Degradation Products 

Hyoe Hatakeyama1, Shigeo Hirose1, and Tatsuko Hatakeyama2 

1Industrial Products Research Institute, 1-1-4 Higashi, Tsukuba, 
Ibaraki 305, Japan 

2Research Institute for Polymers and Textiles, 1-1-4 Higashi, Tsukuba, 
Ibaraki 305, Japan 

High-performance polymers having 4-hydroxyphenyl, 
guaiacyl and syringyl groups were synthesized from lignin 
degradation products. Physical properties of the poly
mers were investigated by differential scanning calorime-
try (DSC), thermogravimetry (TG), gel permeation chro
matography (GPC), viscosity measurement, etc. The re
lationship between the chemical structure and physical 
properties of polymers was analyzed from the viewpoint 
of molecular design. It was found that physical prop
erties such as molecular weight, solubility for solvents, 
crystallinity, relaxation in glassy state, thermal decom
position temperature, etc., could be controlled by the 
appropriate arrangements of chemical bonds and func
tional groups such as phenylene group, methoxyl group, 
alkylene group, etc. 

L i g n i n is widely found i n nature and exists abundant ly next to cellulose i n 
higher plants . Technica l ly most of i t is obta ined as a by-product of p u l p i n g 
process and is used as fuel to ob ta in energy to operate p u l p i n g mi l l s . 

In spite of extensive research to expand the use of l ignins in to i n d u s t r i a l 
mater ia ls , the results obtained have not been very successful. T o a large 
extent, this diff iculty of efficient u t i l i z a t i o n of l i g n i n is believed to be de
pendent on its heterogeneous and complex nature . It is generally accepted 
that l i g n i n molecules consist of three basic units such as 4 -hydroxyphenyl , 
gua iacy l a n d / o r syr ingy l groups which are considered to l i n k each other 
i n s tat i s t i ca l ly different ways. Therefore, most research results concerning 
the degradation of l i g n i n have shown that mononuclear phenols h a v i n g the 
above basic units are major degradation products (1). 

T h e purpose of this paper is to describe, f r om the s tandpoint of molec
u lar design, the relat ionship between the chemical structures and phys i ca l 

0097-6156/89/0397-0205$06.00/0 
© 1989 American Chemical Society 
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206 LIGNIN: PROPERTIES AND MATERIALS 

properties of new types of high-performance polymers which have recently 
been synthesized f rom l ign in degradation products at our laboratory. 

Polyhydroxystyrene Derivatives 

Poly(4-hydroxystyrene) [I], poly(4-hydroxy-3-methoxystyrene) [II], po ly (4 -
hydroxy-3 ,5 -d imethoxystyrene) [III] and their acetates were synthesized 
f rom 4-hydroxybenzaldehyde, vani l l in and syringaldehyde (2), which were 
synthesized as shown i n Scheme 1. 

Mo lecu lar weight and molecular weight d istr ibut ions of the samples 
were measured by gel permeat ion chromatography ( G P C ) . T h e molecular 
weight of the polymers was controlled by changing po lymer izat i on condi 
t ions: f r om 6.6 χ 1 0 3 to 3.7 χ 10 5 (2). T h e molecular weight d i s t r ibut i on 
( M w / M n ) was f rom 2.2 to 4.3 (2). 

G lass t rans i t i on temperatures ( T / s ) of styrene derivatives [I], [II], and 
their acetates were measured by differential scanning ca lor imetry ( D S C ) 
(2-4). F igure 1 shows the relationship between the T ^ and the molecular 
weight of the styrene derivatives. T h e influence of molecular weight on 
molecular mot i on of the polymers is clearly recognizable. A t the same t ime , 
the effect of subst ituent groups is also noteworthy. A s seen f r om the figure, 
T^ values for [I] and [II] are 10-60 Κ higher t h a n those of polystyrene and 
the acetylated samples. T h i s fact seems to indicate that the in t roduc t i on 
of a h y d r o x y l group at the 4-position of the aromatic r ing forms hydrogen 
bonds and restricts the molecular mot i on of the m a i n chain (2-4). O n the 
other h a n d , i f the m e t h o x y l group is introduced i n the 3-position of the 
aromat ic r i n g , adjacent to h y d r o x y l or acetoxyl group at the 4-posit ion, T ^ 
decreases due to the steric hindrance caused by the m e t h o x y l group. T h e 
above results indicate that the effect of substituent groups such as h y d r o x y l 
and m e t h o x y l groups on Tg is more prominent than that of molecular weight 
(2 ,3) . 

Polyesters Having Spiro-Dioxane Rings 

A s i l lus trated i n Scheme 2, 3,9-bis (4 -hydroxy-3-methoxyphenyl ) - 2 , 4 , 8 , 1 0 -
tetraoxa-spiro [5,5] undecane, designated bisphenol [IV], was synthesized 
f rom v a n i l l i n and pentaerythr i to l . Polyesters were obtained by the reaction 
of [IV] w i t h terephthaloyl l chloride or sebacoyl chloride (5). 

T h e thermal s tabi l i ty of the obtained polyesters, polyterephthalate 
( P T S ) (inherent viscosity, 77inh = 1.30 d l / g ) and polysebacate (PSS) 
(^inh = 0.89 d l / g ) hav ing spiro-dioxane rings, was analyzed by thermo-
grav imetry ( T G ) . P T S started to decompose at 568 Κ and P S S at 527 K . 
T h i s shows that the former is thermal ly more stable t h a n the latter . D S C 
studies of the above polymers were carried out i n an atmosphere of nitrogen 
at the heat ing rate of 10 K / m i n f rom r o o m temperature to a temperature a 
few K ' s below the thermal decomposit ion temperature (Td) determined by 
T G . A l t h o u g h no t rans i t i on was detected i n the D S C curve of P T S , a glass 
t rans i t i on at 363 Κ was seen i n a D S C curve of P S S . T h e X - r a y diffrac-
t ogram of P T S showed a crystal l ine pattern , whi le that of P S S showed an 
amorphous halo pattern . 
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15. H A T A K E Y A M A E T A L High-Performance Polymers 207 

CHO CH=CHC00H 
^ • CtyCOOH^ * ^ 

R ^ R * R ^ T ^ R 
OH OH 

CH=CH2 CH=CH2 

OH OCOCH3 

-eÇH-CH 2^ 
A1BN > A » hydrolysis^ 

OCOCH3 

- É C H - C H ^ 

R; R : H or OCH3 

OH 

[11: R, R' = H 
[II] : R = OCri» R* = H 
[III] : R, R' = OCH3 

Scheme 1 

2 H O ^ - C H • C(CH20H)a 

OCH3* 

X ° - C H i ^ OCHa 
[IV] 

_ „ _ r r , , 
Ô 

[IV] · CIÇ—R—CCI 

O C H > C H Î 0 1 2 0 oc8a° 
IV] 

R : - ÎCH 2 )e- . - © " 

Scheme 2 
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208 LIGNIN: PROPERTIES AND MATERIALS 

One of the purposes of the present study is to investigate the re
lat ionship between the properties and structure of the polymers synthe
sized. Genera l ly speaking , as values of a po lymer depend on its r i g i d 
ity , i t should be possible to estimate the r ig id i ty of the spiro-dioxane 
rings i n P S S by compar ing the Ύ9 w i t h those of polysebacates f r om other 
bisphenol ic compounds. A m o n g the polyesters f r o m bisphenolic c om
pounds , the thermal properties of polyesters f r om d isubst i tuted bis(4-
hydroxyphenyl )methane ( D B H M ) (6) have been studied i n deta i l . There 
fore, we at tempted to compare T^ of P S S w i t h those of a series of polyesters 
obta ined f rom D B H M . T h e result of the comparison showed that the r i g i d 
i t y of the spiro-dioxane r i n g is almost s imi lar to D B H M . 

Polyethers and Polyesters Having Methoxybenzalazine Units 

Polyethers and polyesters hav ing methoxybenzalazine uni ts w i t h various 
alkylene groups (C4, Ce and C s ) i n the m a i n chain were synthesized 
f rom van i l l in (7 ,8) . T h e condensation reaction of 4 ,4 / -a lky lened ioxyb is 
(3-methoxybenzaldehyde) [VI] w i t h hydrazine monohydrate was appl ied to 
the synthesis of polyethers [VII] ( M n , 7.4 χ 1 0 3 for C 4 , 7.3 χ 1 0 3 for C 6 and 
4.1 χ 1 0 3 for C s derivatives), as shown i n Scheme 3. Polyesters [IX] (r7inh> 
0.35 d l / g for C 4 , 0.38 d l / g for C 6 and 0.43 d l / g for C 8 derivatives) were 
synthesized f rom 4 ,4 ' -d ihydroxy -3 ,3 ' -d imethoxybenza laz ine [VIII] a n d d i -
carboxyl i c ac id chlorides by conventional low temperature so lut ion po ly -
condensation, as shown i n Scheme 4. 

T h e thermal s tabi l i ty of the samples was studied by T G . A s shown 
i n Tab le I, the decomposit ion temperatures (T<j) of polyethers were higher 
t h a n those of polyesters. However, i t was found that T<j d i d not depend on 
chain length of the alkylene groups i n both the polyethers and polyesters. 

Table I . S t a r t i n g temperatures of decomposit ion ( T / s ) of polyethers [VII] 
and polyesters [IX] hav ing methoxybenzalazine uni ts w i t h various 
alkylene groups 

Polyethers Polyesters 
A l k y l e n e groups T d ( K ) T<* ( K ) 

c 4 574 533 
c 6 570 541 
c 8 571 539 

C4, C e , C s : te tra , hexa, and octamethylene, respectively. 
Trf: S t a r t i n g temperature of weight loss. Heat ing rate: 20 K / m i n . 

F igure 2 shows the D S C curves of po ly (oxy-2 -methoxyl , 4-phenylene-
oxyoctamethylene) [VII -Cs ] . In F igure 2, an endothermic peak of m e l t i n g 
is observed i n the heat ing curve of a sample preheated at 490 K . In the 
cool ing curve, an exothermic peak of c rys ta l l i zat ion is observed at around 
415 K . A s shown i n F igure 2, the polyethers crystal l ized d u r i n g cool ing f r o m 
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15. H A T A K E Y A M A E T A L . High-Performance Polymers 209 

Polyhydroxyetyrene derivatives 

300· 1 1 1 

ΙΟ 3 104 105 10β 

M W 

Figure 1. Effects of molecular weight on T f l of po lyhydroxystyrene deriva
tives: P H S , I ; P H M S , II ; P A S , P A M S , acetates of I and I I ; P S t , monodis -
perse polystyrene. 

2H0-^-CH + Br(CH2)i Br 
OCH3Û 

HC-Q -CXCH 2 ) , o - p - C H 

° OCH3 O C H 3 0 

ivi] 

[VI] + H 2 NNH 2 H 2 0 

• OiCH^O-Q-C H--N-N^ 

0 C H 3 [ V | l ] 0 C H 3 

1= 4,6and 8 ( C 4 , C 6 andC8 ) 

Scheme 3 
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210 LIGNIN: PROPERTIES AND MATERIALS 

H0-^)"CH--N-N=CH-^-0H -1- C IC (CH 2 ) m CCI 

0CH3 OCH3 ° 
[VIII] 

- ^ 0 - ^ ) - C H = N - N = C H - ^ > - 0 - £ ( CH 2 )m 

OCH3 OCH3 

[IX] 

m = A , 6 a n d δ ( C A , C6 a n d C Q ) 

S c h e m e 4 

Polymethoxybenzalazine-polyether 

320 AOO 

Figure 2. D S C curves of polymethoxybenzalazine ether, V l l - C g : heating and 
cooling rates, 10 K/min . (Reprinted with permission from ref. 8. Copyright 1986 
Sen-i Gakkaishi.) 
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15. H A T A K E Y A M A E T A L . High-Peifornuuice Polymers 111 

the mol ten state. Therefore, i t can be said that the polyethers crystal l ize 
i sothermal ly f r om the mol ten state. 

F igure 3 shows the isothermal D S C curves of polyether V I I - C s w h i c h 
was allowed to s tand at each of the predetermined temperatures. 

In order to analyze the i sothermal c rysta l l i zat ion of polyether V I I - C s 
i n more deta i l , A v r a m i ' s equation (9), InX — —ktn, was appl ied to the 
results shown i n F igure 3. In this equat ion, X is the f ract ion of mate 
r i a l w h i c h has not yet been transformed into a crystal l ine state at t ime tf, 
and k and η are constants. A v r a m i ' s index η calculated were between 3.7 
and 3.8, i .e. , η = ca. 4. T h e value of η = 4 suggests that the crystals 
grow three-dimensional ly i f the nucleat ion process is homogeneous and the 
growth process is l inear . However, i t is known that A v r a m i ' s index does not 
always show the direct reflection of the c rys ta l l i zat ion process. Therefore, 
i n order to ob ta in in format ion about the growth of crystals , the po lar i z ing 
microscopic measurements were made. T h e measurement under crossed 
niçois indicated a Maltese cross for each crystal w h i c h is characterist ic of a 
spherul i t i c s tructure , thus suppor t ing the obtained A v r a m i ' s indices. 

F igure 4 shows the D S C curve for the as-polymerized sample of 
po ly (oxy-2-methoxyl , 4- phenylene- methyl ideneni tr i l on i t r i l o -methyl idene-
3- methoxy- l ,4 -phenyleneoxysebacoyl ) [ΙΧ-Cs]· A s shown i n F igure 4, an 
endothermic peak of me l t ing was observed. T h e cool ing curve d i d not show 
any exothermic peak of c rys ta l l i zat ion . T h e reheating curve showed glass 
t rans i t i on and an exothermic peak of co ld -crysta l l i zat ion followed by an 
endothermic peak of me l t ing . 

T h e d a t a for the i sothermal c rysta l l i zat ion of [IX-Cs] f r om the glassy 
state were analyzed by the same method as that for the polyethers. 
A v r a m i ' s index obtained was between 2.1 and 2.2, i .e. , η = ca. 2. T h i s value, 
η = 2, suggests that the crystals grow two-dimensional ly , i f the nucleat ion 
process is heterogeneous and the growth process is di f fusion-control led. 

Polyacylhydrazones Having Guaiacyl Units with Alkylene Groups 

Polyacylhydrazones [X] having two guaiacy l units w i t h the alkylene groups 
i n each repeating un i t were synthesized using v a n i l l i n and dibromoalkanes 
as s tar t ing materials as shown i n Scheme 5 (10). 

T h e phase t rans i t i on and the thermal s tab i l i ty of the s ix polymers 
synthesized were studied by D S C and T G . Inherent viscosities, T / s and 
T^ ' s are l isted i n Tab le II . T h e T<* does not very much differ among the 
polymers . 

T h e polymers synthesized were crystal l ine , when they were obta ined 
as the precipitates f rom D M S O solutions. M e l t i n g peaks were observed 
i n the as-polymerized samples at around 460-500K i n D S C curves. H o w 
ever, an exothermic peak at tr ibutab le to the c rys ta l l i zat ion was not found 
i n a D S C curve. T h e X - r a y diffractograms of the samples cooled f r om 
the mol ten state to room temperature showed typ i ca l amorphous patterns. 
G lassy samples d i d not crystal l ize , a l though they were annealed at t e m 
peratures below mel t ing for a long t ime . T h i s suggests that the molecular 
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2 1 2 LIGNIN: PROPERTIES AND MATERIALS 

Figure 3. Isothermal D S C curves showing crystallization of polymethoxy-
benzalazine ether, VII -Cg : crystallization temperature is indicated for each curve. 
(Reprinted with permission from ref. 8. Copyright 1986 Sen-i Gakkaishi.) 

Figure 4. D S C curves of polymethoxybenzalazine ester, IX -Cg i heating and 
cooling rates, 10 K/min . (Reprinted with permission from ref. 8. Copyright 1986 
Sen-i Gakkaishi.) 
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15. H A T A K E Y A M A E T A L High-Performance Polymers 213 

Table II . Inherent viscosities (rfinh's), glass t rans i t i on temperatures ( T / s ) 
and s tar t ing temperatures of decomposit ion (T^'s) of po lyacy lhy 
drazones ( X ) 

Polyacylhydrazones 
- ( C H 2 ) m - , m - R - i»nh(dl/g) T f ( K ) T d ( K ) 

2 ( C H 2 ) 4 

( C H 2 ) 4 

0.56 394 609 
4 

( C H 2 ) 4 

( C H 2 ) 4 0.60 368 609 
6 ( C H 2 ) 4 0.53 363 610 
2 1T1-C6H4 - 460 622 
4 m - C 6 H 4 0.92 450 618 
6 m - C 6 H 4 0.95 430 615 

rearrangement f rom the glassy state to a more ordered state may be dis 
turbed by the presence of guaiacy l units i n the m a i n chain i n the case of 
the polyacylhydrazones synthesized i n this study. 

F igure 5 shows the heat capacities of quenched polyacylhydrazones at 
around the glass t rans i t i on temperatures ( T / s ) . Tg values, est imated f r o m 
D S C curves, are l isted i n Tab le II . F igure 5 and Tab le II show that the T ^ 
decreases w i t h the increase of m numbers i n - ( C H 2 ) M - of po lymers hav ing 
the same R shown i n Scheme 5. T h i s fact shows that the flexibility of the 
polymers increases w i t h the length of the alkylene group of each repeat ing 
u n i t . O n the other h a n d , polymers h a v i n g the m-phenylene group showed 
higher T / s t h a n those hav ing the tetramethylene group i f the m number 
i n - ( C H 2 ) m - group was the same. T h i s shows that the aromatic group is 
more r i g i d t h a n the alkylene group. 

Polyesters Having Syringyl-Type Biphenyl Units 

In this study, polyesters [XII] hav ing syr ingy l - type b ipheny l uni ts were s y n 
thesized f r o m 4 , 4 ' - d i h y d r o x y - 3 , 3 ' , 5,5^-te t ramethoxy b ipheny l (XI ) w h i c h 
was prepared f rom 2 ,6 -d imethoxyphenol (11). A s shown i n Scheme 6, 
polyesteri f ication of X I w i t h terephthaloyl , i sophthaloy l and sebacoyl chlo
ride were carried out by the low temperature so lut ion polycondensat ion and 
by the inter fac ia l poly condensation. T h e polyterephthalate w i t h η-^ = 1-42 
d l / g was obtained by the inter fac ia l po lycondensat ion. T h e po ly i sophtha -
late w i t h 7 7 ^ = 0.73 d l / g and the polysebacate w i t h r/i nh = 0.43 d l / g were 
obta ined by the low temperature so lut ion po lycondensat ion . 

T h e r m a l properties of the polyesters obta ined were studied by T G and 
D S C . T h e s tar t ing temperature of decomposit ion (T<*) of each po lymer i n 
air and nitrogen are shown i n Table I I I . A s seen f r o m Table III , T<j of each 
po lymer measured i n air is lower t h a n that measured i n ni trogen. T^ ' s of 
po lyterephthalate and isophthalate are higher t h a n T d of polysebacate. 

A D S C curve of polyterephthalate obta ined i n the temperature range 
between r o o m temperature and that just below T ^ d i d not show any phase 
t r a n s i t i o n . However, an X - r a y di f fractogram of this po lymer showed a crys
tal l ine pat tern . Accord ing ly , i t was considered that the molecular chain of 
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15. H A T A K E Y A M A E T A L . High-Performance Polymers 215 

Table III . S t a r t i n g temperatures of decomposit ion (T<j's) of polyesters ( X I I ) 
w i t h syr ingyl - type b ipheny l units 

T d ( K ) 
P o l y m e r i n N 2 i n A i r 

Polyterephthalate 614 599 
Poly isophthalate 618 591 
Polysebacate 588 562 

the po lymer was r i g i d and no phase t rans i t i on was detected i n the temper
ature range studied by D S C . In the case of poly isophtahalate and polyseba
cate, the glass t rans i t i on was observed on D S C curves. T h e glass t rans i t i on 
temperatures ( T / s ) for poly isophthalate a n d polysebacate were 525 Κ and 
367 K , respectively. T h e low T^ for polysebacate m a y be a t t r ibuted to 
flexibility of the sebacoyl group of the po lymer . 

Aromatic Polyethers Having Phosphine Oxide Groups 

A s shown i n Scheme 7, the po lymer izat ion of bis(4-fluorophenyl) p h e n y l -
phosphine oxide ( B F P O ) w i t h bisphenols [XIII] was carried out , and ther
m a l properties of the obtained polyethers [ X I V - A (r / i nh = 0.63 d l / g ) and 
X I V - B (r/inh = 0.48 dl /g) ] were studied by D S C and T G (12). In this 
study, 2 ,2-bis (4-hydroxyphenyl ) propane and 4 , 4 / - d i h y d r o x y b i p h e n y l were 
used as compounds X I I P s . 

T G measurements of the polyethers X I V - A and - B i n nitrogen showed 
that the polymers s tarted to decompose at 778 and 808 K , respectively. 
T h e polyethers started to decompose at 713 and 763 Κ i n a i r . T h e obta ined 
results are l isted i n Table I V . 

Tab le I V . Glass t rans i t i on temperatures (T^ 's) and s tar t ing temperatures of 
decomposit ion (T^'s) of polyethers X I V - A and - B 

R T d ( K ) 
Polyether i n bisphenol T s ( K ) i n N 2 i n A i r 

X I V - A - C ( C H 3 ) 2 - 470 778 713 
X I V - B - 498 808 763 

T h e phase t rans i t i on of obtained polyethers, X I V - A and X I V - B , was 
studied by D S C i n the temperature range lower than 7 0 0 K . D S C heat ing 
and cool ing curves of the polymers d i d not show any first order t r a n s i 
t i o n . However, glass t rans i t i on of the polymers was found i n the D S C 
heat ing curves. T h e X - r a y diffractograms of as-polymerized samples of the 
polymers showed the t y p i c a l halo pattern ind i ca t ing that the samples were 
amorphous. T h e glass t rans i t i on temperatures ( T / s ) of the polymers are 
l isted i n Tab le I V . 

T h e T^ of polyether Β is 28 Κ higher t h a n that of polyether A . 
T h i s suggests that the b ipheny l units i n polyether Β are more r i g i d t h a n 
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216 LIGNIN: PROPERTIES AND MATERIALS 

Polyacylhydrazone 

360 400 ΛΑΟ 
77 Κ 

A80 

Figure 5. Heat capacities of polyacylhydrazones, X 's , quenched at around T^: 2A, 
4A, 6A; m=2, 4, 6 and R ^ C T L ^ , respectively. (Reprinted with permission from 
ref. 10. Copyright 1983 Sen-i Gakkaishi.) 

F - @ - P - ® - F + M 0 - ® - R - ® - 0 M 

inDMSO 

. 0 

[xivi 
CH, 

- Ç - (Polyether A) 
CH 3 

— (Polyether B) 

Scheme 7 
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15. H A T A K E Y A M A E T A L . High-Performance Polymers i n 

2,2-diphenyl-propane units in polyether A . It is natural that highly heat-
resistant polymers with high are amorphous, since it is difficult for 
polymers having strong intermolecular force and rigid non-linear backbone 
chains to form the regular lamellae structure. 

It is known that the dissociation energies (D's) of the bonds in the 
main chain contribute considerably to the thermal stability of polymers, as 
thermal degradation of condensation polymers proceeds via random scission 
of polymer chains in radical mechanism (13). Figure 6 shows the chemical 
structures of polyethers A and B, and also the values of D's which are 
indicated for each bond in kJ/mol . The D's were calculated using D values 
of organic compounds with low molecular weight (14,15). As shown in 
Figure 6, 322 kJ /mol of D c _ p for the bonds in the triphenylphosphine oxide 
unit is the smallest value among the bonds in the main chains of polyethers 
A and B. This suggests that the scission of C-P bonds is mainly related to 
the degradation of the polyethers. In the case of polyether A , the scission of 
C - C bonds in isopropylidene units is also associated with the degradation 
and the reduction of the stability of the polymer, since D c _ c of the bonds is 
only 302 kJ /mol . Activation energies (E's) of degradation of the polyethers 
A and Β were calculated according to the method reported by Ozawa (16). 
The calculated E's were 164 kJ/mol for polyether A and 217 kJ /mol for 
polyether B. The difference between Ε and D suggests that the degradation 
of polyether A and Β proceeds not only through the homolytic random 
scission of bonds in polymer chains but also through other reactions such 
as the chain transfer reaction of polymer radicals which reduces the Ε value. 

412 Η 
_ _ _ _ _ 460 

5 5 7 χ 0 3 2 2 3 0 2 ^ H \ H 

Ù «22 J C H 3 

B 

Figure 6. Chemical structures and dissociation energies (D's) of the bonds in 
polyphenylphosphine oxides, X I V - A and X I V - B . The value of D in kJ/mol is 
indicated for each bond. (Reprinted with permission from ref. 12. Copyright 1987 
Sen-i Gakkaishi.) 
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Chapter 16 

Modification of Lignin to Electrically Conducting 
Polymers 

Tuula A. Kuusela1, J. Johan Lindberg1, Kiran Levon1, 
and J. E. Österholm2 

1Department of Wood and Polymer Chemistry, University of Helsinki, 
SF-00170 Helsinki, Finland 

2Neste Oy, Research Centre, Kulloo, 06850 Finland 

Sodium lignosulfonate (NaLS) and sulfur lignin (SL) 
have been investigated as components in electrically con
ducting polymers. A thermostable and probably non
toxic polymer, sulfur lignin, has been obtained by mod
ifying lignin-based sodium lignosulfonate through reac
tions with elemental sulfur in an autoclave at 473-513K. 
Sodium lignosulfonate and sulfur lignin are normally 
electrical insulators, but their conductivity can be in
creased for instance by compounding with graphite or 
doping with various electron acceptors or donors. We 
have investigated the combination of compounding with 
graphite followed by doping with bromine. The conduct
ing properties were measured on samples ground and 
pressed to the size of IR-pellets. The measurements were 
made with standard four-point probe or two-point probe 
techniques. The doping was followed by infrared (IR) 
and electron spin resonance (ESR) spectroscopy. The 
percolation phenomenon in the combination of sulfur 
lignin and graphite was determined by measuring con
ductivities. The combination of sulfur lignin, graphite, 
and bromine was studied by measuring conductivities. 

Lignosulfonate, a water soluble po lymer , is isolated f r om sulfite spent l iquor , 
a by-product f r om the sulfite pu lp ing process. It contains extraneous sub
stances, such as sugars, alcohols, terpenes, and sulfite or sulfate salts (1). 
T h e polyphenol - l ike mater ia l is separated by u l t ra f i l t ra t i on to remove these 
residues. T h e lignosulfonate contains such funct ional groups as methoxy l , 
carbony l , phenolic and al iphat ic h y d r o x y l , and sulfonic ac id groups. T h e 
m e t h o x y l group is the most characteristic group for a l l l ign ins . Since s u l 
fonate groups i n lignosulfonate macromolecules are ionized i n neutra l so
l u t i o n , lignosulfonates are anionic poly electrolytes (2). Lignosulfonates are 

0097"6156/89A)397-0219$06.00/0 
© 1989 American Chemical Society 
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220 LIGNIN: PROPERTIES AND MATERIALS 

non- l inear , h igh ly branched polymers w i t h sulfonate groups along the back
bone as shown i n F igure 1. 

We have investigated ul traf i l t rated s o d i u m lignosulfonate w h i c h is a 
three d imensional polyelectrolyt ic macromolecule. R a u m a - R e p o l a C o r p o 
ra t i on , F i n l a n d , produced ul traf i l t rated sod ium lignosulfonate i n 9 5 % p u 
r i ty , which contained only 5% impuri t ies , most ly sugars. 

It was found (3) that the black residual mater ia l on the strainer of the 
sulfite digester was a polymeric sul fur-containing substance. T h i s led us to 
investigate the reaction between lignosulfonate and sulfur, s imula t ing sulfite 
p u l p i n g process condit ions. Under these condit ions, a s imi lar po lymeric 
mater ia l was formed (3-5). 

Preparation of Sulfur Lignin 

T h e synthesis of sulfur l ign in is relatively s imple , and on a large scale its 
preparat ion becomes less expensive than the preparat ion of synthetic po ly 
mers current ly used i n the semiconductor industry . 

T h e thermal degradation of l i gn in occurs over a wide temperature 
range, f r om about 420-773 K . Several pract i ca l ways exist for the prepara
t i on of sulfur l i g n i n . These are summarized i n Table I. 

Table I. Some of the methods to prepare sulfur l ign in at the temperature 

We have used the first method and got a raw m a t e r i a l , which was 
treated w i t h acetone and d ie thy l ether i n a Soxhlet extractor for several 
hours. A f ter d r y i n g i n vacuum we determined some details of i ts s truc
ture. T h e reaction of s od ium lignosulfonate w i t h sulfur i n N , N - d i m e t h y l 
acetamide cannot be ful ly described. We do not know a l l the reactions 
which are proceeding simultaneously i n the autoclave dur ing the process. 
A n y h o w , differential scanning calor imetry ( D S C ) measurements of some 
model compounds have revealed that sulfur p a r t i a l l y subl imes, and that 
Ν,Ν-dimethyl acetamide evaporates. In add i t i on , the reaction is slow, and 
endothermic reaction is observed at 363-423 Κ ind i ca t ing the reaction of 
sulfur w i t h the a l iphat ic chains. T h e exothermic reaction at higher t em
peratures indicates the formation of aromatic carbon-sulfur linkages whi le 
simultaneous reactions like desulfonation, demethylat ion and condensation 
might also occur (6,7) . 

Samples of the final synthesis products were investigated using the 
techniques l isted i n Table II . 

Synthesis conditions and ana ly t i ca l results (Table II) are consistent 
w i t h the hypothet i ca l structures of sulfur l i g n i n shown i n F igure 2. S u l 
fur l ign in is an aromat ic thioether and i t resembles polyphenylene sulfide 
derivatives (8). 

of 473-513 Κ 

S o d i u m lignosulfonate w i t h : 1 
2 
3 
4 

Ν,Ν-dimethyl acetamide and sulfur 
Water and sulfur i n autoclave 
Water and sod ium sulfide 
S o d i u m carbonate, water, and sulfur 
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16. K U U S E L A E T A L . Modification to Electrically Conducting Polymers 221 

Figure 2. T h e reaction and possible structures of sulfur l i g n i n . 
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222 LIGNIN: PROPERTIES AND MATERIALS 

Tab le II . A n a l y s i s of the structure of sulfur l i g n i n 

M e t h o d s Results 

X - r a y 

S E M - m i c r o s c o p y 

C o m b u s t i o n gases 

So l id state N M R 

I R 

E l e m e n t a l analysis 

C o n d u c t i v i t y 

ESR-spectroscopy 

Sul fur l i gn in is a t o ta l ly amorphous mater ia l 
A m o r p h o u s structure , part ic le sizes are 
between 1000-40000 n m 
Sul fur content i n samples f rom different 
experiments varies between 10-26 mass -% 
Stable sulfur linkages between the aromat ic 
units are formed 
M a t e r i a l is nearly completely desulfonated 
M a t e r i a l is demethoxylated and the p r o p y l 
group is spl i t off. Po lymer is branched. 
Sul fur l i g n i n can be made conduct ing by 
compounding and by doping 
Paramagnet ic structures and radicals 
are found 

Conducting Polymers 

C o n d u c t i n g po lymer ic materials have become an area of interest to aca
demic and i n d u s t r i a l research groups, not only due to their interest ing 
properties, but also due to their technologically promis ing future i n a wide 
range of appl icat ions. Such appl icat ions inc lude, for instance, organic bat 
teries, photovoltaic devices, swi tch ing and memory devices, e lectromag
netic interference shie lding, and many others wh i ch require conduct ing or 
semiconduct ing materials (9). There is every prospect that amorphous , 
three-dimensional materials ho ld promise for future investigations. 

Future Prospects for Modified Lignin Materials 

Sul fur l ign in ( S L ) is seemingly nontoxic and very stable i n a i r . P u r e sulfur 
l i gn in is almost an insulator . Its intr ins i c conduct iv i ty varies between 2 and 
200 p S / c m ( 2 - 2 0 0 x l 0 ~ 1 2 S / c m ) depending on the moisture content (10). 
T h e dry mater ia l has a conduct iv i ty of 2 p S / c m . Sul fur l i g n i n seems to be 
a good adsorbent, too. We have determined the moisture content of our 
mater ia ls , and they vary between 2 and 6 mass -%. D r i e d s tar t ing mater ia ls 
were not doped equally wel l as those w i t h or ig ina l atmospheric moisture . 

Conduct iv i t i e s of sulfur l i gn in ( S L ) , s od ium lignosulfonate ( N a L S ) , and 
some common materials are represented i n Table III . 

P o l y aromatic s o d i u m lignosulfonate and sulfur l i gn in resin can be 
made conduct ing by doping . T h e conduct iv i ty increases by several decades 
through doping w i t h electron acceptors and donors as shown i n Tab le I V . 

T h e ma jor i ty of the common poly aromatic compounds are donors. For 
these compounds doping w i t h acceptors is facile. 

We have doped sulfur l ign in and s o d i u m lignosulfonate i n vapor-phase 
( iodine, bromine , and ammonia) and i n l i q u i d phase ( sod ium and ferrichlo-
r ide) . T h e conduct iv i ty m a i n l y depends on the nature of the dopant i on 
and the dop ing degree. D o p i n g can be monitored by IR-spectroscopy. T h e 
intensities of the peaks decrease, and the fine structure vanishes, when the 
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16. K U U S E L A E T A L . Modification to Electrically Conducting Polymers 223 

Table I I I . Conductivities of SL, NaLS, and some common 
materials (S/cm) 

METALS SEMICONDUCTORS INSULATORS 
INORGANIC ORGANIC 

~~6 4 2 0 -2 -4 -6 -8 ITO IÏ2 7f6 
exponent 

10 ( r e l a t i v e scale) 

Ag Bi Ge polyphenylenes t e f l o n 
Cu Si SL quartz 

polystyrene 
graphite polyethene 

doped SL anthracene 
doped NaLS polyethylene 

Table I V . Conductivities of sodium lignosulfonate (NaLS) and sulfur l ignin 
(SL) wi th some dopants 

Doping M a x i m u m Stabi l i ty 
Mater ia l wi th Conduct ivity Doping i n A i r 

N a L S undoped 140.0 p S / c m _ stable 
N a L S iodine 2.0 u S / c m 52.0 mass-% stable 
N a L S bromine 0.3 m S / c m 49.3 mass-% stable 
N a L S ammonia 1.0 m S / c m 32.1 mass-% unstable 
N a L S sodium 40.1 m S / c m 21.0 mass-% unstable 
S L undoped 120.0 p S / c m - stable 
S L iodine 280.0 u S / c m 59.4 mass-% stable 
S L bromine 340.0 u S / c m 66.0 mass-% stable 
S L ammonia 5.4 m S / c m 49.8 mass-% unstable 
S L ferrichloride 6.0 m S / c m 32.0 mass-% stable 
S L sodium 10.0 m S / c m 21.9 mass-% unstable 
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224 LIGNIN: PROPERTIES AND MATERIALS 

dop ing degree increases. C o n d u c t i v i t y increases as we l l . T h e E S R - s p e c t r a 
also indicate the doping degree which coincides w i t h conduct iv i ty . T h e 
D y s o n i a n lineshape is assumed throughout , and A / B - r a t i o s are measured 
(Table V ) (10-12). 

Tab le V . A / B - r a t i o s of sulfur l i gn in doped w i t h bromine 

D o p i n g % A / B C o n d u c t i v i t y 

0 1.1 120.0 p S / c m 
14 1.02 2.3 u S / c m 
25 0.93 21.2 u S / c m 
41 0.90 428.9 u S / c m 
66 0.85 6.2 m S / c m 

T h e effect of doping sulfur l ign in w i t h bromine on the I R spectra is 
shown i n F igure 3a and 3b. 

The Compounding of Sulfur Lignin with Graphite 

We have made samples f rom sulfur l i g n i n w i t h increasing amounts of 
graphite (Merck , part ic le size < 50000 n m ) . T h i s system produces increas
i n g conduct iv i ty at a certain threshold graphite content. T h e conduct ion 
of e lectr ic ity through a sulfur l ignin-graphite system, where only graphite 
is conduct ing , depends on the concentration of the graphite phase. A cur
rent may only flow i f a graphite path exists through the so l id sulfur l i g n i n . 
W h e n a p a t h is formed, the conduct iv i ty of the sample shows a large i n 
crease. T h i s c r i t i ca l concentration is called the percolation threshold. T h e 
perco lat ion occurs at a percentage value of about 5 mass -% graphite i n 
sulfur l i gn in as shown i n F igure 4a. T h e curve of these samples has the 
c ommon perco lat ion shape. 

The Compounding with Bromine 

A new series of sulfur l ignin-graphite samples w i t h known graphite content 
were treated w i t h bromine i n the vapor phase (doped). A f t e r measuring the 
conduct iv i t ies , we recorded the curve shown i n F igure 4b (Kuuse la , Τ . Α. , 
T h e Univers i ty of H e l s i n k i , F i n l a n d , to be publ ished) . 

It was a previously discovered phenomenon that graphite can b i n d 
bromine into its aromatic structure (13). B o t h of these components, 
graphite ( conduct iv i ty 0.77 S / c m ) and sulfur l i gn in ( conduct iv i ty 120 
p S / c m ï , can be doped simultaneously w i t h bromine ( conduct iv i ty < 10 
n S / c m ) . A f ter bromine doping , measured conductivit ies have increased no
ticeably, and this is a t t r ibuted to the change i n the percentage of graphite 
i n the to ta l system. T h e conduct iv i ty increases up to 23 S / c m (which is an 
intercalat ion compound of graphite w i t h bromine w i thout sulfur l i gn in ) , as 
shown i n F igure 4b. T h e difference between lower and higher conduct iv i ty 
values is smaller t h a n i n the sulfur l ignin-graphite sys tem (14). B r o m i n e 
content is about 50 mass -% i n a l l sulfur l ignin-graphite -bromine samples. 
P u r e graphite can b i n d about 9 mass -% bromine into i ts s tructure . 
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226 LIGNIN: PROPERTIES AND MATERIALS 

Graphi tes w i t h larger surface areas or greater porosities have a dis
t i n c t l y lower percolat ion threshold. It is assumed that the conduct iv i ty of 
a compound depends upon the structured agglomerates being sufficiently 
close to each other, or i n direct contact above the perco lat ion po int , and 
on the continuous current pathways created thereby (14-15). 

Mechanism of Conductivity 

W h e n sod ium lignosulfonate or sulfur l ign in are compounded, for instance, 
w i t h iodine or bromine , complexes supposedly form (16-17). These systems 
are conductors w i t h mixed ionic and electronic nature. P r e s u m a b l y they are 
charge transfer complexes, since the electronic conduct iv i ty predominates 
(18-19). These compounded materials f o rm charge transfer structures (20). 
Water is supposed to introduce ionic conduct iv i ty to the system. Impuri t ies 
affect conduct iv i ty , too (21). In any case, the m a i n models of conduct iv i ty 
are probably based on the band model a n d / o r the hopping model. 

Lg(S/cm) 

1 I 1 1 1 • ι 

0 2 4 6 8 10 12 14 
Mass-?i 

Figure 4. C o m p o u n d i n g sulfur l i g n i n w i t h graphite (a) and w i t h graphite 
and bromine (b). 
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16. K U U S E L A E T A L . Modification to Electrically Conducting Polymers 227 

Conclusions 

There has long been an interest i n understanding the mechanism of con
duct iv i ty . In graphite , the electrons are the m a i n current carriers, but 
intercalat ion w i t h bromine increases the conduct iv i ty of this combinat ion . 

Modi f i ed l ign in materials m a y serve as components i n (semi)conduct ing 
systems. A l l heterogeneous and amorphous po lymeric complexes are now of 
interest for possible future employment i n electrical ly conduct ing mater ia ls . 
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Chapter 17 

Production and Hydrolytic Depolymerization 
of Ethylene Glycol Lignin 

R. W. Thring1, E . Chornet1, R. P. Overend1,2, and M . Heitz1 

1Département de Génie Chimique, Faculté des Sciences Appliquées, 
Université de Sherbrooke, Sherbrooke, Québec J1K 2R1, Canada 

2Conseil National de Recherches du Canada, Ottawa, Ontario K1A 0R6, 
Canada 

A prototype solvolytic lignin has been isolated from Pop-
ulus deltoides using ethylene glycol as solvent in a process 
development unit. The characteristics of this lignin by 
elemental analysis, methoxyl content, thermogravimet-
ric analysis, gel permeation chromatography, FTIR, and 
13C NMR, suggest that this is a native-type lignin. De-
polymerization of this lignin by alkaline hydrolysis pro
duces reasonable yields of monomeric compounds: at op
timum conditions of 2% sodium hydroxide, and a treat
ment severity corresponding to 300°C and 1 h reaction 
conditions, a maximum of 11% of identifiable monomers, 
based on the initial lignin, are produced, of which 9% are 
catechol and its methyl and ethyl derivatives. 

Hydro lys i s of l i gn in i n acidic and basic med ia has received at tent ion due to 
the rather few and s imple degradation products obta ined . A c i d - c a t a l y z e d 
hydrolysis reactions appl ied to isolated l i g n i n have been studied by a n u m 
ber of workers. L u n d q u i s t (1), for example , subjected B j o r k m a n l i g n i n to 
acidolysis and obta ined significant yields of monomeric products . A review 
of the work pr ior to 1971 has been made by W a l l i s (2). 

A l k a l i n e degradations, wh i ch also involve hydro ly t i c reactions, can sp l i t 
the l i g n i n and y ie ld useful low molecular fragments. T h e O H ~ group has 
long been known to cleave l ign in bonds and is one of the two p r i m a r y 
cata lyt i c agents ( S = is the other) responsible for the dissolut ion of l i gn in i n 
the kraft process. 

A l k a l i n e hydrolysis , as compared to other methods of l i g n i n degrada
t i o n , has certain advantages. T h e cata lyt i c reagents are inexpensive a n d 
available commercial ly , and require no elaborate method of preparat ion . 

0097-6156/89/0397-0228$06.00/0 
© 1989 American Chemical Society 
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17. T H R I N G E T A L . Production of Ethylene Glycol Lignin 229 

A l s o , the yields of the monomeric products can be signif icant and the p r o d 
uct spec t rum as a whole is not extensive. It is established (3) tha t these 
h y d r o x y l groups w i l l on ly cleave certain C - O - C bonds, namely the fo l lowing: 

1. α-aryl ether bonds prov ided they contain a free phenol ic O H ~ group 
i n the p a r a pos i t i on of the α-aryl ether group or a free alcoholic O H " 
group on the /?-carbon a t o m . 

2. / ? -ary l ethers i f the phenolic O H ~ group i n the p a r a pos i t i on to the 
/ ? -aryl ether side chain is etherified and i f there is a free alcoholic O H ~ 
group bound to the a - a n d / o r 7~position(s) of the propane side cha in . 
T h e behavior of mi l l ed wood l ign in a n d i ts various modif icat ions to 

wards a lka l i ( sod ium hydroxide) treatments agreed well w i t h the results o f 
model experiments (4). 

C l a r k and Green (5) studied the produc t i on of phenols f r o m alkaline 
hydrolysis of kraft l i g n i n . T h e l i gn in was cooked at 260-310°C i n solut ions 
o f s o d i u m hydroxide a n d sod ium sulfide. P r i n c i p a l products identi f ied a n d 
quantif ied were guaiacol , catechol , m e t h y l - and e t h y l - guaiacols , m e t h y l -
and e t h y l - catechols, and phenol . A m a x i m u m quant i ty of these, amount 
i n g to 1 1 % of the l i g n i n , occurred when the l i g n i n was cooked i n 4% N a O H 
at 300°C for 30 minutes. Catecho l was found to be the most abundant 
monomeric product , that is , about 5.3% of the l i g n i n at these o p t i m u m 
condit ions . Demethy la t i on of guaiacyl compounds and degradat ion of o t h 
ers took place when s o d i u m sulphide was inc luded d u r i n g cooking, w h i c h 
resulted i n reduced yields of t o ta l phenolic compounds identi f ied. 

H a g g l u n d and E n k v i s t (6) developed a laboratory scale method for 
manufac tur ing m e t h y l sulfide f rom kraft b lack l iquor by pressure heat ing 
after add i t i on of s od ium sulfide. T h i s process was later taken over by 
Crown-Ze l lerbach i n the U n i t e d States and developed i n p i lo t p lant a n d 
f u l l scale. However, the y ie ld is on ly about 7% of the i n i t i a l l i gn in u t i l i z ed 
i n the process. 

E n k v i s t and co-workers (7) pressure heated kraft black l iquors w i t h 
addi t ions of s m a l l amounts of N a 2 S and N a O H for 10-20 minutes at 250-
290°C i n batch as wel l as i n s imple continuous apparatus . T h e a d d i t i o n of 
s o d i u m sulfide was found to increase the format ion of ether-soluble m a t e r i a l . 
T h e highest yields o f ether-soluble phenols occurred w i t h pressure heat ing 
at about 291°C of spent kraft l iquor containing 20.4% of organic substance 
after add i t i on of 3.2% N a 2 S and 1.6% N a O H . T h e m a x i m u m y ie ld of ether-
soluble mater ia l was 3 3 % of the organic substance, w i t h catechol and i ts 
nearest homologues compris ing 5%. 

A n o t h e r product that is produced commerc ia l ly f r om the alkaline h y 
drolysis of l ign in is v a n i l l i n . It was found that the y i e ld could be improved 
by the presence of oxygen dur ing the alkaline hydrolysis react ion. A number 
o f commerc ia l ventures have been based on th is procedure (8 ,9 ) . 

T h e focus of our work is to produce a prototype so lvolyt ic l i g n i n , char
acterize i t , and degrade i t to lower molecular weight chemicals by hydro lys is 
w i t h s od ium hydroxide . T h e breakage of aromat ic ether linkages has been 
shown to be a dominant reaction i n alkaline del igni f icat ion processes. It is 
therefore of interest to use th is apparent ly s imple and promis ing approach 
to investigate the chemical u t i l i z a t i o n of our l i g n i n . 
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230 LIGNIN: PROPERTIES AND MATERIALS 

T h e efficiency of ethylene glycol-water as a del igni fy ing solvent has 
been demonstrated by G a s t and P u i s (10). Results showed that sufficiently 
delignified pulps could be obta ined . A l s o , the l ignins produced showed 
promis ing results as extenders i n phenolic resin adhesives. 

Ethy lene g lyco l p u l p i n g has been previously studied i n our laboratories 
(11,12) . W h e n appl ied to Populus deltoïdes, i t acts as a "protect ive" so l 
vent for cellulose wh i ch is on ly s l ight ly depolymerized even at temperatures 
as h igh as 220-230°C. Under these condit ions the l i g n i n can be scavenged 
f r o m the wood m a t r i x and dissolved i n the ethylene g lyco l . A f ract ionat ion 
of the m a i n const i tut ive polymers can thus be achieved. T h e present work 
aims at using the l i g n i n fract ion as feedstock for alkal ine depo lymer izat ion 
to monomeric products . 

T h i s paper , then , describes the preparat ion and character izat ion of 
a solvolysis l i gn in prepared under condit ions that are very different to 
previous solvolyt ic l i g n i n preparations. In par t i cu lar , no water, ac id or 
base is used i n this process d u r i n g the del ignif ication step. T h e l i gn in is 
then ac id prec ipitated and hydro lyzed i n d i lute aqueous so lut ion to produce 
monomeric subst i tuted phenols. 

Experimental 

Materials. A i r dr ied wood (Populus deltoïdes) was ground to pass through 
a screen of 0.5 m m mesh size. These "fines" were used i n the subsequent 
so lvolyt ic studies. T h e chemicals used were: ethylene g lyco l (pract i ca l 
grade); s o d i u m hydroxide (pract ica l grade); ethanol (95%); d i e thy l ether. 
Cal ibrat ion-pheno ls were purchased f rom A l d r i c h Chemica l s L i m i t e d a n d 
A l f a Chemica l s L i m i t e d . 

Set-up for Ethylene Glycol Lignin Production. A process development u n i t 
( P D U ) , previously described by Chornet and coworkers (11), was used for 
the experiments . A t y p i c a l preparat ion consists of i n i t i a l l y m i x i n g 1-1.2 k g 
of wood meal w i t h 10 1 of ethylene g lyco l . T h e mix ture is al lowed to s tand 
overnight for imb ib i t i o n to take place. T o enhance solvent to substrate 
penetrat ion , the s lurry is homogenized at 200°C i n the pretreatment sect ion 
of the P D U . It is then p u m p e d through the treatment section w h i c h consists 
of a tubu lar reactor at 220°C. T h e product s lurry is collected i n a receiver. 
T h e detai led procedure and choice of condit ions above have been publ i shed 
elsewhere (11,12) . 

T h e product s lurry is suct ion filtered, whi lst hot , and the residue 
washed w i t h hot ethylene g lyco l (at 100°C). T h e l i q u i d product a n d first 
washing are combined and stored i n the refrigerator to be used later . For 
i so lat ing the l i gn in f rom the g lycol /hemicel lulose so lut ion , i t was necessary 
to use d i lute aqueous HC1 as a prec ip i tat ing catalyst . T h e best condit ions 
found were for 0 .05% aqueous H C 1 (acid : black l iquor = 3:1) at Τ =50-
60°C. B y this procedure 70-80% of the l ign in f rom the wood is recovered. 

Lignin Characterization. E l e m e n t a l analysis , T G A , m e t h o x y l content, 
G P C , F T I R , and 1 3 C N M R were used to characterize our prototype 
so lvolyt ic l i gn in . 
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17. T U R I N G E T A L . Production of Ethylene Glycol Lignin 231 

Typical of most isolated lignins, an elemental analysis of glycol lignin in 
our laboratories using a Perkin Elmer 240C instrument showed it to contain 
61.85% C, 6.25% H , 0.16% N, and 33.83% Ο (by difference). Methoxyl con
tent determinations were made according to the method initially proposed 
by Zeisel (13) and later modified by Haluk (14). Methoxyl and ash content 
were 20% and 0.11%, respectively. The presence of sugars was determined 
to be less than 1%. A comparison between the thermal degradation rate 
of glycol lignin and kraft Indulin A T by T G A showed that the former de
graded at a faster rate than the latter. The maximum rate of weight loss 
was about twice that of kraft lignin and occurred at about 360° C, compared 
to 400°C for kraft. 

G P C analysis of acetylated glycol lignin was carried out on a Varian 
5000 Liquid Chromatograph equipped with two P L gel columns (50Àand 
500Â) connected in series. Tetrahydrofuran was used as eluent. The col
umn set was calibrated with monodisperse polystyrene standards for molec
ular weight determination. Molecular weight averages for derivatized glycol 
lignin were calculated to be: Mn = 986 and Mw = 4762. 

The infrared spectrum of glycol lignin is shown in Figure 1. A 5DXB 
Nicolet F T I R spectrometer in diffuse reflectence mode was used. The sam
ple was prepared by the K B r disk method. Assignment of absorption bands 
is based on information from Herget (15) and Winston (16). Infrared spec
tra of glycol and milled wood lignin from the same wood appeared to be 
similar. One notable difference was the large carbonyl band at 1738 c m " 1 

due to carbohydrates present in the M W L . The sample of M W L used was 
known to contain 6-8% sugars. 

The 1 3 C N M R spectrum (90 MHz, 8.4 T , 2 seconds delay) of glycol 
lignin is presented in Figure 2. DMSO-de was used as solvent. Assignment 
of the major signals is based on the work of Lapierre et ai (17). The 
spectrum is very similar to that of milled wood lignin except that at the 
low field there appear to be more pronounced aliphatic peaks. Identification 
of these were not undertaken because the glycol lignin was isolated from 
as-received hardwood which was not extractives-free. 

Depolymerization. Subsequent depolymerization of this lignin was carried 
out in a 500 ml magnetically stirred autoclave. A typical procedure for 
the experiments was to load the autoclave with 5 g of dry lignin (dried at 
60°C overnight), 100 ml solvent, and 0-6 g sodium hydroxide. The bomb 
was sealed, secured onto its support frame, then the gas inlet, outlet, and 
pressure gauge were connected. After purging the reactor with nitrogen to 
remove air, the stirrer was set at 500 rpm and switched on. 

To start a run, the reactor was immersed in a preheated salt bath 
and the temperature and time were recorded by computer for subsequent 
calculation of the reaction ordinate, to be defined later. Typically, the 
desired reaction temperature ( ± 3 ° C experimental error) was reached within 
the first ten minutes of heating. 

After the desired treatment was attained, the reactor was quenched 
in a cold water bath. The stirrer and computer recording were stopped 
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234 LIGNIN: PROPERTIES AND MATERIALS 

when the reactor temperature reached its initial value. The bomb was 
depressurized, if necessary, removed from its frame, opened, and drained of 
its contents. 

After reaction, the slurry product consisted of a liquid mixture together 
with some insoluble material. This slurry was filtered and the residue thor
oughly washed with water. Further separation of the reaction products was 
carried out as shown in Figure 3. A n aliquot of the liquid was acidified, 
after ethanol removal (if necessary) with 10% (v/v) HC1 to a p H of 1-2, 
then filtered. The filtrate was extracted with diethyl ether till the aqueous 
layer was judged colorless by eye. After removal of the ether by rotary 
evaporation, the extract was analyzed by capillary gas chromatography. 

The solvolytic treatment and the recovery procedures employed yielded 
about 75% of the original Klason lignin present in the wood. This percent
age could be further optimized but was not attempted in the present work. 
The recovered lignin was subjected to alkaline depolymerization. Yields 
presented throughout the paper are expressed as percentages of the recov
ered lignin. 

Material balances during the depolymerization step were within 5% 
closure for all the experiments reported. 

Gas Chromatographic Analysis. Ether-soluble fractions from the hydrol
ysis runs were analyzed by capillary G C (Hewlett-Packard Model 5890A 
gas chromatography DB-5 column of 30 m length, 0.25 mm I.D.; flame 
ionization detector; 1.5 ml He/min; split injection 1:100; oven tempera
ture programmed from 65° C to 220° C at 3°C/min (hold 140° C for 5 min 
and 220°C for 10 min). Products were acetylated by adding 1-2 ml acetic 
anhydride and 2 drops of pyridine to the sample and heating at 60° C for 
1 h. The peaks assigned to phenol, o- and p- cresol, guaiacol, 4-methyl, 
4-ethyl- , 4-propylguaiacol, catechol, 4-methyl-, 4-ethylcatechol, syringol, 
vanillin, acetovanillone, syringaldehyde, and acetosyringone, were identical 
(retention time) to those of pure compounds. Identification of peaks was 
further confirmed by comparing mass spectral fragmentation patterns of 
products in the sample to pure compounds by G C / M S . 

For quantitative estimation of identified monomers, response factors 
were calculated, using 4-ethyl-resorcinol as an internal standard. The rela
tive error in the determination of all the compounds was ± 4 % . 

Results and Discussion 

Most of the results obtained from the hydrolysis experiments were analyzed 
and represented as a function of R C 1 a reaction ordinate, previously defined 
and used (18). It is defined as 

(1) 

where To =constant (taken to be 100°C) 
λ =constant (taken to be 14.75°C 
t =time (in min.). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
7



17. T U R I N G E T A L . Production of Ethylene Glycol Lignin 235 

HYDROLYSIS PRODUCT MIXTURE 

L IQUIDS-

Filtration + 
Water Wash 

REACTOR 
RESIDUE 

1. Ethanol Removal (If necessary) 
2. Acidify to pH 1-2 
3. Filtration + Wash 

RESIDUAL 
LIGNIN 

LIQUID 

Ether Extraction 

AQUEOUS ^ > 
LAYER 

^ O R G A N I C 
LAYER ι Ether Removal 

EXTRACT (GC Analysis) 
(Ether Fraction) 

Figure 3. Procedure for separation o f hydrolysis products . 
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236 LIGNIN: PROPERTIES AND MATERIALS 

T h e reaction ordinate is u t i l i zed here as a means of combin ing the 
effects o f temperature and t ime . In presenting and discussing our results, 
the d a t a is presented on plots of the derived d a t a versus logio R 0 -

Convers ion of l i g n i n to l i q u i d and gaseous products was determined as 
follows: 

% conversion = ( W i - (Wx + W2)/Wi) x 100 (2) 

where W{ = weight of i n i t i a l dry l i g n i n (g) 
W\ = weight of reactor residue (g) 
W2 = weight of residual l i gn in (g) 

Effect of Solvent. F igure 4 shows the hydrolysis of g lyco l l i gn in i n 3 % 
s o d i u m hydroxide using water on ly and an e thano l /water m i x t u r e as so l 
vent. A s seen, conversion can be approx imated by a l inear increase w i t h 
severity of treatment , for both cases. A s imi lar result was found i n the a l 
kaline hydrolysis o f kraft l i g n i n i n 2 % s o d i u m hydroxide so lut ion b y C l a r k 
and Green (5). W h e n water only is used, the m a x i m u m y ie ld of ether so l 
uble mater ia l is about 2 0 % of the or ig inal l i g n i n , w i t h most of the l i gn in 
decomposing to volati le products at higher treatment severities. 

However, the quant i ty of ether soluble mater ia l obta ined using the so l 
vent m i x t u r e was higher and reached a m a x i m u m of approx imate ly 2 5 % 
of the or ig ina l l i g n i n . T h i s suggests that the presence of ethanol enhances 
the degradation of l ign in i n alkal ine media . A l s o , i t appears that for either 
solvent, there is a c r i t i ca l value o f reaction temperature a n d t ime (and ob 
v ious ly of R0) beyond which the quant i ty of ether soluble mater ia l remains 
essentially the same. T h u s , i t can be said that i n us ing either solvent, on ly 
a f ract ion of the g lyco l l ign in is hydrolyzed into an ether soluble m a t e r i a l 
containing monomeric compounds. 

T h e spectra of monomeric products i n the ether extract , when either 
solvent was used i n the react ion, were very s imi lar . C o m p o u n d s ident i 
fied were: phenol , o c r e s o l , p-cresol, guaiacol , 4 -methyl - , 4 -ethyl - , a n d 4 -n-
propyl -guaiaco l , catechol, 4 -methyl - and 4-ethyl-catechol, v a n i l l i n , sy r ingo l , 
syr ingaldehyde, acetovanillone and acetosyringone. C o n f i r m a t i o n of their 
ident i ty was carried out by compar ing retention t imes and mass spectral 
f ragmentat ion patterns w i t h those of authentic compounds. F igure 5 shows 
plots of the yields of phenol , guaiacol and syr ingo l versus R0 us ing water 
only a n d a 50 /50 ethanol-water m i x t u r e , respectively. For the same react ion 
condit ions, the yields of each of the compounds, especially guaiacol and sy
r ingo l , are higher when water only is used. It is apparent that the presence 
of e thanol i n h i b i t s the depolymerizat ion of g lyco l l i gn in to the monomers 
cited above. T h e complete set of d a t a points is shown as a funct ion of 
temperature i n F igure 6. T h e experiments reported below were carried out 
us ing water as the solvent. 

Effect of Alkali Concentration. F igure 7 A depicts that the var iat ion of the 
conversion o f g lyco l l i gn in w i t h s o d i u m hydroxide concentrat ion reaches a 
p lateau at about 60%. A l s o , the ether soluble mater ia l remains constant 
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Water 

log10 (fymin) 

Figure 4. Effect o f solvent on conversion and ether solubles of g lyco l l i gn in 
depolymerized i n 3% N a O H . 
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238 LIGNIN: PROPERTIES AND MATERIALS 

ETHANOL/WATER 

4.8 5.8 6.5 

log10(R0/min) 

Figure 5. Effect of solvent on monomeric product yields in 3% N a O H . 
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240 LIGNIN: PROPERTIES AND MATERIALS 

Figure 7. Effect of alkali concentration on conversion and product yields 
(logxoRo = 7.7). 
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17. T H R I N G E T A L . Production of Ethylene Glycol Lignin 241 

at a maximum of 20% of the initial lignin with increasing concentration 
of sodium hydroxide. It is interesting to note that an aqueous treatment 
of glycol lignin without using sodium hydroxide under the same conditions 
reported in Figure 7A yields an ether soluble fraction of about 10%. 

The variation of catechol and total monomers identified with N a O H 
concentration is shown in Figure 7B. A maximum of approximately 11% 
total phenols and 6% catechol is reached at 2% NaOH with increasing alka
line concentration for the same treatment severity. It should be noted that 
Clark and Green (5) also obtained a maximum of 11% phenolic compounds 
when they cooked kraft lignin in 4% NaOH at 300°C for 30 minutes. The 
quantity of catechol was found to be 5.3% of the initial lignin under these 
conditions. 

Figure 7C shows that phenol reaches a minimum of 0.5% and stays 
constant around 1% with increasing concentration of sodium hydroxide. 
This indicates that the production of phenol from glycol lignin is relatively 
unaffected by alkaline hydrolysis. Guaiacol, on the other hand, reaches a 
maximum at 1% NaOH and then rapidly decreases with increasing con
centration of sodium hydroxide. This increase in demethoxylation and/or 
demethylation of guaiacol with alkaline concentration has also been as
certained by Sarkanen and co-workers (19), who investigated the rate of 
hydrolysis by sodium hydroxide of methoxyl groups in lignin models and 
lignin. 

Catechol Production at Optimum Conditions. It has already been demon
strated that the production of monomeric compounds reaches a maximum 
when glycol lignin is cooked in 2% NaOH at a treatment severity corre
sponding to a reaction temperature and time of 300°C and 1 h, respec
tively. It was then necessary to see if higher yields could be achieved when 
the severity of treatment (R0) is varied. 

Figure 8A indicates that conversion and ether soluble material vary 
in the same manner as when 3% NaOH was used. However, the ether 
solubles only reach a maximum of 20% at higher treatment severities. The 
distribution of the identified total phenols and total catechols obtained with 
increasing reaction ordinate is shown in Figure 8B. The increasing amount 
of catechols in the total phenols identified implies that these are secondary 
lignin degradation products, probably originating from primary products 
such as vanillin, syringol, and syringaldehyde. These were found to occur at 
lower treatment severities in our experiments. As R0 is increased, reduction 
in the yields of all monomeric products occurs, demonstrating the increasing 
influence of pyrolytic reactions in the lignin to produce volatile liquid and 
gaseous products. 

As indicated in the separation scheme in Figure 6, a solid residue was 
recovered from the liquid hydrolysis products. The carbon-to-oxygen ratio 
of this material was found to increase rather dramatically with increasing 
R0, as seen in Figure 8C. This ratio can either be taken as a measure of the 
degree of condensation, i.e., a highly condensed lignin means that it has 
a large number of interunit carbon-carbon bonds, or it can be interpreted 
as being the result of extensive demethoxylation. The differing levels of 
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242 LIGNIN: PROPERTIES AND MATERIALS 

Figure 8. Effect of treatment severity on glycol lignin depolymerization in 
2% N a O H . C / O = carbon/oxygen ratio in residual lignins. 
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17. T U R I N G E T A L Production of Ethylene Glycol Lignin 243 

demethoxylat ion are shown as para l le l lines i n F igure 8 C where the or ig ina l 
l i gn in (20% OCH3) appears as be ing progressively demethoxylated w i t h 
increasing treatment severity. A qual i tat ive test on the solutions ind icated 
the presence of methano l w h i c h provides further evidence of demethoxy la 
t i o n . 

C o n c l u s i o n s 

T h i s s tudy has again demonstrated the effectiveness of alkal ine hydro lys is 
as a pr ime method of l i g n i n degradation to readi ly identif iable phenol ic 
products . 

If, as a cr i ter ion of value to the study of l i g n i n depo lymer izat ion by a l 
kaline hydrolysis , the m a x i m u m y ie ld of oxygen-bearing, phenylpropano id 
derivatives is chosen, then the condit ions of such a s tudy have been o p t i 
mized here at a treatment severity corresponding to a react ion temperature 
of 300°C for 1 hour . Under these condit ions, 2 0 % of the l i gn in is recov
ered as ether-solubles of wh i ch 5 5 % is identifiable as monomeric derivatives. 
T h e rest of this mater ia l probably consists of d imeric - type compounds not 
identif ied by capi l lary gas chromatography. 

F r o m this work i t is evident, then, that the hydrolysis of g lyco l l i gn in 
w i t h s od ium hydroxide does y ie ld a rather significant amount of catechol 
and its m e t h y l and e thy l derivatives. A m a x i m u m quant i ty of these, w h i c h 
amounted to 9% of the or ig ina l l i gn in , was obtained at the condit ions c ited 
above. 

T h e above results appear consistent w i t h a model for l i g n i n proposed by 
Pepper et al (20) w h i c h consists of a core structure to w h i c h are attached 
the more readi ly accessible s ide-chain uni ts . These uni ts comprise that 
fragment of l i g n i n which is easily degraded and released as low molecular 
weight identifiable products by any degradation procedure. 

In view of our results, a possible route for l i gn in depo lymer izat ion 
could consist of produc ing an organosolv l i g n i n by methods analogous to 
those used i n our work. T h e l i g n i n thus produced can be d irect ly treated 
under a lka l i condit ions at m i l d severities (logio R0 — 7.7) to recover a low 
molecular weight fract ion i n which monomeric products are predominant . 

A s far as the ethylene g lyco l l ign in is concerned, i t has been shown 
to be a nat ive- l ike l ign in w h i c h can be produced and recovered by direct 
so lvolyt ic treatment of the i n i t i a l l ignocellulosic substrate . It would also 
be possible to remove the hemicelluloses v i a an aqueous /steam treatment 
pr ior to so lvolyt ic separation of the l i g n i n and cellulose. Such an op t i on 
wou ld fac i l i tate the recovery of the three m a i n const i tut ive fractions of 
l ignocellulosics i n significant yields . W o r k i n this direct ion is now underway. 
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Chapter 18 

New Trends in Modification of Lignins 

Henryk Struszczyk 

Institute of Chemical Fibres, 19 C. Sklodowska Str., 90-570 Lodz, Poland 

New trends in the modification of lignins related to the 
formation of polymeric materials with such special prop
erties as thermal stability, fire resistance and use as 
carriers for controlled release, bioactive compounds are 
discussed. Several properties of new polymeric mate
rials, especially their thermal behavior, were studied. 
The activation energy of the thermal degradation pro
cess was found to be in the range of 21-176 kJ/mol 
for several derivatives. Practical agricultural tests with 
lignin-based carriers containing chemically bound 2,4-D 
demonstrated that lignin is capable of providing herbi
cide release over prolonged time periods. 

T h e worldwide increase i n the price of petro leum and coal has created an 
interest i n alternative sources of raw mater ia ls . B iomass is an attract ive 
renewable raw mater ia l compris ing a l l types of agr i cu l tura l a n d s i l v i c u l t u r a l 
vegetation. These renewable resources have recently been considered major 
alternative raw materials for the chemical industry . 

L i g n i n s represent the second most abundant po lymer ic component of 
biomass. L i g n i n s i n spent p u l p i n g l iquors of chemical p u l p i n g processes 
have so far been used as an energy source, where they do not always live 
up to their f u l l economic potent ia l . L i g n i n s , owing to their reactive sites 
w h i c h are m a i n l y aromatic as wel l as a l iphat ic h y d r o x y l groups, have been 
potent ia l raw mater ia ls for the manufacture of new polymers (1-7). 

T h i s paper presents two different directions of l ign in modi f i cat ion re
search: 

• modi f i cat ion by at least d i funct ional reactive modifiers to f o r m special 
types of po lymeric mater ials characterized by, among others, t h e r m a l 
stabi l i ty , fire resistance, and chemical resistance; and 

0097-6156/89A)397-0245$06.00A) 
© 1989 American Chemical Society 
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246 LIGNIN: PROPERTIES AND MATERIALS 

• modi f i cat ion of l ignins or of l i gn in derivatives to f o rm polymeric carriers 
for control led release bioactive substances. 

Special Lignin-Based Polymeric Materials 

T w o m a i n l i g n i n types were used for these investigations: kraft l i g n i n (In-
d u l i n A T , Westvaco C o . , U S A ) , and (a) l ign in sulfonates ( U l t r a B002 , 
R a u m a R e p o l a Oy , F i n l a n d ) w i t h an intr ins i c viscosity of 8.0 m L g - 1 , 
a t o t a l h y d r o x y l content of 14.5% and a phenolic h y d r o x y l content of 4.7%; 
(b) l i gn in sulfonates (Borresperse Ν A ) w i t h an intr ins ic viscosity of 5.0 m L 
g - 1 , a t o t a l h y d r o x y l group content of 14.9% and a phenyl ic h y d r o x y l con
tent of 3.7%; and (c) l i g n i n sulfonates (Ul t raz ine N A S ) w i t h an intr ins i c 
viscosity of 12.1 m L g " 1 , a t o ta l h y d r o x y l group content of 15.1%, and 
a phenyl ic h y d r o x y l content of 4 .2% (both produced by Borregaard Inc. , 
N o r w a y ) . 

Chlorophosphazenes ( N P C I 2 ) , i n the f o rm of hexachlorocyclotr iphos-
phazene (m.p. 112-113°C, Inabate C o . , Japan) as wel l as cyclic oligomers 
(m.p . 87-91°C, Po land) and terephthaloyl chloride (Merck , F R G ) , served 
as reactive modifiers. 

T h e modi f i cat ion of l ignins by at least d i funct ional reactive modifiers 
was carried out i n three systems: i n so lut ion ( A ) , i n suspension ( B ) , and i n 
so i ld state (C) i n the presence of hydrogen chloride acceptors (8-10). T h e 
modi f i cat ion i n so lut ion (A ) was carried out by dissolving l ignins (1.0 g) 
and a corresponding amount of hydrogen chloride acceptor i n a suitable so l 
vent. D i f u n c t i o n a l reactive modifier (chlorophosphazenes or terephthaloyl 
chloride) dissolved i n a suitable solvent was next added dropwise dur ing 
continuous ag i tat ion . T h e m i x t u r e was allowed to react at the bo i l ing 
point for 3 h . T h e react ion m ix t ure was poured into ice water, and the 
so l id precipitate was centrifuged at 66.6 rps for 15 m i n . It was washed sev
eral t imes w i t h dioxane and water, or w i t h 5% sod ium bicarbonate so lut ion 
and water, to ob ta in a neutra l reaction product , and i t was dried (8,10-13). 

T h e l i gn in modif ications i n suspension (B) were carried out using 
l ignins (1.0 g) dispersed in a suitable m e d i u m containing also the hydrogen 
chloride acceptor. D i func t i ona l reactive modifier dissolved i n a suitable sol 
vent was next added dropwise dur ing continuous ag i tat ion . T h e reaction 
m i x t u r e was allowed to react at the bo i l ing point for 3 h . T h e pur i f i cat ion 
process was carried out as described before (8,10-12). 

T h e l i gn in modif ications i n sol id (C ) were carried out using l ignins 
(1.0 g) m i x e d w i t h corresponding amounts of hydrogen chloride acceptor 
and chlorophosphazenes. T h e reaction was carried out by heat ing at a 
temperature of 100°C, i.e., above the me l t ing point of chlorophosphazene. 
T h e reaction m i x t u r e was poured into ice water, and then the so l id product 
was purif ied as described before (9). 

T h e properties of the derivatives obtained were determined by the 
usual ana ly t i ca l methods (8-17). 

Di f ferent ial thermal analysis ( D T A ) was performed i n air w i t h an O D -
102 Der ivatograph ( M O M , Hungary ) using 100 m g samples at a heat ing rate 
of 10°C/min. Dif ferential thermogravimetry ( D T G ) and thermogravimetry 
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18. S T R U S Z C Z Y K New Trends in Modification of Lignins 247 

( T G ) were carried out w i t h a D u P o n t T h e r m a l A n a l y z e r , T y p e 990, w i t h a 
10 m g sample i n a i r . T h e sample weight was recorded against temperature 
i n a range of 20-600°C at a heat ing rate of 10°C/min. 

T h e hydro ly t i c resistance of the products was investigated q u a n t i t a 
t ively i n 0.4 Ν potass ium hydroxide and 0.5 Ν sulfuric ac id solutions by m i x 
ing powdered mater ia ls (40 mg) i n a suitable solvent (20 m L ) at 5 0 ± 0 . 1 ° C 
for 24 h . 

Modification of Lignins with Chlorophosphazenes 

T h e modi f i cat ion of l ignins w i t h chlorophosphazenes allows the manufac
ture of products characterized by flame resistance and thermal s tabi l i ty . 
T h i s can be at t r ibuted to the aromatic structure of the l ignin-phosphazene 
po lymer as well as to the presence of such flame i n h i b i t i n g elements as phos
phorous, nitrogen and sulfur. Other useful properties may also result f rom 
this combinat ion . It has previously been reported (8-13) that the modi f i ca 
t i o n provides crosslinked products w i t h su i tab ly low chlorine content. T h i s 
is a consequence of incomplete subst i tut ion of the phosphazenes cycles. A d 
d i t i o n a l modi f i cat ion of the reaction products by chemical compounds w i t h 
reactive h y d r o x y l or amine groups reduces the unreacted chlorine content 
and improves product properties (8-13). Some properties of the derivatives 
obta ined are presented i n Table I. 

A novel modi f i cat ion method , i n sol id state, has recently been tested 
(9). S i m p l i c i t y as wel l as effectiveness seem to ho ld promise for this tech
nique (9). Some experimental results are summar ized i n Table II . 

A n add i t i ona l modi f i cat ion of l ignins w i t h h y d r o x y l or amine group-
containing compounds was found to further improve the product properties 
(Table III ) . 

T h e results reveal that U l t r a z i n e N A S lignosulfonates have the highest 
reac t iv i ty toward chlorophosphazenes. T h i s must probab ly be expla ined 
w i t h their s tructure , their higher purity , their higher molecular weight, and 
their higher dispersing ab i l i ty i n contrast to other lignosulfonates. 

T h e modi f i cat ion of l ignins by chlorophosphazenes allows the f o rmula 
t i on of po lymeric materials characterized by : 

• H i g h flame resistance: T h e derivatives are dist inguished by h igh flame 
resistance and failure to glow completely, whereas the unmodi f ied 
l ignins igni ted easily and sustained a flame (kraft) or glowed rap id ly 
(lignosulfonates) ; 

• H i g h hydro ly t i c resistance against aqueous acid and base: T h e m o d 
ified l ignins were found not to consume more a lka l i t h a n the parent 
l i gn in (i.e., 50-80 m g K O H / g of derivative as compared to 85 m g 
K O H / g of parent l ignin) ; 

• C h e m i c a l resistance to the act ion of organic solvents; 
• L o w manufactur ing costs i n comparison to other types of phosphazene 

polymers ; and 
• Cont inuous improvements of chlorophosphazene-modified l ignins , a l 

lowing the evaluation of a wide range of appl icat ions . 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington. O.C. 20036 
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18. S T R U S Z C Z Y K New Trends in Modification of Lignins 251 

T h e modi f i cat ion of l ignins by chlorophosphazenes d i s t inc t ly increases 
hydrogen bonding energy of the products obta ined , i .e. , 17-23 k J / m o l as 
compared to 14-20 k J / m o l for the parent l i g n i n . T h i s phenomenon, wh i ch 
was add i t i ona l ly confirmed by X - r a y d a t a (10,12) , shows the augmentat ion 
of the probable format ion of regions w i t h increased degree of supermolecular 
order. 

Thermal Behavior of Lignins Modified by Chlorophosphazenes 

T h e thermogravimetr ic ( T G ) as wel l as difference thermogravimetr i c 
( D T G ) analysis d a t a are summarized i n Tab le I V . T h e thermograms of 
selected derivatives are presented i n F igure 1. 

T h e T G as well as D T G data (Table I V ) show a higher thermal s t a b i l 
i t y of l ignosulfonates. T h e derivatives obtained are dist inguished by higher 
thermal s tab i l i ty i n comparison w i t h the parent l ignins, par t i cu lar ly i n the 
case of add i t i ona l modif ications by n-proponol or d ie thy lamine (Table I V , 
Samples 11 and 13). T h e increase i n thermal s tab i l i ty must be expla ined 
w i t h the cross- l inked structure as wel l as the saturat ion w i t h such aromat i c 
groups as phenylpropane and phosphazene. T h e increased phosphorous 
content increases at the same t ime the flame resistance. In a l l cases, low 
amounts of volat i le products formed i n the exothermic degradation process 
effectively stifled flame development (Table I V ) . T h e r m a l behavior studies 
of the l ignin-phosphazene derivatives show that their degradation process 
results i n volati le and non-volat i le products . A s s u m i n g f irst-order reaction 
kinetics for the thermal degradation, reaction constant (k) and ac t ivat ion 
energy (E) can be calculated by dynamic T G A (18,19). T h e Ε-value can 
thus be calculated f rom the leastsquare slope of the plot of log k versus 
rec iprocal absolute temperature as shown i n F igure 2. T h e act ivat ion en
ergy values for the thermal degradation of selected derivatives as we l l as 
unmodi f ied l ignins are summar ized i n Tab le V . 

A s can be seen f rom Figure 2, a dua l segment approx imat i on was nec
essary i n the case of some l ignins as well as derivatives. T h i s phenomenon 
indicates that pyrolysis takes place by two mechanisms i n the temperature 
range studied whi le the degradation of, for example, U l t r a z i n e N A S could 
be explained by a single mechanism. T h e kraft l ign in as wel l as U l t r a B002 
have a higher value of Ε as compared to other l i gn in sulfonates. T h i s may 
result f r om differences i n the l ign in structure . 

T h e modi f i cat ion of l ignins w i t h chlorophosphazenes results i n changes 
of Ε that correspond to the degree of subst i tut ion and the phosphorous 
content (Table V ) . 

L i g n i n modi f i cat ion w i t h chlorophosphazenes is an example of how this 
renewable resource may be ut i l i zed i n special po lymeric mater ia ls . 

Lignin Modification with Terephthaloyl Chloride 

A n o t h e r potent ia l l ign in modi f i cat ion method concerns the reaction w i t h 
d i funct ional ac id chlorides, especially terephthaloyl chloride, to f o r m cross-
l inked po lymeric materials (1 ,10 ,14 ,20 ) . Several studies have dealt w i t h 
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18. S T R U S Z C Z Y K New Trends in Modification of Lignins 253 

Figure 1. Thermograms of unmodif ied (parent) l ign ins : kraft l i gn in (a); 
U l t r a B002 (b); Borresperse Ν A (c); and U l t r a z i n e N A S (d), as we l l as 
their derivatives: l ( a i ) ; 2 ( a 2 ) ; l l ( a 3 ) ; 12(a 4 ) ; 3 ( b i ) ; 13(c i ) ; 10(di ) . 
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254 LIGNIN: PROPERTIES AND MATERIALS 

' 1A 1,5 16 t) 1,8 1,4 2p 1 . 1 0
3 ( ° K ' « ' ) 

Figure 2. A r r h e n i u s plot for selected l ignins and their derivatives f r om dy 
namic T G A data : kraft l ign in (1, φ ) ; Borresperse Ν A (2, 0 ) ; U l t r a z i n e 
N A S (3, x ) ; Borresperse N A derivatives of symbo l # 7 ( 4 , d ) ; Borresperse 
Ν A derivatives of s y m b o l # 9 (5, Δ ) ; and Ul t raz ine N A S derivatives of 
s y m b o l #10 (6, © ) . 

Table V. Activation Energy of the Thermal Degradation Process. 

Ρ Content, Temperature 
Sample Type of Lignins % kJ/mol Range, °C 

Borresperse NA 46.0 250-350 
Ultrazine NAS 33.3 250-350 
Ultra B002 162.4 250-350 

- - Indulin AT 176.7 350-400 

7 Borresperse NA 4.40 70.0 250-350 
9 Borresperse NA 5.62 44.0 250-350 
8 Borresperse NA 6.83 34.8 250-350 
10 Ultrazine NAS 5.61 41.0 250-350 
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18. S T R U S Z C Z Y K New Trends in Modification of Lignins 255 

this react ion and reported on l imi ted success. A recent reinvestigation of 
this react ion has produced meltable aromatic ester-like po lymer ic m a t e r i 
als. T h e modi f i cat ion of l i g n i n sulfonates w i t h terephthaloyl chloride i n 
solvent or suspension (10) permits the f ormat ion of l ignin-based polymers 
w i t h ester groups. T h e products are characterized by several advantages: 
me l t ing point is observed between 290 and 330° C; hydro ly t i c and chemical 
resistance is good; thermal s tab i l i ty is increased; color is white to yellow; 
the product can be m i x e d i n the melt w i t h other polymers; the presence of 
such funct ional groups as sulfonates permits the appl i cat ion as additives to 
modi fy other po lymer properties. 

Some results of the modi f i cat ion of l ign in sulfonate U l t r a B002 by 
reaction w i t h terephthaloy l chloride are summar ized i n Tab le V I . T h e to 
t a l h y d r o x y l content of the lignosulfonates as well as their derivatives are 
presented i n Table V I I . T h e hydro ly t i c resistance of selected products is 
evaluated i n Table V I I I . T h e results presented i n Tables V I - V I I I stress sev
eral advantages of the derivatives w i t h terephthaloy l chloride. T h e m o d i 
fied l i gn in sulfonates were insoluble , or only very s l ight ly soluble, i n organic 
solvents. T h e y were, however, soluble i n d i m e t h y l sulfoxide. Ordered struc
tures were identif ied by X - r a y studies (16,17) . 

T h e modi f i cat ion of l ignins w i t h terephthaloyl chloride is of interest 
to the thermal properties of the derivatives (15). These are presented in 
Table I X . T h e results reveal that an exothermic temperature event is shifted 
to higher temperature as a consequence of modi f i cat ion . T h e endothermic 
temperature event can be a t t r ibuted to the glass t rans i t i on and the m e l t i n g 
process of the derivatives. T h e act ivat ion energy of the degradation process 
was calculated for several samples based on the results of d y n a m i c T G 
studies (Table X ) . A dist inct decrease i n act ivat ion energy is observed i n 
the case of U l t r a B 0 0 2 . A t the same t ime, the Ε values seem to correspond 
w i t h the higher temperature of the modi f i cat ion . 

T h e modi f i cat ion of l i g n i n sulfonates w i t h terephthaloyl chloride pro 
duces new polymeric materials containing ester groups. T h i s modi f i cat ion 
can be used to ut i l i ze l ignins also for improvement of chemical fiber prop
erties. T h i s is presently under invest igat ion. 

Modified Lignins as the Carriers for Controlled Release Prepara
tions 

In the hope of finding large markets for l ignins , a review of potent ia l agr i 
c u l t u r a l appl icat ions has been conducted (1 ,6 ,14 ) . M o d i f i c a t i o n of l ignins 
w i t h bioactive compounds containing suitable reactive groups permits the 
format ion of various derivatives characterized by a wide range of release 
rate of active component. 

2 ,4-dichlorophenoxyacetic ac id (2 ,4 -D) as a s tandard herbicide con
t a i n i n g reactive carboxyl i c funct ional i ty was used i n the present study. A d 
di t ional ly , the l i gn in sulfonates of " K l u t a n " (Niedomice , Po land) and the 
reaction residues f r om van i l l in product ion ( L S - W , Wloc lawek , Po land) were 
also used. T h e carriers containing chemical bound 2 , 4 - D used the fol lowing 
preparations: 
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256 LIGNIN: PROPERTIES AND MATERIALS 

Table VI. Effect of Modification with Terephthaloyl Chloride on 
the Properties of the Ultra B002 Product. 

Chemical 
Reagent Color Yield Content, 

Reaction Molar of of M.p. 
Medium Ratio Product Product 3 C H S °C 

Dioxane 1:1.10 yellow 0.419 53. .8 3.95 0.95 310-316 
1:1.65 yellow 0.359 55. .3 4.17 0.84 318-321 
1:2.20 yellow 0.399 58. .5 4.20 0.75 327-331 

Water 1:0.55 It.yellow 0.250 54. .0 4.09 0.76 298-311 
1:1.10 It.yellow 0.475 45. .3 3.95 1.36 306-314 
1:1.65 It.yellow 0.576 51. .5 3.87 1.00 311-320 
1:2.20 It.yellow 1.038 56. .8 4.10 0.79 309-322 

a A l l reactions were carried out on a lignin (1.0 g) at 30°C for 15 
min. 

Table VII. Total Hydroxyl Content of Lignin Sulfonates 
and Their Derivatives with Terephthaloyl 
Chloride. 

Symbol 
of 

Sample Tvpe of Lignin 
Total Hydroxyl 

Content. % 

. . Borresperse NA 14.9 
NA-2-20 Borresperse NA 1.9 
NA-2-70 Borresperse NA 1.5 

R-2-10 
R-2-70 

Ultra B002 
Ultra B002 
Ultra B002 

14.5 
0.1 
0.1 
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18. S T R U S Z C Z Y K New Trends in Modification of Lignins 257 

L D : l i gn in sulfonates modif ied by 2 , 4 - D (21) 
L S D : l i gn in sulfonates modif ied by terephthaloyl chloride a n d subse

quently by 2 , 4 - D (22) 
L F : l i gn in sulfonates modif ied by phenol and formaldehyde and then 

by 2 , 4 - D (23). 

Table VIII. Hydrolytic Resistance of the Lignins Modified with 
Terephthaloyl Chloride 

Average Amount Average Amount 
of H 2S0 4 (g) of KOH 
Consumed by 1 g Consumed by 1 g 

Type of Product 
of Product 
(χ 10"3) 

of Product 
(χ 10"3) 

Modified Borresperse NA 50-200 10-50 

Modified Ultra B002 50-300 10-50 

Borresperse NA 450 85 

Ultra B002 450 85 

A p p l i c a t i o n of several types of l i g n i n sulfonates as carriers i n connec
t i o n w i t h reactive herbicides (21-23) permits the development o f effective 
control led release ( C R ) preparations. T h e properties of chemical ly bound 
l ign in 2 ,4 -D-based herbicides are summarized i n Table X I . 

Several preparations were subjected to s tandard release analysis i n an 
aqueous m e d i u m (14). T h e release d a t a are shown i n F igure 3. These 
d a t a suggest that the l ign in sulfonate 2 ,4 -D-based preparations have the 
capacity for releasing herbicide ac t iv i ty over a prolonged t ime per iod . 

T h e most i m p o r t a n t veri f ication of C R preparations is their prac t i ca l 
test under agr i cu l tura l condit ions. Such a performance test was carried 
out at the P l a n t Pro tec t i on Inst itute (Poznan , Po land) us ing two doses of 
Pielik, a Po l i sh 2 , 4 - D preparat ion i n 8 5 % p u r i t y : " a " dose of 1 k g of Pielik 
per 1 h a , and "b " dose of 2 k g of Pielik per 1 h a . Ep iphy f i c preparations 
were appl ied at three stages: d irect ly after germinat ion of three types o f test 
plants (sunflower, wetch and white mustard) (I); one week after germinat ion 
(II); and two weeks after germinat ion (III). T h e weight loss of the plants 
was determined u n t i l 30 days fol lowing appl i cat ion . T h e test results are 
summar ized i n Table X I I . 

These results reveal that L S D - 6 ( W ) was the most effective preparat ion 
when appl ied i n the higher dose (b). T h e other preparations were charac
terized by a lower pract i ca l act ion w i t h i n the test per iod . A t the same 
t ime these preparations have effectively acted for a longer per iod t h a n that 
studied i n the test of Table X I I . 

It can be concluded that l i g n i n sulfonates modif ied by reaction w i t h 
herbicide funct ional i ty (21-23) can be used as potent ia l carriers for con
tro l led release herbicides. T h i s appl i cat ion of l i gn in sulfonates offers several 
advantages b o t h for agriculture and for the environment . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
8



Ta
bl

e 
IX
. 
Th

er
ma

l 
Pr

op
er

ti
es
 o
f 

Li
gn

os
ul

fo
na

te
s 
Mo

di
fi

ed
 b
y 

Te
re

ph
th

al
oy

l 
Ch

lo
ri

de
. 

Te
mp

er
at

ur
e 
of

 e
xo

th
er

mi
c 

Te
mp

er
at

ur
e 

of
 e

nd
ot

he
rm

ic
 

Sy
mb
ol
 

°C
 

°C
 

of
 

Ev
en

t 
Ev

en
t 

Sa
mp
le
 

Tv
pe
 o

f 
Li

en
in

 
St

ar
t 

Ma
x.
 

En
d 

St
ar

t 
Ma
x 

En
d 

Bo
rr

es
pe

rs
e 
NA
 

20
0 

32
2 

42
5 

Ul
tr

a 
B0
02
 

18
5 

33
0 

45
0 

—
 

NA
-2
-2
0 

Bo
rr

es
pe

rs
e 
NA
 

38
0 

40
5 

42
5 

10
0 

12
2 

13
0 

43
5 

46
2 

47
0 

25
0 

35
8 

36
7 

Na
-2
-7
0 

Bo
rr

es
pe

rs
e 
NA
 

35
5 

37
5 

40
0 

10
0 

12
2 

13
0 

25
0 

34
0 

35
0 

R-
2-
10
 

Ul
tr

a 
B0
02
 

34
8 

37
0 

40
0 

10
0 

12
0 

12
5 

42
0 

45
0 

47
0 

25
0 

33
0 

34
5 

R-
2-
70
 

Ul
tr

a 
B0
02
 

35
5 

37
0 

40
0 

10
0 

12
0 

13
0 

41
0 

45
0 

47
0 

25
0 

34
2 

35
5 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

01
8



18. STRUSZCZYK New Trends in Modification of Lignins 259 

Table X. Activation Energy of the Degradation Process of Selected 
Lignin Sulfonates as well as their Derivatives with 
Terephthaloyl Chloride 

Type of Ε Temperature Range, 
Sample Type of Lignins kJ/mol °C 

Borresperse NA 46.0 250-350 
Ultra B002 162.4 250-350 

NA-2-10 Borresperse NA 49.0 250-350 
NA-2-70 Borresperse NA 95.0 250-350 

R-2-10 Ultra B002 21.4 250-350 
R-2-70 Ultra B002 48.1 250-350 

Table XI. Properties of 2,4-D Modified Lignin Sulfonates a 

Symbol 
of 

Sample Tvpe of Lignin C 

Chemical 

Η 

Content. 

S 

% 

Cl 
2,4-D 

Content. % 

LD-3 Borresperse NA 57. .1 4.38 4.14 6 .38 19. ,2 
LD-3(W) LS-W 46. .5 3.43 4.52 7 .97 24. ,8 
LD-3(K) Klutan 41, .2 3.28 5.35 7 .14 22. ,2 

LSD-6(W) LS-W 52. .3 4.11 2.38 0 .73 2. ,24 
LSD-6 Borresperse NA 57, .1 3.99 1.43 0 .74 2. ,31 

LF-2 Borresperse NA -· 4 .53 14. ,1 

aThe reaction conditions were reported previously (21-23). 
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260 LIGNIN: PROPERTIES AND MATERIALS 

RelQase substance amount, in relation 
to initial amount 

0 10 20 30 40 Τ [days] 

Figure 3. Release curves of 2, 4-D from preparations of: L S D - 6 (a); L F - 2 (b); 
L D - 3 (c); and standard 2, 4-D (d). 

Table XII. Test Results of the Effect of 2,4-D Containing 
Preparations on Plant Growth. 

Average 
Average Wt. Loss. % Weight Loss 

Type of from 3 Stages, 
Preparation Dose I II III % 

LD-3 a 41.8 60.8 43.4 48.7 
b 53.7 57.7 63.7 58.4 

LD-3(W) a 36.8 50.5 35.7 41.0 
b 70.0 51.7 61.2 60.9 

LD-3(K) a 61.5 49.8 58.5 56.6 
b 55.8 59.8 79.3 64.9 

LSD-6(W) a 54.0 56.0 59.2 56.4 
b 63.7 82.5 73.7 73.3 

LSD-6 a 55.8 63.2 49.7 56.2 
b 59.0 60.5 65.3 61.6 

Standard 2,4-D a 70.3 81.2 49.3 66.9 
(Pielik) b 72.7 69.3 72.7 71.6 
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18. S T R U S Z C Z Y K New Trends in Modification of Lignins 261 

L i g n i n u t i l i z a t i o n studies have been conducted i n several fields. H o w 
ever, no prac t i ca l , commerc ia l process has yet emerged for the manufacture 
of l ignin-based po lymeric mater ia ls . T h i s is undoubted ly related to such 
factors as product inhomogeneity, react iv i ty differences, and also w i t h lack 
of f ami l ia r i ty w i t h this type of raw m a t e r i a l . It should be also stressed 
that l ignins are only by-products f rom pulp manufacture . However, the 
ut i l i za t i on of l ignins i n po lymeric materials seems to be possible. 

A c k n o w l e d g m e n t 
It is a pleasure to acknowledge the contr ibut ion of m y assistant, M r s . K . 
Wrzesniewska-Tosik , for her continued cooperation. 
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Chapter 19 

Application of Computational Methods 
to the Chemistry of Lignin 

Thomas Elder 

School of Forestry, Auburn University, Auburn, AL 36849 

Computational and theoretical techniques have been 
used to describe a wide range of compound classes, but 
have been only sparingly utilized in studies on the prop
erties and reactions of lignin. A brief summary of the 
capabilities and limitations of molecular mechanics and 
molecular orbital calculations is presented, along with a 
survey of specific applications to lignin that have been 
reported in the literature. 

A n examinat i on of the other articles i n this text serves as an excellent 
i l l u s t r a t i o n of the diverse ana ly t i ca l methods that have been successfully 
appl ied to l ignocellulosic mater ia ls . T h e pract it ioners of wood chemistry 
have rap id ly assimilated and adapted modern ins t rumenta l chemistry to 
their specific problems. In contrast , the techniques of c omputa t i ona l chem
istry have not been widely used i n such an environment . T h e current paper 
w i l l a t tempt to describe the capabil it ies , opportunit ies , and l imi ta t i ons of 
such an approach , and discuss the results that have been reported for l i g n i n -
related compounds . 

T h e t e r m " computat i ona l chemistry" can refer i n its broadest sense 
to a wide range of methods that have been developed to give insight into 
the fundamenta l behavior of chemical species. Such methods include, but 
are not necessarily l imi ted to, those related to q u a n t u m mechanics (1), 
molecular mechanics (or force-field calculations) (2), p e r t u r b a t i o n theory 
(3), graph theory (4), or s tat i s t i ca l thermodynamics (5). For the purposes 
of this chapter, comments w i l l be restricted to force-field and q u a n t u m -
based calculat ions, since these are the techniques that have been used i n 
work on l i gn in . Furthermore , these methods have been reviewed i n a very 
readable book by C l a r k (6). 

A br ief perusal of the previously cited references w i l l reveal the h i g h l y 
involved nature of the m a t h e m a t i c a l f o rmal i sm that has led to these tech
niques. T h i s prob lem is offset, to some extent, by the ready ava i lab i l i ty of 

0097-6156/89/0397-0262$06.00/0 
© 1989 American Chemical Society 
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19. E L D E R Application of Computational Methods 263 

well-developed software, and improvements i n the speed, capacity, and costs 
associated w i t h computer hardware. These advances enable users to con
centrate on the interpretat ion of results, rather than the intricacies of the 
mathemat ics . A wealth of programs are available, for environments ranging 
f r om personal computers to supercomputers, at very reasonable cost f r om 
the Q u a n t u m C h e m i s t r y P r o g r a m Exchange at Ind iana Univers i ty . 

In spite of the m i n i m a l appl icat ions of c omputat i ona l chemistry to 
the chemistry of wood , the techniques have become h igh ly developed and 
sophist icated i n their ab i l i ty to calculate chemical properties for a wide 
variety of compound classes. M e t h o d s based o n q u a n t u m mechanics , c om
m o n l y referred to as molecular o r b i t a l calculat ions, have been the topic 
of numerous books, reviews, and research papers ( 7 ,8 ,9 ,10 ) . These tech
niques are concerned w i t h the descr ipt ion of electronic m o t i o n , and the 
so lut ion of the Schrodinger equation to determine the energy of molecular 
systems. Since the exact so lut ion of the Schrodinger equat ion is only possi 
ble for two-part ic le systems, approximat ions must be invoked for even the 
simplest organic molecules. 

Molecular Orbital Calculations. T h e most sophisticated and theoret ical ly 
rigorous of the molecular o rb i ta l methods are ab initio ca lculat ions . These 
are performed w i t h a part i cu lar mathemat i ca l funct ion describing the shape 
of the atomic orb i ta ls which combine to produce molecular orb i ta ls . These 
functions, or basis sets, may be chosen based on a convenient m a t h e m a t i c a l 
f o rm, or their ab i l i t y to reproduce chemical properties. C o m m o n l y used b a 
sis sets are a compromise between these two extremes, but str ict ab initio 
calculat ions use only these mathemat i ca l functions to describe electronic 
m o t i o n . Representative of ab initio methods is the series of G A U S S I A N 
programs f rom Carneg ie -Me l l on Univers i ty (11). In general, these ca lcu
lat ions are computat ional ly quite intensive, and require a large amount of 
computer t ime even for re lat ively smal l molecules. 

In order to perform calculations on larger molecules i n a reasonable 
amount of t ime , approx imat ions are made, w h i c h may involve the neglect 
of certa in terms, or the inc lus ion of exper imental ly determined parame
ters. T h e best known and simplest example of this level of approx imat i on 
are Hi i cke l Mo lecu lar O r b i t a l ( H M O ) calculat ions, w h i c h treat on ly p i -
electrons, i n conjugated hydrocarbons, w i t h neglect of overlap (1). W h i l e 
obviously l i m i t e d i n use, H M O methods are s t i l l used i n certain research 
appl icat ions . 

A variety of more advanced, al l -electron methods of this type are ava i l 
able, and are generally referred to as semi -empir ica l calculat ions. T h e 
acronyms used to name the i n d i v i d u a l methods are descriptive of the m a n 
ner i n which atomic overlap calculations are performed. A m o n g the more 
widely used semi -empir i ca l methods are those of complete neglect of dif
ferential overlap ( C N D O / 2 ) (12), modified intermediate neglect of differ
ent ia l overlap ( M I N D O / 3 ) (13), and modif ied neglect of d iatomic overlap 
( M N D O ) (14). 

T h e relative merits of a number of molecular o r b i t a l methods have been 
discussed i n the l i terature (15 ,16 ,6) . T h e methods cited differ fundamen-
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264 LIGNIN: PROPERTIES AND MATERIALS 

t a l l y i n that the C N D O / 2 method was developed to m i m i c the results of 
ab initio ca lculat ions , whi le the latter two approaches are concerned w i t h 
the reproduct ion of exper imenta l results. It has been sa id that the a i m 
of Dewar 's group was to develop an " M O spectrometer" that can provide 
results w i t h exper imental accuracy i n a reasonable t ime (6). 

T h e results f rom molecular o r b i t a l calculations can be d iv ided into two 
general categories, deal ing w i t h energy and electronic populat ions . T h e 
weal th of in format ion that can be obtained is i l lustrated i n F igure 1 (17). 
Such d a t a are useful i n the interpretat ion of exper imenta l results, a n d the 
predic t ion of the course of novel reactions. 

Molecular Mechanics Calculations. In sharp contrast to the molecular or
b i t a l calculat ions that are related to q u a n t u m mechanics, and at tempt to 
describe the m o t i o n of electrons i n a framework of fixed nuc le i , molecu
lar mechanics, or force field, calculations completely ignore the presence 
of electrons. These techniques, w h i c h have been reviewed by O s a w a and 
Musso (18), B u r k e r t and A l l inger (2), and A l l inger (19), treat molecular 
systems classically, representing the atoms as masses a n d the bonds w h i c h 
connect t h e m as springs. In the simplest f o rm, springs that obey Hooke 's 
L a w are used, whi le i n more compl icated systems, such as those invo lv ing 
hydrogen-bonded interactions, Morse potentials or other functions m a y be 
used (19,2) . Mo lecu lar mechanics calculations represent the energy of a 
compound as the s u m of the energy of stretching, bending , v i b r a t i o n , tor 
s ion, non-bonded interact ions, and terms that couple these mot ions . I n i 
t ia l ly , molecular mechanics methods were developed for the interpretat ion of 
v i b r a t i o n a l spectra, but more recently they have been appl ied to a number 
of other phenomena and properties (19). A number of force-field methods 
have been described (20-24), and whi le conceptual ly s i m i l a r , the potent ia l 
functions and parameterizat ions that are used may be quite different (2). 

Mo lecu lar mechanics calculat ions have been carried out on a wide range 
of chemical compounds i n c l u d i n g hydrocarbons , heteroatomic molecules, 
steroids, carbohydrates and proteins. Furthermore , a variety of in forma
t ion has been obtained such as heats of f o rmat ion , r o ta t i ona l barriers , and 
rates of reaction (18 ,2 ,19) . T h e major advantage of this method over other 
c omputat i ona l methods is that i t is reasonably fast to per form i n compar
ison to f o rmal molecular o r b i t a l calculat ions. 

Applications of Computational Methods to Lignin 

W i t h this in t roduct i on to the methods of c omputat i ona l chemistry, the 
at tent ion of this paper w i l l now t u r n to specific appl icat ions related to 
the chemistry of l i gn in . A s promised at the beg inning of this paper , the 
discussion w i l l address not on ly the capabil it ies and opportunit ies that may 
accrue f r om this type of research, but w i l l also consider the l imi ta t i ons of 
the techniques. 

One of the basic assumptions is that a l l calculations are done on iso
lated gas-phase molecules. T h i s is obviously a large shortcoming for l ign in 
chemistry for a number of reasons. T h e reactions of importance i n l ignin 
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Figure 1: Electronic characters obtained by the molecular orbital method and 
their applications. (Reprinted with permission from ref. 17. Copyright 1977 
Academic Press.) 
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266 LIGNIN: PROPERTIES AND MATERIALS 

work, specif ically those related to p u l p i n g and bleaching, take place i n aque
ous systems, and l i g n i n is a large heterogeneous po lymer . T h e so lvat ion 
questions may be overcome to some extent by add i t i ona l calculat ions . For 
example , the molecular mechanics method described by Weiner and K o l l -
m a n (24) has the ab i l i ty to apply a given dielectric constant to the molecule, 
and corrections to gas-phase calculations have been reported (25,26). 

T h e indeterminate and po lymeric nature of l ign in can, of course, be 
addressed by the u t i l i za t i on of jud i c ious ly chosen model compounds. T h i s 
is usual ly the strategy i n basic exper imenta l studies on l i g n i n , and the same 
logic should apply to computat i ona l methods. 

In a d d i t i o n , the lack of basic thermodynamic d a t a for compounds of 
interest is a l i m i t a t i o n , since i n most s i tuat ions there are no exper imental 
values to which computed results may be compared. T h e va l idat ion proce
dure to w h i c h the methods are subjected, however, includes a large range 
of compounds for w h i c h exper imental d a t a is documented. W h i l e this is 
not direct evidence that for specific compounds the results w i l l be repre
sentative of exper imenta l results, i t is one of the assumptions that has been 
made i n the work on l i gn in . 

These difficulties notwi thstanding , the methods of c omputa t i ona l 
chemistry represent a unique approach to the questions of wood science, 
and rather t h a n a s u m m a r y dismissal , should be examined to determine 
their appl i cabi l i ty . In spite of such difficulties, theoret ical calculat ions have 
been successfully used in work related to materials science (27,28) , and in 
numerous b iochemical appl icat ions (29). 

T h e app l i ca t i on of c omputat i ona l methods to l ign in chemistry are be
ing researched m a i n l y by ind iv idua ls and groups i n the U n i t e d States, and 
Soviet U n i o n , Czechoslovakia , and F i n l a n d . One of the earliest papers on 
this topic was concerned w i t h the use of Hi i cke l Molecu lar O r b i t a l methods 
i n the s tudy of l i gn in react iv i ty (30). It was reported that the calculated 
loca l i zat ion energies were related to the reaction rates of phenols, and that 
calculat ions on free rad ica l structures could be of importance i n the e lu 
c idat ion of factors that influence the po lymer izat ion of l i g n i n precursors. 
Furthermore , Glasser and co-workers (31-36) have used s imula t i on tech
niques to model the po lymer izat ion and reactions of l i g n i n . 

In a study direct ly related to the coupl ing of phenols to f o rm the l ign in 
po lymer , Martensson and Kar l s son (37) used P a r i s e r - P a r r - P o p l e ca l cu la 
tions to examine the π-electron sp in densities of a variety of phenoxy r a d 
icals. T h e sp in density, representative of unpaired electron character, was 
found to be consistently highest at the phenolic oxygen i n each of the rad i ca l 
structures that were considered. T h i s has been interpreted as theoret ical 
evidence that is i n accordance w i t h exper imenta l d a t a i n d i c a t i n g that the 
/?-0-4 l inkage is the predominant mode of combinat ion i n softwood l i g n i n . 
T h e add i t i on of methoxy, aroxy, and a r y l substituents ortho to the pheno
l i c oxygen was found to effectively d i lute the sp in densities throughout the 
rad i ca l structures reported. In par t i cu lar , the sp in density of the pos i t ion 
para to the phenolic oxygen seems to be reduced at the expense of the car
bon to w h i c h the substituent is attached. T h e relatively h igh sp in density 
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19. E L D E R Application of Computational Methods 267 

at this pos i t ion as a result of subst i tut ion does not , however, represent a 
site of elevated react iv i ty , because of steric h indrance , or t h e r m o d y n a m i c 
constraints (38). 

Re la ted research has been reported by E l d e r and W o r l e y (39), i n w h i c h 
M N D O was used to examine the structure of coniferyl a lcohol , a n d its 
corresponding phenolate anion a n d free rad i ca l . T h i s method represents 
an improvement over the P P P method , i n that M N D O is an al l -e lectron 
technique, and performs geometry opt imizat ions . It was found that the 
calculated sp in densities and charge values for the reactive sites d i d not 
correlate quant i ta t ive ly w i t h observed bond frequency, but i t was observed 
that posit ions w i t h p a r t i a l negative charge and posit ive sp in densities are 
the posit ions through whi ch the po lymer izat ion has been found to occur. 

T h e most extensive and systematic study of the chemistry of l ign in 
w i t h theoretical methods has been performed by R e m k o and co-workers. 
T h e i r work has involved the nature of intramolecular (40-43) and inter
molecular (44-48) hydrogen b o n d i n g of l i gn in model compounds, spectral 
transi t ions (49-52), and conformational analysis (53). T h e methods used 
have inc luded C N D O / 2 and P C I L O (Perturbat ive Conf igurat i on Interac
t i o n us ing Loca l i zed Orb i ta l s ) (54). 

C o n f o r m a t i o n a l studies of d imeric l i g n i n model compounds have been 
reported by R e m k o and Sekerka (53), and G r a v i t i s and E r i n s (55) f r o m 
the Soviet U n i o n . G r a v i t i s and E r i n s (55) used the pairwise a tom-a tom 
potent ia l funct ion ( A A P F ) method , a force-field technique, to determine 
the conformation of /J-0-4 l inked dimers. It was found that the aromat ic 
r ings, i n the most stable arrangement, exhib i t a folded s tructure , w i t h 
the rings i n para l le l planes. In a s imi lar , but somewhat more extensive 
s tudy of d imeric l ign in model compounds, R e m k o and Sekerka (53), us ing 
P C I L O , found that the lowest energy of the /?-0-4 d imer corresponded to 
two conformations, one of which was a p lanar s tructure , whi le the other 
h a d a ro ta t i on of 120° between the aromat ic r ings. A c c o r d i n g to R e m k o 
and Sekerka (53), this discrepancy is due to the u t i l i z a t i o n of different 
c omputat i ona l methods. Furthermore , a l though the dimers i n b o t h papers 
were β-0-4 l inked , they were not ident ica l , and were not subst i tuted w i t h 
h y d r o x y l or methoxy l groups. 

In conjunct ion w i t h a study on the react iv i ty of d imeric quinone me-
thides, E lder et a l . (56) examined the phys ica l and electronic structure of 
guaiacylglycerol- /? -coniferyl ether, which is subst i tuted i n a manner repre
sentative of the l i gn in po lymer . Ca l cu la t i ons were performed using A M B E R 
(Ass isted M o d e l B u i l d i n g w i t h Energy Refinement) (24), wh i ch is a force-
field method , and the energetic m i n i m u m was determined to be a folded 
structure s imi lar to that reported by G r a v i t i s and E r i n s (55). 

Since the properties o f any mater ia l are related to its s t ructure , the 
conformat ional aspect of these studies cannot be neglected. T h e emphasis 
of the latter paper (56) was, however, p r i m a r i l y concerned w i t h the elec
tronic s tructure of the d imeric model compound, and how this in format ion 
might be compared to exper imental facts. U p o n complet ion of the ca lcu
lat ions , i t began to appear that the results were seriously flawed. It was 
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found, surpris ingly , that the a l p h a carbon of the quinone methide has a 
sl ight negative charge. Since the pr inc ipa l reaction of kraft p u l p i n g is pro 
posed to involve nucleophil ic attack of this pos i t ion by either su l fhydry l or 
hydroxide ions, how can these electronic d a t a be reconciled? 

Further examinat i on of the results indicated that by invocat ion of 
Pearson 's Hard-So f t A c i d - B a s e ( H S A B ) theory (57), the results are con
sistent w i t h exper imental observation. A c c o r d i n g to Pearson's theory, 
w h i c h has been generalized to include nucleophiles (bases) and electrophiles 
(acids) , interact ions between h a r d reactants are proposed to be dependent 
on coulombic a t t rac t i on . T h e combinat ion of soft reactants, however, is 
thought to be due to overlap of the lowest unoccupied molecular o r b i t a l 
( L U M O ) of the electrophile and the highest occupied molecular o r b i t a l 
( H O M O ) of the nucleophile, the so-called frontier molecular orb i ta ls . It 
was found that , compared to a l l other positions i n the quinone methide , 
the a l p h a carbon had the greatest L U M O electron density. It appears, 
therefore, that the frontier molecular o r b i t a l interact ions are overr id ing the 
unfavorable coulombic condit ions. T h i s interpretat ion also supports the 
preferential reaction of the su l fhydry l i on over the hydroxide i on i n kraft 
p u l p i n g . In comparison to the hydroxide i on , the su l fhydry l is re lat ively 
soft, and i n Pearson's theory, soft reactants w i l l bond preferential ly to soft 
reactants, whi le hard acids w i l l favorably combine w i t h h a r d bases. Since 
the a l p h a posi t ion is the softest i n the entire molecule, as evidenced by the 
L U M O density, the softer su l fhydry l i on would be more l ike ly to attack this 
pos i t ion t h a n the hydroxide . 

T h e influence of frontier molecular orbi ta ls has also been demonstrated 
i n work on the ch lor inat ion of l i gn in model compounds (58). In this work, 
electronic parameters were compared to the difference i n energy between 
ground state molecules and chlorinated intermediates. T h e results i n d i 
cated that for coniferyl a lcohol , the pos i t ion exh ib i t ing the greatest negative 
charge is the m e t h o x y l oxygen, whi le the pos i t ion w i t h the greatest electron 
density i n highest occupied molecular o r b i t a l area is p a r a to the phenol ic 
h y d r o x y l . T h e H O M O is the frontier molecular o r b i t a l of interest i n this 
react ion , since the coniferyl alcohol is the nucleophile a n d the ch loron ium 
ion is the electrophile . 

Favorable reaction indices notwi thstanding , these posit ions have the 
two highest energy barriers to ch lor inat ion . S i m i l a r l y , the ^ - carbon i n the 
a l iphat i c s idechain has the lowest energy barrier , but does not have cor
respondingly great negative charge or H O M O electron density. It can be 
seen that steric considerations may be strongly inf luencing the react iv i ty 
of these sites, w i t h the carbon being largely unhindered, whi le the others 
w i t h greater react ion barriers are strongly hindered. 

If these three positions are neglected, leaving aromat i c posit ions and 
the α-carbon of the s idechain, i t is found that the size of the negative charge 
does not reflect the order of the energy differences. In contrast , the H O M O 
electron density at the various posit ions increases i n the same sequence as 
the energy barrier toward ch lor inat ion . It may be concluded, therefore, 
that the ch lor inat ion reaction is more sensitive toward o r b i t a l contro l , and 
steric arguments , t h a n s imple coulombic a t t rac t i on . 
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T h e u t i l i z a t i o n of Pearson's hard-soft acid-base theory to interpret 
the reactions of l i g n i n has also been described i n work f r o m the Soviet 
U n i o n by Z a r u b i n and K i r y s u n (59). Beyond this specif ically related paper, 
researchers i n the Soviet U n i o n have been quite active i n the app l i ca t i on of 
numer i ca l methods to l ignin-related problems (60,61) . 

In an at tempt to relate calculated results to exper imenta l findings for 
monomeric , l i gn in model compounds, pre l iminary work has compared the
oret ica l ly determined electron densities and chemical shifts reported f rom 
carbon-13 nuclear magnetic resonance spectroscopy (62). A l t h o u g h chem
i ca l shifts are a funct ion of numerous factors, of w h i c h electron density is 
on ly one, bo th theoretical a n d empir i ca l relat ionships o f this nature have 
been explored for a variety of compound classes, and are reviewed by E b r a -
heem and Webb (63), M a r t i n et a l . (64), Nelson and W i l l i a m s (65), and 
F a r n u m (66). 

Regression analyses indicated that a model o f C-13 N M R shift vs. 
electron density, for a l l compounds and carbons, resulted i n a poor fit of 
the d a t a w i t h a significance level of 0.0879 and an R-squared of 0.0347. 
Inc lusion of a factor defining the posi t ion of each carbon yie lded a significant 
re lat ionship , but s t i l l gave low correlation coefficient of 0.2508. S o r t i n g the 
d a t a by each carbon indicates significant l inear relat ionships for carbons 
4 and 6 w i t h i n the aromatic r ing , and the a and β carbons i n the side 
cha in . These results may provide a more general picture for the react iv i ty 
of l i g n i n . 

F r o m this brief in t roduc t i on , i t is obvious that the execution of the ca l 
culat ions and the interpretat ion of the results are s t i l l i n their i n i t i a l stages. 
It is the contention of the author that the insight into l i gn in chemistry that 
may be obtained by these methods deserves careful consideration. 
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Chapter 20 

Differential Scanning Calorimetry and NMR 
Studies on the Water—Sodium Lignosulfonate 

System 

Hyoe Hatakeyama1, Shigeo Hirose1, and Tatsuko Hatakeyama2 

1Industrial Products Research Institute, 1-1-4 Higashi, Tsukuba, 
Ibaraki 305, Japan 

2Research Institute for Polymers and Textiles, 1-1-4 Higashi, Tsukuba, 
Ibaraki 305, Japan 

The phase transition and nuclear magnetic relaxation of 
the water-sodium lignosulfonate (NaLS) system with var
ious water contents ranging from 0 to ca. 2.3 (grams of 
water per gram of sodium lignosulfonate) were evaluated 
by differential scanning calorimetry and nuclear magnetic 
resonance spectroscopy. It was found that at least two 
different kinds of water existed in the system: i.e., freez
ing water and non-freezing bound water. The longitu
dinal and transverse relaxation times of the water-NaLS 
system were measured as functions of water content and 
temperature. A minimum value for the 1H longitudi
nal relaxation time (Τ1) was observed at a temperature 
around —25°C. A sudden decrease in 1H transverse re
laxation time (T2) was also observed at a similar temper
ature. The change of Τ1 and T2 of 23Na in the system 
corresponded well with the motion of 1H in water. 

It is generally k n o w n that polyelectrolytes are h igh ly soluble i n water 
through hydrat ion of ionic groups. However, at tent ion has not been p a i d 
to the physico-chemical properties of h ighly concentrated aqueous solutions 
of polyelectrolytes. We have already reported that there are two k inds of 
water, i.e. freezing water and non-freezing water, around the ionic groups 
i n the water -sod ium poly(styrenesulfonate) ( N a P S S ) , the water -sod ium cel
lulose sulfate ( N a C S ) , and the water-cation salts of carboxymethylcel lulose 
( M e C M C ) systems (1-3). J u d g i n g f rom the exper imental results obta ined 
by differential scanning ca lor imetry ( D S C ) and by nuclear magnet ic res
onance ( N M R ) spectroscopy, water molecules are strongly bonded to the 
ionic groups and f o rm a hydrat ion shel l . 

In this study, we chose the water -sodium lignosulfonate ( N a L S ) system, 
w i t h various water contents ranging f rom 0 to ca. 2.3 grams of water per 

0097-6156/89A)397-0274$06.00A) 
Ο 1989 American Chemical Society 
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g r a m of N a L S . T h e thermal properties and 1 H and 2 3 N a nuclear magnetic 
re laxat ion times of the system were investigated. T h e phase t rans i t i on t e m 
peratures of the w a t e r - N a L S system were measured as a funct ion of water 
content. A t the same t ime , the bound water content was determined f r om 
the enthalpy of t rans i t i on . Furthermore , a detai led s tudy of the l ong i tud i 
n a l and transverse re laxat ion times ( T i and T 2 ) was carried out , and the 
molecular correlation times ( r c ) and act ivat ion energies (Ea) of water i n 
the system were est imated. 

E x p e r i m e n t a l 

Sample Preparation. A s the N a L S sample, W A F E X , wh i ch was suppl ied by 
H o l m e n A B , Sweden, was used after puri f i cat ion according to the method 
reported by L e o p o l d (4). T h e amount of sulfonic ac id groups was deter
mined by t i t r a t i n g an aqueous so lut ion of purif ied l ignosulfonic ac id w i t h 
1/5 Ν sod ium hydroxide . T h e lignosulfonic ac id was obtained f rom N a L S 
by passing i t through an amberl i te I R - 1 2 0 B ( H + ) c o l u m n . T h e sulfonate 
group content of the N a L S was 1.6 m e q / g . T h e water content (Wc) of each 
sample was defined by 

We(g/g) = Ww{g)IW,(g) (1) 

where Ww is the weight of added water and Ws is the dry weight of each 
sample. 

Differential Scanning Calorimetry (DSC). T h e phase t rans i t i on of the 
water-polyelectrolyte systems was measured using a P e r k i n - E l m e r differ
ent ia l scanning calorimeter, D S C - I I , and a D u Pont model 910 differential 
scanning calorimeter. T h e scanning rate for heat ing and coo l ing exper i 
ments was 10°C/min. D S C curves were obtained in the temperature range 
f rom 50 to — 120°C. A l u m i n u m sample pans for volati le samples were pre-
treated by heating w i t h water to 120°C i n an autoclave i n order to avo id 
any reaction between a l u m i n u m and water dur ing heat ing and cool ing runs. 
Af ter the D S C measurement, the sample was weighed again to conf irm that 
no weight loss had taken place. T h e temperature and enthalpy of c rys ta l 
l i za t i on of sorbed water were cal ibrated using pure water as the s tandard . 
T h e bound water content was calculated by the method reported previously 
(1)· 

Nuclear Magnetic Resonance (NMR) Spectroscopy. L o n g i t u d i n a l and 
transverse re laxat ion times ( T i and T 2 ) of 1 H and 2 3 N a i n the water-
polyelectrolytes systems were measured using a Nicolet F T - N M R , model 
N T - 2 0 0 W B . T 2 was measured by the M e i b o o m - G i l l variant of the C a r r -
P u r c e l l method (5). However, i n the case of very r a p i d re laxat ion , the free 
induct i on decay ( F I D ) method was appl ied . T h e sample temperature was 
changed f rom 30 to —70°C w i t h the assistance of the 1180 system. T h e 
accuracy of the temperature control was ± 0 . 5 ° C . 
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Results a n d Discussion 

DSC. F igure 1 shows D S C cool ing curves of the w a t e r - N a L S system hav ing 
various Wc's f r om 0.46 to 2.31 g / g . W h e n a sample w i t h water is cooled 
f rom 50°C at the rate of 10°C/min, a broad peak (P*) is observed in i t ia l l y , 
followed by a sharp peak representing crysta l l i zat ion of water ( P j ) . H o w 
ever, as shown i n F igure 1, only P * is observed i f Wc is lower t h a n ca. 
0.5 g / g . 

T h e temperature for P j increases w i t h increasing Wc, whi le , on the 
other h a n d , the temperature for P * decreases w i t h increasing Wc. T h i s 
feature of P * is different f rom that of the broad peak representing freez
ing bound water, P / / , wh i ch is observed when water is bound to the h y 
d r o x y l groups of polymers such as l i gn in , cellulose and poly(hydroxystyrene) 
derivatives having no ionic groups (6-9). P / j appeared at a temperature 
lower t h a n that of the crysta l l i zat ion peak of water ( P / ) . O n the other 
h a n d , P * appears at a temperature higher t h a n that of Pj. 

A n exothermic peak s imi lar to P * was also observed i n the case of 
h igh ly concentrated aqueous solutions of N a C S and N a P S S (1,2). There 
fore, i t is supposed that P * is observed when the molecules i n the water-
polyelectrolyte systems rearrange to a stable state having lower energy t h a n 
the n o r m a l state of water. T h i s suggests that the molecules i n the water-
N a L S system assume a loosely ordered state i n the range between the t e m 
peratures where P * and P / appear. 

T h e texture of the sample was observed using a polarized l ight m i 
croscope equipped w i t h a temperature controller. A l t h o u g h the Wc of the 
sample could not be kept entirely constant owing to the structure of the 
sample cel l , a texture showing a nematic type of molecular arrangement 
was observed at a temperature corresponding to that between P * and P j . 
However, the texture observed i n the w a t e r - N a L S system was not as clear 
as those observed i n the w a t e r - N a P S S and the w a t e r - N a C S systems. T h i s 
unclear texture observed in the w a t e r - N a L S system may be a t t r ibuted to 
the inhomogeneous chemical structure of N a L S . 

F igure 2 shows the phase d iagram of the w a t e r - N a L S system. T h i s 
d iagram was obtained by cool ing the system at a rate of 10°C/min, i n d i 
cat ing that the system changes f rom the isotropic l i qu id phase through the 
mesomorphic phase to the crystal l ine phase. T h e temperature of c rys ta l 
l i za t i on ( T c ) increases w i t h increasing Wc and levels off at Wc ca. 1.5 g / g . 
T h e temperature (T*) corresponding to the appearance of P * decreases 
w i t h increasing Wc and becomes difficult to observe i f Wc increases above 
ca. 2.3 g / g . 

T h e amount of freezing water i n the w a t e r - N a L S system can be ca lcu
lated f rom the enthalpy, assuming the crysta l l i zat ion enthalpy of water to 
be 333 J / g (7). T h u s , 

Wf = (AHj/myW, (2) 

where Wf is the amount of freezing water and AHj is the c rys ta l l i za t i on 
enthalpy of the system. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

02
0



2 0 . H A T A K E Y A M A E T A L . Water-Sodium Lignosulfonate System 2 7 7 

F igure 1. D S C cool ing curves of the w a t e r - N a L S system w i t h various water 
contents, Wc(g/g). 
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278 LIGNIN: PROPERTIES AND MATERIALS 

However, the value of Wj is less than the t o ta l amount of water i n 
the system, since water wh i ch is t ight ly bound to the hydrophi l i c groups 
of a poly electrolyte cannot be frozen (1,2). Therefore, the t o ta l amount of 
water i n the system is given by 

Wc = Wf + Wnf (3) 

where Wf is the amount of freezing water and Wnf is that of non-freezing 
water . 

F igure 3 shows the relat ionship between WC1 Wf and Wnf. T h e value 
of Wf increases i n proport ion to Wc at water contents higher t h a n the 
specific c r i t i ca l amount whi ch is obtained by the extrapo lat ion of the l inear 
Wf vs. Wc plots to the hor izontal axis . T h e cr i t i ca l value obta ined is 
0.56 g / g . T h i s amount corresponds to an amount less t h a n the point at 
w h i c h the water i n the w a t e r - N a L S system can no longer be crysta l l i zed . 
A s shown i n F igure 3, Wnf does not change appreciably w i t h increasing 
Wc. 

lH NMR. F igure 4 shows the change of T i values for * H of water i n the 
w a t e r - N a L S system w i t h the inverse absolute temperature ( K " * 1 ) . T h e T i 
value decreases w i t h decreasing Wc and w i t h decreasing temperature i n 
the temperature range above — 25°C, where a m i n i m u m value for T i is ob
served. T h e Τχ m i n i m u m occurs at a temperature lower than that at wh i ch 
water molecules i n the system become r i g i d . In the temperature range be
low —25°C, a steep increase i n the T i value is observed w i t h decreasing 
temperature . 

F igure 5 shows the change of T 2 values for * H of water w i t h the inverse 
absolute temperature. A sudden decrease i n T 2 values is seen at almost 
the same temperatures at which the m i n i m u m in T i is observed. T h e 
T 2 values give an average representation of the mot i on of water molecules 
i n the system. Therefore, i f we consider the molecular mot ion of water 
i n the w a t e r - N a L S system having a certain Wc, the T 2 values at higher 
temperatures are characteristic of more mobi le water, whi le the T 2 values 
at lower temperatures are characteristic of more restricted water. 

It is usual ly not possible to d ist inguish various per turbed sites i n an 
N M R experiment . Therefore, i t is customary to l i m i t the number of sites to 
two representing the free (Pf) and bound (Pi,) fractions w i t h Pf + Pb = 1. 
If we assume = 1/7*, (i = 1, 2), then 

Ri = PfRif + PhRih (4) 

In the case of free water, the extreme narrowing condit ion is fulf i l led and 
thus Rif = R2f = Rf. T h u s , f rom E q u a t i o n 4, we can wri te 

(Rx - PfRf)l(R2 - PfRf) = Rn/R2b (5) 

A c c o r d i n g to Woessner et al. (10,11), the re laxat ion rates of the bound 
water can be expressed as 
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NaLS-HzO 

2.0 

"5 
W. / 
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0 
C 

ι y*^ ι ι ι 0 
C ) 1.0 2.0 

w c / g /g 

Figure 3. Re lat ionship between water content (Wc), freezing water content 
(Wf) and non-freezing water content (Wnf). 

Figure 4. Temperature dependence 
of the H longitudinal relaxation 
time of water in the water-NaLS 
system. 

Figure 5. Temperature dependence 
of the H transverse relaxation time 
of water in the water-NaLS system. 
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280 LIGNIN: PROPERTIES AND MATERIALS 

J _ _ 1 
T2i ~ 2 

3r c i + 

where Σ% = 1> a n d G is the interact ion constant determining the m a g 
nitude of the re laxat ion , u>o the angular resonance frequency, and r c t - the 
correlation t ime . T h e above expressions allow for mul t ip le correlat ion t imes 
i n the systems. 

However, i f we assume that the re laxat ion of bound water in the water-
N a L S system is determined by one average correlation t ime r c , we can 
combine Equat ions 5, 6, and 7, to give 

whi ch is a funct ion only of u0rc. It might be an oversimpli f ication to on ly 
consider one type of average bound water. However, for pract i ca l purposes, 
i t seems reasonable to use this ca lculat ion method as a s tar t ing po int for 
the evaluat ion of bound water i n the w a t e r - N a L S system. 

F igure 6 shows the calculated rc values plotted vs. inverse absolute 
temperature. In the temperature range below —15°C, i t is seen that the 
rc values are not dependent on Wc but dependent on temperature . T h e rc 

value increases f rom ca. 3 x 1 0 ~ 8 sec at — 15°C to ca. 3 x 1 0 ~ 7 sec at - 6 0 ° C . 
T h i s shows that the bound water i n the system is i n the state between 
viscous l i qu id and non-r ig id sol id i n this temperature range. A s seen f r om 
the figure, the l n r c vs. temperature"" 1 (K"1) plots are apparent ly l inear . 
T h e temperature dependence of r c may be expressed w i t h considerable 
accuracy by the Arrhen ius equation in the form (12) 

where Ea is the act ivat ion energy for the re laxat ion process of the bound 
water. T h e value of Ea was found to be ca. 24 k J / m o l . T h i s value cor
responds wel l w i t h the act ivat ion energy of the bound water previously 
reported (2). 
23Na NMR. F igure 7 shows the change of T i values for 2 3 N a i n the water-
N a L S system w i t h the inverse absolute temperature at various W c ' s . T h e 
I n T i plots are l inear i n the temperature range where T i values could be 
observed i n this experiment . A t temperatures lower t h a n — 20°C, i t was 
difficult to measure the Τχ value of 2 3 N a by the 180-T-90 degree pulse 
method because of the extreme broadening of the l i n e w i d t h of the N M R 
peaks. 

F r o m the slopes of the re laxat ion rate ( lnT^" 1 ) vs. inverse absolute 
temperature, the apparent act ivat ion energy (Ea) of the re laxat ion process 
was calculated. T h e value obtained was ca. 12 k J / m o l . T h i s value corre
sponds wel l w i t h the act ivat ion energy for 2 3 N a i n persulfonate ionomers 
w i t h water (13). 

rc = r 0 e x p (Ea/RT) (9) 
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F igure β. Temperature dependence of the average correlat ion t ime of water 
i n the w a t e r - N a L S system. 
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Figure 7. Temperature dependence of the 2 3 N a long i tud ina l re laxat ion t ime 
i n the w a t e r - N a L S system. 
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θ / ° C 

30 20 10 0 -10 -20 
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Figure 8. Temperature dependence of the 2 3 N a transverse re laxat ion t ime 
i n the w a t e r - N a L S system. 
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20. H A T A K E Y A M A E T A L Water-Sodium Lignosulfonate System 283 

Figure 8 shows the change of T 2 values of 2 3 N a w i t h inverse absolute 
temperature. A s seen f rom Figure 8, two types of transverse relaxations 
are observed. One is "slow" and the other a "fast" re laxat ion . T h i s means 
that the transverse re laxat ion decays i n a non-exponential manner . N o n -
exponentia l re laxat ion due to quadrupole re laxat ion was characterized by 
H u b b a r d (14). A c c o r d i n g to his ca lculat ion , the transverse relaxations pro
duced by a quadrupole interact ion are the s u m of two or more decaying 
exponentials . A s shown i n F igure 8, the longer transverse re laxat ion t ime 
(T25) decreases w i t h decreasing temperature, a l though the shorter t rans
verse re laxat ion t ime ( T 2 / ) does not change much w i t h temperature . T h e 
sudden decrease of the T25 value at around — 15°C m a y reflect the in f lu 
ence of the crysta l l i zat ion of water i n the w a t e r - N a L S system. T h i s result is 
quite reasonably explained i f we assume that the sod ium ion is surrounded 
by the non-freezing water and that this non-freezing water is surrounded 
by the free water. Therefore, the mot ion of the free water i n the system 
indirec t ly affects that of the sod ium ion . 
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Chapter 21 

Preparation and Testing of Cationic Flocculants 
from Kraft Lignin 

Erkki Pulkkinen, Airi Mäkelä, and Hannu Mikkonen 

Department of Chemistry, University of Oulu, SF-90570 Oulu, Finland 

Kraft lignin has been reacted to a quaternary ether 
derivative over several hours at temperatures ranging 
from room temperature to 65°C. Based on the nitrogen 
content (2.7-3.7%) of the purified product, 42-61% of the 
hydroxyl groups of lignin were etherified. The yield with 
respect to reagent was usually over 50%. In laboratory 
tests the lignin-based cationic ether effectively precipi
tated inorganic colloids from wastewaters. 

It is wel l k n o w n that the acetylat ion, for example , of aromat ic and a l iphat i c 
h y d r o x y l groups i n kraft l i gn in can drast ica l ly change the so lub i l i ty of l i g n i n . 
T h e same occurs when h y d r o x y l groups of kraft l i g n i n are reacted w i t h 
epoxy reagents hav ing quaternary a m m o n i u m groups i n the molecule. 

NaOH 

* ~ v - z , — s l o w \ 
Ο ν 

glycidyltrimethylammonium chloride H g n i n - O C ^ C H C ^ i ^ C ^ ^ C I 0 

iin-OH + C H o - C H C H 

CH 2CHCH 2N®(CH3) 3CIG+ NaOH 

CI OH 

N-(3-chloro-2-hydroxypropyl) 
trimethylammonium chloride 

0097-6156/89A)397--0284$06.00A) 
© 1989 American Chemical Society 
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21. P U L K K I N E N E T A L Preparation and Testing of Cationic Flocculants 285 

E v e n though 3.0-4.4 mmols ( from a t o t a l of 7.2 mmols ) of h y d r o x y l 
groups per g r a m of l i gn in were cationized by these reagents, the products 
were completely water soluble and effective flocculants. In this paper we 
discuss the preparat ion and testing these cat ionic l i g n i n derivatives. 

Experimental 

Materials. C o m m e r c i a l kraft l i g n i n , I n d u l i n A T (Westvaco C o r p . ) , has a 
combined phenolic and a l iphat i c h y d r o x y l group content of 7.2 m m o l / g as 
determined by quanti tat ive 2 9 S i N M R spectroscopy (1). T h e pine kraft 
l i gn in f rom the Nuot tasaar i m i l l of Ve i ts i luoto C o r p . , F i n l a n d , has a cor
responding h y d r o x y l content of 7.7 m m o l / g . T h e g l y c i d y l t r i m e t h y l a m m o 
n i u m chloride reagent, containing 63 .3% epoxy funct ional i ty , was a product 
of Rais io C o r p . , F i n l a n d . N- (3 - ch loro -2 -hydroxypropy l ) t r imethy lammoni -
u m chloride was prepared i n the laboratory (2,3). Praesto l 41 IK (Stock-
hausen Corp . ) was used as a reference cat ionic flocculant. 

Flocculation Tests (4). A conventional j a r test procedure w i t h a s ix-place 
mul t ip l e stirrer system (Ph ipps & B i r d , Inc.) , and crystal l ine s i l i ca par 
ticles ( M i n - U - S i l 5, Pennsy lvan ia Glass and Sand C o r p . ) , or a l ternat ive ly 
mater ia l dredged f rom the b o t t o m of a waterway, were used as a co l lo idal 
reference. Af ter s t i r r ing the m a i n batch of the s i l i ca (600 or 1800 m g M i n -
U - S i l 5 i n 4000 m L of deionized water) for an hour , 2 m L aqueous H C 1 
was added and the p H adjusted w i t h so l id N a H C 0 3 to 4. T h e dredging 
effluent (3700 m g / l i t e r , p H 5.1) was used as such as a sett l ing reference. T o 
per form the j a r test, 600 m L of the batch dispersion was introduced into 
each 800 m L decanter flask and the dispersions were st irred at 100 r p m 
when the flocculant dosages were added. Thereafter s t i r r ing was continued 
at 100 r p m for 20 m i n . , at 30 r p m for 20 m i n . , and then allowed to settle 
for 30 m i n . undis turbed . Res idua l turb id i t ies were measured by a H a c h 
turb id imeter on 25 m L al iquots of the supernatant l iquids taken 2 c m be
low the surface and plotted as f ormazin t u r b i d i t y percent units (% F T U ) 
against flocculation dosage i n p p m solids. 

Stability of Floe. A f ter sett l ing for 30 minutes and measuring the residual 
turb id i ty , a dispersion (600 m L ) was poured into another flask and back 
to the or ig inal flask. T h e pour ing back and forth was then repeated twice . 
A f ter sett l ing for 30 m i n . , the residual turbid i t ies were measured as before. 

Gelling of Lignin with Formaldehyde. A 5.12 g sample of a s o d i u m salt of 
l i gn in (40% nonvolatiles ( N . V . ) , 15% N a O H d i g n i n ) was reacted w i t h 3 7 % 
C H 2 0 (0.71 mo le /100 g l ignin) at 90°C i n a test tube (height 10 c m , w i d t h 
2 cm) u n t i l gel l ing occurred after 130 m i n . T h e gel t ime was measured w i t h 
a Tecan Ge la t i on T i m e r , G T 3 (disc 14 m m ) . 

Reaction of Lignin and Gelled Lignin with Glycidyltrimethylammonium 
Chloride. G l y c i d y l t r i m e t h y l a m m o n i u m chloride was added to a pre-
prepared s o d i u m salt of l i gn in (pre-stirred i n a steam b a t h for 2 h) and 
the reaction m i x ture was st irred at 60-70°C for 3 h (Table I) . C a t i o n i z -
ing the gelled l i gn in (reacted w i t h C H 2 O for 130 min . ) was essentially 
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286 LIGNIN: PROPERTIES AND MATERIALS 

carried out i n the same way except that the solids content of the react ion 
m i x t u r e was 2 9 % instead of 44%. In the reaction of l i g n i n w i t h N-(3-chloro-
2 -hydroxypropy l ) t r imethy lammonium chloride the mo lar ratios of reagent 
to N a O H was 1:1 and h y d r o x y l groups to reagent 1:1. T h e reaction was 
carried out at r oom temperature at 5 2 % N . V . 

Table I. React ion of K r a f t L i g n i n w i t h G l y c i d y l t r i m e t h y l a m m o n i u m C h l o 
r i d e 0 

Weight 

Components grams grams mmoles M o l a r R a t i o 

I n d u l i n A T 2.09 2.0 
T o t a l O H 17.2 1 

h y d r o x y l 14.4 1 
carboxy l 2.8 

Reagent (63.2%) 2.64 1.67 11.0 0.76 1 
N a O H 0.3 0.3 7.5 0.68 0.43 
H 2 0 4.0 

9.03 3.97 Nonvolati les ( N . V . ) : 4 4 % 

a A f te r react ing at 60-70°C for 3 h , the isolated and dried product 
weighed 4.5 g and , after puri f i cat ion w i t h both ethanol and u l t r a f i l t r a 
t i o n , prov ided 2.34 g product containing 2.7 and 2.9% N , respectively. 
T h e l i gn in recoveries i n puri f i cat ion were 80.3 and 82.8%. 

Purification of Cationized Lignin. T h e puri f i cat ion was carried out either 
by u l t ra f i l t ra t i on of the neutral ized product mix ture through a Diaf lo U M 2 
membrane ( A m i c o n C o r p . , exclusion l i m i t 1000 M W ) or by s lur ry ing a 
finely ground 1 g sample of dry crude cationic ether at r oom temperature 
i n 160 m L 94% ethanol . T h e filtered powder was washed w i t h 50 m L 9 4 % 
ethanol and then w i t h 10 m L d ie thy l ether and brought to a constant weight 
i n a vacuum desiccator. T h e u l t ra f i l t ra t i on was preferred when the nitrogen 
content of the purif ied cationic ether exceeded 3%. 

Results 

A s is presented i n F igure 1, the flocculation test w i t h s i l i ca as a co l lo idal 
reference can be used to opt imize the reaction t ime . B y l e t t ing the react ion 
w i t h l ign in and N- (3 - ch loro -2 -hydroxypropy l ) t r imethy lammonium chloride 
advance at room temperature for 100 h instead of 50 h , the dosage re
quirement of the reaction m i x t u r e was reduced to about half . T h e res idual 
t u r b i d i t y already was sufficiently reduced after react ing for 50 h . F igure 2 
indicates that the flocculation performance of the cat ionic l i g n i n ether p u 
rified by u l t ra f i l t ra t i on (2.9% N ) or by washing w i t h ethanol (2 .7% N ) was 
equal . 
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Figure 2. Effect of puri f i cat ion on flocculation performance: (O) u n p u r i -
fied; ( φ ) purif ied by leaching w i t h ethanol ; ( Δ ) purif ied by u l t r a f i l t r a t i o n . 
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A s seen i n Table I, there was enough epoxy reagent to convert on ly 
7 6 % of h y d r o x y l groups to the cationic ether. A s s u m i n g that the n i t r o 
gen content (2.9%) found i n the purif ied sample (80.2% l ign in recovery) 
is equal ly d is tr ibuted through the whole cat ionic l i gn in , one can estimate 
that 4 2 % of the h y d r o x y l groups were reacted and 5 5 % of the reagent was 
consumed i n the der ivat izat ion . 

Figures 3a and 3b show that the flocculation performance of the p u 
rified cat ionic l i gn in derivative, prepared under the condit ions described 
i n Table I, is equal to that of the commerc ia l reference (Praesto l 41 I K ) . 
Figures 4a and 4b, on the other h a n d , reveal that the same cat ionic l i gn in 
derivative behaves poor ly i n the s tab i l i ty test when compared to the com
merc ia l reference. Figures 4a and 4b further show that by condensing the 
sod ium salt of l i gn in w i t h formaldehyde (15% N a O H d i g n i n , 0.7 mole C H 2 O 
per 100 g l ignin) at 90°C for 130 m i n . , and subsequently react ing the gelled 
product w i t h g l y c i d y l t r i m e t h y l a m m o n i u m chloride, the flocculation perfor
mance i n the s tab i l i ty tests was improved, but d i d not reach that of the 
commerc ia l reference. It can be assumed that the br idg ing ab i l i ty of l inear 
cat ionic polyacrylamides contributes posit ively i n the s tab i l i ty test. 

A n improvement i n the flocculation ab i l i ty of the purif ied cat ionic 
l i gn in ether due to an increase i n the molecular weight is clearly seen i n 
F igure 5. T h e same figure reveals a moderate ga in i n the flocculation perfor
mance relative to Praesto l 41 I K when the cationic l ign in ether had 3.4% Ν 
instead of 2.9% Ν as i n the j a r test shown i n F igure 3a. 

A series of reactions was carried out i n order to opt imize the reaction 
condit ions. 

A s seen i n Table II , at best 3.7% of nitrogen was found i n the puri f ied 
cat ionic l i gn in , when the reaction t ime was 5 or 8 h at 55°C (Exper iments 1 
and 3). Perhaps the reaction t ime and temperature should be lowered 
further. A t 3.7% Ν some 6 2 % of the h y d r o x y l groups, presumably i n c l u d i n g 
a l l phenolic O H groups, were reacted. 

Since the procedure i n these experiments incorporated a smaller 
amount of water to avoid a base-catalyzed opening of the oxirane r i n g , h igh 
solids contents (52-64%) were encountered. It is advisable to add powdered 
l ign in first to the alkaline so lut ion and m i x i n i t i a l l y at r oom temperature 
and then at the reaction temperature. A s a m i x i n g device we used a round 
b o t t o m flask attached to a rotary evaporator at atmospheric pressure aided 
w i t h magnetic s t i r r ing i n the flask. W h e n the sod ium salt of l i g n i n appeared 
to be homogeneous, the cationic reagent was introduced. 

T h e incomplete recovery by u l t ra f i l t ra t ion (56-92%) i n the experiments 
shown i n Table II engenders an error when the nitrogen content of the 
retentate is projected to represent that of the whole sample. A s a matter of 
fact, i n Exper iment 1 we obtained 1 g cat ionic l i g n i n hav ing 3.7% nitrogen 
by u l t ra f i l t ra t i on whereas by ethanol washing 0.65 g w i t h 3.2% nitrogen 
was obtained. Possibly the latter mater ia l was of higher molecular weight. 

Reaction Mechanism 

Under the exper imental condit ions there w i l l be compet i t i on between a 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

02
1

In Lignin; Glasser, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



21. P U L K K I N E N E T A L Preparation and Testing of Cationic Flocculants 289 

Figure 3. Test ing of flocculation performance against (a) s i l i ca d ispersion; 
(b) dredging effluent; ( Q ) cat ionic l ign in ether; ( # ) Praesto l 4 1 1 K . 
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290 LIGNIN: PROPERTIES AND MATERIALS 

F igure 4. C o m p a r i s o n of flocculation performance i n s tab i l i ty test (a) 
against s i l i ca dispersion; (b) against dredging effluent; (O) cat ionic l i gn in 
ether; ( Δ ) C H 2 0 - c o n d e n s e d cationic l ignin ether; (φ) Praes to l 41 I K . 
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% F T U 

60 Γ 

50 Γ 

40 Γ 

30 L 

20 r* 

10 h 

0.02 0.04 0.06 0.08 0.1 0.12 ppm 

Figure 5. Effect of molecular weight on flocculation performance of cat ionic 
l i gn in derivative: (Ç)) Indu l in A T , Mw 23000, N : 3.3%; ( Δ ) I n d u l i n A T , 
Mw 6300, N : 3.7%; ( * ) Praesto l 41 I K , M i n - U - S i l 5 450 m g / l i t e r . 
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292 LIGNIN: PROPERTIES AND MATERIALS 

Tab le II . Condi t i ons for C a t i o n i z i n g L i g n i n a 

React ion 
C a t i o n i c L i g n i n 

E x p . M o l a r Rat ios T e m p . T i m e Reagent 
N o . O H : R e a g e n t : N a O H ° C h % Ν % Recovery % Y i e l d 

React ion w i t h G l y c i d y l t r i m e t h y l a m m o n i u m C h l o r i d e 

1 1:0.9:0.2 52 5 3.7 56 74 
2 1:0.9:0.2 52 8 3.6 65 65 
3 1:0.9:0.2 52 8 3.7 63 69 
4 1:1.0:0.2 65 5 3.3 68 51 
5 1:1.0:0.2 65 8 3.4 61 58 
6 1.1.0:0.2 65 20 2.7 92 42 

Reac t i on w i t h N- (3 - ch loro -2 -hydroxypropy l ) t r imethy lammonium chloride 

7 1:0.9:0.9 r . t . 4 50 2.9 70 50 
8 1:1.0:1.0 65 10 3.2 65 51 
9 1:0.6:0.6 65 12 2.1 74 44 

Exper iments 1-6 were carried out i n a 1 g sample of Indu l in A T at 
5 6 % N . V . In experiment 7 a 2 g sample of Indu l in A T was reacted at 
5 2 % N . V . Nuot tasaar i l ign in (2 and 5 g) was reacted i n experiments 8 
a n d 9 at 64 a n d 5 8 % N . V . , respectively. A l l the samples were puri f ied 
by u l t ra f i l t ra t i on and the l i gn in % recovery was determined f rom the 
% nitrogen and the y ie ld of the retentate. Reagent yields are corrected 
for u l t ra f i l t rat ion losses. 
R o o m temperature. 

Lignin-O® + CHg-CHCHgN^CH^CI® 

H 2 0 
lignin-OCH2CHCH2N®(CH3)3CP —=-> 

lignin-OCH2CHCH2N«iCH3)3CP 

OH 

O r P + CH 2 -CHCH 2 N®(CH 3 ) 3 CP 

CH^CHCH^CHgJgCI© • 

OH O® 

H 2 0 

CH2-CHCH2N®(CH3)3Cr9+ OH© 

OH OH 
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21. P U L K K I N E N E T A L . Preparation and Testing of Cationic Flocculants 293 

number of nucleophiles for opening the oxirane r ing . Since the molar 
amount of s od ium hydroxide , which is first introduced into the reaction 
m i x t u r e , nearly reaches the corresponding contents of phenolic and car-
boxy lie acid groups (Table I) , l ign in phenoxide and carboxylate moieties 
must be the dominant nucleophil ic species at the beginning. T h e m a i n 
reactions can be expressed by the fol lowing equations. 

Whether or not the reagent w i l l react w i t h the secondary h y d r o x y l 
group generated i n each r ing opening is at present u n k n o w n . 

T h e chlorohydr in reaction w i t h s o d i u m hydroxide is assumed to be a 
two-step process i n which a rate-determining intramolecular displacement 
of chloride i on by negatively charged oxygen follows a prior e q u i l i b r i u m 
between the hydroxide ion and the hydroxy l group of the ha lohydr in (5). 

CI CI 

C H o - C H o + O H 9 ^ f a S t ^ C H o - C H o 

ι 2 2 * I 2 

O H O 9 

CI 
I slow 

C H o - C H o _ — > C H o - C H + C r 9 

ι 2 2 \ y 
0Q Ο 

Indeed, we have found that N- (3 - ch loro -2 -hydroxypropy l ) t r imethy lam-
m o n i u m chloride is readi ly converted w i t h sod ium hydroxide to g l y c i d y l t r i 
m e t h y l a m m o n i u m chloride, which obviously further reacts at a slower rate 
w i t h l ign in nucleophiles to form cationic l i gn in derivatives. 

Conclusion 

E v e n a p a r t i a l conversion of the hydroxy l groups of kraft l i g n i n in to a 
cationic ether derivative containing quaternary a m m o n i u m groups impar ts 
water so lubi l i ty to the derivative which is a promis ing candidate as a poten
t i a l flocculant i n l i q u i d / s o l i d separations i n industr ia l and m u n i c i p a l water 
treatment . 
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Chapter 22 

Synthesis and Characterization of Water-Soluble 
Nonionic and Anionic Lignin Graft Copolymers 

John J. Meister, Damodar R. Patil, Cesar Augustin, and James Z. Lai 

Department of Chemistry, University of Detroit, Detroit, MI 48221-9987 

A general method of grafting lignin has been devel
oped which allows solvent extracted lignin, steam ex
ploded lignin, and kraft lignin to be converted to com
plex polymers. The lignins grafted have been obtained 
from aspen, poplar, and pine. The lignins are research 
samples, pilot plant products and commercial prod
ucts from paper production. The types of materials 
made to date will be illustrated with a series of poly
mers made as industrial process chemicals. Nonionic 
copolymers of virtually any composition and molecular 
weight can be made from lignin and 2-propenamide. A 
graft terpolymer of lignin has been made by free radi
cal reaction of 2-propenamide and 2,2-dimethyl-3-amino-
4-oxohex-5-ene-1-sulfonic acid in the presence of kraft 
pine lignin. The water soluble product is a thicken
ing agent and has limiting viscosity number in water at 
30°C which increases as the fraction of sulfonated re
peat units in the molecule increases. The grafting re
action is rapid and yields of 80 weight % or more can 
be obtained in as little as 30 minutes from reactions run 
in 1,4-dioxacyclohexane or dimethylsulfoxide. The re
action is initiated by a hydroperoxide, chloride ion, and 
lignin. Hydroxide radicals produced with iron (2+) do 
not appear to produce grafting. Adding 50 mole % sul
fonated monomer to the reaction mixture produces graft 
copolymers with 12 to 24 times larger limiting viscos
ity numbers when compared to nonionic poly(lignin-g-1-
amidoethylene). Adding 20 mole % sulfonated monomer 
to the reaction mixture increases product limiting vis
cosity number by a factor of 2 to 5. 

0097-6156/89A)397-0294$06.00A) 
© 1989 American Chemical Society 
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22. M E I S T E R E T A L . Water-Soluble Lignin Graft Copolymers 295 

E v e r y year the U . S paper industry produces over 33 m i l l i o n metr ic tons of 
kraft l i g n i n (1). M o s t of this biomass is burned as fuel but s m a l l amounts 
are used as binders, asphalt addit ives, or cement addit ives. Larger fractions 
of this waste would be used i n other industr ia l or commerc ia l processes i f 
an economical way existed to convert l ignin into a marketable product w i t h 
sufficient profit m a r g i n to compensate for the loss of the fuel . 

A way to make such a conversion has now been produced (2,3) . M o r e 
over, we have developed a chemistry for l i g n i n that is apparent ly general. 
It is general i n the l ignins used i n that a whole series of l ignins w i t h d r a w n 
f rom wood by different techniques have been grafted by this method , as 
shown by the d a t a of Table I. Since we recognize the potent ia l for l i gn in 
u t i l i za t i on i l lustrated by the breadth of the chemistry we have developed, 
we have undertaken a broad and detailed study of thermoplast ic and ther-
moset copolymers of l i gn in . These derivatives of l i gn in are being prepared 
and examined for their potent ia l as process chemicals or commerc ia l and 
engineering materials . 

A l l of the samples received were used "as i s " and were laboratory, p i lo t 
p lant , or commercial ly -produced l ignins . 

T h e reaction converts l ign in to a water-soluble copolymer or plast ic 
by graft po lymer izat ion . T h e graft copolymer is formed by conduct ing 
a free-radical po lymer izat ion of an appropriate monomer on any of the 
l ignins described i n Table I. T h i s report w i l l describe preparat ion and test
ing of water-soluble, graft copolymers made w i t h 2-propenamide and 2 ,2 -
dimethyl-3-amino-4-oxohex-5-ene- l -sul fonic ac id i n nitrogen-saturated, or
ganic or aqueous/organic solvent containing l i g n i n , ca l c ium chloride, and 
a hydroperoxide. W h i l e the copolymerizat ion can be r u n by a number of 
common methods, we have used solut ion po lymer izat ion to prepare labo
ratory or p i lot plant scale samples of copolymer. W e have shown graf t ing 
can be done using any of the l iquids in Table II , which are now k n o w n to 
be effective i n so lut ion po lymer izat ion of graft copolymers. T h i s po lymer
i zat ion process gives us easy heat control and rap id product i on of products 
for testing. 

T h i s reaction produces graft copolymers that possess side chains con
t a i n i n g repeated po lar units or mul t ip le , ionic bonds whi ch dissociate i n 
polar solvents. T h e product can be an anionic or nonionic water-soluble 
copolymer w i t h a l i m i t i n g viscosity number i n the range of 0.2 to 11 d L / g . 
T h e products increase the viscosity of aqueous so lut ion , act as flocculat-
ing /de f loccu lat ing agents, t h i n n i n g agents, dispersing agents, and sequester 
ca l c ium ions. In the fol lowing sections, the synthetic procedure, pur i f i ca 
t i on procedures, characterizat ion results, proof of graft ing, tests of the role 
of i ron i n the i n i t i a t i o n of graft ing, and determinat ion of extent of reaction 
as a funct ion of t ime w i l l be described. 

E x p e r i m e n t a l 

Synthesis. T h e po lymer izat ion can be run i n any one of several solvents, 
l isted in Table I I . Dimethylsul foxide has been used as the solvent for a l l 
reactions reported here. In other solvents, the product often precipitates as 
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296 LIGNIN: PROPERTIES AND MATERIALS 

Table I. Lignins Grafted with Hydroperoxy/chloride Chemistry 

Source 

Pine a Aspenb Yellow Poplar 0 

Extraction Method 

Kraft Solvent Extracted Steam Exploded 

aPine lignins from the Westvaco Corporation of Charleston, SC. 
^Aspen lignin from the Solar Energy Research Institute, of 
Golden, CO. 

cYellow poplar lignins from BioRegional Energy Associates, 
of Floyd, VA. 

Table II. Liquids Useful in Solution Polymerization of Graft 
Copolymers 

Dimethyl Sulfoxide 3 (DMSO) 
1,4-Dioxacyclohexanea 

Watera 

Dimethylformamide 

1-Methyl-2-pyrrolidinone 
Dimethylacetamide 
Pyridine 

aMost frequently used liquids. 
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22. M E I S T E R E T A U Water-So luble Lignin Graft Copolymers 297 

the reaction proceeds. T h i s reaction can be successfully r u n w i t h concentra
tions or mole ratios of the reactants in the following ranges: (1) 25 weight 
% or less reactable solids content; (2) hydroperoxide to ca l c ium chloride: 
0.25 to 32; (3) hydroperoxide to l i gn in ( M n ) : 21 to 113; and (4) 0.01 to 
0.95 weight fract ion of monomer i n reactable solids. 

T o a dry Erlenmeyer flask of appropriate size, add one ha l f of the 
reaction solvent. A l l reactants, inc lud ing the dry mass of hydroperoxide , 
should not constitute more than 23 weight % of the reaction m i x t u r e or 
an insoluble product may be produced. A d d dry l i g n i n and dry c a l c i u m 
chloride to the reaction vessel and cap w i t h a septum or rubber stopper. In 
a separate vessel, dissolve 2-propenamide i n about one quarter to one ha l f of 
the solvent and , i f appropriate , i n a t h i r d vessel dissolve a second monomer 
i n the final one quarter of the solvent. Saturate both monomer solutions 
w i t h N 2 by bubb l ing w i t h the gas for 10 minutes. Saturate the l i gn in 
so lut ion w i t h N2 for 10 minutes. A d d the hydroperoxide to the m i x t u r e , 
bubble w i t h N2 for 5 minutes, cap, and st ir for 10 minutes. W h i l e s t i r r ing 
the l i gn in reaction so lut ion, further saturate the monomer solutions w i t h 
N 2 . A d d the 2-propenamide so lut ion to the l ign in so lut ion w i t h s t i r r ing and 
under an N2 b lanket . W a i t 1 minute . A d d the second monomer so lut ion 
to the reaction vessel in the same way. St i r and cap the reaction under an 
N2 b lanket . P lace the reaction vessel in a 30°C bath for 48 hours. 

T h e reaction is terminated w i t h a s m a l l volume of aqueous, 1% hy -
droquinone so lut ion and a volume of water equal to 1/3 of the reaction 
so lut ion volume is added to the product . T h i s so lut ion is added to 10 t imes 
its volume of 2-propanone and the polymer is recovered by filtration. T h e 
solids are redissolved i n water. T o remove ca l c ium ion f rom the product , 
an amount of Na2C2Û4 equal to the moles of C a C l 2 added to the reaction 
is placed i n the so lut ion . T h e CaC2Û4 precipitate is removed by filtration. 
T h e filtrate is d ia lyzed against d ist i l led water for 3 to 5 days using # 6 Spec-
tropore dialysis tub ing . T h e di lute aqueous so lut ion is then freeze dr ied to 
recover the product . 

Assays. A n a l y t i c a l procedures for determining ox id iz ing equivalents by 
iod ine / th iosul fate t i t r a t i o n , l ign in content by U V assay, 1-amidoethylene 
content by K j e l d a h l assay, l i m i t i n g viscosity number, and elemental com
posit ion are given i n ref. 4. T h e elemental assay for sulfur was done by 
A S T M method D 3177-82 w i t h the correction that i n step 7.3, the so lut ion 
is brought to p H ~ 3.8 w i t h 6 M HC1 rather than 2.5 M N a O H as incorrect ly 
specified i n the procedure. Size exclusion chromatography was done w i t h a 
mobile phase of p H = 13, 0.1 M N a C l . A l l solutions were filtered through 
an 8 μτη Nucleopore filter before use. T h e flow rate was 0.5 m L / m i n . and 
the mobile phase was not degassed. T h e injected sample size was 10 μL 
and the columns were mainta ined at 43°C dur ing a l l separations. Spectra 
were taken f rom 200 to 420 n m and absorbance at 220 n m was p lot ted ver
sus t ime for e lut ion profile. T o t a l permeation volume of the columns was 
44 m L and to ta l permeation t ime was 88 m i n . 

E lementa l analyses were also performed on most samples and these 
d a t a were used to calculate the repeat uni t content of the products using 
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298 LIGNIN: PROPERTIES AND MATERIALS 

the fo l lowing relationships: 

WPS = 7.1499 x S 

WPN = 5.0745 χ Ν - 2.217 x S 

R N / S = (2.2889 χ Ν - S)(S~l) 

where S = weight percent sulfur i n sample; Ν = weight percent nitrogen i n 
sample; WPS = weight percent of sample as s od ium l - ( 2 - m e t h y l p r o p - 2 N -
yl-sulfonate) amidoethylene repeat units ; WPs = weight percent of sample 
as 1-amidoethylene units ; and RNJS is the molar rat io of amide repeat units 
to N-subst i tuted , sulfonate containing repeat units . 

Materials. L i g n i n , which makes up the backbone of the graft copolymers, 
is a crossl inked, oxyphenylpropy l polymer that acts as an intercel lular glue 
i n woody plants. M o s t l ign in used i n these studies is a commerc ia l p r o d 
uct. T h e mater ia l is a kraft pine l i gn in prepared i n "free a c i d " f o rm w i t h 
a number-average molecular weight of 9600, a weight-average molecular 
weight of 22,000, and a polydispers i ty index of 2.29. T h e ash content o f 
the l ign in is 1.0 weight percent or less. T h e mater ia l was used as received. 
E lementa l analysis is C 61.66, Ν 0.89, Η 5.73, S 1.57, C a 0.08, and Fe 0.014 
weight percent. Other l ignins used are described i n the text w i t h the results 
of the reaction or test. 

2 -Propenamide (common name acrylamide) used i n a l l reactions was 
reagent grade monomer that was recrystal l ized f rom tr ichloromethane after 
hot filtration and dried under vacuum ( P < 1.3 Pa ) at r oom temperature 
for 24 h . T h e anionic monomer, 2 ,2 -d imethyl -3 - imino-4-oxohex-5-ene- l -
sulfonic ac id , was purif ied by heating a 15.2 weight percent so lut ion i n 
methanol to 65°C, filtering the hot so lut ion , recovering the prec ipi tated 
monomer f rom the cool so lut ion , and vacuum d r y i n g the so l id at r oom t e m 
perature for 24 hr . Dimethylsul foxide was stabi l ized reagent grade mater ia l 
that was freshly vacuum dist i l led at 50°C before use. C a l c i u m chloride and 
other salts used were reagent grade materials and were used as suppl ied . 
Gases used i n the syntheses were s tandard commercial grade cyl inder gases. 

T h e dialysis membrane used was Spectrapor no.6, a 1000 upper -
molecular-weight-cutoff cellulose, 45 m m diameter, membrane t u b i n g made 
by S p e c t r u m M e d i c a l Industries, Los Angeles, C A . 

Equipment. L i g n i n spectra were run on a P e r k i n - E l m e r L a m b d a 3, U V -
visible spectrophotometer. Freeze dry ing was done on a F T S Systems 
M o d e l F D X - 1 - 8 4 lyophi l izer . Weighings were done on a Met t l e r B 6 b a l 
ance. T h e viscometers used i n f lu id property measurements were C a n o n -
Fenske capi l lary viscometers or a Brookf ie ld L V T cone and plate viscometer. 
Size exclusion separations were performed w i t h a V a r i a n model 5000 h i g h -
performance l iqu id chromatograph equipped w i t h a Rheodyne 10/zL fixed-
loop injector. T h e columns used i n this work were T S K - G e l guard co lumn; 
T S K - 4 0 0 0 - p w co lumn; and T S K - 5 0 0 0 - p w co lumn, p lumbed i n sequence. 
T h e detector was a Hewle t t -Packard H P - 1 0 4 0 A h igh speed spectrophoto-
metr ic detector w i t h its support ing computer, the H P - 8 5 , containing 16k 
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22. M E I S T E R E T A L . Woter-Soluble Lignin Graft Copolymers 299 

bytes of add i t i ona l memory. T h i s detector can per form absorbance mea
surements at wavelengths f rom 190 to 600 n m and can detect and store an 
entire spectrum of the contents of the detector cell over the above wave
length range every second. T h i s capacity allows spectra to be taken at n u 
merous times dur ing the e lut ion of a chromatographic peak and is c r i t i ca l to 
prov ing the existence of graft copolymers by mult ivar iate curve resolution 
(4 ,5) . 

R e s u l t s a n d D i s c u s s i o n 

Ρ oly (lignin-g-(l-amidoethylene)). These nonionic molecules are s m a l l i n 
size, readi ly adsorbed on s i l i ca surfaces, and prone to complex d i - and t r i -
valent meta l ions f rom aqueous solut ion (2 ,3) . Synthet ic results for several 
samples of po ly( l ignin-g- ( l -amidoethylene) ) are given i n Tab le III . 

Note that these reactions show that copolymer can be produced w i t h 
large weight fractions of l i gn in in the molecule. T h i s chemistry can be used 
to place short sidechains on l i g n i n . Other l ignins can be reacted w i t h this 
chemistry. Table I V shows synthetic data for the preparat ion of p o l y ( l i g n i n -
g- ( l -amidoethylene)) f rom several different l ignins. Sample 1 is a kraft pine 
l ign in grafted i n a reaction coinit iated w i t h sod ium chloride. T h e l ign in 
used i n these studies is the commercial product described under Materials. 

Sample 2 was run w i t h a steam-exploded, solvent-extracted aspen 
l i gn in . T h i s backbone, provide by the Solar Energy Research Inst i tute , 
G o l d e n , Co lorado , as D J L X 1 3 is an I - O - T E C H process, wood extract . A f 
ter steam decompression to disrupt the wood fiber, the wood was extracted 
w i t h tetrachloromethane at approximately r o o m temperature and reduced 
pressure. T h e wood was then extracted w i t h methanol at 60°C and reduced 
pressure. T h e l ign in sample used was recovered as the methano l extract . 
Samples 3 and 4 are results on a yellow poplar l i g n i n . T h e mater ia l was 
produced by B i o R e g i o n a l Energy Associates of F l o y d , V i r g i n i a . It is pro 
duced by steam exploding the wood, washing w i t h water, extract ing w i t h 
a lka l i , and prec ip i tat ing w i t h minera l ac id . T h e l i gn in has a h igh carboxyl i c 
ac id content and a high level of phenolic h y d r o x y l groups. T h e molecular 
weight of the product was 1,000 to 1,200. Samples 5 and 6 are p o l y ( l i g n i n -
g- ( l -amidoethylene)) copolymers made w i t h kraft pine l i g n i n and r u n as 
controls at the same t ime as the reactions were run on poplar l i g n i n . Y i e l d 
and product properties are comparable for samples 4, 5, and 6 but the y i e ld 
of sample 3 is low. T h i s low y ie ld may be due to loss of product d u r i n g 
dialysis . 

D a t a for a series of graft copolymers made using 2-propenamide are 
given i n Table V for copolymers synthesized i n dimethylsul foxide. These 
d a t a show that m a x i m u m y ie ld is obtained when the chloride ion to l i gn in 
mole rat io is 492. T h e reaction on l ignin w i t h 2-propenamide is general 
i n the composit ion and product properties that may be acheived. Table V 
shows the spectrum of l ign in contents, 2-propenamide contents, and reagent 
ratios that can be used to produce a funct ional copolymer of differing com
pos i t ion , s tructure , and physical properties. 
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300 LIGNIN: PROPERTIES AND MATERIALS 

Table I I I . Y i e l d and L i m i t i n g V i s c o s i t y Number f o r 
Lignin-(2-propenamide) Reactions 8 

wt % 
anhyd CaCl2 l i m i t i n g 1 3 polymerized Ca 

sample i n r e a c t i o n y i e l d v i s c o s i t y 2-propen a f t e r 
no. mixture, wt % g/wt$ no., dL/g l i g n i n amide ashing 

1 4.0 3.36 / 90.8 0.59 7.5 67.6 4.91 
2 2.0 3.64 / 98.4 0.46 6.95 73.4 2.25 
3° 2.2 1.5 /100.0 0.21 12.4 48.3 6.94 

A l l r e a c t i o n mixtures contained 20.0 mL of oxygen-bubbled, 
i r r a d i a t e d dioxane, 0.5 g of l i g n i n , and 0.15 mL of eerie s u l f a t e 
s o l u t i o n . Reactions run i n a Pyrex f l a s k and contained 1,4-

bdioxane i r r a d i a t e d for 3 h and 0.045 mol (3.2 g) of 2-propenamide. 
cDetermined i n d i s t i l l e d water at 30 C. 
Reaction run with 0.014 mol (1.0 g) of 2-propenamide. 

Table IV. Poly(lignin-g-(1-amidoethylene)) formed from Various 
Lignins and C o i n i t i a t o r s 

Composition of Reaction(g) 
2-propene Chloride Hydroper-

Sample Li g n i n amide S a l t a oxide Solvent 

Y i e l d 

0.50 
0.50 
0.51 
0.50 
0.50 
0.50 

3.21 
3.20 

0.68 
0.62 

21 
20 

3.27 
3.22 

,62 
,62 
,64 
,63 

0.482 mL 
0.482 mL 
0.482 mL 
0.482 mL 
0.482 mL 
0.482 mL 

21.28 
21.28 
21.30 
21.33 
21.39 
21.29 

L i g n i n 
(g/wt.g) Type 
3.46/93.3 Kr a f t 
3.48/94.05 I-O-Tech 
2.48/66.67 Poplar 
3.50/86.48 Poplar 
3.20/84.88 Kr a f t 
3.26/87.63 K r a f t 

aThe same number of moles of c h l o r i d e ion i s used i n sample 1 and 
samples 2 to 4. Sample 1 received sodium c h l o r i d e while samples 
2 to 4 received calcium c h l o r i d e . 
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302 LIGNIN: PROPERTIES AND MATERIALS 

T h e above d a t a , when analyzed for the effects of i n d i v i d u a l reactants , 
shows that chloride i on is a c r i t i ca l reactant i n contro l l ing the y i e l d a n d 
l i m i t i n g viscosity number of the product copolymer. T o quanti fy this effect 
as a first step i n o p t i m i z i n g this synthesis, a series o f tests were r u n i n the 
above solvent system w i t h each reaction hav ing a different level o f choride 
i on content. T h e results of the reactions are given i n Tab le V I . T h e com
pos i t i on , reaction condit ions, and y ie ld for these reactions are also l i s ted 
i n Tab le V I . T h e concentration of l i g n i n and 2-propenamide were kept at 
around 1.9 and 11.8 to 12.5% b y weight, respectively, whi le vary ing the c a l 
c i u m chloride content f rom 0.97 to 3.78 weight %, as shown i n Tab le V I I . 
T h i s nonionic graft copo lymerizat ion produces a m a x i m u m y ie ld when con
centrat ion o f the c a l c i u m chloride is at 2 .41% b y weight o f t o t a l react ion 
mass, as shown i n F igure 1. 

Poly(lignin-g-((l-amidoethylene)-co-(sodium l'(2-methylprop-2N-yl-l-sulfo-
nate) amidoethylene))). A strongly anionic polyelectrolyte can be made 
f r o m l i g n i n by conduct ing a graft po lymer izat ion i n the presence of 2-
propenamide and 2 ,2-dimethyl -3- imino-4-oxohex-5-ene- l -sul fonic ac id or 
i ts salts . D a t a f r o m 22 reactions are given i n Table V I I I . T h i s compound 
w i l l be cal led copolymer 2. A l l reactions, w i t h the exception of number 10, 
contained 0.50 g of kraft pine l i gn in . T h i s series of reactions was r u n to 
determine: (1) the dependence of y ie ld on reactant concentrations; (2) an 
est imate of extent o f reaction as a funct ion o f t ime; a n d (3) the effect o f 
i r on contaminat ion on reaction y i e l d . P r o o f of graft copo lymer izat ion must 
be provided for these reaction products . A l l too frequently, mater ia ls s y n 
thesized i n the presence of a possible backbone are assumed to be graft 
copolymerized (7). In place of assumed synthetic success, we have used a 
previously developed size exclusion chromatography method to verify that 
s idechain and backbone are chemical ly b o u n d (2-5). In this technique, the 
absorbance spectra f rom 200 to 600nm o f the effluent f r om the chromatog
raphy co lumn is taken i n real t ime throughout the e lut ion of a peak. These 
spectra al low identi f ication of the mater ia l i n the detector cell and show 
the presence of backbone or s idechain at any po int i n the e lut ion profile. 

Size exclusion chromatograms for pure l i g n i n and sample 8, Tab le V I I I , 
are shown i n F igure 2. T h e copolymer sample produces an absorbance peak 
at 34 m i n f rom the inject ion of 10 uL of 1.46 g / d L sample 8 i n mobi le phase. 
T h e l i gn in chromatogram shows an absorbance m a x i m u m at 38.5 m i n after 
in ject ion of 10 μΙ> of 0.45 g / d L of l i gn in . E l u t i o n of copolymer 8 starts 
at 25 m i n , 7 m i n ahead of the 32 m i n start of e lut ion of l i gn in f r o m the 
co lumns under ident i ca l condit ions. Since the earlier e lut ion of copolymer 8 
shows i t is a larger-molecular-size m a t e r i a l , these chromatograms provide 
strong support for the f ormat ion of graft copolymer. F i n a l proof is pro 
v ided by the ultravio let spectra of the e lut ing polymers . T w o spectra of 
sample 8 effluent taken at 29.29 and 31.96 m i n both show the character
ist ic absorpt ion m a x i m a at 220 n m and shoulder at 286 n m characterist ic 
of l i g n i n . T h e 31.96 m i n spectra of sample 8 effluent is shown i n F i g u r e 3. 
Since reaction product l i g n i n is e lut ing f rom the co lumn before any pure 
l i gn in is seen i n the detector, the reaction must have enlarged the reacted 
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22. MEISTERETAL. Water-Soluble Lignin Graft Copolymers 303 

Table VI. Synthetic Data of Poly(lignin-g-2-propenamide) 

Sample 
Number 
24-124-1 
24-124-2 
24-124-3 
24-124-4 
24-134-1 
24-134-2 
24-134-3 

Reactant 
(weight i n grams) 

Li g n i n CaCl _A 
0.50 0.25- 3.21 
0.50 
0.50 
0.50 
0.51 
0.51 
0.50 

0.38 
0.50 
0.63 
0.77 
0.92 
1.05 

3.20 
3.20 
3.20 
3.20 
3.21 
3.23 

Ε 
DMSQ (mL) 
21.29 0.50 
21.21 0.50 
21.27 0.50 
21.28 0.50 
22.03 0.50 
21.35 0.50 
21.53 0.50 

Reaction parameter 
CI Ca/g Y i e l d 

mmole Cl/L Cl/H % 
4.50 0.97 9.00 1.07 92.17 
6.85 1.47 13.7 1.63 94.59 
9.01 1.93 18.02 2.15 96.56 
11.35 2.41 22.70 2.71 99.20 
13.87 2.85 27.40 3.31 93.00 
16.58 3.47 32.51 3.96 87.33 
18.92 3.92 37.84 4.34 84.18 

Note : 
A: 2-propenamide. 
E: 30 % hydrogen peroxide (equivalent weight : 8.383 meq/mL). 
Ca/g: calcium c h l o r i d e content (wt $). 
Cl/L : c h l o r i d e content per u n i t weight of l i g n i n . 
Cl/H : molar r a t i o of c h l o r i d e to hydrogen peroxide. 

Table VII. The Composition of Reaction Mixtures Used to Make 
Ligni n Graft Copolymers 

Sample T o t a l L i g n i n CaCl. Monomer Monomer Y i e l d 
number mass wt> wt* 2 wt* mmole/g 

24-124-1 25.75 1.94 0.97 12.47 1.75 92.17 
24-124-2 25.79 1.94 1.47 12.41 1.75 94.59 
24-124-3 25.97 1.93 1.93 12.32 1.73 96.56 
24-124-4 26.11 1.91 2.41 12.26 1.72 99.20 
24-134-1 27.01 1.89 2.85 11.85 1.67 93.00 
24-134-2 26.49 1.93 3.47 12.12 1.71 87.33 
24-134-3 26.81 1.86 3.92 12.05 1.69 84.18 
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304 LIGNIN: PROPERTIES AND MATERIALS 

F igure 1. Y i e l d vs. ca l c ium chloride content per t o ta l mass i n reactions of 
the nonionic copolymer. 
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306 LIGNIN: PROPERTIES AND MATERIALS 

Figure 2. Size exclusion chromatogram of lignin and the anionic copolymer as 
monitored by absorbance at 220 nm. 

Figure 3. A n ultraviolet absorbance spectrum of the anionic copolymer showing 
the characteristic absorbance pattern of lignin. 
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l ign in molecule by forming a graft copolymer. A spectrum of pure l i gn in 
effluent at 36.96 m i n is also given i n F igure 3. These d a t a conf irm that 
graft copolymer has been made. 

Mechanistic Studies. Reactions 1 to 7 were r u n w i t h different mole ratios 
of l i g n i n to hydroperoxide and chloride ion to hydroperoxide. A m a x i 
m u m y ie ld of 87 wt . % of polymerizable mass i n the reaction is ob
tained when the l i g n i n to hydroperoxide mole rat io is 4.17 x 1 0 ~ 2 a n d 
the chloride ion to hydroperoxide mole rat io is 7.21. These ratios occur i n 
sample 2. Previous studies (2) have shown that the mole ratios between 
l i gn in , chloride i o n , and hydroperoxide control y ie ld i n the graft copoly
mer izat ion of po ly ( l ignin-g- ( l -amidoethylene) ) . These same ratios con
t ro l y i e ld i n the format ion of po ly ( l ign in-g - ( l - (2 -methylprop-2N-y l ) su l fon ic 
acid)amidoethylene)-co- ( l -amidoethylene)) ) . These results i m p l y that the 
graft ing mechanism involves l i g n i n , chloride i o n , and hydroperoxide . A n 
i n i t i a t i o n reaction which is compatible w i t h a l l findings to date is the at 
tack on l ign in by a hydroperoxide-(chloride ion) complex to create a site for 
free rad ica l propagat ion. Such complexes have been seen i n E S R studies of 
hydroperoxides (8). 

Samples 8 and 9 of Table V I I I show that this graft ing reaction can also 
be r u n w i t h an alternative hydroperoxide, 1 ,2 -d ioxy-3 ,3 -d imethylbutane . 
T h i s commercial ly available hydroperoxide can be used i n place of 1,4-
dioxacyclohexane-2-hydroperoxide. Sample 10 shows that amounts of 
copolymer as large as 40g can be made i n single pot reactions. Reac
tions 11 to 16 of Table V I I I were identical composit ion tests r u n for different 
amounts of t ime . Sample 11 was terminated after 31 m i n , sample 12 after 
1 hr , samples 15 and 16 after 3 hr , sample 14 after 24 hr , and sample 13 
after 48 hr . These d a t a were gathered to determine the m i n i m u m durat i on 
of the reaction. T h e results showed that h igh yields (samples 11 and 16) 
can be obtained i n reaction times as short as 30 m i n . Several samples (12 
and 15) show low yields after reaction t imes as long as 3 hr but these results 
were obtained f rom a contaminated reaction or a reaction containing less 
than the appropriate amount of solvent, respectively. Previous reactions 
run i n 1,4-dioxacyclohexane gave high yields i n short react ion t imes (2 ,9 ) . 
These d a t a support a free radica l po lymer izat ion mechanism for ethene 
monomers adding to l ignin (2 ,9) . Free radica l reactions have rates w h i c h 
are insensitive to change of solvent. 

Samples 17 to 22 were ident ical , 48 hr reactions r u n w i t h different 
amounts of iron(2+) i n the reaction mix ture . Samples 17 and 21 conta in 
only the i ron added as a 104 p p m contaminant of l i g n i n . T h e reaction m i x 
ture, i n these cases, contains 9.28 x 1 0 ~ 7 moles of F e 2 + . T h e mole rat io 
between hydroperoxide and i ron is 1,340. Since i ron i n neutra l or acidic so
l u t i o n is not reduced i n the presence of hydroperoxide, i f the hydroperoxide-
F e 2 + were act ing as a Fen ton's in i t ia tor for free rad ica l po lymer izat i on , on ly 
2 % of the l i gn in i n the reaction mixture could be grafted and the l i gn in 
content of the reaction product would be 0.2 wt . %. React ion products 
usual ly contained between 6 and 10 wt . % l i gn in , a l i gn in concentrat ion 
which could not occur unless extremely large amounts of chain transfer 
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308 LIGNIN: PROPERTIES AND MATERIALS 

took place. Since l ign in forms less reactive, quinoid-type structures when 
proton abstracted, h igh propagation rates could not be achieved by chain 
transfer mechanisms. T o confirm that F e 2 + was not a reagent active i n 
the in i t ia t i on of this reaction, several more reactions were r u n w i t h larger 
concentrations of F e 2 + . 

Reac t ion 22 has an R02H /Fe 2 + mole rat io of 160 but has about the 
same y ie ld as an uncontaminated reaction, #17 and 21. React ion 19 has an 
R02H /Fe 2 + mole rat io of 13.3 but again shows no change i n y ie ld f r om that 
of an uncontaminated reaction. Sample 20 has a 1.35 mole rat io o f RO2H 
to F e 2 + and shows a sharp decrease i n reaction y ie ld and graft ing . Here, 
the approximately 1:1 mole rat io of peroxide to i ron should produce a h igh 
concentration of hydroxide radicals and extensive po lymer izat ion i f these 
radicals are part of the po lymer izat ion process. Instead of a h igh y i e l d , 
however, the reaction y ie ld was less than one t h i r d of that obtained i n the 
absence of i r on . Therefore, a Fenton's i n i t i a t i o n mechanism for this reac
t i on is inconsistent w i t h the d a t a and probably does not occur. E l e m e n t a l 
analysis d a t a of Table V I I I showed that product composit ion is proximate 
to, but not equal to, reaction m i x t u r e composit ion. 
Properties. T h e l i m i t i n g viscosity number values of these graft copolymers 
show that the molecules are sharply expanded by the addi t ion of an ionic 
monomer to the cha in . React ions (3) run w i t h the same number o f moles 
of nonionic monomer (0.045) and produc ing approximate ly the same y ie ld 
of product gave l i m i t i n g viscosity numbers of 0.50 d L / g . In reactions 1 
to 7 where 50 mole % of the monomer is now sulfonated, ionic monomer , 
the l i m i t i n g viscosity number is 12 to 24 times higher. For products 8 to 
10, the reaction mixture contained 20 mole % sulfonated monomer. T h e 
l i m i t i n g viscosity numbers for samples 8 to 10 are 2 to 5 times higher t h a n 
those of the nonionic copolymer, po ly ( l ignin-g- ( l -amidoethylene) ) (3). T h e 
add i t i on of sulfonated repeat units makes the polymer a better th ickening 
agent and may make i t a better complexing or flocculating/deflocculating 
agent. 

Conclusions 

A general method of graft ing l ign in has been developed whi ch allows solvent 
extracted l i g n i n , steam exploded l i g n i n , and kraft l i gn in to be converted to 
complex polymers. T h e l ignins grafted have been obtained f rom aspen, 
poplar , and pine. T h e l ignins are research samples, p i lo t plant products , 
and commercia l products f rom paper product ion . T h e types of mater ials 
made to date are indus t r ia l process chemicals and are nonionic and anionic 
graft copolymers of l i gn in . Extensive studies on the nonionic copolymer, 
po ly ( l ignin-g - ( l -amidoethylene) ) , show that the mater ia l can be made w i t h 
a broad spectrum of l ignins, that product properties can be control led by 
control of reaction chloride ion content and monomer content, and that 
v i r t u a l l y any l ignin content, molecular weight, and sidechain content can 
be achieved by control of synthesis variables. 

A graft terpolymer of l i gn in has been made by free rad ica l reaction of 
2-propenamide and 2,2-dimethyl-3-amino-4-oxohex-5-ene- l -sul fonic ac id i n 
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22. MEISTER ET A L Water-Soluble Lignin Graft Copolymers 309 

the presence of kraft pine l i g n i n . T h e water soluble product is a thickening 
agent and has a l i m i t i n g viscosity number i n water at 30°C whi ch increases 
as the fract ion o f sulfonated repeat units i n the molecule increases. T h e 
graft ing reaction is rap id and yields of 80 wt . % or more can be obtained i n 
as l i t t l e as 30 m i n f rom reactions run i n 1,4-dioxacyclohexane or d i m e t h y l -
sulfoxide. T h e reaction appears to be in i t ia ted by a hydroperoxide , chloride 
i on , and l ign in though the exact steps of the i n i t i a t i o n are not known. Since 
the add i t i on of F e 2 + to the reaction reduces y ie ld at hydroperoxide to F e 2 + 

mole ratios of about 1, hydroxide radicals produced w i t h F e 2 + do not appear 
to produce graft ing . A d d i n g 50 mole % sulfonated monomer to the reaction 
m i x t u r e produces graft copolymers w i t h 12 to 24 times larger l i m i t i n g v i s 
cosity numbers when compared to nonionic po ly ( l ign in -g - l -amidoethy lene ) . 
A d d i n g 20 mole % sulfonated monomer to the reaction m i x t u r e increases 
product l i m i t i n g viscosity number by a factor of 2 to 5. 

For 2-propenamide, the reaction produced a m a x i m u m y ie ld when the 
c a l c i u m chloride content is at 2 .41% by weight of t o ta l reaction mass. In 
these nonionic copolymers, the l i m i t i n g viscosity number is decreased w i t h 
an increase of ca l c ium chloride content. T h e e lut ion volume of copoly
mers dur ing size exclusion chromatography i n basic aqueous mobile phase 
is smaller than that of l i gn in . Ul trav io le t spectroscopy and size exc lu 
sion chromatography verify the format ion of graft copolymer. These graft 
copolymers are h igh ly water soluble, w i l l increase the viscosity of aqueous 
solutions, and can be used as thickening agents and dispersing agents. 
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Chapter 23 

Characteristics and Potential Applications 
of Lignin Produced by an Organosolv Pulping 

Process 

J . H. Lora 1 , C. F. Wu 1 , Ε. K. Pye1, and J. J. Balatinecz1,2 

lRepap Technologies Inc., 2650 Eisenhower Avenue, P.O. Box 766, Valley 
Forge, PA 19482 

2Faculty of Forestry, University of Toronto, Toronto, Ontario M5S 1A4, 
Canada 

The A L C E L L process, a proprietary organosolv pulping 
process, produces a novel lignin by-product. This lignin 
has many physical and chemical properties which distin
guish it from lignins produced by the kraft and sulfite 
processes. It has a low molecular weight (Mn ~ 1000), 
is highly hydrophobic and insoluble in neutral or acidic 
aqueous media, but soluble in moderate to strong alka
line solutions and certain organic solvents. It has a Tg in 
the range of 130°C. This material, soon to be produced 
in tonnage quantities from a commercial-scale demon
stration plant in New Brunswick, Canada, has many po
tential applications. It shows strong promise as a partial 
replacement on an equal weight basis for PF resins in 
waferboard, OSB and other wood composites. The re
sults of tests of boards made from this material having 
different characteristics will be presented. Other appli
cations for this novel lignin will be discussed. 

Organosolv p u l p i n g has been of considerable interest as a laboratory process 
for most of this century, but u n t i l recently has not received serious at tent ion 
for development as a commerc ia l process. W i t h i n the last decade, increas
i n g concern about the cap i ta l cost and scale o f economical ly v iable new 
kraft pu lp mi l l s , together w i t h the problems of environmental impact of 
conventional chemical pu lp product i on , have caused several companies to 
seriously consider commerc ia l development of alternatives . A m o n g the a d 
vantages to organosolv p u l p i n g processes when compared to kraft are lower 
cap i ta l costs, smaller scale for economical ly attract ive operat ion (which 
allows the use of smaller wood resource areas), s ignif icantly lower env i ron 
m e n t a l impac t , and the product i on of by-products of potent ia l ly signif icant 
commerc ia l interest. 

0097-6156/89/0397-0312$06.00A) 
© 1989 American Chemical Society 
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Montreal -based Repap Enterprises C o r p o r a t i o n Inc. , is embarked on 
a commerc ia l i zat ion program for an organosol ν p u l p i n g process, k n o w n 
as the A L C E L L process. T h i s process, developed by Repap ' s subsidiary, 
Repap Technologies Inc., of Va l l ey Forge, Pennsy lvan ia , f r o m earlier work 
of C P . Associates of M o n t r e a l , is an aqueous ethanol-based organosolv pro
cess which , i n p i lot plant studies, has produced hardwood pulps that after 
b leaching have comparable qual i ty to bleached kraft pulps . In add i t i on , 
i t produces a l i gn in by-product having interesting and unique properties. 
T h i s l i g n i n recovered f rom pi lot p lant cooks of various hardwoods has been 
examined for its chemical and physical properties and has been tested i n n u 
merous appl icat ions w i t h significant success and interest. In early 1989 the 
mater ia l w i l l be available i n tonnage quantit ies as a byproduct of a 33-ton 
of p u l p / d a y commerc ia l demonstrat ion p lant . It is ant ic ipated that large 
amounts of A L C E L L l i g n i n w i l l be available once the process is widely used 
industr ia l ly . T h i s paper deals w i t h the characteristics of A L C E L L l i g n i n as 
produced f rom different hardwoods and hardwood mixtures a n d discusses 
pre l iminary d a t a and opportunit ies for commerc ia l app l i ca t i on . 

Production 

In the A L C E L L process, conventional hardwood chips are cooked i n batch 
extractors w i t h an aqueous ethanol l iquor at appropriate temperatures, p H , 
and t ime . In the process l i g n i n , hemicellulose and other various components 
of wood are extracted f rom the chips into the aqueous ethanol f orming a 
black l iquor . 

T h i s black l iquor is flashed and then the l ign in is recovered by a 
patented prec ip i tat ion technique followed by sett l ing , centri fugation (or fil
t rat ion) and d r y i n g . T h e result is a fine, brown, free-flowing powder. M o r e 
details on how A L C E L L l i g n i n is obtained can be found i n the l i terature 
(1 .2) . 

Properties 

A L C E L L l i g n i n has a low moisture content (less t h a n 2 % water) . It has a 
bu lk density of 0.57 k g / L . T h e mater ia l is soluble i n some organic solvents 
and also i n d i lute aqueous a lka l i solutions. It is insoluble i n water under 
neutra l or acidic condit ions. 

A L C E L L l ignins that have been analyzed for molecular weight have a 
number average molecular weight lower t h a n 1,000 and polydispersit ies be
tween 2.4 and 6.3 (Glasser, W . G . , personal communicat ion , 1984, V i r g i n i a 
Po lytechnic Inst i tute and State Univers i ty , B lacksburg , V A ) . M o r e detai led 
studies are s t i l l required to correlate extract ion and recovery condit ions 
w i t h molecular weight in format ion . 

A L C E L L l ignins normal ly have softening points i n the 138-147° C 
range. Dif ferential scanning calor imetry studies of aspen, b i r ch and red oak 
A L C E L L l ignins ( M c G h i e , A . R . , personal communicat i on , 1984, Univers i ty 
of Pennsy lvan ia , P h i l a d e l p h i a , P A ) show an endothermic peak between 50 
and 75° C (Figure 1). Thermograv imetr i c analysis suggests that this peak 
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F igure 1. Dif ferential scanning calor imetr ic analysis of A L C E L L l ignins . 
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probably corresponds to loss of absorbed water. Between 100 and 125°C a 
broad endothermic peak starts . T h i s indicates the onset o f chain segment 
m o t i o n and corresponds to the glass t rans i t i on temperature . T h e broad 
endothermic peak has a m a x i m u m at about 200°C. A t this temperature 
an exothermic reaction starts wh i ch is accompanied by increased weight 
loss. It must be noted that between 100 and 200°C there are three s m a l l 
peaks superimposed on the broad endothermic peak. T h e y seem to occur 
at about the same temperatures for a l l samples analyzed . Further work is 
required to determine the significance of this observation. 

In spite of its low degree of po lymer izat i on , A L C E L L l ign in to some 
extent resembles l i g n i n i n its native state. For instance, when reacted w i t h 
phlorog luc ino l under ac id condit ions A L C E L L l i g n i n gives a purple co l 
orat ion . T h i s suggests that some of the c innamaldehyde end units charac
teristic o f l i gn in i n its native state are s t i l l present i n A L C E L L l i gn in a n d / o r 
that some have formed dur ing the extract ion process. Tab le I shows a t y p 
i ca l e lemental analysis for aspen A L C E L L l i g n i n . A s a reference aspen 
mi l l ed wood l ign in ( M W L ) has been inc luded . 

Table I. E l e m e n t a l A n a l y s i s 

A s p e n A L C E L L 
L i g n i n 

(%) 
A s p e n M W L (3) 

(%) 

c 64.04 59.96 
H 6.20 6.19 
0 29.65 33.85 
A s h 0.11 
M e t h o x y l 17.09 20.42 

C 9 formulae for the M W L and the A L C E L L l i g n i n are respectively 
C9Hs.74O3.02 ( O C H 3 ) 1 3 7 and C 9 H 8 . 5 3 0 2 . 4 5 ( O C H 3 ) i . 0 4 - A s observed, the 
A L C E L L l ign in has less oxygen and less methoxy l per C 9 un i t t h a n the 
M W L . These differences indicate that the A L C E L L l i g n i n has undergone 
some modif icat ions which may include self-condensation, condensation w i t h 
fur fural generated i n the A L C E L L process, a n d / o r incorporat ion of e thanol . 
T h e low carbohydrate and low ash content together w i t h the h igh carbon 
content translate in to a heating value of about 26,700 J / g (11,500 B t u / l b ) . 

U V spectra of neutra l solutions of A L C E L L l ignins exhib i ted m a x i m u m 
at 205-210 n m and at 275-281 n m which are characteristic of other l i gn in 
preparations. A l k a l i - n e u t r a l difference spectra exhib i ted three m a x i m a at 
about 252-254 n m , 296-300 and 363-366 n m w h i c h indicate the presence 
of aromatic h y d r o x y l , o>conjugated hydroxy Is, and conjugated carbony l 
groups. T h e latter includes carbonyl groups i n the α-position as wel l as 
those i n c innamaldehyde units mentioned above. T h e a lka l i -neutra l differ
ence spec trum of A L C E L L l ignins reduced w i t h s o d i u m borohydride shows 
an almost complete e l iminat ion of the peak at 360-366 n m and an increase 
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i n the 296-300 n m peak, thus conf irming the presence of conjugated car-
b o n y l groups. T h e a lka l i -neutra l difference spectra of reduced samples also 
show a shoulder at about 330 n m , which indicates the presence of some α , β 
ethylenic groups probably i n the f o rm of phenylcoumarone type structures . 
Phenylcoumarone structures have been found among the products of ac id 
degradation of l ignins (4 ,5 ) . 

In general, the I R spectra of A L C E L L l ignins is very s imi lar to the 
I R spectra of mi l l ed wood l ignins. Perhaps the most s t r i k i n g difference is 
the increase i n absorpt ion at 1700-1720 c m - 1 which is a t t r ibuted to the 
presence of ^-unconjugated ketone groups. T h i s band is c ommon to other 
l ignins generated under m i l d ac id condit ions, such as autohydrolysis or 
s team explosion l ignins (3 ,6 ,7 ) . Recently, F T I R has been used on red oak 
A L C E L L l ignins (8). B y the use of deconvolution and second-derivative 
spectroscopy, resolution was enhanced dramat ica l ly , and very weak bands 
not vis ible i n the or ig inal spec trum became apparent ( F i g . 2). Some of the 
d a t a suggests the presence of v i n y l and trans-d isubst i tuted olefins i n the 
sample examined . T h e use of these enhancement techniques is expected to 
p lay a very impor tant role i n future s t ruc tura l studies. 

T h e phenolic nature of the A L C E L L l i g n i n translates into react iv
i t y w i t h formaldehyde. T h u s , when formaldehyde and A L C E L L l ign in 
(2.2 moles of f o r m a l d e h y d e / C 9 uni t ) are heated at 96°C and p H 10.8 for 
75 minutes , about 1.6 moles H C H O are incorporated for each C 9 un i t of 
A L C E L L l i g n i n . T h i s figure is i n the range of figures reported for sulfite 
l ignins (1.6-2.1 mole H C H O / C 9 uni t ) and is higher t h a n what has been 
reported for kraft l ignins (0.1-0.5 mole H C H O / C 9 un i t ) (9). 

Applications 

For many years wood chemists have tr ied to find appl icat ions for l ignins 
other t h a n their use as fuel . T h e amount of proposed products and a p p l i 
cations is considerable. For instance, a recent l i terature survey on l i gn in 
u t i l i za t i on includes more t h a n 3700 references, most ly patents (10). In 
spite of this massive amount of work on products , processes and app l i ca 
t ions, less than 2 % of l ign in available i n spent l iquors f r om conventional 
p u l p i n g processes are recovered and marketed for non-fuel appl icat ions i n 
the U . S . 

A L C E L L l ign in could compete i n many appl ications now being filled 
by lignosulfonates and kraft l i gn in , but i t is believed that unique higher-
value markets can be developed. These appl icat ions w i l l be helped by the 
low marg ina l cost of produc ing A L C E L L l ignin and w i l l take advantage 
of its phenolic nature and react iv i ty w i t h formaldehyde as wel l as of the 
properties that differentiate i t f rom other l ignins. T h e latter inc lude hy -
drophobic i ty , lack of inorganic contaminants , low molecular weight, narrow 
molecular weight d i s t r ibut i on , melt abi l i ty , b iodegradabi l i ty , environmental 
acceptabi l i ty , etc. 

Some of the appl icat ions for A L C E L L l ign in that have been explored 
or considered are shown i n Table II . One app l i cat ion that has been reported 
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* o RED OflK LIGNIN 

1900 1700 1500 1300 1100 900 
WAVENUMQER (CM'*) 

Figure 2. F U R spectra of red oak A L C E L L lignin. (Reprinted from ref. 8. 
Copyright 1987 American Chemical Society.) 

Table II. A L C E L L L i g n i n A p p l i c a t i o n s 

• W o o d adhesives 

• M o l d i n g compounds 

• F l a m e retardants 

• Diesel fuel addit ive 

• P a p e r m a k i n g additives 

• Slow release of agr i cu l tura l , veterinary and p h a r m a 
ceutical chemicals 

• Insulat ion mater ials 

• F r i c t i o n mater ials 

• Surfactants 

• A s p h a l t extender 

• Rubber reinforcement 

• M e d i c a l appl icat ions 

• Engineer ing plastics 

• A n t i o x i d a n t s 

• Lignin -der ived chemicals 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

02
3

In Lignin; Glasser, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



318 LIGNIN: PROPERTIES AND MATERIALS 

i n the l i terature (11) is the use of this l i gn in after hydroxypropy la t i on as a 
component i n fire-resistant polyurethane foams. 

Recent work has concentrated on the use of A L C E L L l i g n i n as a subst i 
tute for phenol- formaldehyde resins in wood adhesives, par t i cu lar ly wafer-
board . Some of the results obtained when a P F resin (Bakélite 9111) was 
replaced w i t h different levels of hardwood A L C E L L l ign in i n waferboard 
manufacture w i l l be briefly discussed below. Tab le III shows the condit ions 
used for waferboard manufacture. 

Tab le III . Cond i t i ons Used for Waferboard Manufacture 

Adhes ive weight, % on wafers 2.6% 
W a x emulsion (Paraco l 802N) 1.7% 
Pressure 3,800 K P A (550 psig) 
Temperature 200° C 
T i m e at temperature 5 m i n . 

In i t i a l l y three A L C E L L l ign in samples were evaluated: ac id ( p H 3.95), 
neutra l ( p H 7.51), and alkaline ( p H 8.96). T h e moisture content of l i g n i n -
P F bonded boards ranged f rom 4.1 to 4.8%, wh i ch is wel l w i t h i n the 8% 
allowable l i m i t of commercia l grade waferboard. 

T h e thickness swell ing of boards bonded w i t h 5 0 % or less l i g n i n ranged 
f r o m 14.7 to 17 .1% after 24 hours immers ion . It compared wel l w i t h the 
contro l and was signif icantly better than the 2 5 % m a x i m u m allowable i n 
C a n a d i a n Standards Assoc ia t i on ( C S A ) Standards . S imi lar ly , water ab
sorpt ion values were w i t h i n acceptable l i m i t s when l ign in content was under 
5 0 % . Boards bonded w i t h 100% A L C E L L l ign in d id not give a waterproof 
bond and delaminated fol lowing 24 hours immers ion . 

A s observed i n F igure 3, boards bonded w i t h 3 0 % ac id , neutra l , or 
alkal ine A L C E L L l ign in have almost identical internal bond ing ( IB) as the 
contro l . W h e n l i g n i n content increased, the I B became lower, especially for 
neutra l A L C E L L l i g n i n . Boards bonded w i t h 5 0 % or less l ign in met the 
m i n i m u m C S A requirement which is 50 ps i . Boards bonded w i t h alkaline 
l i gn in h a d the highest I B among a l l the l ignin-conta in ing boards. 

Boards bonded w i t h up to 5 0 % A L C E L L l i gn in h a d modulus of rupture 
( M O R ) that surpassed the m i n i m u m C S A requirement by 4 0 % or more. A l l 
of the boards containing l ign in had a lower M O R than the contro l (100% = 
P F resin). A s shown i n F igure 4, the replacement of P F resin by A L C E L L 
l i gn in under the condit ions used i n this s tudy resulted i n a decrease i n M O R . 
A c i d l i g n i n showed the highest M O R among l ign in -conta in ing boards . A t 
100% subst i tut i on there was no significant difference i n M O R among the 
l ignins w i t h different p H levels. 

T h e M O R retention, wh i ch is the rat io of wet M O R to dry M O R , is 
shown i n F igure 5. A L C E L L l ign in tends to preserve the M O R strength at 
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least as wel l as P F resin alone when 5 0 % or less l i gn in was used. Boards 
bonded w i t h 3 0 % alkaline and neutral l ign in appeared to reta in over 8 0 % 
of their dry M O R strength. T h i s indicates that boards bonded w i t h certa in 
l i g n i n - P F mixtures may have a better weather resistance capabi l i ty t h a n 
the commerc ia l P F resins. 

Some of the most recent work has focused on evaluations of A L C E L L 
l ignins outside the p H range i n i t i a l l y shown i n F igure 6. W h e n A L C E L L 
l i gn in replaced 3 0 % of the P F resin and its a lka l in i ty or the ac id i ty were 
increased, dry M O R values above 9 0 % of the M O R of the control (100% P F 
resin) were obtained. T h i s shows the importance of p H on performance. 
Future work w i l l include a more detailed look at formulat ions , pressing 
condit ions , and der ivat izat ion as a way of ob ta in ing a better adhesive. 

Conclusions 

Several appl icat ions have been explored w i t h significant success and inter
est us ing organosolv l ignin available f rom a pi lot p lant . T h i s l i gn in exhib i ts 
interest ing physicochemical properties which d ist inguish i t f r o m l ignins pre
v ious ly available on a commerc ia l scale. Larger volumes are expected to 
be available by the end of the decade s t i m u l a t i n g technical and market 
developments for this product . 
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Chapter 24 

Organosolv Lignin-Modified Phenolic Resins 

Phillip M . Cook1 and Terry Sellers, Jr.2 

1Eastman Kodak Company, Eastman Chemicals Division, P.O. Box 1972, 
Kingsport, TN 37662 

2Forest Products Utilization Laboratory, P.O. Drawer FΡ, Mississippi 
State, MS 39762 

An adhesive system for structural wood panels is demon
strated in which at least 35% of the resin solids of a 
phenol-formaldehyde resin are successfully replaced with 
organosolv hardwood lignin. The bulk properties of the 
lignin were characterized before and after its purifica
tion with aqueous sodium bicarbonate solution. Phenolic 
resins are described that have been prepared from both 
purified and non-purified (crude) lignin. The nature of 
residues removed from the lignin during purification and 
their effects on resin adhesive properties are also briefly 
described. Evaluations of the lignin-modified phenolic 
resins were carried out on a small scale by measuring the 
lap-shear strength of parallel laminated maple blocks, 
and on a large scale by performing strength and dimen
sional tests on southern pine flake boards (waferboard or 
strandboard types). Flake board tests included internal 
bond, static bending (modulus of rupture, MOR), water 
absorption, and thickness swelling. The MOR was mea
sured on both dry specimens and specimens subjected 
to accelerated aging wet-dry cycles. Both maple block 
and flakeboard evaluations included available commer
cial phenolic resins as controls. 

L i g n i n makes up about one-quarter of the weight of dry wood and is sec
ond only to cellulose as the most abundant natura l l y occurr ing po lymer . 
P u l p i n g methods w h i c h use organic solvents are par t i cu lar ly well -suited to 
solubil ize the l ignins for l ign in isolation and are readi ly coupled w i t h solvent 
recovery (1). Despite these facts, there are no large volume organosolv p u l p 
i n g processes or commerc ia l products based u p o n organosolv l ign in ( O S L ) 
i n the U n i t e d States. 

0097-6156/89/0397-0324$06.00/0 
© 1989 American Chemical Society 
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L i g n i n s are phenol ic - l ike polymers that f r om t ime to t ime have been 
considered for use as a phenol replacement i n phenol- formaldehyde ( P F ) 
resins. Today, however, very l i t t l e l ign in is used i n phenolic resins. Pur i f i ed 
kraft l ignins have been suggested as a phenol subst i tute , but the price of 
such l ignins has been structured to be equal to that of phenol , and resin 
adhesive suppliers have resisted its use. Very l i t t l e has been publ ished on 
the use of O S L i n phenolic adhesives despite the fact that these l ignins are 
generally found to have a higher pur i ty and react iv i ty t h a n l ignins f r om 
conventional p u l p i n g methods. 

T h e most prominent wood adhesives used over the last quarter of a 
century have been aminoplast and polyphenol ic types (2). In the U n i t e d 
States, po lyphenol ic adhesives continue to be predominant ly used for pro 
duct ion of weather-resistant wood products , such as s t r u c t u r a l p lywoods 
and flake boards (3). Phenol i c resin prices have increased over the past 
decade, generally paral le l ing phenol prices. T h i s increase has occurred i n 
part due to a cont inuing erosion of U n i t e d States phenol manufac tur ing ca
pac i ty and the corresponding increase i n avai labi l i ty of phenol f r o m other 
countries. A n y significant increase i n the price of o i l (the source of phenol) 
i tsel f or in terrupt ion i n supply w i l l on ly compound the prob lem a n d raise 
phenol prices even higher. 

T h e objective of this work was to demonstrate the u t i l i t y o f organosolv 
red oak l i g n i n (a projected cheaper po lyphenol than phenol) i n phenolic 
adhesives for wood composites. T h i s work involved three stages: 

1. A n a l y t i c a l character izat ion of red oak O S L . 
2. Res in synthesis of O S L - m o d i f i e d phenol- formaldehyde resins. 
3. E v a l u a t i o n of l ignin-modi f ied resins used to b o n d maple blocks and 

southern pine flake boards. 

Results a n d Discussion 

Analytical Characterization. A s expected, red oak O S L contains much less 
sulfur and ash but more carbohydrates t h a n kraft l i gn in (Table I) (kraft 
l i gn in inc luded for comparison) . T h e molecular weight and polydispers i ty 
(Table II) are less for red oak O S L than for kraft l i gn in ( Indul in A T , West-
vaco, Char les ton , S C ) , and O S L has good so lubi l i ty i n organic solvents 
(Table I) . S o l u b i l i t y i n ref luxing methylene chloride was surpr is ing ly h igh . 
Pur i f i ca t i on of the O S L by aqueous reslurry i n 10% sod ium bicarbonate 
so lut ion increases the softening temperature (Table II) . 

Thermograv imetr i c weight loss for the O S L is s imi lar to that of kraft 
l i gn in . Except for a s l ight ly elevated m e t h o x y l content, the N M R and 
degradation results i n Table II are w i t h i n the expected range for a hardwood 
l i gn in . 

OSL Impurities. It was also of interest to determine the impuri t ies removed 
f r om crude O S L by reslurry i n aqueous sod ium bicarbonate , w h i c h was done 
to improve its usefulness i n phenolic resins (Cook, P . M . , E a s t m a n K o d a k 
at K i n g s p o r t , T N , personal communicat ions , 1987). E x t r a c t i o n a n d acety-
la t i on procedures, invo lv ing methylene chloride, acetic anhydr ide pyr id ine 
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326 LIGNIN: PROPERTIES AND MATERIALS 

Tab le I. L i g n i n character izat ion (bulk and so i lubi l i ty properties) 

A m o u n t 

C r u d e Pur i f i ed K r a f t 
A n a l y t i c a l Text Basis O S L O S L L i g n i n 1 

Non-volat i les % 97 97 97 
A s h , 775°C % 1.94 1.13 3.48 
Carbohydrates : 

( E x t r a c t i o n - H P L C ) % 3.0 1.1 0.7 
C o m b u s t i o n : 

C % 59.85 60.94 61.99 
H % 5.87 5.63 5.65 
Ν % 0.27 Trace 0.52 
S % 0.24 0.04 1.68 

E x t r a c t i o n (weight loss): 
E t h e r , reflux % 6 3 
Heptane, reflux % < 1 < 1 
Methy lene chloride, reflux % 50 11 
Water , 25°C % 5 2 
W a t e r , 60°C % 12 6 
W a t e r , 100°C % 5* 3* 

* Sample agglomerates severely. 
S o l u b i l i t y (25° C ) : 
M e t h a n o l g / L 105 -
E t h a n o l g / L 53 -
n - P r o p a n o l g / L 35 
2 -Propano l g / L 15 
Ace t i c A c i d g / L 108 -
Acetone g / L 104 -
2-Butanone g / L 96 -
Aceton i t r i l e g / L 86 -
E t h y l Ace ta te g / L 59 - -

I n d u l i n A T by Westvaco, Char les ton , S C ; a purif ied pine l i g n i n . 

and water, were followed which produced three residues f rom the i m p u r i 
ties and each was submit ted for G C / M S and 1 H N M R analyses. Residue 
1 proved to be nearly a l l l ignin-related products . Residues 2 and 3 were 
found pr inc ipa l l y to contain ful ly acetylated monomeric C5 and Ce sugars 
wh i ch were also C i alcoholic glycosides. Results of G C / M S investigations 
of the residues indicated that the low-molecular-weight impur i t ies (e.g., 
mono- funct ional l ignin-related species, waxes, and carbohydrates) should 
be removed to improve the O S L reactivity . T h e extent of i m p u r i t y removal 
can be approx imated by measuring gelation t ime (i.e., the higher the i m p u 
r i t y content, the longer the gel t ime) . For example, the gelat ion t ime (using 
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24. C O O K & S E L L E R S Organosolv Lignin-Modified Phenolic Resins 327 

Tab le II . P h y s i c a l and chemical characterizat ion of l i g n i n 

A m o u n t 

A n a l y t i c a l Test Basis 
C r u d e 

O S L 
Pur i f i ed 

O S L 
Kraft 

L i g n i n 1 

T s o f t e n i n g - i n i t i a l : 
( T M A ) ° C 89 124 124 

T so f t en ing - f ina l : 
( T M A ) ° C 111 138 169 

T G A (weight loss): 
50°C % 1 0 1 
100°C % 3 1 3 
200°C % 5 2 6 
300°C % 18 10 12 
400°C % 44 38 26 
500°C % 55 49 51 

G P C molecular properties: 
( C H 2 C 1 2 / H F I P , 
Styragel Co l . ) MW 2227 2030 2479 

MN 906 925 523 
MW/MN 2.46 2.19 4.32 

N M R analysis: 
O C H 3 % 22.04 - 13.70 

(bonds /Cg uni t ) (1.55) - (0.81) 
S y r i n g y l / g u a i a c y l rat io 1.33 - < 1 
Bonds : 

O H (Phenolic) per C9 un i t 0.60-0.65 - 0.57-0.62 
O H (A l iphat i c ) per C9 un i t 0.55-0.60 - 0.70-0.72 
H ( A r o m a t i c ) per C9 un i t 1.90-1.95 - 2.50-2.55 
H ( A l i p h a t i c ) per C9 un i t 3.60-3.70 4.25-4.30 
H (Hydroxy l ) per C9 un i t 1.15-1.25 1.35-1.40 

Source: Glasser , W . G . Report to P . M . Cook . Located at E a s t m a n 
C h e m i c a l D i v i s i o n , Research Laboratory , P. O . B o x 1972, K i n g s p o r t , T N 
27662 (1984). 

1 I n d u l i n A T by Westvaco, Char les ton , S C ; a purif ied pine l i g n i n . 

a Sunshine G e l Tester) at 100°C (212°F) was 21 minutes for a P F resin so
l u t i o n , 26 minutes for a purif ied O S L / P F resin b lend, and 53 minutes for 
an unpuri f ied O S L / P F resin b lend. T h e procedure involves b lending dry 
l i gn in solids w i t h a P F resin so lut ion to a 2 3 % l ignin concentration and 
adjust ing w i t h water and 5 0 % s o d i u m hydroxide to the p H (e.g., 11 .1±) 
and viscosity (e.g., 500 ± 50 cP) of the P F resin. 

Block Lap-Shear Results. For laminated maple wood, this work indicated a 
m a x i m u m of 4 0 % of the P F resin solids can be replaced w i t h O S L wi thout 
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328 LIGNIN: PROPERTIES AND MATERIALS 

detr imental ly affecting adhesive properties (Table III) (Cook , P . M . , E a s t 
m a n K o d a k at K i n g s p o r t , T N , personal communicat ions , 1987). Organo 
solv l i g n i n - P F resins were at least equivalent to the commerc ia l (control) 
resin and out-performed kraft l ignin-based P F resins at the 3 5 % and 4 0 % 
solids replacement levels (Table III) . Pur i f i ed O S L generally yielded better 
results t h a n unpuri f ied . A d is tract ing qual i ty of kraft l i g n i n resins is the 
sul fur- l ike odor produced dur ing resin preparat ion and panel hot pressing. 
Use of O S L alleviates this prob lem. T h e reasons why O S L out-performed 
kraft l i gn in i n this work are not clear, but are l ikely related to the molec
ular weight characteristics of the O S L and its ease of so lub i l i zat ion . Based 
upon the proposed structures of hardwood and softwood l ignins, the con
t rary would have been predicted (i.e., the higher s y r i n g y l / g u a i a c y l ratios 
of hardwood would be expected to be more detr imenta l to bonding) . 

Table III . Selected maple block test results 

D r y B o n d 4 -Hour B o i l 
S trength 

L i g n i n Shear W o o d Shear W o o d Retent i on 
Res in T y p e Replacement Strength Fai lure Strength Fai lure ( D r y / W e t ) 

(%) ( M P a ) 1 (%) ( M P a ) (%) (%) 

C o n t r o l P F 0 5.18 80 3.08 0 60 
O S L - P F 
(crude l i g n i n ) 2 24 4.99 100 2.54 30 51 
O S L - P F 
( C H 2 C 1 2 

extracted) 34 5.35 100 3.02 40 57 
K r a f t L - P F 
( Indul in A T ) 35 4.25 90 1.83 0 43 
O S L - P F 
( N a H C 0 3 

washed) 40 5.60 60 3.37 30 60 
K r a f t L - P F 
( Indul in A T ) 40 4.14 40 1.90 10 46 
O S L - P F 
(crude l i g n i n ) 2 45 2.68 20 1.00 0 37 

1 M u l t i p l y M P a by a factor of 145 to convert to ps i . 
2 T h i s resin also contained 1% melamine. 

Flake Board Test Results. Results f rom i n i t i a l screening tests looked promis 
ing for the use of kraft pine l i g n i n and organosolv hardwood l i g n i n at 2 5 % 
subst i tut i on for phenol i n P F resins used to bond flake boards. Therefore, 
this s tudy was designed to concentrate on improv ing the O S L - P F cook pro 
cedure, increase the phenol subst i tut ion to 3 5 % , and measure these effects 
by expanding the board test cr i ter ia (4). In general, the purif ied O S L - P F 
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24. C O O K & S E L L E R S Organosolv Lignin-Modified Phenolic Resins 329 

resins as well as the unpuri f ied O S L - P F resins performed equal to , or bet
ter t h a n , the contro l commerc ia l resins and the contro l resins containing 
comparable subst i tut ion amounts of pecan shell flour (vs. O S L ) i n a l l test 
panel properties examined (Table I V ) . 

Tab le I V . Selected test results of flake boards 

Labora tory Test Results 
S a m p l i n g 

of Four C o n t r o l Res in Β 3 5 % O S L 
P h y s i c a l 
P r o p e r t y U n i t s 

U S A M i l l s 
(1986) 100% P F 3 5 % P S 1 Pur i f i ed C r u d e 

Dens i ty avg. k g / m 3 650-700 (average of boards was 753) 
Internal bond avg. k P a 340-460 510 386 717 538 
M o d u l u s of 

avg. k P a 

rupture avg. M P a 22-38 33 33 34 34 
Acce lerated % o f 
aging dry M O R 50-70 76 75 77 70 

Water 
absorpt ion % 25-34 33 35 25 19 

Thickness 
swel l % 12-15 16 25 15 11 

Res in solids 
appl ied % 3-5 5 3.25 5 5 

1 These panels were bonded w i t h a resin so lut ion containing 6 5 % P F 
and 3 5 % pecan shell (PS) flour, del ivering 3.25% resin solids to the 
furnish . 

Note : T o convert metric to E n g l i s h u n i t s — k g / m 3 to l b / f t 3 , m u l t i p l y by 
a factor of 0.0624; k P a to ps i , m u l t i p l y by a factor of 0.145; M P a 
to ps i , m u l t i p l y by a factor of 145. 

Use of powdered l ignins as an extender at 2 5 % to 3 5 % replacement of 
P F solids i n l i q u i d commerc ia l resins is imprac t i ca l because of problems of 
dispersion, viscosity, and s tab i l i ty which hinder subsequent un i f o rm resin 
spray appl i cat ion . However, subst i tut ion of l ign in for phenol at levels of 35 
weight percent, or higher, i n cooked l ignin-phenol- formaldehyde copolymers 
is p rac t i ca l . W h i l e impure (crude) O S L cooked into a P F resin and used to 
bond flake boards yielded s imi lar board properties to cooked purif ied O S L i n 
P F resins, the impure l i g n i n was troublesome dur ing the cook procedures, 
f o rming gels upon long methy lo l - l ign in condensation. Impure l i g n i n was 
more gr i t ty t h a n purif ied l i gn in and some extraneous mater ia l may have 
settled rather t h a n dissolve or suspend i n the cooked resins. Impure l ign in 
required an adjustment i n the water i n both steps of the cook to y i e ld a 
satisfactory non-volat i le solids content. If any coarse l i g n i n settled i n the 
cooked resin, this may p a r t i a l l y exp la in the lower percent non-volat i le solids 
phenomenon w i t h resins incorporat ing impure l i gn in . 
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330 LIGNIN: PROPERTIES AND MATERIALS 

Conclusions 

It has been demonstrated that red oak O S L could be used to replace 3 5 % to 
4 0 % of the phenol (or phenolic resin solids) i n phenol- formaldehyde resins 
used to l aminate maple wood and to bond southern pine flake boards (wafer-
board a n d / o r strandboard) wi thout adversely affecting the phys ica l bond 
properties. W h i l e this p u l p i n g process and by-product l i g n i n do not com
merc ia l ly exist at this t ime i n the U n i t e d States, l ignins f r om such processes 
are projected to cost 4 0 % to 5 0 % less t h a n phenol as a po lymer raw mate 
r i a l . 

It is recommended that a reslurry of crude O S L i n an organic so l 
vent or 10% aqueous salt (e.g., N a H C O a ) so lut ion be performed to remove 
low-molecular-weight (mono-functional) species, waxes, and carbohydrates. 
T h i s pur i f i cat ion leads to an improvement i n O S L react iv i ty and contributes 
to the usefulness of O S L as a P F resin extender or P F copolymer raw mate 
r i a l . It is presumed that extraneous removed materials i n the crude l i gn in 
react w i t h formaldehyde but do not lead to product ive cross - l inking po ly 
mer f o rmat ion . 

T h e success obtained i n this s tudy on bonding flake board and maple 
blocks supports the poss ibi l i ty of using O S L i n resins for bonding crosswise 
laminates (i.e., p lywood) . Subsequent research conducted at the Miss i s s ipp i 
Forest Produc t s U t i l i z a t i o n Laboratory on O S L - P F resins for bond ing p l y 
wood has been equally successful. 

Experimental 

Wood Pulping and Lignin Purification. T h e wood p u l p i n g involved red oak 
wood chips, aqueous organic solvent, and an ac id catalyst , w h i c h were pro
cessed at 120 to 140°C. T h e resultant pu lp was washed w i t h more aqueous 
solvent, water-s lurr ied and cooled. T h e l i gn in was isolated by removing 
the solvent under vacuum, replacement of solvent w i t h water, l i g n i n pre
c i p i t a t i o n , filter cake water washing , and d r y i n g . T h e l i gn in was puri f ied 
by s lur r ing one part of dry O S L i n five parts of a 10% aqueous s o d i u m 
bicarbonate so lut ion at 60°C for one hour. T h e s lurry was cooled to r o o m 
temperature and filtered. T h e filter cake was washed w i t h water u n t i l the 
filtrate was less than 7.5 p H . T h e filter cake was then dr ied i n a forced-air 
oven at 50 to 55°C, w i t h a weight y ie ld of 9 0 % to 95%. T h e resultant dry 
and loose l ign in was used wi thout further processing such as gr ind ing . 

Analytical Characterization. T h e l ignins were characterized ana lyt i ca l ly by 
the fol lowing methods: 1 H N M R spectra, gel permeat ion chromatography 
(5), gas chromatography (6), thermal measurements, e lemental analysis , 
sugar content, extract ions, so lubi l i ty , and combust ion properties. 

Resin Preparation. T w o approaches to resin preparat ion were used w i t h 
regard to the i n i t i a l stages of condensation, depending on whether the resin 
was intended for l a m i n a t i n g maple blocks or for bonding southern pine flake 
boards. For maple block resins, the steps involved were as follows: add i t i on 
of water, s o d i u m hydroxide (optional) and l i gn in , wh i ch were heated and 
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24. C O O K & S E L L E R S Organosolv Lignin-Modified Phenolic Resins 331 

held u n t i l a homogeneous m i x t u r e was obtained; add i t i on of either 100% 
of the phenol or 10% to 2 0 % of the formaldehyde required i n the cook and 
heated to 75 to 90°C for 30 to 90 minutes; add i t i on of the remainder of 
the phenol (unless a l l was added i n i t i a l l y ) , and formaldehyde, ho ld ing at 60 
to 75°C for 30 to 90 minutes. For maple block bonding , a series of cooks 
were made i n w h i c h 24% to 4 5 % of the resin solids were replaced w i t h O S L 
or kraft l i gn in . For flake board resins the steps inc luded the fo l lowing: a 
prepolymer synthesis of methylo l - l ign in condensation for 30 to 90 minutes , 
then a sequential methy lo l - l i gn in , phenol-formaldehyde condensation (resin 
synthesis) step, which varied f rom 3 to 5 hours cook t ime (4). For flake 
board resins, cooks were made w i t h 2 5 % and 3 5 % of the phenol replaced 
w i t h purif ied and unpuri f ied O S L . Var ious properties of the resins were 
determined by s tandard methods, inc lud ing non-volat i le solids, viscosity, 
p H , free formaldehyde, free phenol , a lkal inity , and gel t ime . In both studies, 
commerc ia l resins were obtained and used as controls. Table V provides 
typ i ca l stoichiometric da ta of resin reactants investigated for b o t h resin 
types. 

Tab le V . T y p i c a l stoichiometric properties of resin reactants 

A m o u n t by Res in T y p e 

Reactant Blocks F lake B o a r d 
(mol) (mol) 

Water (sufficient for desired non-volati le solids) 
P h e n o l 1.00 1.00 
Formaldehyde 1.8-3.0 2.98 
Organosolv l i g n i n 1 0.25-0.80 0.25 
S o d i u m hydroxide 0.40-0.65 0.64 
U r e a - 0.09 

1 Assume a mole equivalent uni t of 200 for organosolv l i gn in , based on 
a typ i ca l analyzed C9 l i gn in un i t . 

Maple Block Screening Method. A series of exper imenta l procedures were 
performed on bonding maple block wood (Cook, P. M . , E a s t m a n K o d a k at 
K i n g s p o r t , T N , personal communicat ions , 1987). T h e procedure adopted 
was the A S T M D 905 s tandard , modif ied as follows: Sugar maple (Acer 
saccharum) wood , 76 by 25 by 5.7 m m i n size (3 inches long , 1 in ch wide, 
and 0.25 inch t h i c k ) , w i t h 6% moisture content was planed to ob ta in fresh 
surfaces for bonding . T h e desired amount of resin (w i th no m i x additives) 
was weighed (58.6 g / m 2 , 12 lb /1000 f t 2 , resin solids basis) and appl ied 
to one block surface and then a second clean block was overlapped so 
that 25 square m m (1 square inch) surface area common to each block 
was coated. T h e resin coated blocks were placed direct ly i n the hot press 
(no c lamp t ime) . T h e blocks were hot pressed at 177°C (350°F) for 4 
to 6 minutes at 3.44 M P a (500 psi) . A l l bonded blocks were al lowed to 
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332 LIGNIN: PROPERTIES AND MATERIALS 

s tand (post cure) at ambient temperatures for 24 hours pr ior to test ing. 
Ten bonded blocks were tested dry and ten were tested after an acceler
ated aging regimen (4 h bo i l i n water, cool , and test wet) for each resin. 
T h e lap-tension-shear strength of the test specimens was measured us ing 
an Instron machine, and subjective estimates of the percent wood failure 
(or bond failure) were observed and recorded. T h e d a t a were subjected to 
s tat i s t i ca l analysis. 

Flake Board Screening Method. T h i s phase of the s tudy has been prev i 
ously reported i n more detai l by Sellers et al. (4) but can be summar ized 
as follows. Disc -cut southern pine flakes (wafers a n d / o r strands) were ob
ta ined f r om commerc ia l flake board plants i n the Southern U n i t e d States. 
T h e flakes were approximate ly 76 m m (3 in. ) long, 19 to 38 m m (0.75 to 
1.5 in. ) wide, and 0.5 to 0.8 m m (0.020 to 0.030 in. ) th ick and adjusted 
to 2 .5% moisture content at the t ime of use. E a c h resin type was appl ied 
at 5% a n d 7% resin solids rates. T h e mat configuration was homogeneous 
and h a n d felted i n sufficient size to ob ta in a t r i m m e d panel measuring 560 
by 610 by 12.5 m m (22 by 24 by 0.5 in . ) . T h e mats were hot pressed at 
205°C (400°F) for 6 minutes w i t h a dual-pressure regimen (5.51/2.75 M P a , 
800/400 psi ) . T h e i n i t i a l h igh pressure was dropped after one minute into 
the cycle and the panels were pressed to 12.7-mm (0.5-in.) meta l stops i n 
the hot press. T h e target density was 745 k g / m 3 (46 l b / f t 3 ) . Three panels 
per resin type and appl i cat ion rate were made. Res in types inc luded the 
contro l commerc ia l resins (no l ign in content) , l ignin-modi f ied P F resins, 
and control P F resins containing an inert filler (pecan shell flour) at the 
same loads as the l i gn in subst i tuted resins. Screening tests for panel perfor
mance inc luded interna l bond ( IB) , dry stat ic bending (modulus of rupture , 
M O R ) , accelerated aging M O R (strength retention after an A m e r i c a n P l y 
wood Assoc iat ion performance 6-cycle test) , and d imensional tests [water 
absorpt ion ( W A ) and thickness swell (TS) ] . T h e s tat is t i ca l analysis was a 
two-factor experiment (resin type-resin appl i cat ion level), using an a n a l 
ysis of variance and Τ tests ( L S D ) for grouping for the various phys i ca l 
properties tested. 
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Chapter 25 

Wood Adhesives from Phenolysis Lignin 

A Way To Use Lignin from Steam-Explosion Process 

Hiro-Kuni Ono and Kenichi Sudo 

Forestry and Forest Products Research Institute, Ministry of Agriculture, 
Forestry, and Fisheries, P.O. Box 16, Tsukuba Norin, Ibaraki 305, Japan 

The lignin extracted from steam exploded pulp was phe-
nolated in the presence of sulfuric acid. The degree 
of phenolation was calculated to be in excess of one 
mole/lignin (C 9 ) unit on the basis of 13C NMR measure
ments. The phenolated lignin was methylolated in order 
to prepare adhesive resins. The cure behavior of the ad
hesive resins was examined by Torsional Braid Analysis 
(TBA). Results revealed that the phenolated steam ex
plosion lignin-based resins had intrinsic retardation in 
cure as compared to a commercial phenolic resin. This 
defect, however, was partly overcome by increasing their 
pH values. The adhesives from these resins generally 
provide excellent bond strength comparable to phenolic 
resin. 

The steam explosion process is a recent development in wood processing 
(1 ,2) . Much attention has been paid to this process from the viewpoint 
of total wood utilization. Cellulose and hemicellulose from this process 
can be converted into sugars of commercial value by enzymatic methods 
(3). However, the conversion of lignin from this process (steam explosion 
lignin) into useful materials continues to present difficulties. Preparation of 
adhesives from it is considered to be a feasible way to solve this problem. 

Steam explosion lignin is reported to have more reactive functional 
groups (4), and to contain no sulfur, as compared to kraft (thio) lignin and 
lignin sulfonates. The absence of blocked reactive functional groups in the 
lignin must be an advantage to various chemical modifications by which the 
lignin would be utilized as an adhesive of commercial use. 

The addition of phenol-formaldehyde precondensate to lignin or methy
lolated lignin has been known as a way to introduce phenolic reactivity 
into lignin, and this is usually applied to the preparation of lignin-based 

0097-6156/89A)397-0334$06.00A) 
© 1989 American Chemical Society 
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2 5 . Ό Ν Ο & S U D O Wood Adhesives from Phenofysis Lignin 3 3 5 

adhesives (5-10). In this case, all the lignin does not combine with the pre-
condensate. Some part of it is considered to function as filler. The amount 
of lignin added is usually limited by some strength requirement. 

In order to make lignin molecules contribute to bond strength, lignin 
should be incorporated into the phenolic main chain structure by a phenol-
ysis reaction, for instance. There have been two kinds of lignin phenolysis 
reactions reported. Muller and Glasser have prepared phenolated lignins 
by a two-step reaction (11). Kraft, acid hydrolysis, and steam explosion 
lignins were allowed to react with formaldehyde before the methylolated 
lignins were combined with phenol. The adhesion quality of the pheno
lated lignin/phenol-formaldehyde resins was investigated, and the pheno
lated steam explosion lignin/phenol-formaldehyde resin was found to have 
slightly lower bond strength than the kraft lignin/phenol-formaldehyde and 
a neat phenolic resin. It was suggested that a considerable amount of sy-
ringyl propane units in the steam explosion aspen lignin was partly respon
sible for the lower bond strength as compared to the neat phenolic resin 
(12). 

The other phenolysis reaction is the direct reaction of phenol with the 
substituted propyl side chain of lignin. Wacek et al. elucidated the chem
istry of this reaction by oxidation (13). They concluded that condensation 
occurred between the o- or p-position of phenol and lignin's α-position sub
stituted by O H , O - R i , = 0 or =C - R 2 (Ri and R2: lignin residue). This 
mechanism has been confirmed by Kratzl et al. by using radioactive 1 4 C 
labeled lignin (14). Kobayashi et al. have prepared phenolated lignin by 
applying this phenolysis method in order to obtain thiolignin-based mold
ing compounds (15). This method is suitable for hardwood lignins so far 
as they have sufficient functional groups at their α-positions of the propyl 
side chain. Since the steam explosion process has usually been applied to 
hardwoods, the latter phenolysis method is of interest from the viewpoint 
of adhesive preparation as compared to the former phenolysis. 

E x p e r i m e n t a l 

Materials. Lignin (SEL) was extracted with dilute alkali from steam ex
ploded white birch (Betula plaiyphylla) pulp. The pulp was prepared at 
200°C for 10 minutes. The 1 3 C N M R measurement of its acetylated prod
uct provided a methoxy:aryl ratio of 1.48, and this is in good agreement 
with Obst and Landucci's value of 1.44 (16). The molecular weight of C6-C3 
units of S E L was calculated to be about 180. Chemical reagents were the 
first grade in the Japanese industrial standard. They were used as received. 
A commercial phenolic resin (D-17 of Ohshika Co.) was used in order to 
compare with bond strength of lignin-based adhesives. A commercial ad
ditive (Hot Ρ of Ohshika Co.) and an extender (wheat flour: Akahana of 
Nisshin Co.) were used for the adhesive formulation. 

Phenolysis of SEL. Phenol (120 g) was charged into a 300 ml round bot
tom flask equipped with thermometer, stirrer and cooler. S E L (60 g) was 
added slowly so that it could dissolve thoroughly. Sulfuric acid (0.5 ml) 
was then added as a catalyst. The typical sulfuric acid:SEL charge ratio 
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336 LIGNIN: PROPERTIES AND MATERIALS 

was 1.5 m M o l e / g . T h e reaction schedule consisted of 1 hr of warm-up pe
r iod and 3 hrs of phenolysis at 170° C , followed by removal of unreacted 
phenol under reduced pressure. T h e phenolated S E L was a black substance 
whi ch dissolved more easily i n organic solvents, especially i n alcohols, than 
d i d S E L . T h e softening point of the phenolated S E L was about 140°C. 
Other phenolysis l ignins , w i t h different charge ratios of sulfuric ac id , were 
prepared to compare w i t h the amount of b o u n d phenol . 

Preparation of Phenolated S EL-Formaldehyde Resins. Pheno lated S E L -
formaldehyde resins ( L P ' s ) were prepared i n a manner s imi lar to resole-
type phenol- formaldehyde resin by using an alkaline catalyst . In a 100 m l 
flask equipped w i t h thermometer , stirrer and cooler, an appropriate amount 
of f o r m a l i n was combined w i t h the equivalent amount of methanol as a 
d isso lv ing a i d , and 5 0 % aqueous N a O H so lut ion (3.2 g) . T h e powder of 
the phenolated S E L (20 g) was then slowly added to the m i x t u r e , and 
it was forced to dissolve thoroughly by ag i tat ion . T h e reaction schedule 
consisted of 15 minutes of warm-up per iod , 60 minutes of methy lo la t i on at 
60°C and 10 minutes of warm-up period to 80°C, followed by condensation 
at 80°C. Af ter the reaction was complete, methanol and some water were 
removed under reduced pressure, result ing i n a black viscous resin. Three 
formaldehyde charge levels of 1.5, 3 and 5 moles were employed based on 
funct ional i ty of the phenolated S E L for the resin preparat ion . So l id content 
of the three resins was adjusted w i t h water to around 4 6 % . Prepara t i on of 
the three resins was carefully control led i n order to adjust their viscosities to 
around 0.3 P a s , w h i c h is supposed to be i n a desirable range for adhesive 
app l i ca t i on . L P ' s f r om formaldehyde charge ratios of 1.5, 3 and 5 were 
named as LP-Α, L P - B , and L P - C , respectively. M e t h y l o l a t i o n of S E L itself 
was also carried out i n the same manner as L P preparat ion i n order to 
compare their b o n d strength w i t h those of L P ' s . 

Adhesive Formulation. Adhesives for testing consisted of 100 parts resin, 
10 parts wheat flour as extender, 4 parts commerc ia l addit ive , and 2 parts 
water. T h i s f ormulat ion is recommended by Japanese board manufacturers. 
Adhesives wi thout wheat flour were also formulated to examine the bond 
strength of the neat l i gn in based resins. 

Specimen for Tensile Shear Adhesion Test. Single lap specimens for shear 
strength tests were made f rom b i r ch test panels ( length: 80 m m , w i d t h : 
25 m m , depth: 3 m m ) . T w o of the panels were glued w i t h the adhesives 
i n a spreading rate of 1.5 g /100 c m 2 for single glue l ine . B o n d i n g area of 
the specimens was 25 x 13 m m . T h e specimens were first pressed i n an 
ambient temperature for an hour under a pressure of 0.78 M P a a n d then 
hot-pressed at 140°C under a pressure of 0.98 M P a for 6 minutes. 

13C NMR Spectroscopy. 1 3 C N M R measurements were carried out using 
a J E O L J M N - G S X 400 spectrometer for quant i tat ive analysis i n order to 
examine the amount of bound phenol in the phenolated S E L ' s . T h e analysis 
was conducted i n D M S O - d 6 by us ing gated decoupl ing technique. 

Gel Permeation Chromatography (GPC). Mo lecu lar weight d is tr ibut ions of 
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phenolysis l ignis dur ing the phenolysis were examined at 60° C i n T H F as 
mobi le phase by using a Toyo Soda H P L C - 8 0 2 U R gel permeat ion chro-
matograph equipped w i t h two 60 c m polystyrene gel co lumns i n series 
( T S K - G E L H G2500 and G1000) . T h e chromatograms were moni tored 
by refractometer. 

Torsional Braid Analysis. LP-Α, L P - B , and L P - C were coated on glass 
braids and their cure behaviors were examined by using a R H E S C A R D -
1100A tors ional b r a i d analyzer. T h e i r relative r ig id i ty changes a long w i t h 
cure temperature (heating rate was l ° C / m i n ) were moni tored i n order to 
examine the cure speed of the L P resins. T h e relative r ig id i ty changes dur 
ing cure at 140°C were also measured to examine the cure speed dependence 
on resin p H . 

Tensile Shear Strength Measurement. T h e tensile shear b o n d strength was 
determined i n accordance w i t h Japanese s tandard J I S Κ 6851 (normal and 
repeated bo i l ing test) by using a Toyo Se ik i Strograph W tensile tester. In 
the n o r m a l test, the test specimens were condit ioned for at least 48 hrs at 
2 0 ± 5 ° C under a relative h u m i d i t y of 65 ± 2 0 % before tensile shear strength 
was measured. In the repeated bo i l ing test, the specimens were immersed 
i n bo i l ing water for 4 hrs, dr ied at 6 0 ± 3 ° C for 20 hrs and immersed again i n 
bo i l ing water for 4 hrs, followed by immers ion i n water at r oom temperature 
u n t i l cooled. T h e specimens were tested i n wet state. S i x specimens were 
tested for each resin. 

R e s u l t s a n d D i s c u s s i o n 

Optimum Reaction Period between Phenol and Lignin. T h e end po int of the 
phenolysis reaction can be est imated by the per iod when the consumpt ion 
of phenol reaches e q u i l i b r i u m . Phenolysis products were moni tored by G P C 
dur ing the react ion. T h e change i n molecular weight d i s t r ibut i on d u r i n g 
the phenolysis is shown i n F igure 1. T h e increase of the peak at 19 m i n 
clearly demonstrates that po lymer izat ion of S E L occurs as the reaction 
proceeds. T h e rat io of peak area of phenolated l ign in (16 to 28.7 m i n i n 
e lut ion t ime) to that of unreacted phenol (27.9 min ) vs. reaction t ime is 
shown i n F igure 2. Unreacted phenol diminishes rap id ly at the early stage 
of the reaction before reaching e q u i l i b r i u m w i t h i n 3 hrs. T h i s was defined 
as o p t i m u m phenolysis reaction per iod . 

Functionality Measurement of Phenolated Lignin. It is i m p o r t a n t to have 
knowledge of the funct ional i ty of the phenolated l i g n i n f r om the po int of 
view of further chemical modi f i cat ion . T h e amount of bound phenol i n the 
phenolysis react ion has been measured by t i t r a t i n g the phenol extracted 
f rom the reaction mix ture (15). T h i s indirect method measures the unre
acted phenol and determines bound phenol as the difference between the i n i 
t i a l charge and the t i t rated phenol . T h i s is sometimes mis leading . * H N M R 
spectroscopy is another candidate for the determinat ion of the amount of 
bound phenol . However, this ca lculat ion is difficult since the number of 
protons before and after the phenolysis reaction is u n k n o w n . 
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Figure 1. G e l permeat ion chromatograms of phenolysis react ion m i x t u r e s — 
P h e n o l mixtures reacted for (A ) 10 m i n , (B) 60 m i n , (C) 120 m i n , and (D) 
240 m i n . 
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Recently, quant i tat ive 1 3 C N M R analysis of l ignins has been developed 
(17) and improved (18). T h i s method would provide more accurate values 
as compared to t i t r a t i o n , i f the N M R signals specific to bound phenol can 
be dist inguished f rom the others. P a r t i a l 1 3 C N M R spectra of S E L and of 
phenolated S E L (sulfuric ac id 1.5 m M o l e / g S E L , react ion per iod 3 hrs) are 
i l lustrated i n F igure 3. Phenolysis gives rise to a new s ignal at 155.3 p p m 
w h i c h can be assigned to the carbon adjacent to the O H group i n bound 
phenol . T h i s new signal is dist inguished f r om the signals of unreacted 
phenol (157.7 ppm) and of aromatic r ing carbons of gua iacy l and s y r i n g y l 
units (152.2 p p m to 103.5 ppm) (19). A s s u m i n g that the steam explosion 
l ign in is composed of guaiacy l and syr ingy l uni ts , the amount of phenol 
bound to the l ign in can be quant i tat ive ly determined by using the gated 
decoupl ing technique (18). Denot ing the peak area at 155.3 p p m as A , and 
the peak group area ranging f rom 152.2 p p m to 103.5 p p m as B , the rat io 
of B / A can be expressed as follows: 

where Ρ is the molar rat io of phenol bound to l i gn in , and R is the molar 
rat io of aromat ic nuclei i n the l i gn in . Therefore, P / R is the molar rat io of 
bound phenol to l i g n i n un i t and i t is derived f r om E q u a t i o n 1 as: 

T h e spin- latt ice re laxat ion times of l ignins and phenolic preconden-
sates have been reported to be 0.1 to 3 seconds (17) and 2.7 seconds (20), 
respectively. L a n d u c c i has found that more t h a n 6 second re laxat ion de
lay t ime is required for a 45° t ip angle (18). T h e t ip angle used was 45°, 
and the re laxat ion delay t ime employed was 10 seconds. T h e results are 
summar ized i n Table I. A s the add i t i on of sulfuric ac id increases, and the 
reaction per iod is extended, the amount of bound phenol increases. A l 
though i t has been reported that th io l ign in has reacted w i t h 0.34 moles of 
phenol (15), the results show that S E L has an ab i l i ty of react ing w i t h more 
than one mole of phenol . T h i s is probably due to fewer blocked reactive 
funct ional groups i n S E L as compared to th io l i gn in . T h e funct ional i ty of 
the phenolated l ign in can be calculated to be about 2.9, assuming that o-
a n d / o r p-positions of the bound phenol and the 5-position of the l i g n i n are 
reactive. T h e molecular weight of the phenolysis l i g n i n un i t is calculated 
to be about 290 by adding the amount of bound phenol to the molecular 
weight of the C6-C3 unit of S E L . 

Cure Rate of the Phenolated SEL Resins. 1 3 C N M R spectra of the pheno
lated S E L formaldehyde-treated resins revealed the format ion of methy lo l 
groups. A s imi lar cure reaction to resole type phenolic resins is expected 
to occur w i t h the phenolated l ignin-based resins. Since cure rate normal ly 
determines product i on capacity of a board m i l l , i t is i m p o r t a n t that new 
types of adhesives have at least the same cure rate as the conventional 
phenolic adhesives. C u r e analysis of resins has usual ly been examined by 

Β / Α = (5P + 6 R ) / P (1) 

P / R = 6 / ( B / A - 5) (2) 
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10 

Figure 2. R a t i o of peak areas of the phenolated l ign in to unreacted phenol 
as an index of phenol consumption dur ing phenolysis. 
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Figure 3. P a r t i a l 1 3 C N M R spectra of (A ) the steam explosion l i g n i n and 
(B) its phenolated product . 
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Table I. A m o u n t of Pheno l B o u n d to L i g n i n under Var ious Reac t i on C o n 
dit ions 

A m o u n t of Sul fur ic A c i d React ion P e r i o d B o u n d P h e n o l 
( m M o l e / g l ignin) at 170°C (Hour) ( M o l e / l i g n i n un i t ) 

0.5 12 1.10 

1.5 1 0.95 
3 1.19 
6 1.18 

2.5 3 1.28 

4 3 1.31 

means of calor imetr ic methods l ike differential scanning ca lor imetry (12), 
or by mechanical analysis l ike T B A (21), which is considered to be sensitive 
to the development of adhesive strength. T h e latter was employed i n this 
s tudy i n order to examine cure rate of the adhesive resins. 

Relat ive r ig id i ty vs. temperature curves of L P ' s are shown i n F igure 4 
i n comparison w i t h a commerc ia l phenolic resin. T h e p H of these resins 
was previously adjusted to around 10.8. T h e phenolic resin is fu l ly cured 
at around 75°C. B y contrast, the curves of the three l ignin-based resins 
exhib i t slower cure as compared to the phenolic resin. T h e retardat ion 
increases as the charge rat io of formaldehyde increases. Some retardat ion 
had already been found, but neglected, for the phenolated l i g n i n / p h e n o l -
formaldehyde resins (12). In this study, the neat phenolated S E L was used 
for resin preparat ion . It can be concluded that phenolated steam explosion 
l ignin-based resins have an intr ins i ca l ly retarded cure behavior as compared 
to phenolic resin at the same p H . 

Cure Rate Dependence on pH for the Phenolysis Lignin Resins. C u r e be
havior at different p H ' s of the resins was measured at 140°C, wh i ch is the 
usual hot-pressing temperature of phenolic resins. Re lat ive r ig id i ty change 
curves of LP-Β at different p H ' s are i l lustrated i n F igure 5. C u r e advances 
faster as the p H of the resin increases. W h e n the p H is 11.9, L P - B provides 
faster cure t h a n the phenolic resin. A s imi lar tendency has been found for 
L P - C . These f indings clearly demonstrate that increasing p H of the resins 
improves cure rate. 

Evaluation of Adhesive Bond Strength. Since the cured product of L P - A 
was br i t t l e , probably due to the low level of formaldehyde charged, L P -
B and L P - C were selected as adhesive resins. In order to increase their 
cure rate, the p H ' s of L P - B and L P - C resins were adjusted to around 11.2 
a n d 12.0, respectively, pr ior to adhesive f ormulat ion . For the purpose of 
comparison, the bond strength of the methylo lated S E L resin adhesive was 
examined as wel l . 

T h e results are summar ized i n Table II . T h e bond strength of the a d 
hesives f rom the methylo lated S E L expectedly exhib i t poor adhesion as 
compared to the phenolated S E L adhesives, especially after repeated b o i l . 
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Figure 5. C u r e rate dependence on p H for the phenolated steam explosion 
l ignin-based resin L P - B . 

T h i s might be explained w i t h fai lure to crosslink sufficiently. Sano et a l . 
have also reported that phenolysis of hardwood l i g n i n sulfonates enhances 
adhesion properties (22). It is thus clearly demonstrated that the in t roduc 
t i on of phenol in to l ignin improves adhesion properties. 
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Table II . Tensile Shear B o n d Strength of Adhesives f r om Phenolys is L i g n i n 
i n N o r m a l Test and after Repeated B o i l Treatment 

B o n d Strength (10 5 P a ) 
(Standard Dev iat ion ) 

Adhesives N o r m a l Repeated B o i l 

Adhesives f r om L P - B 
w i t h extender 47.2 (8.8) 
w i thout extender 65.3 (9.6) 

Adhesives f rom L P - C 
w i t h extender 41.5 (9.6) 
w i thout extender 68.4 (7.8) 

Adhesives f r om methylo lated S E L 
w i t h extender 45.9 (9.2) 
w i thout extender 32.0 (10.1) 

Adhes ive f r om commerc ia l phenolic resin 
w i t h extender 62.6 (6.6) 

52.9 (6.1) 
43.5 (3.3) 

55.6 (7.9) 
51.4 (6.7 

0 
0 

47.3 (11.5) 

T h e two phenolated S E L adhesives w i t h wheat flour do not provide 
good bond strength i n the n o r m a l test, but provide excellent strength after 
repeated b o i l . T h e bond strength increment after repeated b o i l indicates 
the occurrence of post-cure i n the phenolated S E L adhesives. T h e ac id i ty of 
the wheat flour might retard resin cure by reducing the p H of the adhesives 
(23). L P - C provided better bond qual i ty as compared to L P - B . Since the 
difference between L P - B and L P - C lies i n the formaldehyde rat io charged, 
this f inding suggests that a stoichiometric charge might not be adequate 
for the f ormat ion of methy lo l groups i n L P ' s . There might be a prob lem 
w i t h the reaction of formaldehyde w i t h the phenolated S E L as compared to 
phenol . Genera l ly speaking, the phenolated S E L adhesives w i thout wheat 
flour provide bond strengths comparable to the phenol ic resin i n n o r m a l a n d 
repeated-boi l tests. It has been reported that the resin f rom the reaction of 
formaldehyde w i t h the m i x t u r e of the two-step phenolated steam explosion 
l ign in and phenol has also provided comparable bond strength (12). It 
is noteworthy that the phenolated S E L l ign in was direct ly methylo lated 
wi thout any add i t i on of phenol . 

A l t h o u g h there are s t i l l some problems, such as the ineffective methylo -
la t i on of the phenolated S E L and the selection of a suitable extender, i t can 
generally be concluded that phenolysis is a promis ing method to develop 
steam explosion l i g n i n into attract ive adhesives comparable to commerc ia l 
phenol ic resin. 

C o n c l u s i o n s 

Q u a n t i t a t i v e analysis o f phenolysis l i gn in by 1 3 C N M R has indicated that 
the amount of phenol b o u n d to the steam exploded l i g n i n is unexpectedly 
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25. Ο Ν Ο & S U D O Wood Adhesives from Phenolysis Lignin 345 

large as compared to th io l i gn in . T h e steam explosion l i gn in itself could re
act w i t h formaldehyde, result ing i n thermosett ing resins. T h i s resin, how
ever, displayed poor adhesion properties, especially i n the repeated bo i l 
test. T h e phenolated l ignin-formaldehyde resins provided excellent adhe
sives comparable to a commerc ia l phenolic resin. Phenolys is appears to be 
a promis ing method to ut i l i ze steam explosion l ignins as adhesives. 
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Chapter 26 

Modification of Lignin at the 2- and 6-Positions 
of the Phenylpropanoid Nuclei 

Gerrit H. van der Klashorst 

Renewable Resources Chemicals Programme, Division of Processing and 
Chemical Manufacturing Technology, CSIR, P.O. Box 395, Pretoria, 

South Africa 

Lignin model compounds were reacted with formalde
hyde in acid medium at positions meta to the aromatic 
hydroxy groups. Both phenolic and etherified phenolic 
lignin model compounds were shown to give fast poly
merization or hydroxymethylation of the meta positions 
depending on the conditions used. This reaction differs 
from the reaction of formaldehyde with phenolic lignin 
model compounds under alkaline conditions, where the 
reaction with formaldehyde always occurs at positions 
ortho/para to the aromatic hydroxy group. The con
ditions developed for the polymerization and hydrox
ymethylation were also evaluated on industrial lignin. 
The reaction of formaldehyde with the meta positions 
of lignin clearly have considerable potential for the use 
of lignin, particularly heavily condensed alkali lignin, in 
polymeric applications. 

L i g n i n , present as a waste mater ia l in the spent l iquors of the p u l p i n g 
industry , constitutes a potent ia l ly useful raw mater ia l for the product ion of 
various polymeric products . T h i s has repeatedly been demonstrated i n the 
past by its appl i cat ion i n products ranging f rom wood adhesives to plastics 
(1). In these applications the l ignin is crosslinked to increase its molecular 
mass or to form a r ig id three-dimension ally crosslinked structure . 

T h e features on l ignin that were ut i l i zed for these po lymer izat ion or 
modi f icat ion reactions are as follows (compare F i g . 1): 

1. phenolic hydroxy group; 
2. a l iphat ic hydroxy group; 
3. unsubst i tuted 3- or 5-positions on C9 units ; and 
4. structures that can form quinonemethide intermediates. 

0097-6156/89/0397-0346$06.00/0 
© 1989 American Chemical Society 
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26. V A N D E R K L A S H O R S T Modification ofthe Phenylpropanoid Nuclei 347 

Examples where the phenolic hydroxy groups were ut i l i zed include the 
preparat ion of l i gn in epoxies by reaction w i t h epichlorohydr in (2), ester i f i -
cations w i t h bis -acid chlorides (3) and cyanuric chloride (4), and po lymer 
izat ion w i t h aziridines (5). 

T h e al iphat ic hydroxy groups have been used as the po lyo l component 
of urethane resins (6). In many of these appl icat ions phenolic hydroxy 
groups have been alkoxylated to afford more a l iphat ic alcohols. 

T h e unsubst i tuted 3- and 5-positions on the C9 units of a lkal i l i gn in 
have been used i n two types of po lymer izat ion react ions—electrophi l ic d is 
placement reactions and free radica l ox idat ive coupl ing reactions. T h e 
electrophil ic displacement reaction approaches inc luded the use of l i gn in 
i n phenol formaldehyde resins (7), urea formaldehyde resins (8), and the 
crossl inking of l ign in w i t h d i a z o n i u m salts (9). Ox idat ive coupl ing reactions 
v i a free rad ica l mechanisms yie lded l i gn in based adhesives of h igh strength 

In this paper an addi t ional approach that can be used for the modi f i 
cat ion or po lymer izat ion of especially a lkal i l i gn in is discussed. T h a t is: 

T h e M o d i f i c a t i o n o f L i g n i n a t t h e 2 - a n d 6 - P o s i t i o n s o f t h e 
P h e n y l p r o p a n e U n i t s 

It was shown by Sarkanen et al. that hard and softwood model compounds 
undergo protodedeuteration i n acidic m e d i u m preferably on positions 2 and 
6 (9). T h e y suggested that the observed 2, 6-protodedeuteration reactions 
should also ho ld for other reagent species. 

Electrophiles other than protons were indeed shown to react w i t h l i gn in 
model compounds at the 2- and 6-positions i n acidic med ia : K r a t z l and 
Wagner investigated the reaction of paraphenolic benzy l alcohols i n a lka 
line and acidic solutions (10). W h e n 4-hydroxy-3-methoxybenzyl a lcohol 
4 was reacted w i t h the 4 -a lky l subst i tuted phenol 5 under alkal ine cond i 
tions, the expected ortho l inked product (6) was isolated. However, under 
acidic conditions the methylene linkage formed meta to the phenolic h y 
droxy group ( F i g . 2). 

Y a s u d a and Terash ima (11) recently showed that l i gn in under K l a s o n 
l ign in determinat ion conditions afforded me/a - l inked products . V a n i l l y l 
alcohol (4) yielded after reflux in 5% sulfuric ac id , m d a - l i n k e d product (8) 
( F i g . 3). 

These examples thus clearly show 4-hydroxy-3-methoxyphenyl and 4-
hydiOxy-3 ,5-d imethoxyphenylalkanes ( typica l of the l ign in structure) to be 
reactive at positions 2 and 6 towards electrophil ic subst i tut ion reactions 
under acidic condit ions. T h e subject matter of this paper deals w i t h the 
development of procedures whereby the 2- and 6- (i.e., meta) positions are 
ut i l i zed for the po lymer izat ion and modif icat ion of l i gn in . 

Polymerization of Lignin Model Compounds. T h e control led po lymer i za 
t ion of several l ign in model compounds at the "meta" positions was subse
quently attempted (13): 

T h e hardwood l i gn in model 13 was reacted in acidic aqueous dioxane 
to afford dimers, tr imers , tetramers or higher oligomers ( F i g . 4 A ) . 

American Chemical Society 
library 

1155 16th St., HM» 
Washington, DC. 20036 
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348 LIGNIN: PROPERTIES AND MATERIALS 

F igure 2. T h e reaction of v a n i l l y l alcohol (4) w i t h a reactive phenol (£) . 
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26. V A N D E R K L A S H O R S T Modification of the Phenylpropanoid Nuclei 349 

Figure 3. Self-condensation of vanillyl alcohol ( 4 ) and 3,4-dimethoxybenzyl 
alcohol ( 8 ) in acid (11). 
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352 LIGNIN: PROPERTIES AND MATERIALS 

T h e etherified hardwood l ign in model H reacted at a s imi lar rate as 
the phenolic model ind i ca t ing the etherif ication of the phenolic group has a 
s m a l l effect on the reaction rate. W h e n this reaction was repeated at 55°C 
w i t h an excess formaldehyde, some m et α-hydroxy methylated products were 
obtained ( F i g . 4 B ) . 

Phenol i c and etherified softwood l ign in model compounds were also 
successfully crosslinked at the meta positions. Spec ia l care was taken to 
assign the structure of the d imer (22) ( F i g . 4 C ) . W i t h N M R - S P I (selec
tive populat ion inversion) techniques it was unevocably proved that the 
methylene linkage was s ituated at the 6-positions (13). 

M e c h a n i s m 

T h e mechanism for the reactions on the 2- and 6-positions is based on two 
factors ( F i g . 5): induct ion by the a l k y l group; and resonance effects of the 
methoxy group. 

A l k y l groups wi thout any oxy- funct ion on the α-carbon are electron 
donat ing by induct ion and w i l l enhance the electron density on the 2-, 
4-, and 6-positions of the l i g n i n a l k y l r ings. D u r i n g alkaline p u l p i n g a 
major por t i on of α-oxy-functions are lost due to condensation reactions, 
i.e., methylene linkage formation w i t h the α-carbon as bridge. A l k a l i l i g n i n , 
and especially h igh ly condensed a lkal i l i gn in , can therefore be expected to 
have a h igh number of ηοη-α-oxy-substituted side chains. A l k a l i l i g n i n can 
therefore be expected to have a high react iv i ty towards modi f i cat ion at 
positions 2 and 6. 

D u r i n g the investigation on h a r d - and softwood model compounds i t 
was observed that the d imethoxy model compounds (hardwood) were about 
five t imes more reactive than the mono methoxy model compounds. T h i s 
i l lustrates the beneficial effect of the presence of the second methoxy group 
(by resonance effects). 

F r o m the results on the model compounds i t was clear that : 
• 1-alkyl subst i tuted syr ingy l and guaiacy l model compounds react w i t h 

formaldehyde i n acidic m e d i u m at positions 2 and 6. 
• T h e formed benzyl ic alcohols were unstable i n ac id and reacted fast 

w i t h a second model compound to f o rm methylene l inked polymers . 
• Etheri f ied phenolic models reacted at the same posit ions and s i m i l a r 

rates as d id the phenolic models. 
• T h e dimethoxy, i.e., hardwood , model compounds reacted faster t h a n 

d id the monomethoxy model compounds. 

Meta H y d r o x y m e t h y l a t i o n 

In the above paragraph it was shown that the l i gn in C9 uni ts can be po ly 
merized at the 2- and 6-positions w i t h formaldehyde i n acidic aqueous 
dioxane. T h e po lymer izat ion reaction proceeds presumably v i a a hydrox -
ymethy lated intermediate wh i ch was isolated i n low yields on ly when large 
excesses of formaldehyde were employed. If the hydroxymethy la t i on of the 
meta posit ion can be achieved i n high y ie ld it would clearly afford a very 
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26. VANDERKLASHORST Modification of the Phenylpropanoid Nuclei 353 

reactive intermediate. T h e hydroxymethy la t i on of the meta pos i t ion was 
subsequently attempted on model compounds (14). 

T h e hydroxymethy la t i on of the hardwood model (13) was first at 
tempted by using a 20 molar excess formaldehyde i n 1 , 1 N H C 1 i n 5 0 % 
aqueous dioxane (14). Since I S has two reactive sites (2 and 6), this means 
a ten-fold excess of formaldehyde per reactive site. T h e rat io of hydrox 
ymethy la t i on to methylene linkage formation was determined by 1 H - N M R 
analysis . 

Samples were taken at different intervals, neutral ized , extracted and 
acetylated for 1 H N M R analyses. T h e coefficients of the integrals of the 
a l iphat ic (62.0-2.2) and the aromatic (62.3-2.5) acetoxy groups of the proton 
N M R spectra, were taken as the yields of hydroxymethy la t i on . 

T h e degree of d imer format ion v i a a methylene linkage (crosslinking) 
was est imated by the coefficient of the integrals of the proton N M R spectra 
of methoxy groups s i tuated adjacent to the newly formed b o n d — o f w h i c h 
the resonances are shifted upfield (63.4-3.7)—and that of the t o t a l methoxy 
resonances (63.4-4.0). 

T h e large excess of formaldehyde resulted i n the hydroxymethy la t i on 
of 13 i n yields of about 5 0 % hydroxymethy la t i on . T h i s y ie ld was obta ined 
w i t h i n 15 minutes and remained constant for over 6 hours. T h e number 
of unsubst i tuted aromatic positions decreased f rom 0 .6 /mode l compound 
after 15 minutes to 0.2 after 1 hour reaction t ime . However, after on ly 
15 minutes about one methylene linkage per model compound occurred, 
ind i ca t ing substant ia l methylene linkage format ion . 

T h e rae^a-hydroxymethylation y ie ld was very dependent on large ex
cess formaldehyde used and insensitive to acid concentration and tempera 
ture. Af ter extensive explorat ion of the reaction condit ion variables i t was 
discovered that a decrease i n water content of the solvent results i n the 
increase of hydroxymethy lat ion yields. Eventua l l y condit ions were devised 
to achieve close to 100% meia -hydroxymethy lat i on w i t h no methylene l i n k 
age f ormat ion . B o t h softwood and hardwood model compounds gave on ly 
mono-me /a -hydroxymethy lat ion ( F i g . 6). T h i s is probably due to the de
act ivat ion by the electron p u l l i n g effect of the introduced h y d r o x y m e t h y l 
group. 

T h e reactions on the model are summarized i n Table I. 
T h e su i tab i l i ty of the different conditions found for the me<a-hydroxy-

methy la t i on and crossl inking of model compounds were subsequently eval 
uated on three a lka l i l ignins obtained from different indus t r ia l spent l iquors 
(15). 

T h e a lka l i l ignins used were selected f rom different indus t r ia l origins i n 
order to have a wide var iat ion in their properties. T h e l ignins were a kraft 
softwood, s o d a / A Q hardwood and soda bagasse l ign in (Table II) . 

T h e kraft l i g n i n is constituted main ly of guaiacylpropanoid units (2) 
of wh i ch about ha l f are condensed, i.e., subst i tuted at the 5-position (16). 
T h e number of aromat ic sites reactive towards base catalyzed electrophil ic 
subst i tut ion reactions, therefore, is fa ir ly low at about 0.3 per C9 un i t 
(Table II ) . 
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354 LIGNIN: PROPERTIES AND MATERIALS 

OH OH 

Figure 5. Mechanisms responsible for the higher electron density on po
sitions 2 and 6 on l i gn in phenylpropane units in acidic m e d i u m , (a) the 
induct i on effect of the a l k y l group at posit ion 1; (b) the resonance effects 
of the electron pairs on the methoxy oxygen. 

H 2 CO 
V 0H 

0R„ 

H (0,4N) 

IO%H 2 0 

90% D10 ΧΑΝΕ 

J3. R, « R 3 - OCHy R 2 « Η 

17 R, = R « OCH , R » CH 
— I 3 3* 2 3 

2j_ R, « OCH^ R 2 * R 3 « Η 

26 R, • OCH ι Κ * OH, , R « Η 
I 3 2 3 3 

OR^ 

29 R, - R g - O C I ^ ^ R 2 « H 

30 R * R • OCH, R CH 
1 3 3 2 3 

Zl Rj « OCH^ R 2 « R 3 " Η 

32 R | « 0 C H 3 , V ^ V V " 

Figure 6. M o d e l compounds hydroxymethylated at the 6 pos i t ion i n 10% 
aqueous dioxane and 0 .4N HC1 (1). 
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26. V A N D E R K L A S H O R S T Modification ofthe Phenylpropanoid Nuclei 355 

Table I. T h e reaction of 4 -hydroxy-3 ,5 -d imethoxyphenyl ethane (13) w i t h 
formaldehyde in acidic aqueous dioxane at 80° C (14) 

M o l e H 2 C O / 
M o l e 13 Solvent [H+] 

T e m p . 
CC) 

T i m e 

00 P r o d u c t 

1:1 5 0 % 
aqueous 
dioxane 

2 .2N HC1 80 4 M a i n l y methylene 
linkages. N o hydroxy -
methylated compounds 
were isolated. 

1:2 2 3 % 
aqueous 

l . O N HC1 80 4 100% monohydroxy-
metela-dioxanetion + 
2 0 % dioxane methylene 
linkages 

1:2 10% 
aqueous 
dioxane 

0 .4N HC1 80 4 100% monohydroxy-
methy la t i on 

Table II . Propert ies of three industr ia l l ignins (16-18) 

Ca l cu la ted 
N u m b e r of 
Unsubst i tuted 
3 /5 Posit ions Average 

P l a n t on A r o m a t i c Molecu lar 
L i g n i n T y p e M a t e r i a l R ings ( / C 9 ) (/c9) 
K r a f t Softwood P i n e 0.3 176 
S o d a / A Q H a r d w o o d Euca lyp tus 0.1 184 
Soda Grass Bagasse 0.7 175 

T h e s o d a / A Q hardwood l i gn in is constituted of b o t h gua iacy l (2) and 
syr ingy lpropano id (3) uni ts , of which the former have been condensed ex
tensively dur ing p u l p i n g (17). T h i s is indicated by the low number of 
unsubst i tuted 5-positions (Table II). 

T h e soda bagasse l i g n i n , on the other h a n d , is a very reactive i n d u s t r i a l 
l i gn in as is indicated by its h igh number of unsubst i tuted 3- and 5-positions 
of OJ/C9 on phenolic propanoid units . T h i s l ign in is on ly m i l d l y condensed 
and contains 1.05 unsubst i tuted 3- or 5-positions. 

T h e industr ia l l ignins were firstly crosslinked w i t h formaldehyde. E a c h 
l ign in was reacted w i t h an excess of 1.35 mole H 2 C O / m o l C 9 l i g n i n u n i t . 
T h e reactions were performed i n 2 .2N hydrochloric ac id i n 5 0 % aque
ous dioxane, the conditions previously opt imized for the po lymer izat ion 
of l ign in model compounds (vide infra) . G e l l i n g of the l i gn in masses oc
curred only after a smal l proport ion of the formaldehyde was consumed 
( F i g . 7) ind i ca t ing that extensive methylene linkage format ion (crosslink
ing) occurred. 
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loot 
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REACTION TIME (h) 

Figure 7. React ion of soda bagasse l ignin w i t h formaldehyde i n 1.0 h y 
drochloric acid i n 2 3 % aqueous dioxane at 80°C (—, ) and i n 0 .4N 
hydrochlor ic ac id i n 10% aqueous dioxane at 80°C ( ). 
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26. VANDERKLASHORST Modification of the Phenylpropanoid Nuclei 357 

T h e three industr ia l l ignins were subsequently reacted w i t h formalde
hyde under conditions where main ly mono- m et α-hydroxy methy l at ion is ex
pected. In 10% aqueous dioxane containing 0 , 4 N hydrochloric acid ( F i g . 7), 
the l i g n i n reacted very fast and consumed about ha l f of the theoret ical 
amount of formaldehyde i n one hour. 

T h e rate of formaldehyde consumption levelled off after about 5 hours. 
T h e to ta l quant i ty consumed for both the s o d a / A Q and soda bagasse l i gn in 
is approximately 8 5 % of the calculated theoretical amount . T h e formalde
hyde consumed by the kraft l ign in levelled off after 6 0 % of the stoichio
metr ic calculated quant i ty had been consumed. Some crossl inking of the 
l i gn in , however, s t i l l occurred since the soda bagasse l i g n i n gelled after ca. 9 
hours and the s o d a / A Q l ignin after 20 hours. T h e kraft l i g n i n showed no 
gel l ing after 28 hours reaction t ime . T h e results obtained nevertheless show 
that l ign in can be extensively raeia-hydroxymethylated wi thout crossl ink
ing . Prolonged reaction times should , however, be excluded. 

T h e high formaldehyde consumption by the bagasse l i gn in can prob
ably be a t t r ibuted to mono-hydroxymethylat ion of syr ingy l and gua iacy l 
phenylpropanoid units at the 2- and 6-positions. T h e para-hydroxyphenyl 
units of the l i g n i n were probably hydroxymethylated at the ortho (3- or 5-) 
positions. T h e formaldehyde consumption of the s o d a / A Q l i gn in can only 
be at tr ibuted to meta hydroxymethy lat ion , owing to the low avai lab i l i ty of 
unsubst i tuted 5-positions. T h e extensive consumption of formaldehyde by 
this l i gn in and its unpolymerized state after 6 hours thus clearly indicates 
that meta hydroxymethy lat ion of the l ignin was achieved i n h igh y i e l d . 

T h e reactions appl ied above can be generalized as follows: 
• Formaldehyde reacts w i t h l ignin at the 2- and 6-positions of the pheny l -

propane m e d i u m i n 10 to 2 0 % aqueous dioxane containing 0.4 to I N 
hydrochlor ic ac id , to afford meta hydroxymethylated intermediates. 
T h i s results i n a reactive me<a-hydroxymethylated l ign in intermediate 
capable of be ing modified w i t h various reagents or by reacting w i t h 
itself. 

• In 5 0 % aqueous dioxane and acidic condit ions, l i g n i n reacts w i t h 
formaldehyde at positions 2 and 6 to give methylene crosslinks w h i c h 
result in the formation of a gelled or polymerized products ( F i g . 8). 
T h e usefulness of rada-hydroxymethylated l i gn in was i l lustrated by the 

preparat ion of a cold cur ing resin (15). K r a f t l ign in was hydroxymethy lated 
(10% H 2 0 ) in dioxane and 0 .4N HC1) at the meta positions. A f ter removal 
of excess formaldehyde the reactive kraft l ign in intermediate was reacted 
w i t h resorcinol i n an aqueous solut ion to afford a resorcinol grafted l i gn in 
adduct ( F i g . 9). T h e l ignin-resorcinol adduct was alkalif ied to p H = 10 
and paraformaldehyde added result ing i n gell ing of the product i n about 
6 minutes. T h e polymerized product was hard and resisted solvation i n 
sod ium hydroxide solutions. T h i s result clearly indicates at least some 
of the potent ia l of the meta hydroxymethy lat ion of l ign in to result i n the 
product ion of, for example, cold set wood adhesives. 
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OH O H 

Figure 8. General ized reaction of formaldehyde w i t h l ign in at the meta 
positions i n acidic aqueous dioxane. 
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26. V A N D E R K L A S I I O R S T Modification ofthe Phenylpropanoid Nuclei 359 

Figure 9. D iagrammat i c i l lustrat ion of the ut i l i za t i on of the me /a -hydroxy -
methy lat i on of l ignin for the product ion of cold set wood adhesives. 
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360 LIGNIN: PROPERTIES AND MATERIALS 

C o n c l u s i o n s 

F r o m the results presented i t is evident that the 2- and 6-positions of the 
phenylpropanoid nuclei can be used for the modi f icat ion of a lkal i l i g n i n . 
T h e positions can be used for the controlled po lymer izat ion of a lkal i l i g n i n . 
Secondly, the positions were also used to introduce hydroxy m e t h y l groups. 
T h e hydroxy m e t h y l groups are reactive towards nucleophiles such as phenol 
and resorcinol. T h e modif icat ion of the 2- and 6-positions of the C9 uni ts 
holds tremendous potent ia l for the u t i l i za t i on of a lkal i l i g n i n i n po lymeric 
appl icat ions . 
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Chapter 27 

Enzymatic Modification of Lignin 
for Technical Use 

Strategies and Results 

A. Hüttermann, O. Milstein, B. Nicklas, J. Trojanowski, A. Haars, 
and A. Kharazipour 

Forstbotanisches Institut der Universität Göttingen, Büsgenweg 2, 
D-3400 Göttingen, Federal Republic of Germany 

Extracellular phenoloxidases from white-rot fungi are 
promising tools for the biotechnological conversion of 
technical by-product lignins into valuable polymers. A 
short review of lignin-degrading enzymes of white-rot ba-
sidiomycetes is given as well as two examples for the po
tential application of laccases in lignin transforming pro
cesses. (1) In nature, enzymes react generally in aque
ous solution. However, the bulk of technical by-product 
lignins (e.g., kraft lignin) is water insoluble, causing re
action rates of phenol-oxidases to be slow. This problem 
was addressed by the development of a process which 
uses immobilized phenoloxidases in an organic-aqueous 
system. (2) The same class of enzymes can efficiently 
be used for the biologically catalyzed bonding of particle 
boards. Adhesive cure is based on the oxidative polymer
ization of lignin using phenoloxidases as radical donors. 
This lignin-based "bio-adhesive" can be applied under 
conventional pressing conditions. The resulting parti
cle boards meet German performance standards without 
emission of harmful vapors. An added advantage is the 
total utilization of lignin from spent pulp liquor. 

T h e concept of using the n a t u r a l po lyphenol l i g n i n as a feedstock for po ly 
mer product ion or as an adhesive i n wood composites has encouraged n u 
merous scientific endeavors (1), the basic rationale for w h i c h concerns re
plac ing expensive petrochemical resins w i t h this comparat ive ly low-cost 
renewable raw mater ia l . A l t h o u g h l ignin occurs as a polymer w i t h several 
at tract ive s t ruc tura l features i n the plant cell w a l l , hav ing macromolecu
lar architecture and many types of reactive funct ional groups, the l ign in 
available f rom cellulose product i on is much less attract ive for use i n po ly 
mers. T h e harsh reaction condit ions of the p u l p i n g process t rans form l i gn in 

0097-6156/89A)397-0361$06.00A) 
© 1989 American Chemical Society 
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362 LIGNIN: PROPERTIES AND MATERIALS 

into a rather inert m a t e r i a l . T h e content of phenolic groups, for instance, 
is drast ica l ly changed by a l l commerc ia l ly appl ied p u l p i n g processes, and 
the number of a l k y l a r y l ether bonds declines. T h u s , several i m p o r t a n t 
properties are unfavorably altered i n the commerc ia l ly available l ignins as 
compared to the or ig ina l p lant m a t e r i a l . 

T h e properties of today 's commercia l ly available l ignins can be s u m 
mar ized as follows (2): L i g n i n s f r o m the sulfite process ( l i gn in sulfonates) 
are extremely polar owing to the presence of sulfonate groups, and they are 
h igh ly water soluble. K r a f t l ignins , wh i ch are derived f r o m the kraft (or s u l 
fate) process, have low po lar i ty and are water insoluble . These compounds 
are therefore rather unattract ive as feedstocks for po lymer produc t i on , and 
l i t t l e progress has been made i n this direct ion so far. In add i t i on , the l i gn in 
coming f r om the organosolv process is water insoluble and its molecular 
weight is possibly too sma l l to be suitable as a prepolymer for plastics 
produc t i on . 

A strategy for the enzymat ic modi f i cat ion of l i g n i n for its technical 
use should thus concentrate on the fo l lowing goal: to produce a homoge
neous, pure l ign in preparat ion of reasonably high molecular weight w i th 
h igh react iv i ty provided by reactive funct ional groups. 

E x t r a c e l l u l a r E n z y m e s o f L i g n i n - T r a n s f o r m i n g F u n g i 

T h e fo l lowing enzymat ic act ivit ies have been characterized which are able 
to change native l i g n i n : 

• ligninase, i .e., l i gn in peroxidase resp. veratry l peroxidase, an enzyme 
isolated and characterized by K i r k and his col laborators (3) (for an 
updated review see ref. 4-5). T h i s enzyme is considered to be the m a i n 
l ignolyt i c system i n white-rot fungi . It is determined v i a its ab i l i ty to 
catalyze the ox idat ion of veratry l alcohol . 

• laccase, i .e. , po lyphenol oxidase (E .C . I .10 .3 .2 . ) . T h i s enzyme is com
m o n i n many microorganisms, and i t is reported to have m a n y different 
physiological functions (6). It has been known for a long t ime that lac-
case is able to polymerize phenols. Its role i n l ign in degradation has 
first been discussed by A n d e r and Er iksson (7). 

• poly-blue-oxidase. T h i s enzyme was first described by G l e n n and G o l d 
(8); i t oxidizes the l i g n i n model compound poly-b lue w h i c h is a po ly 
meric dye. 
A l l three enzymes have the advantage of be ing subject to convenient 

spectroscopic assays. 
T h e most i m p o r t a n t gross changes i n the l i g n i n molecule wh i ch en

zymes can catalyze, and which are impor tant for possible i n d u s t r i a l uses, 
are the fol lowing: 

• so lub i l i zat ion , 
• demethylat ion , 
• changes i n phenolic and a l iphat i c h y d r o x y l contents, and 
• changes i n molecular weight d i s t r ibut i on . 

In our laboratory, we have screened various microorganisms for so lub i 
l i za t i on and demethylat ion ac t iv i ty i n add i t i on to testing for the presence 
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27. H U T T E R M A N N F T A L . Enzymatic Modification for Technical Use 363 

of l igninase, laccase and poly-blue-oxidase. D a t a on changes i n the molec
ular weight d i s t r ibut i on have been given elsewhere (9 ,10) . A l t h o u g h the 
b iochemical work on l ign in degradation has focused m a i n l y on a single 
(a l though rather suitable) organism, the white rot fungus Phanerochaeie 
chrysosporium (5), we decided to analyze the l ign in t rans forming capacity 
of fungi coming f r o m different niches i n the ecosystem. These fungi rep
resent a wide ecological range, and they take into consideration the many 
different condit ions under wh i ch fungi degrade wood resp. l i g n i n . 

T h e results are summarized i n Table I. T h e d a t a indicate that , w i t h i n 
this variety of different species, no correlation exists between the act iv i t ies 
of the different enzymes and demethylat ion or so lub i l i zat ion . Surpris ingly , 
no correlat ion, either, was observed between the ab i l i ty to solubi l ize organo
solv l i gn in and the ac t i v i ty of the l i gn in peroxidase. B y contrast , a re lat ion 
was found between l i gn in so lubi l izat ion and poly-blue oxidase ac t iv i ty (Ta 
ble I) . S ta t i s t i ca l analysis of the d a t a given i n Table I revealed a correlat ion 
coefficient of r = 0.82, which indicates a significant re lat ion between these 
two parameters. We therefore consider this enzyme as a too l for gett ing 
l ign in into aqueous so lut ion . P a r t of our future work w i l l concentrate on 
this specific enzymat ic act iv i ty . 

Laccase from White-Rot Fungi. A l t h o u g h there is no stringent correlat ion 
between laccase ac t iv i ty and l i gn in decomposit ion (e.g., Tab le I) , a p r o m i 
nent role of this enzyme i n l ign in degradation has been discussed by several 
authors (4 ,7 ,11) . T h e presence of laccase has also been shown to result 
i n po lymer izat ion both in vivo (12,13) and in vitro (14,15) . Laccase acts 
on phenolics v i a a non-specific ox idat ion whi ch generates qu ino id interme
diates. T h i s results i n the format ion of reactive intermediates w h i c h may 
subsequently polymerize (16-18). It is therefore reasonable to expect that 
the low molecular weight substances coming f rom enzymat i ca l ly degraded 
l i gn in are readi ly repolymerized, and po lymer izat ion m a y be dominat ing 
over depo lymer izat ion processes dur ing l i g n i n t ransformat ion in vitro (19). 

In add i t i on to po lymer izat ion , which amounts to a cross l inking of l i gn in 
v i a ox idat ive coupl ing , this group of enzymes also catalyzes another i m p o r 
tant reaction i n l i gn in : It hydroxylates phenolic substrates, thereby i n 
t roduc ing phenolic hydroxy l groups which serve as new reactive sites on 
the molecule. These cata lyt i c properties make the enzyme an interest ing 
candidate for a variety of possible uses i n l i g n i n b iotransformation . 

A l t h o u g h the role of the enzyme dur ing l ign in degradation in vivo 
does not seem to have been elucidated so far, there are several indicat ions 
that this a c t i v i ty is impor tant for the fungi which generate the enzyme. 
We have studied this using the white-rot fungus Heterobasidion annosum, 
which causes root and butt rot i n conifers. In these investigations we found 
the fo l lowing: 

• A l t h o u g h H. annosum has an extremely h igh var iat ion i n the isoenzyme 
pattern of other enzymes, i t produced only a single band i n the iso
electric focusing experiment of the laccase preparations isolated f r om 
more t h a n 60 different strains (20). 

• A l t h o u g h H. annosum is readi ly mutagenized by a variety of agents, i t 
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364 LIGNIN: PROPERTIES AND MATERIALS 

Tab i c I. Peroxidase and Oxidase P r o d u c t i o n by Selected W o o d - I n h a b i t i n g 
F u n g i , and their C a p a c i t y to Demethylate and Solubi l ize L i g n i n 

U n i t s χ 1000/1 m g M y c e l i u m 

L i g n i n -
Fungus peroxidase 1 

P o l y - B l u e 
Oxidase L a c c a s e 3 

D e m e t h y l 
a t i o n 4 

S o l u b i 
l i za t i on ' 

Trametes 
versicolor 1.6 20.8 2.9 29.5 52.1 

Polyporus pinsitus 1.7 33.3 5.6 28.0 65.1 
Phallus 

impudicus 2.5 14.0 0.0 27.1 13.3 
Oudemansiella 

radicata 2.2 5.1 1.4 16.0 20.3 
Bjerkandera 

adusia 7.6 8.6 0.0 16.8 19.5 
Pleurotus 

florida F6 1.7 26.5 1.7 14.6 35.3 
Pleurotus 

florida PP 1.7 20.6 3.9 14.0 45.3 
Polyporus 

platensis 1.6 24.0 0.9 14.0 60.0 
Ustulina deusta 1.0 5.6 0.8 14.0 19.2 
Polyporus varius 3.2 7.1 0.0 12.0 16.9 
Xylaria 

polymorpha 1.7 0.9 0.3 12.0 15.8 
Phlebia radiata 3.9 25.0 4.7 11.0 56.8 
Polyporus 

brumalis 1.5 23.4 1.8 10.6 56.1 
Merulius 

tremellosus 2.8 27.0 1.2 8.0 58.9 
Daedaleopsis 

confragosa 3.4 13.4 0.0 5.0 31.2 

1 1 U n i t = increase of A31Q/mm/l m l m e d i u m using veratry l alcohol and 
H 2 0 2 at p H 3. 

2 1 U n i t = decrease of the adsorbance rat io A^s/A^/1^ m e d i u m after 
24 h incubat ion using 0 .01% P o l y B lue . 

3 1 U n i t = change of A 6 4 5 / m i n / m l m e d i u m using 0 .01% T M B . 
4 F igures indicate accumulat ive release of 1 4 C 0 2 us ing 1 4 C H 3 0 - o r g a n o -

so lv - l ign in . 
5 F igures indicate 1 4 C - w a t e r solubles i n culture i n % of i n i t i a l 1 4 C -

act iv i ty using 1 4 C- / ? -organoso lv l i gn in . 

was impossible to detect laccase-free mutants i n the many thousands 
of mutagenized clones whi ch were inspected (21). 

• T h e sophisticated regulat ion of the synthesis and secretion of the en-
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27. H U T T E R M A N N E T A L . Enzymatic Modification for Technical Use 365 

zyme after induct i on w i t h a suitable phenol as revealed by density 
labe l l ing studies (6) indicates that this enzyme is under stringent 
metabol ic control of the organism. 

Laccase Activity and Properties of the Immobilized Enzyme in Organic Sol
vents. It has recently been shown that a number of enzymes, when i m 
mobi l i zed , can express their ac t iv i ty i n a react ion m e d i u m i n w h i c h the 
bulk of water has been replaced by organic solvents (22-26). Furthermore , 
K l i b a n o v and co-workers (27) have shown that l ign in could be depolymer-
ized w i t h horseradish peroxidase i n organic media , an observation however 
w h i c h is s t i l l surrounded by controversy (28). Because of these findings, and 
i n view of the fact that the bulk of the commerc ia l ly available l ignins are 
water- insoluble, we have recently concentrated on how to use the enzyme 
i n solvents i n w h i c h organosolv and kraft l ignins wou ld be soluble, too. 

For our studies we used laccase f rom the basidiomycete Trametes ver
sicolor, wh i ch was purif ied using D E A E - S e p h a d e x A - 5 0 chromatography. 
W h e n a lyophi l ized powder of the purif ied laccase was added to a so lut ion of 
d imethoxyphenol ( D M P ) or syringaldazine i n water-saturated ethylacetate, 
the color of the substrates turned rap id ly yellow or red-violet , ind i ca t ing 
that the usual ly observed laccase reaction takes place indeed under those 
condit ions. However, the above described enzyme reaction system has sev
eral disadvantages and inconveniences, s imi lar to those described for the 
horseradish peroxidase i n organic solvents (26): Since the enzyme does not 
dissolve i n the organic solvent, i t forms particles which c lump together and 
stick to the walls of the reaction vessel. Moreover, the overal l react ion is 
slow and irreproducible , since only the active sites at the surface of the 
c lumps are available for catalysis and the size of the i n d i v i d u a l c lumps 
varies considerably. N o correlation could therefore be established between 
the amount of enzyme and the extent of its react ion. 

These problems were overcome by i m m o b i l i z i n g the enzyme. Since the 
usual methods for immobi l i za t i on of laccase d i d not work, we adopted a 
new method , details of which w i l l be described elsewhere (29). Reasonable 
measurements were possible w i t h this technique. T y p i c a l patterns of lac
case ac t i v i ty could be monitored v i a the changes of absorbance of 2,6 D M P 
and syr ingaldazine . W h e n the reaction took place i n organic solvents, the 
absorpt ion spectra of the products were s imi lar to those obtained for the 
same reaction i n buffer. Furthermore , the cata lyt i c act ion of the T. ver
sicolor laccase followed Michae l i s -Menten-k inet i cs i n most of the organic 
solvents wh i ch were tested (see Table II for specific examples) . 

Express ion of the cata lyt i c capacity of the immob i l i zed laccase was 
also observed i n more than a dozen different solvents, provided that they 
were either saturated w i t h water or, i n the case of solvents misc ib le w i t h 
water, sma l l amounts of water had been added (Table III) . N o enzymat i c 
reaction was observed when the solvents tested were free of water. N o 
correlat ion was found between the act iv i ty of the immobi l i zed laccase and 
the hydrophobic i ty of the solvent i n which the reaction took place. T h e rate 
of laccase reaction i n ethylacetate was only twice that i n toluene, despite the 
fact that water-saturated ethylacetate contains 50 times more water than 
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366 LIGNIN: PROPERTIES AND MATERIALS 

Tab le II . K i n e t i c Parameters of O x i d a t i o n of 2,6 D M P and Syr ingaldazine 
w i t h Laccase i n Organic Solvents 

Substrate 
Incubat ion 

M e d i a 
K m 
m M React ion R a t e 

2,6 D M P 

Syr ingaldaz ine 

E t h y l acetate a 0.52 11.6Δ468 n m · m i n " 1 - m g E " 1 

A c e t o n i t r i l e 6 1.10 12.6Δ468 n m · m i n " 1 - m g E " 1 

Acetone 6 0.65 21.3Δ468 n m · m i n " 1 - m g E " 1 

Tetrahydro furan 1.06 3.4Δ468 n m · m i n " " 1 - m g E - 1 

E t h y l acetate a 0.15 216 μπιοί • m i n _ 1 - m g E " 1 

A c e t o n i t r i l e 6 0.08 282 μπιοί • m i n - 1 · m g E " 1 

Acetone 6 0.08 206 μπιοί • m i n - 1 - m g E " 1 

T e t r a h y d r o f u r a n 6 0.31 36 μπιοί · m i n " -1· m g E " 1 

a E t h y lacet ate was presaturated w i t h water. 
6 C o n t a i n i n g 7% ( v / v ) water. 

water-saturated toluene (30). Toluene, on the other h a n d , reacted ten t imes 
as fast as methano l . T h e reaction d i d not take place i n either 3.5% aqueous 
dimethylsul foxide or 3.5% aqueous d imethyl formamide . T h u s , immob i l i zed 
laccase seems to be tolerant of a much wider range of solvents i n which i t 
can funct ion t h a n was reported for peroxidase (26). T h i s may be due to 
the fact that different methods of i m m o b i l i z a t i o n have been employed. 

A d d i t i o n of water always enhanced the efficiency of immobi l i zed lac
case. T h e o p t i m a l amounts of water were surpris ingly low: rates of sy r inga l 
dazine ox idat ion comparable to those observed i n buffer were observed i n 
6 5 % aqueous acetonitri le , 5 0 % aqueous acetone, 5 0 % aqueous dioxane, and 
others. Immobi l i zed laccase is surpris ingly stable when stored i n organic 
solvents. Stored i n n-hexane at 30°C, i t was stable for more t h a n eight 
days w i t h less t h a n 10% loss of i n i t i a l act iv i ty , whereas at the same condi 
tions the system lost about 9 0 % of its a c t i v i ty when stored i n buffer. T h e 
add i t i on of water to the pure solvents had a detr imenta l effect on stabi l i ty . 

In summary , the d a t a indicate that immobi l i zed laccase retains much 
of i ts ac t iv i ty i n organic solvents. T h i s may have impor tant technological 
impl i cat ions . 

Application of Laccase as a Radical Donor in Adhesives for Particle Boards. 
T h e properties of laccase w i t h regard to l i g n i n render it a candidate for ap
p l i ca t i on i n technical processes. A two-component adhesive was formulated 
w i t h l i gn in as the phenolic component and laccase as rad i ca l donor. T h e 
process is described i n more detai l elsewhere (1). 

It is evident that the appl i cat ion of a biological catalyst , the enzyme, 
i n a technical process ( in this case part ic le board product ion) demands as 
conditiones sine qua non the fol lowing parameters: 

i . T h e enzyme has to be produced on inexpensive substrates i n large 
quantit ies ; 

i i . It must be appl icable i n crude f o rm wi thout pr ior pur i f i cat ion ; 
i i i . It has to be reasonably stable at room temperature ; 
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27. H U T T E R M A N N E T A L Enzymatic Modification for Technical Use 367 

Table III . T h e Rates of Laccase -Cata lyzed O x i d a t i o n of Syr inga ldaz ine i n 
Different Organic Solvents 

React ion R a t e 
Solvent / / m o l e / m i n / m g enzyme 

E t h y l acetate a 216 
T o l u e n e 0 104 
Benzene a 81 
E t h e r a 75 
Isooctane a 68 
n - H e x a n e a 62 
C y c l o h e x a n e a 48 
C h l o r o f o r m 0 15 
Di ch lore thane a 8 
A c e t o n i t r i l e 6 116 
Ace tone 6 80 
E t h a n o l 6 28 
1.4-Dioxane 6 16 
T e t r a h y d r o f u r a n 6 11 
M e t h a n o l 6 10 
D i m e t h y l sul foxide 6 0 
Ν , N - D i m e t h y l f o r m a m i d e 6 0 

a 

b 

N o reaction was observed i n the anhydrous solvents; the solvents were 
presaturated w i t h d is t i l led water at r oom temperature . 
React ion took place i n solvent fol lowing add i t i on of 3.5% ( v / v ) of dis
t i l l ed water. 

i v . Since part ic le boards are pressed at h igh temperatures, the enzyme 
must be heat tolerant; 

v . B o a r d pressing has to follow current state-of-art , w i t h press t imes as 
short as possible; and 

v i . T h e price of the f inal product has to be compet i t ive w i t h conventional 
petrochemical resins. 
We have succeeded w i t h the development of an enzyme-catalyzed a d 

hesive system on l i g n i n basis that meets a l l the requirements stated above. 
T h i s system is based on a basidiomycete (Trametes versicolor), grown i n 
a fermenter on spent sulfite l iquor and aminophenol as a dd i t i ona l enzyme 
induc ing agent. A m o n g many other basidiomycetes, this fungus was cho
sen because of its h igh extracel lular laccase act iv i ty w h i c h produced best 
adhesion results. T h e culture bro th obtained after 4 days of cu l t i va t i on 
is concentrated by evaporation or u l t ra f i l t ra t i on , and the result ing concen
trated , crude enzyme so lut ion is appl ied d irect ly i n the b i n d i n g system. A 
sterile storage of the enzyme concentrate at r o o m temperature is possible 
for at least one m o n t h . 

C o m p a r e d to the chemical ly cured adhesive systems i n common use 
today, this enzymat ic binder has certain advantages: 

1. It is based on the t o ta l u t i l i z a t i o n of waste l i g n i n , first as b i n d i n g 
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368 LIGNIN: PROPERTIES AND MATERIALS 

component i n the adhesive and second as nutrient source for enzyme 
produc t i on . 

2. Because of the h igh cata lyt i c ac t iv i ty of the enzyme, the b i n d i n g pro
cess can be performed under m i l d conditions wi thout appl i cat ion of 
large amounts of harmfu l chemicals. 

3. In contrast to part ic le boards bonded w i t h synthet ic resins, the 
"b iobonded" boards do not emit any harmfu l vapors as do, for ex
ample , formaldehyde-bonded boards. 
T h e product i on of the "b iobonded" part ic le boards has been described 

recently i n detai l (1 ,31) . A n a l y t i c a l results by gel permeat ion chromatog
raphy and ul tracentr i fugat ion have been presented i n support of an in vivo 
and in vitro po lymer izat ion of l i g n i n sulfonates. Besides po lymer i za t i on , the 
l i gn in molecule was found to be modif ied by carboxy la t i on , and this was 
shown by difference spectroscopy (32). T h e fol lowing is a short s u m m a r y 
of pert inent results. 

M i l l e d wood l ign in was m i x e d w i t h the crude enzyme so lut ion of Tram-
etes versicolor extracel lular phenoloxidases produced on spent sulfite l iquor 
i n a rat io of approximate ly 2 :1 . T h i s comprised the m a i n part of the two-
component "bio-adhesive." Industr ia l particles were bonded w i t h 15% bio -
adhesive under conventional pressing condit ions to have 19 m m part ic le 
boards (40 x 50 cm) of the properties described i n Table I V . T h e bonding 
reaction (crosslinking) took place i n aqueous so lut ion at r o o m temperature . 
If conventional pressing technology is appl ied , the temperature should be 
elevated i n order to m a i n t a i n water evaporation w i t h i n a reasonable press 
t ime . 

Tab le I V . Technological and Mechan i ca l Propert ies of " B i o b o n d e d " Par t i c l e 
Boards : Effect of L i g n i n T y p e , E n z y m e A c t i v i t y and Press ing T i m e 

Versai Thickness Swe l l ing** 
Press Tensile Af ter 
T i m e Densi ty Strength 

L i g n i n T y p e ( m i n ( k g / m 3 ) ( N / m m 2 ) 2h 24h 

1 - f enzyme 5 774 0.47 5.4% 24 .0% 
2 + enzyme 5 775 0.42 5.4% 19.9% 
2 - f enzyme 3 745 0.44 6.7% 29 .3% 

Contro l s : 
1 — enzyme* 5 734 0.18 4 0 . 1 % <60 .0% 
U r e a f o r m a l  3 700 0.37 10.0% 30 .0% 
dehyde (66%) 

Note : T h e l ignins were technical by-product l ignins of different po lar i ty , 
1 = l i gn in sulfonates, 2 = mi l l ed wood l i g n i n . 

* T h e enzyme was inact ivated by autoc lav ing . 
* Per formed by soaking i n cold water. 

Tab le I V shows that the enzyme has a significant effect on b o t h the 
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27. H U T T E R M A N N E T A L Enzymatic Modification for Technical Use 369 

versai tensile strength and the thickness swell ing. T h e l i gn in type, by con
trast , affected most ly the swel l ing properties of the board : the use of the 
less polar mi l l ed wood l ign in resulted i n better water resistance t h a n the 
corresponding l ign in sulfonate products . Press times of 3 m i n i n combi 
nat i on w i t h enzyme and mi l l ed wood l ign in meets the G e r m a n standard 
requirements for V 2 0 part ic le boards. 
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Chapter 28 

Estimating the Adhesive Quality of Lignins 
for Internal Bond Strength 

Natsuko Cyr and R. George S. Ritchie 

Alberta Research Council, P.O. Box 8330, Station F, Edmonton, Alberta 
T6H 5X2, Canada 

Quantitative C-13 NMR spectrometry and size exclusion 
chromatography afforded sufficient data on lignins from 
steam-exploded aspen wood, steam-exploded aspen bark 
waste, and a Kraft hardwood to determine the num
ber, and kind, of reactive sites which undergo reaction 
with phenol-formaldehyde resin. A model was proposed 
to predict the quality of the resin produced, when such 
lignins are methylolated. Board performance (as IB) was 
taken as a measure of the binder quality. Preliminary 
testing of boards made from methylolated lignin:phenol
-formaldehyde compositions with up to 50% lignin con
tent not only passed the Canadian Standards for random
-oriented waferboard but agreed well with the prediction 
model. 

T h e cost of wood adhesives i n reconstituted board industries can be a sub
s tant ia l por t i on of product ion costs. T h e fact that l ignins are less expensive 
t h a n P F resins alone makes them attract ive to use i n resins as extenders. 
However, the chemical structure of l ignins isolated f rom various l ignocel lu-
losics depends on the plant species, the method of i so lat ion , and age of the 
l i gn in fract ion (1). Adhesives w h i c h are derived i n part f rom l i g n i n tend to 
have a h igh degree of var iab i l i t y i n performance, due to such l ign in v a r i a 
t ions. One approach to reduce these variations is to mask the l i g n i n under 
a surface of grafted copolymer (2-5). A n alternative is to develop a method 
whereby l ign in su i tab i l i ty for a binder can be assessed, for the purpose 
of pre-screening l i g n i n samples wi thout resorting to extensive formulat ions 
and test ing; such is the object ive of this paper. 

0097-6156/89A)397-0372$06.00A) 
© 1989 American Chemical Society 
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28. C Y R & R I T C H I E Estimating the Adhesive Quality ofLignins 373 

Experimental 

Steam-exploded l ignins were prepared f r om aspen by the T i g n e y process 
(6) and purif ied as described (1). Acety lat ions were accomplished i n acetic 
anhydr ide -pyr id ine and the acetates isolated i n the usual fashion. M e t h y -
lolations were performed as described by M a r t o n et al. (7). Q u a n t i t a t i v e 
C-13 N M R spectra were obtained using "inverse gated decoupl ing" on a 
B r u k e r W P - 8 0 spectrometer at 20.1 M H z . T y p i c a l l y 10,000 scans were 
accumulated . C h r o m i u m acetoacetonate was added to the chloroform-d 
and D M S O - d 6 solutions to shorten T i . Spec t ra i n D M S O were obtained 
at 363 Κ to increase the c h r o m i u m salt so lubi l i ty and decrease viscosity. 
Size exclusion chromatography was performed on a M i l t o n - R o y H P L C us
ing three Waters columns (one 1000 A , two 10,000 A ) . L i g n i n acetates 
were analyzed as 1% solutions i n dichloromethane, us ing a flow rate of 
2 m L / m i n , and a U V detector (254 n m ) . E l u t i o n t imes were ca l ibrated 
against polystyrene standards. Calcu lat ions on molecular weights were per
formed by the method of Y a u et al. (8). 

T h e l ignins were separately m i x e d w i t h P F resin (dry blending) at 3 0 % 
and 5 0 % levels pr ior to app l i cat ion as a binder . T h e format ion and test ing 
(9) of the waferboards (30 c m χ 30 cm) were done by the A l b e r t a Research 
C o u n c i l P a n e l Test ing Laboratory . 

Parameters 

B a c k (10) has ind icated that superior board performance is achieved w i t h 
covalent bonding of the adhesive to the wood. A binder , then, must have 
at least the m i n i m u m number of reactive sites per molecule. If there is one 
or fewer such sites, then the l ign in should behave as a filler, wh i ch may or 
may not be chemical ly bound to the resin. In the case of two reactive sites, 
a " l inear " macromolecule is possible, or the l ign in may be considered to 
behave as an extender for a resin. W h e n three or more sites are available, 
cross l inking can occur and the l i gn in could then become a f u l l partner i n the 
crossl inked binder . One may project how the l i g n i n could behave, once the 
reactive sites on the l ign in molecule have been mapped . For this chapter, 
the interactive sites w i l l be alcohols and benzy l alcohols, to s imulate the 
reaction of P F resins w i t h the carbohydrates i n the wood. 

U n l i k e P F resins, l ignins do not have methy lo l groups attached to 
the aromat ic r ings. However, methylols can be grafted onto l i g n i n at p-
hydroxybenzy l and guaiacy l sites C - 3 , C -5 and C - 5 , respectively, provided 
these C9 units of the l ign in have a free phenolic O H group at C -4 . N o 
reaction occurs w i t h syr ingy l groups. In hardwoods, the propor t ion of p-
hydroxybenzy l groups is very s m a l l compared to guaiacyl and s y r i n g y l uni ts , 
so C-4 free guaiacy l groups measure the number of po tent ia l methy lo la t i on 
sites. 

T h e methoxy l s ignal i n C-13 N M R spectra of l ignins (both free, i n 
D M S O , and acetylated, i n chloroform) is unambiguous and was used as a 
reference for the benzene r i n g . T h e integrated methoxy l s ignal w i l l vary 
depending u p o n the amounts of sy r ingy l , gua iacy l , and p -hydroxyphenyl 
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374 LIGNIN: PROPERTIES AND MATERIALS 

groups present. Since the last is ignored here, the rat io of s y r i n g y l to 
guaiacy l or " s / g " rat io can be determined by N M R by a number of methods. 
F r o m the l ign in spec trum i n D M S O define: 

a
 s [area i n region 100 — 109 ppm] ^ 2 

g [area i n region 109 — 123 ppm] 3 

T h e number of methoxy l groups per average benzene r i n g : 

" = S t <2» 
F r o m the same spectra, C -3 and C-5 i n bound syr ingy l groups are 

assigned to the region 150-155 p p m , and the region 143-150 p p m contains 
C - 3 , C -5 of the free syr ingy l groups, C-3 and C-4 of bo th types of gua iacy l 
un i ts , and the a l p h a carbon of any olefins present (11-14). F r o m the P r o t o n 
N M R d a t a of the l ignins s tudied , the amount of olefinic mater ia l was s m a l l , 
so this last t e r m can be neglected. T h e n : 

k [area under region 150 — 155 ppm] , 
sf + 9b + 9f [area under region 143 — 150ppm] 

B y expanding E q u a t i o n 1 and restraining the parameters to fit a single 
average benzene r ing : 

a = s _ = S ± ± s j _ 

9 9b + 9f 

Sb + Sf +gb + 9f = 1 (5) 

F r o m the spectra of acetylated l ignins (15) the relative amounts of 
pr imary , secondary, and phenolic O H groups are determined for the average 
benzene r ing : 

_ [area of peak at 170.8 ppm] ^ ̂  ^ 
[area of O M e peak at 56 ppm] 

_ [area of peak at 170.0 ppm] ^ ̂  ^ 
[area of O M e peak at 56 ppm] 

ζ — [ a r e a ° f P e a k a*» 168.9 ppm] ^ ̂  ^ 
[area of O M e peak at 56 ppm] 

Since E q u a t i o n 8 refers to the free phenolic groups, then: 

z = s f + g f (9) 
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28. C Y R & R I T C H I E Estimating the Adhesive Quality of Lignins 375 

So lv ing the set of four simultaneous equations (Equat ions 3, 4, 5, and 
9) gives the number of methy lo lat ion sites: 

9 ' = X - [ l + a][t+b] ( 1 0 ) 

F r o m the profile of the molecular weights obtained by the use of G P C 
d a t a on the acetylated derivatives, the average molecular weight was ca l 
culated. F r o m x, y, z, and Ν the average molecular weight of the basic 
s t r u c t u r a l un i t was determined, and f inal ly the number of benzene r ings per 
molecule was real ized, and hence the number of reactive sites per molecule. 

Results 

Figure 1 shows the var iat ion by C-13 N M R i n the l i gn in samples: (a) 
E X W L ; (b) E X B W L ; and a kraft hardwood l ign in (c) T o m L . P a r t i a l C -
13 spectra of l ign in acetates showing the carbonyl region are i l lustrated i n 
F i g u r e 2. Mo lecu lar weight measurements were determined using the size 
exclusion chromatograms shown i n F igure 3. T h e d a t a are summar ized in 
Tab le I. 

Table I. L i g n i n parameters obta ined f r om C-13 N M R and G P C 

Parameter E X B W L E X W L T o m L B - P F R - P F 

S y r i n g y l / g u a i a c y l rat io 0.85 1.50 1.30 - -
N o . of O M e per avg. r ing 1.46 1.60 1.57 -N o . of p r i m a r y O H / r i n g 0.53 0.42 0.27 1.04 1.15 
N o . of secondary O H / r i n g 0.59 0.37 0.19 - -
N o . of phenolic O H / r i n g 0.55 0.53 0.66 1. 1. 
N o . avg. molecular weight 1490 2230 1730 1870 1570 
A v g . molecular w e i g h t / u n i t 280 269 243 223 231 
Dispers i ty 5.1 4.0 5.5 4.1 3.3 
N o . of s i t e s / r ing ( C H 2 0 ) 0.33 0.21 0.19 1.04 1.15 

Predict ions of I B Q u a l i t y 

Table II gives a number of derived parameters used to assess the l ignin 's 
su i tab i l i t y as a binder . For a f u l l b inder, l ignins required a m i n i m u m of 
three sites per average molecule for formaldehyde graft ing . None of the 
l ignins studied approach this level . A t least twice the number of sites found 
is required for steam exploded l ignins and more for the kraft l i g n i n . P F 
resins have an average of eight sites per molecule, a much higher density 
t h a n projected, so P F resins are excellent wood binders. 

A l t h o u g h the l ignins do not per form adequately as f u l l binders, they 
can be used as extenders. N o w the resin supplies the benzyla lcohol func
t i ona l i ty and the l ignins (and wood chips) need only supply alcohol groups 
to make ether linkages. T h e results for d a t a on methylo lated l ignins are 
expressed i n Tab le II as indices. T h e index is obta ined by d i v i d i n g the 
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376 LIGNIN: PROPERTIES AND MATERIALS 

F igure 1. Carbon -13 N M R spectra ( in D M S O - d 6 ) of steam-exploded aspen 
l ignins : (a) E X W L ; (b) E X B W L ; and (c) T o m L . 
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28. C Y R & R I T C H I E Estimating the Adhesive Quality of Lignins 377 

a / b / c 

— ι ι I ι « • , • ι . . • 
170 167 ppm 170 167 ppm 

Figure 2. P a r t i a l 1 3 C - N M R spectra ( in D M S O - d e ) of the acetylated mate
r ia ls : (a) E X W L ; (b) E X B W L ; (c) T o m L ; (d) Re icho ld P F resin; and (e) 
Bakélite Ρ F resin. 
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378 LIGNIN: PROPERTIES AND MATERIALS 

105 104 103 102 10s 104 1 03 1 02 

Molecular weight 

Figure 3. G e l permeat ion chromatograms of the acetylated mater ia ls : (a) 
Re i cho ld P F resin; (b) Bakélite P F resin; (c) E X W L ; (d) E X B W L ; a n d (e) 
T o m L . 
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28. C Y R & R I T C H I E Estimating the Adhesive Quality ofLignins 379 

Table II. L i g n i n parameters for assessing adhesive qual i ty 

Parameters E X B W L E X W L T o m L B - P F R - P F 

VaJues based on one average molecule: 

N o . of benzene rings 
N o . of a l iphat i c O H ' s 

5 8 7 8 7 N o . of benzene rings 
N o . of a l iphat i c O H ' s 5.7 6.3 3.2 8.3 8.1 
N o . of phenolic O H ' s 2.8 4.2 4.6 8 7 
T o t a l no. of O H ' s 8.5 10.5 7.8 16.3 15.1 
N o . of C H 2 0 sites 1.7 1.7 1.3 8.3 8.1 

Relative Indices: 

H y d r o x y m e t h y l index 21 15 15 85 100 
T o t a l a l iphat ic O H index 94 69 50 85 100 
T o t a l a lcohol index 70 57 55 90 100 
Pheno l i c O H index 42 42 60 96 100 

parameter for one molecule by its average molecular weight, and compar
i n g that rat io relative to the one obtained for Re i cho ld P F res in . None of 
the indices for methylo lated l ignins exceeds that for R - P F resin, but the 
predicted, relative effectiveness of such l ignins is h i g h . 

B o a r d Test ing Results 

In order to evaluate the method , the three l ignins were methylo lated , for
mulated w i t h R - P F resin and waferboards made. T h e boards were tested 
for dry M O R , M O E , wet M O R and I B , but on ly the last t e rm was the p a 
rameter chosen for qual i ty determinations by the authors. L i m i t e d number 
of testing results are given i n Table III . T h e d a t a are not corrected for board 
density. T h e "pass" level for C a n a d i a n requirements is I B = 0.345 M P a , so 
a l l of the boards prepared passed, even those containing binder w i t h 5 0 % 
of the P F resin replaced w i t h methylo lated l i gn in . 

Tab le I II . B o a r d testing results ( IB) 

B i n d e r Predic t ions ( E q n . 11) 

P F - R e s i n L i g n i n 
Densi ty 
k g m 3 

I B 
A c t u a l A l i p h . T o t a l P h e n o l . 

2 .0% 679 0.448 - -
1.4% E X W L - F (0.6%) 667 0.448 0,11 0.39 0.37 
1.0% E X W L - F (1.0%) 650 0.356 0.39 0.35 0.32 
1.4% E X B W L - F (0.6%) 629 0.396 0.44 0.41 0.37 
1.0% E X B W L - F (1.0%) 641 0.384 0.43 0.38 0.32 
1.4% T o m L - F (0.6%) 675 0.407 0.38 0.39 0.39 
1.0% T o m L - F (1.0%) 739 0.408 0.34 0.35 0.36 

T h e basis for predict ion of board qual i ty requires the qual i ty of the 
board (as measured by the I B ) be proport iona l to the effective adhesive 
content of the board . Therefore: 
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380 LIGNIN: PROPERTIES AND MATERIALS 

I B = 0.224 * ( W t p F + ( W t M L * R.I . ) ) ( H ) 

where R . I . is one of the relative indices i n Tab le II. C l e a r l y the R . I . t e rm is 
not a constant at a l l P F / l i g n i n ratios . For example, as the l ign in approaches 
100% binder content, the R . I . chosen must be the h y d r o x y m e t h y l index, a l l 
values of wh i ch are dramat i ca l ly lower t h a n either a l iphat ic index or t o ta l 
a lcohol index. Since the phenolic index, w h i c h is based on react iv i ty w i t h 
the acidic phenol groups, consistently underest imated the actual results, 
this index was rejected. 

C o n c l u s i o n s 

If E q u a t i o n 11 is va l id , then the qual i ty of the board w i l l drop as the 
P F resin content is lowered and there is no interact ion w i t h the l ignin 
(i.e., a f i l ler) . W h i l e there is a drop in board performance w i t h increasing 
l ign in content (at 2% binder) , i t is not as low as i t would be for a filler 
( 1 . 4 % P F => 0.31; 1 . 0 % P F => 0.22). Because the levels of I B obtained by 
test ing are much higher than this , the l i g n i n is undergoing chemical reaction 
w i t h the P F resin and contributes to board strength, at levels up to 5 0 % 
P F resin replacement. T h e degree to wh i ch board qual i ty decreases is 
approx imated well by an index based either upon the a l iphat i c O H content 
or t o ta l O H content, but not one based on phenolic O H ' s alone. 

E x p l o d e d wood and K r a f t methylo lated l ignins make poor qual i ty 
binders at 2% loading, but should give better binders at 12%, w h i c h is 
not economical . T h e bark mater ia l is only marg ina l ly better. 

A c k n o w l e d g m e n t s 

T h e C a n a d i a n Forestry Service through the C a n a d a - A l b e r t a Forest R e 
source Development Agreement has funded this work. 

L e g e n d o f S y m b o l s 

P F = phenol- formaldehyde 
s = syr ingy l uni t (3 ,5-dimethoxy, 4-hydroxyphenyl- ) 
g = gua iacy l un i t (3-methoxy-4-hydroxyphenyl - ) 
f = free, uni t which is not etherified at C-4 

b = bound , uni t which is etherified at C-4 
Ν = number of m e t h o x y l groups per average benzene r i n g 
χ = number of p r i m a r y O H groups per average benzene r ing 
y = number of secondary O H groups per average benzene r ing 
ζ = number of phenolic O H groups per average benzene r ing 

E X W L = steam exploded aspen heartwood 
E X B W L = steam exploded aspen bark and wood rot (waste) 

T o m L = Toml in i t e , a hardwood l i g n i n product (Domtar ) 
R - P F = phenol- formaldehyde resin (Reicho ld R C I 9 4 7 ) 
B - P F = phenol- formaldehyde resin (Bakélite 9175) 
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28. C Y R & R I T C H I E Estimating the Adhesive Quality of Lignins 581 

I B = internal bond strength 
F = suffix used to indicate methylo lated sample 

W t p p = weight of P F resin i n a 100g board 
W t M L = weight of methylo lated l i g n i n i n a 100g board 

R f = to ta l a l iphat ic O H index 
R a = t o ta l alcohol index 
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Chapter 29 

Heat-Resistant Polyurethanes from Solvolysis 
Lignin 

Shigeo Hirose1, Shoichiro Yano1, Tatsuko Hatakeyama2, 
and Hyoe Hatakeyama1 

1Industrial Products Research Institute, 1-1-4 Higashi, Tsukuba, 
Ibaraki 305, Japan 

2Research Institute for Polymers and Textiles, 1 -1 -4 Higashi, Tsukuba, 
Ibaraki 305, Japan 

Solvolysis lignin was obtained by a cooking using cresol
-water. Polyurethanes (PU's) were prepared from solvol
ysis lignin, polyethylene glycol and 4,4'-diphenylmethane 
diisocyanate. Thermal degradation was investigated by 
thermogravimetry. It was found that lignin in PU's re
tarded the thermal degradation of PU's in air. The re
tardation was not observed in the degradation of PU's 
in nitrogen. These results indicate that the retardation 
was caused by the oxidative condensation of lignin. PU's 
containing polyol with phosphorous were also prepared. 
It was found that PU's became nonflammable in air with 
the addition of polyol with phosphorous. 

In the past, researchers attempted to obta in many k inds of three-dimension
a l polymers f rom l i g n i n , u t i l i z i n g the characteristics of l i gn in as a po lymer . 
It is generally recognized that polyurethane ( P U ) is one of the most useful 
three-dimensional polymers , because P U has unique features, various forms 
of mater ials can be obtained, and their properties can easily be control led. 
Therefore, m a n y attempts to obta in P U ' s using l ign in as a raw mater ia l 
have been made. Recently, Saraf and Glasser et ai (1,2) s tudied the 
re lat ionship between the structures and properties of P U ' s which were ob
ta ined f rom hydroxya lky la ted l ignins. T h e y also studied adhesive capacity, 
adhesive su i tab i l i ty , etc., of P U ' s conta in ing hydroxya lky la ted l ignins (3). 
Y o s h i d a et ai (4) reported the mechanical properties of P U ' s containing 
fract ionated kraft l i gn in which are obtained by successive extract ion w i t h 
organic solvents. 

In the present study, P U ' s containing l ign in were investigated w i t h ref
erence to thermal stabi l i ty , which is one of the basic thermal properties of 
polymers . T h e r m a l degradation of P U ' s which were obtained f rom solvoly
sis l ign in was studied using thermogravimetry ( T G ) . T h e in f lammabi l i ty of 

0097-6156/89/0397-0382$06.00/0 
Ο 1989 American Chemical Society 
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29. I I I R O S E E T XL Heat-ResistatU Polyurethanesfrom Solvotysis Lignin 383 

P U ' s containing phosphorous was also studied i n connection w i t h thermal 
stabi l i ty . 

E x p e r i m e n t a l 

Materials. Solvolysis Lignin (SL). A sample of crude l i g n i n was obtained 
f rom J a p a n P u l p and Paper Research Inst i tute , Inc. T h i s crude l i g n i n had 
been prepared i n the fol lowing way. Beech (Fagus crenata B l . ) was cooked 
at 185°C for 210 m i n i n a m i x t u r e of cresol and water (8 :2 , v / v ) w i t h the 
wood to l iquor rat io of 1:5. C r u d e l ign in was obta ined as a precipitate 
when the cresol layer of cooking l iquor was poured into benzene. T h e 
crude l i g n i n was purif ied by reprec ipitat ion using 9 0 % acetic acid-water 
and a m i x t u r e of 1,2-dichloroethane and ethanol (2 :1 , v / v ) - e t h y l ether. 
T h e purif ied solvolysis l i g n i n (SL) was used for the preparat ion of P U ' s . 

Polyurethanes (PU's). S L and 4 ,4 ' -d iphenylmethane di isocyanate 
( M D I ) were dissolved i n tetrahydrofuran ( T H F ) , and the so lut ion was 
st irred for 1 hr at 60°C. A T H F so lut ion of polyethylene g lyco l ( P E G 400) 
and d i e thy l b is (2-hydroxyethyl )aminomethylphosphonate (polyol contain
ing phosphorous) was added to the reaction m i x t u r e , and the reaction t ime 
was extended for 1 hr . In a l l reactions, the molar rat io of the to ta l amount 
of isocyanate groups to the t o ta l amount of h y d r o x y l groups ( N C O / O H ) 
was mainta ined at 1.2. T h e l i g n i n content i n P U was 20 w t % . E a c h so lu 
t i on was drawn on a glass plate , and allowed to dry for 48 hr . T h e residual 
solvent i n a sample was removed under v a c u u m and cur ing of each P U film 
was carried out at 120°C for 3 hr under a pressure of 50 k g / c m 2 . 

Measurements. A S h i m a z u T G 30 thermogravimeter was used for ther-
mograv imetry ( T G ) . T h e measurements were carried out using ca. 5 m g 
of sample at a heat ing rate of 10°C/min and at a flow rate of 15 m l / m i η 
of either nitrogen or air . In order to determine act ivat ion energies, mea
surements were carried out at heating rates of 2, 5, 10, and 20°C/min . 
In f lammabi l i ty of samples was tested using samples w i t h a w i d t h of 5 m m 
and a thickness of 0.6 m m according to the procedure of J a p a n Indus
t r i a l S t a n d a r d (JIS) K 7 2 0 1 , which is a testing method for in f lammabi l i ty 
of po lymer ic mater ials using the oxygen index method . 

R e s u l t s a n d D i s c u s s i o n 

Thermal Stability of Polyurethanes (PU's). F igure 1 shows T G curves for 
P U ' s w i t h l ign in contents of 20 and 0 w t % i n a ir . A s can clearly be seen 
f rom Figure 1, the difference between the two curves is scarcely evident u n t i l 
ca. 7% of weight loss. However, i n the region where weight loss exceeds 7%, 
the rate of degradation for P U w i t h l ign in is smaller t h a n that for P U 
wi thout l i gn in . For example, the difference i n weight loss between the two 
P U ' s at 350°C is about 20%. T h i s suggests that the incorporat ion of l ignin 
into P U ' s is responsible for the retardat ion of the thermal degradation of 
P U ' s . 

F igure 2 shows T G curves for P U ' s w i t h a l i gn in content of 20 w t % i n 
air and i n nitrogen. N o difference between the two curves can be observed 
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384 LIGNIN: PROPERTIES AND MATERIALS 

F igure 1. T G curves for polyurethanes ( P U ' s ) w i t h 20 w t % of l i gn in and 
wi thout l ign in measured i n a ir . Heat ing rate: 10°C/min. F l ow rate: 15 
m l / m i n . So l id l ine : P U w i t h l ign in and broken l ine : P U wi thout l i gn in . 

» V | I , I I 
100 200 300 400 500 

0 / e C 

Figure 2. T G curves for po lyurethane ( P U ) containing 20 w t % of l i gn in 
measured i n air and i n nitrogen. Heat ing rate : 10°C/min. F l o w rate : 15 
m l / m i n . So l id l ine : i n a ir ; broken l ine : i n nitrogen. 
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29. H I R O S E E T A L . Heot-Resistant Polyurethanes from Solvolysis Lignin 385 

u n t i l the weight loss reaches ca. 15%. However, the weight loss i n nitrogen 
increases rap id ly after the weight loss exceeds 15%. O n the other h a n d , the 
T G curve obtained i n air shows a shoulder w h i c h is not observed i n that 
obtained i n nitrogen. T h i s suggests that there is a difference between the 
mechanism of thermal degradation i n air and i n nitrogen. For compar ison , 
the T G curves of solvolysis l i gn in i n air and i n nitrogen are shown i n F i g 
ure 3. It was found that l ignin heated i n air degraded less t h a n that heated 
i n nitrogen. It is assumed that the retardat ion of thermal degradation of 
l i gn in i n air is caused by the condensation reactions under the par t i c ipa t i on 
of radicals which are formed by the reaction of l i g n i n w i t h oxygen i n a i r . 
Therefore, i t is considered that the retardat ion of degradation of P U i n air 
is caused by l i g n i n i n P U . 

In order to characterize thermal degradation of P U i n air i n deta i l , 
ac t ivat ion energies (E) for thermal degradation were calculated. A n integral 
method (5), wh i ch is generally va l id for analysis of thermal degradation of 
polymers using T G , was appl ied to the determinat ion of Ε for P U and 
l i gn in . 

A s s u m i n g that the degradation reaction is represented by the A r r h e -
nius re lat ionship , the equation finally obtained by the integral method when 
the weight fraction is constant is as follows: 

- l o g ^ i - 0 .4567£/ΉΤι = - l o g f o - 0 . 4 5 6 7 £ / Λ Γ 2 = 

where Ε represents act ivat ion energies; R , gas constant; φ, heat ing rate; 
T , absolute temperature where weight fract ion becomes a given value at 
each heat ing rate. A c t i v a t i o n energy (E) can be calculated using the above 
relat ionship between \og<j) and 1 / T . 

T G curves were obtained by measurements at heat ing rates of 2, 5, 10 
and 20°C/min for the degradation of P U w i t h a l ign in content of 20 w t % . 
F igure 4 shows the plots of \og<f> versus 1 / T obtained f rom each T G curve. 
These plots give straight lines and Ε can be calculated f r om the slope of 
each l ine . However, the integral method can be appl ied on ly for a process 
having a single E . T h e process at weight losses below 10% can be treated 
as an apparent single process, because the slopes of the lines are almost 
the same at weight losses of 5 and 10% as shown i n F igure 4. Therefore, 
the integral method is appl icable to analysis of degradation at weight losses 
below 10%. T h e calculated value of Ε was 121 k J / m o l . 

T h e measurements under the same condit ions were carried out for P U 
wi thout l i gn in and for l i g n i n , and E ' s were calculated. T h e obtained value 
of Ε for each sample is tabulated i n Table I. Ε for P U w i t h a l i g n i n content 
of 20 w t % is 17 k J / m o l higher than that for P U wi thout l i g n i n . T h i s 
indicates that P U w i t h l i gn in is thermal ly more stable t h a n P U wi thout 
l i gn in . Furthermore , Ε for l i gn in itself is 132 k J / m o l , wh i ch is the highest 
value among those for three samples. Therefore, it can be concluded that 
P U is thermal ly stabi l ized by the presence of l i gn in , w h i c h is more stable 
than P U itself. 

Polyurethanes (PU's) Containing Phosphorous. N o n f l a m m a b i l i t y as well 
as thermal s tab i l i ty is an i m p o r t a n t property of polymers. In the present 
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386 LIGNIN: PROPERTIES AND MATERIALS 

F igure 3. T G curves for solvolysis l i g n i n measured i n air and i n ni trogen. 
Heat ing rate: 10°C/min . F l o w rate: 15 m l / m i n . So l id l ine : i n a i r ; broken 
l ine : i n ni trogen. 

ol • • I 
15 1.6 1.7 18 1S2J0 

1 0 0 0 / Τ / K " 1 

Figure 4. Re lat ionsh ip between logar i thmic heat ing rate (log<£) and recipro
cal absolute temperature ( 1 / T ) for the degradation of po lyurethane ( P U ) 
w i t h 20 w t % of l i gn in i n a i r . Weight loss, Ο 5%, φ : 10%, • : 1 5 % a n d 
• : 20%. 
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29. H I R O S E E T A L Heot-Resistant Polyurethanes from Solvolysis Lignin 387 

Table I. Calculated Activation Energies (E's) for 
Thermal Degradation of Polyurethanes (PU's) and Lignin 

Sample E (kJ/mol) 

P U (lignin 20 wt%) 121 
P U (lignin 0 wt%) 104 
Lignin 132 

study, PU's containing phosphorous were prepared using a polyol contain
ing phosphorous (see Experimental), which is known as a reactive flame 
resistant reagent. These modified PU's containing phosphorous were inves
tigated with reference to inflammability and thermal stability. 

Table II shows the correlation of wt% of polyol containing phosphorous 
in P U with 20 wt% of lignin with oxygen indices which were obtained ac
cording to the procedure of JIS method. In this method, the inflammability 
of a sample is tested in a mixture of oxygen and nitrogen under a constant 
flow rate of the mixture. The oxygen index is the minimum concentration 
of oxygen in which a sample is inflammable. The oxygen index for P U 
without phosphorous and those for PU's with phosphorous are 19.3 and 
24.6, respectively. That is, qualitatively, PU's with phosphorous were not 
inflammable in air and P U without phosphorous was inflammable. This 
indicates that P U becomes less inflammable by the addition of 3 wt% of 
polyol containing phosphorous. 

Figure 5 shows T G curves for P U with 0-8% of polyol containing phos
phorous. The starting temperature of degradation of P U decreases with 
increasing the amounts of added polyol with phosphorous. This indicates 
that the addition of polyol with phosphorous reduces thermal stability of 
P U . However, it can be said that the retardation of degradation is pro
moted by the addition of polyol containing phosphorous at temperatures 
over approximately 400° C. 

Table II. Oxygen Indices of Polyurethanes 
(PU's) a Containing Polyol with Phosphorous (P-polyol) 

P-polyol (wt%) Oxygen Index 

Ô ϊ ϊ ΰ 
3 24.6 
8 

16 

* P U (lignin content: 20 wt%). 
Oxygen indices were obtained by a method according to JIS K7201. 
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388 LIGNIN: PROPERTIES AND MATERIALS 

F igure 5. T G curves for polyurethanes ( P U ' s ) (containing 20 w t % of l ign in ) 
prepared w i t h po lyo l containing phosphorous measured i n a i r . N u m b e r i n d i 
cated for each l ine shows the content of po lyo l w i t h phosphorous expressed 
i n w t % . Heat ing rate: 10°C/min. F l o w rate: 15 m l / m i n . 
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29. H I R O S E E T A L . Heat-Resistant Polyurethanes from Solvolysis Lignin 389 

C o n c l u s i o n s 

F r o m the results obtained i n this study, i t is concluded that l i g n i n i n P U ' s 
retards the thermal degradation of P U ' s i n air and also that P U ' s containing 
l i gn in become nonf lammable i n air w i t h the addi t ion of a po lyo l containing 
phosphorous. 
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Chapter 30 

Elastomeric Polyurethanes from a Kraft 
Lignin—Polyethylene Glycol—Toluene Diisocyanate 

System 

Roland Mörck, Anders Reimann, and Knut P. Kringstad 

STFI, Box 5604, S-114 86 Stockholm, Sweden 

Polyurethane (PU) films were produced by solution cast
ing from a three-component PU system consisting of a 
non-derivatized, low molecular weight fraction of kraft 
lignin (KL), polyethylene glycol (PEG) of various molec
ular weights and toluene diisocyanate (TDI). At low 
contents of K L (< 10%) and low molecular weights of 
P E G (300-600), weak but very flexible (ultimate strain 
~ 1000%) PU films were obtained whereas some of 
the films obtained with intermediate K L contents (15-
25%) and low molecular weight P E G showed consider
able toughness. Use of higher molecular weight P E G 
(4000) resulted in high values of ultimate strain (500-
600%) also at high (~ 30%) K L content. The crosslink 
densities of the films were generally very low. 

Many of the lignin-derived polyurethanes (PU's) so far reported in the 
literature have been extensively crosslinked due to the high functionality 
of lignins in the synthesis of PU's (1-6). The content of hard segments has 
also in most cases been very high (1-6). As a result, the lignin-derived PU's 
described have generally been hard, glassy, and sometimes brittle materials. 

It is anticipated that the possibility of producing elastomeric lignin-
containing PU's strongly depends on whether crosslink density can be held 
on a low level or not. It is also necessary to include soft segments, so that the 
glass transition temperature (T^) of the P U falls below room temperature. 

We observed in a previous investigation of PU's derived from a 
kraft lignin (KL)-polyether triol-diphenylmetane diisocyanate (MDI) sys
tem (Yoshida, H. ; Morck, R.; Kringstad, K. P.; Hatakeyama, H. , submitted 
to J. Appl. Polym. Set.) that K L fractions of low molecular weight yielded 
more flexible and less crosslinked PU's than the medium and high molecu
lar weight K L fractions. This was attributed to the lower functionality of 
the low molecular weight K L fractions. 

0097-6156/89A)397-0390$06.00/0 
© 1989 American Chemical Society 
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30. M Ô R C K E T A L . Elastomeric Polyurethanes 391 

P r e l i m i n a r y experiments i n our laboratory indicated very h igh values 
of u l t imate s t ra in for P U ' s derived f rom a 2,4-toluene di isocyanate ( T D I ) -
polyethylene g lyco l ( P E G ) - K L system i n which the K L component was a 
low molecular weight fract ion of non-derivatized K L . T h i s P U system was 
therefore subjected to a more comprehensive invest igation i n w h i c h the 
K L content, the so f t /hard segment rat io and the molecular weight (chain 
length) of the soft segment ( P E G ) were varied systematical ly . T h e present 
paper reports the results of this investigation. 

E x p e r i m e n t a l 

Kraft Lignin. A softwood kraft l ign in ( K L ) was isolated f rom a p a r t l y evap
orated, indus t r ia l kraft black l iquor by prec ip i tat ion through the add i t i on 
of d i lute sulfuric ac id as described elsewhere (7). T h e l i gn in was thereafter 
fract ionated by successive extract ion w i t h organic solvents (7). T h e K L 
fract ion used i n the present invest igation was the second of five fractions 
obta ined (propanol soluble - methylene chloride insoluble) . 

Polyethylene glycol (PEG) and toluene diisocyanate (TDI). P E G of various 
molecular weights (300-4000) and T D I (80:20 mix tur e of 2 ,4- and 2 ,6-
isomers) were obtained f rom M E R C K , D a r m s t a d t , West Germany . 

Polyurethane synthesis. P U films were synthesized by pre -po lymer izat ion of 
a l l s tar t ing mater ials in tetrahydrofuran so lut ion at r oom temperature fo l 
lowed by so lut ion casting as described previously (6). D i b u t y l t i n d i laurate 
was used as catalyst (2% of t o ta l sample weight) . T h e P U films obtained 
were cured for 35 hours at 95 ± 1°C. 

Differential scanning calorimetry (DSC). T h e D S C analyses were carried 
out using a P e r k i n - E l m e r D S C - 7 and a D u P o n t 9 1 0 D S C . T^ was defined as 
the midpo in t of the change i n heat capacity occurr ing over the t rans i t i on . 
T h e samples were first scanned to 95°C, thereafter cooled and recorded a 
second t ime. T h e T^ was determined f rom the second r u n . T h e measure
ments were carried out under an atmosphere of dry nitrogen at a heat ing 
rate of 10°C/min. 

Swelling tests and determination of tensile properties. T h e procedure for 
es t imat ing cross-l ink density f rom e q u i l i b r i u m swel l ing d a t a is described 
i n deta i l i n a previous paper (6). T h e tensile properties of the P U films 
were carried out at 23°C and 6 0 % relative humidi ty . T h e crosshead speed 
and distance were 10 m m / m i n and 30 m m , respectively. A more detai led 
descr ipt ion of the tensile tests is given elsewhere (6). 

Infrared spectroscopy. Infrared spectra of t h i n P U films were obta ined using 
a P e r k i n - E l m e r 983 infrared spectrophotometer. 
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392 LIGNIN: PROPERTIES AND MATERIALS 

R e s u l t s a n d D i s c u s s i o n 

T h e composi t ion of s tar t ing mater ials for the P U ' s studied i n the present 
invest igat ion are l isted i n Table I. F i v e series of P U films were synthe
sized i n w h i c h P E G of different molecular weights were appl ied . T h e iso-
c y a n a t e / h y d r o x y l group ( N C O / O H ) rat io was kept constant (1.2) i n a l l 
samples since var iat ions i n the N C O / O H rat io may also lead to var iat ions 
i n crossl ink density (8). 

T h e T D I used was an 80:20 m i x t u r e of the 2 ,4- and 2,6-isomers, w h i c h 
is commonly used i n i n d u s t r i a l appl icat ions (8). 

T h e low molecular weight K L fract ion used in this s tudy amounted to 
2 2 % of the unfract ionated l i g n i n (7). T h e h y d r o x y l group content of this 
f ract ion was determined to 7.3 m m o l / g of w h i c h a major part (5.0 m m o l / g ) 
was found to be phenolic (7). Its weight average molecular weight (Mw) 
was determined to 1100 (relative value related to polystyrene) us ing h igh 
performance size exclusion chromatography (7). T h e molecular weight dis 
t r i b u t i o n was re lat ive ly narrow (Mw/Mn = 1.4). T h e funct ional i ty of this 
K L fract ion i n the P U synthesis was est imated to 6-8. 

Crosslink density of PU films. T h e P U films were subjected to swel l ing tests 
i n d imethyl formamide . T h e crosslink densities of the films were thereafter 
est imated f rom e q u i l i b r i u m swell ing d a t a using a modif ied version of the 
F l o r y - R e h n e r equat ion . T h e swell ing tests as wel l as the ca lcu lat ion of 
crosslink density are described i n detai l in a previous paper (6). 

F igure 1 shows that the crosslink density increases, as expected, w i t h 
increasing K L content. T h i s is m a i n l y due to the higher funct ional i ty of 
K L i n comparison w i t h P E G . T h e fact that the content of h y d r o x y l groups 
and isocyanate groups increases w i t h r is ing K L content at each molecular 
weight of P E G studied (a consequence of the constant N C O / O H rat io ) 
may also contr ibute , since this m a y increase the number of positions where 
cross l inking can occur. 

T h e swell ing behavior does, however, strongly indicate that the 
crosslink densities of the T D I - b a s e d P U ' s studied here are considerably 
lower t h a n those previously found (10) for P U ' s f r om a corresponding K L -
P E G - M D I system where the same K L fract ion and the same N C O / O H 
rat io were used. T h i s is at least par t ly due to the fact that the M D I 
used i n the previous invest igat ion was a mix tur e of d i - and tri isocyanates 
hav ing a somewhat higher funct ional i ty t h a n the T D I used here. It may 
also to some degree be due to a combined effect of the low react iv i ty of 
phenolic h y d r o x y l groups toward isocyanates (11-14) and of the fact that 
the oW/io-isocyanate group i n 2 , 4 - T D I is far less reactive than the para-
isocyanate group at room temperature (15-17). T h i s effect, i f present, may 
reduce the effective funct ional i ty of non-derivatized K L i n the P U system 
studied here. It is furthermore possible that the reaction between the ortho-
isocyanate group i n 2 , 4 - T D I and some of the h y d r o x y l groups i n K L may 
be sterical ly hindered whi ch would also reduce the effective funct ional i ty 
of non-der ivat ized K L i n the K L - P E G - T D I system. N o attempts were, 
however, made i n this invest igat ion to establish whether these effects were 
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30. M Ô R C K E T A L . Elastomeric Polyurethanes 393 

Table I. Po lyurethane C o m p o s i t i o n 

Sample K L P E G T D I N C O / O H 
% % % 

P E G 300 
1 0.0 59.0 41.0 1.2 
2 5.0 53.8 41.2 1.2 . 
3 10.0 48.6 41.4 1.2 
4 16.9 41.4 41.7 1.2 

P E G 400 
5 0.0 65.7 34.3 1.2 
6 5.0 59.9 35.1 1.2 
7 10.0 54.2 35.8 1.2 
8 17.0 46.0 37.0 1.2 
9* 24.9 37.3 37.8 1.2 

10* 31.9 28.3 39.8 1.2 

P E G 600 
11 0.0 74.1 25.9 1.2 
12 5.0 67.6 27.4 1.2 
13 10.0 61.1 28.9 1.2 
14 17.0 51.7 31.3 1.2 
15 24.9 41.5 33.6 1.2 
16 31.9 32.4 35.7 1.2 

P E G 1000 
17 5.0 75.4 19.6 1.2 
18 10.0 68.0 22.0 1.2 
19 17.0 57.8 25.2 1.2 
20 25.0 46.3 28.7 1.2 
21 31.9 36.1 32.0 1.2 

P E G 4000 
22 17.0 66.1 16.9 1.2 
23 25.0 53.0 22.0 1.2 
24 31.9 41.5 26.6 1.2 
25 34.9 36.4 28.7 1.2 
26 38.0 31.3 30.7 1.2 

*Too br i t t l e for tensile test ing. 

present or not , even though the existence of unreacted isocyanate groups 
i n the cured P U ' s was qual i tat ive ly confirmed for some selected samples by 
infrared spectroscopy v i a observation of the isocyanate stretching b a n d at 
2270 c m " 1 . 

Differential scanning calorimetry analysis. T h e K L - c o n t a i n i n g P U ' s f rom 
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394 LIGNIN: PROPERTIES AND MATERIALS 

three of the P U series studied ( P E G 400, 600, and 4000) were analyzed 
by D S C . T h e P U ' s were cured to stable properties at 95°C (35 h) . T h e 
samples were, however, unstable at higher temperatures, probably due to 
add i t i ona l cur ing . A l l samples analyzed by D S C were therefore i n i t i a l l y 
scanned through Ύ9 up to 95°C, where the first scan was interrupted . A f 
ter cool ing, the scan was repeated. T h i s second scan was i n most cases 
terminated at 120 — 135°C, where baseline instabi l i t ies and exotherms be
gan to appear. 

T h e results of the D S C analysis are summar ized i n Table II. E x a m p l e s 
of representative D S C scans are shown i n Figures 2, 4, and 5. F igure 2 shows 
D S C scans (second scan) for the P U ' s f rom the P E G 600 series ( P U ' s 12-16). 
E a c h of these D S C scans display a clearly defined glass t rans i t i on for the soft 
segment. T h e t rans i t i on shifts to higher temperatures and broadens as the 
K L content (and thereby the weight fract ion of hard segments) increases. 
T h e former effect is further i l lustrated by F igure 3, which shows that the 
T^ decreases, i n each P U series, w i t h increasing weight fract ion of soft 
segments (or increases w i t h increasing weight fract ion of h a r d segments) 
over the to ta l range studied. T h e T^ has been described as a sensitive 
index of phase m i x i n g i n P U ' s (18) and the behavior of Tg observed i n the 
present study is usual ly interpreted as a strong ind i cat ion of phase m i x i n g 
(18-21). T h e P U ' s are not necessarily completely free o f phase separation 
between the soft and hard segments, but the phases are extensively m i x e d . 

N o me l t ing endotherm appeared i n the first D S C scan for any of the 
K L - c o n t a i n i n g P U ' s f rom the P E G 400 and P E G 600 series, w h i c h indicates 
the absence of any soft segment crysta l l in i ty i n these samples. T h i s is 
further indicated by the fact that a l l K L - c o n t a i n i n g P U ' s f r om the P E G 400 
and P E G 600 series were clear and transparent. T h e P U ' s i n the P E G 4000 
series were, however, t u r b i d , which may be an ind i ca t i on of soft segment 
c rys ta l l i za t i on . T h e t u r b i d i t y was most pronounced i n P U ' s 22 and 23 
and decreased rap id ly in extent w i t h increasing K L content. Soft segment 
c rys ta l l in i ty is further indicated by the presence of a me l t ing endotherm in 
the first D S C scan for P U ' s 22 and 23 ( F i g . 4) . A l t h o u g h P U #24 displayed 
some turb id i ty , no mel t ing endotherm was observed i n the first D S C scan 
of this sample. 

T h e first D S C scan for some samples hav ing their glass t rans i t i on lo 
cated somewhat above room temperature ( P U ' s 9, 10, 16, 25 and 26) showed 
an endothermic peak overlapping w i t h the glass t rans i t i on . O n cool ing and 
repeat ing the scan only the glass t rans i t i on appeared. T h e D S C scans of 
P U # 9 are shown as an example i n F igure 5. Since these samples were 
glassy and transparent (except P U ' s 25 and 26, which were s l ightly t u r b i d ) , 
this endotherm is most l ikely due to enthalpy re laxat ion . It is wel l known 
that the polymer chains are frozen i n a non -equ i l i b r ium conformation in 
the glassy state. However, some mot i on occurs even i n the glassy state 
(22), especially when the po lymer is kept at (or annealed at) a t empera 
ture moderate ly below T^ . A s a result of these restricted motions, a slow 
re laxat ion of the non -equ i l i b r ium state towards the e q u i l i b r i u m state takes 
place. T h i s process, which is accompanied by a decrease i n enthalpy and 
free vo lume, is known as phys ica l aging or enthalpy re laxat ion . 
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Figure 1. Cross l ink density as a funct ion of K L content. T h e numbe 
the figure indicate different molecular weights of P E G . 
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Figure 2. D S C scans (second scans) for P U ' s 12-16. 
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396 LIGNIN: PROPERTIES AND MATERIALS 

F igure 3. T^ as a funct ion of P E G content. T h e numbers i n the figure 
indicate different molecular weights of P E G . 
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Figure 5. D S C scans for P U N o . 9.  P
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Tab le II . D S C A n a l y s i s 

Sample T 3 ) ° C E n d o t h e r m i c peaks Sample T 3 ) ° C 
(first scan), ° C 

P E G 400 
6 - 4 -
7 11 -
8 22 -
9 37 50 

10 40 50 

P E G 600 
12 -21 -
13 -15 -
14 - 1 -
15 23 -
16 37 54 

P E G 4000 
22 n .d . * 48 
23 -26 39,45 
24 4 -
25 29 54 
26 50 64 

*n .d .= not determined. 

Tensile properties. T h e tensile tests were performed at 23° C , which means 
that some of the samples were tested above their T^ and others below. T h i s 
w i l l , of course, have a strong influence on the tensile properties. F igure 6 
shows Young ' s modulus ( E ) , u l t imate stress (σ&), and u l t imate s t ra in 
of the various P U ' s as functions of K L content. A s can be seen, the P U ' s 
are, at the lower molecular weights of P E G studied, (300, 400 and 600) 
i n i t i a l l y weak but very flexible. T h e strength increases as the K L content 
increases, whereas the flexibility is gradual ly lost. Some of these P U ' s are 
quite tough, especially some of those prepared f rom low molecular weight 
P E G (400, 600) at intermediate K L contents ( P U ' s 8 and 15). In the P E G 
1000 and 4000 series, the most flexible P U ' s were obtained at intermediate 
K L contents ( P E G 1000 series) or at intermediate to fa i r ly h igh K L contents 
( P E G 4000 series). 

T h e K L content at which steep increases in Ε ( F i g . 6a) and σ& ( F i g . 6b) 
are in i t ia ted indicates, in each P U series, the t rans i t ion f rom the rubbery 
state to the glassy state. T h e t rans i t ion is shifted towards higher K L con
tents as the molecular weight of P E G increases, which is due to differences 
i n composit ion between the five series of P U ' s s tudied . T h i s is discussed 
somewhat more i n deta i l below. 

Some of the P U ' s show very h igh values of e& ( F i g . 6c). These are 
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30. MÔRCK ET A L Elastomeric Polyurethanes 399 

(b) KL content, % 

Figure 6. Young ' s modulus (a), u l t imate stress (b), and u l t imate s t ra in (c) 
as functions of K L content. T h e numbers i n the figure indicate different 
molecular weights of P E G . 

generally much higher than the highest e^-values found (200-250%) for the 
previously studied M D I - b a s e d , K L - c o n t a i n i n g P U ' s (6 ,10) . T h i s must be 
m a i n l y a result of the marked ly lower crosslink densities of the T D I - b a s e d 
P U ' s studied here. T h e elongation of T D I - b a s e d P U ' s has previously been 
shown to be sensitive to variat ions i n crossl ink density (23). 

Previous studies of KL-po lye ther -der ived P U ' s have shown that high 
contents of K L (> 30 — 35%) result in hard and sometimes br i t t l e P U ' s 
regardless of the N C O / O H rat io used (6) and regardless of the molecular 
weight of K L (Yoshida , H . ; M o r c k , R . ; K r i n g s t a d , K . P . ; H a t a k e y a m a , H . , 
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400 LIGNIN: PROPERTIES AND MATERIALS 

submit ted to J. Appl. Polym. Set.). T h e results of the present invest igat ion 
show that the upper l i m i t for the K L content at w h i c h elastomeric P U ' s 
can be produced can be extended by increasing the chain length (molecular 
weight) of the soft polyether segment. T h i s can be explained as an effect 
of the decrease i n the content of P E G - d e r i v e d h y d r o x y l groups that follows 
w i t h increasing molecular weight of P E G . In order to fu l f i l l the requirements 
of a constant N C O / O H rat io , an increase i n the chain length of the P E G 
segments w i l l , at any given P E G content, result i n an increase i n K L content 
and a decrease i n the content of di isocyanate. In other words, the K L 
content increases whereas the s o f t / h a r d segment rat io remains unchanged. 
A n interest ing example of this effect i n the present invest igat ion is P U 
film #24 , wh i ch was synthesized using P E G 4000 as soft segment. T h i s 
P U film showed a very h igh value of e& (540%) at a K L content as h igh as 
31.9%. T h e P E G content of this P U was 41.5%, which i n the P U system 
studied here, approx imate ly corresponds to the m i n i m u m level of P E G 
content required to produce P U ' s w i t h h igh room-temperature values of e& 
( F i g . 7). 

20 30 40 50 60 70 80 
PEG content, % 

Figure 7. U l t i m a t e s t ra in as a funct ion of P E G content. T h e numbers in 
the figure indicate different molecular weights of P E G . 

C o n c l u s i o n 

Elastomer i c , l ignin-der ived polyurethanes can be produced from a three-
component system, i n which a polyether d io l (like P E G ) is used as soft 
segment, provided that the crosslink density is held at a low level and that 
the soft segment content is h igh enough to keep T a below room temperature . 
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Chapter 31 

Effect of Soft-Segment Content 
on the Properties of Lignin-Based Polyurethanes 

Stephen S. Kelley1,4, Wolfgang G. Glasser1 , 2, and Thomas C. Ward1-3 

1Department of Wood Science and Forest Products, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

3Department of Chemistry, Virginia Polytechnic Institute and State 
University, Blacksburg, VA 24061 

Alternative methods of preparing lignin-based polyure
thanes are compared in relation to thermal and mechan
ical properties. Generally the glass transition tempera
ture, modulus and tensile strength all increase with in
creasing lignin content. The elongation at break is consis
tently low except for the networks prepared with chain
-extended hydroxypropyl lignins, where the elongation de
creases as the lignin content increases. Polyurethanes 
prepared with aromatic isocyanates generally show bet
ter mechanical properties than those prepared with hex-
amethylene diisocyanate. Polyurethanes from fraction
ated (unmodified) lignin with added polyethylene glycol, 
and those from hydroxypropyl lignin, both provide high 
strength, homogeneous networks. Only chain-extended 
hydroxypropyl lignins produce networks with high elon
gation. 

Over 750,000 tons of l ign in per year are current ly used wor ldwide , most ly 
as l i gn in sulfonates for aqueous dispersions (1). W h i l e this is a substant ia l 
quanti ty , i t is on ly a fract ion of the l ign in available at pu lp and paper m i l l s . 

One goal of researchers has been to devise methods for incorporat ing 
l i gn in into so l id mater ia ls . L i g n i n has been suggested as a filler or addi t ive 
i n several systems (3-6). However, for most of these uses l i g n i n serves as a 
low value component rather t h a n as an integral , active ingredient . Some of 
the features whi ch have l imi ted l i g n i n to these low value uses include its het
erogeneous and complex structure , h igh modulus , poor ly defined t h e r m a l 
t rans i t ions , and poor so lubi l i ty (7 ,8 ) . T h u s , l i g n i n is diff icult to melt b lend 

4Current address: Eastman Chemicals Division, P.O. Box 1972, Kingsport, TN 37662 

0097-6156/89/0397-0402$06.00/0 
© 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
1



31. K E L L E V E T A L Soft-Segment Content ofLignin-Based Polyurethanes 403 

w i t h other mater ia ls . T h e poor so lub i l i ty o f kraft l i g n i n , the most a b u n 
dant source, has l i m i t e d commerc ia l incorporat ion of l i g n i n into urethane 
(9), phenol formaldehyde (10), or epoxy (11) systems. 

In an effort to overcome these l imi ta t i ons researchers have looked at 
new sources of l i g n i n or ways to modi fy l ignins w h i c h are current ly produced 
(12,13) . T h e state o f the art has progressed to the po int that m a n y of the 
t r a d i t i o n a l l imi ta t i ons of l i gn in have been addressed. T h e salient s t r u c t u r a l 
features of l i gn in may be identified and quantif ied (2 ,7) . T h e t h e r m a l 
transit ions can be measured, modif ied and related to the l i gn in structure 
(14). T h e so lub i l i ty of l i gn in can be improved by new isolat ion processes, 
by f ract ionat ion or by der ivat izat ion . T h u s , a more real ist ic v iew of l i g n i n , 
based on current technology, is that of a mul t i func t i ona l po lyo l w h i c h may 
be incorporated into several types of crosslinked polymers . 

A l t h o u g h the use of l i g n i n as an addit ive to polyurethanes is not new 
(15-20), even the most jud ic ious selection o f l i gn in iso lat ion or modi f i cat ion 
schemes has not allowed researchers to overcome the incorporat ion l i m i t of 
25 to 40 weight percent of l i gn in as an active component i n polyurethanes . 
Solvent f ract ionat ion allows for the isolat ion of l i g n i n fractions w i t h wel l 
defined solubil it ies and functionalit ies (21,22) . B o t h of these features are 
c r i t i ca l for the pract i ca l inc lus ion of l i gn in in to l i q u i d po lyo l systems. 

Frac t i onat i on can address the so lubi l i ty considerations and reduce the 
s t r u c t u r a l and molecular heterogeneities (18,20) . However, i t is o f l i m i t e d 
usefulness i n overcoming the problems of h igh modulus and h igh t h e r m a l 
transit ions . Frac t i onat ion also does not address the consideration of differ
ent ia l reactivit ies of the various funct ional groups present i n l i g n i n . T h e 
presence of carboxy l groups i n add i t i on to phenol ic as wel l as p r i m a r y a n d 
secondary hydroxy ls can lead to loss of contro l over gelat ion of po ly urethane 
networks (23). Premature gelation can produce inhomogeneous mater ia ls 
a n d , i n extreme cases, phase separation. T o address these problems, various 
der ivat izat ion schemes have been used to modi fy the l i gn in s tructure . 

Reac t i on of l i gn in w i t h ethylene or propylene oxide produces a m a t e r i a l 
w h i c h has essentially a single type of funct ional i ty (8). T h e derivatives also 
show improved so lub i l i ty and lower thermal transit ions compared to their 
unmodi f ied counterparts. These l i gn in derivatives have been incorporated 
into homogeneous polyurethane networks (14,15) . T h e properties of these 
l ignin-based polyurethanes depend on the di isocyanate crosslinker and to a 
lesser extent on the source of the l i g n i n . In general, the polyurethanes have 
been h igh modulus , br i t t l e materials w i t h very low elongation to break. 

T o improve the toughness and u l t imate s t ra in characteristics of these 
polyurethanes, ol igomeric glycols were added to the polyols based on h y 
droxy propy l l ignins pr ior to crossl inking. T h e add i t i on of polyethylene g ly 
cols ( P E G ) o f vary ing molecular weights increased the u l t i m a t e s t ra in f r o m 
under 10% to over 4 0 % , i n some cases (16). T h e strength a n d modulus 
remained h igh as l ong as the isocyanate to h y d r o x y l ra t i o remained above 
2.0. A d d i t i o n of butadiene g lycol to the hydroxy propy l l i g n i n produced 
films w i t h u l t imate strains over 150%, but the films were two-phase mate 
r ials over most of the compos i t ion range (17). T h e strength and modulus 
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404 LIGNIN: PROPERTIES AND MATERIALS 

of the polyurethanes decreased as the l i g n i n content decreased. Depend ing 
o n which phase was continuous, these mult iphase mater ia ls were regarded 
as rubber-toughened or l ignin-reinforced networks. 

A n al ternat ive approach to mod i fy ing the u l t i m a t e s t ra in of l i g n i n -
based polyurethanes involved the reaction of hydroxypropy l l i g n i n w i t h 
a d d i t i o n a l propylene oxide (24,25) . T h i s react ion produced a m a t e r i a l that 
was viewed as a m u l t i - a r m e d star (26). T h e center of the star was the 
h i g h modulus , aromatic l i g n i n , whi le the arms were flexible polyether seg
ments w i t h h y d r o x y l groups on their terminus. Po lyurethane networks 
based on these "chain-extended" hydroxypropy l l ignins were homogeneous 
across their entire composi t ion range (25). T h e y showed u l t i m a t e s t ra in 
properties of over 100%, but their strength properties decreased as the 
e longat ion increased. 

T h e purpose of the current s tudy is to offer a c r i t i ca l review o f these 
various approaches to produc ing l ignin-based polyurethane networks. T h e 
t h e r m a l a n d mechanica l properties of various l ignin-based polyurethanes 
are compared after be ing normal ized for their l ign in contents. T h e r e l 
ative advantages of the various approaches to incorporat ing l i g n i n into 
polyurethanes are discussed. 

M a t e r i a l s a n d M e t h o d s 

Materials. T h e mater ials are described i n deta i l i n the studies summar ized 
i n Tab le I. M o s t of these results are based on kraft l i g n i n . T h e N C O / O H 
ra t i o o f a l l of these networks were h i g h ; greater t h a n 1.5. A l l o f the networks 
were prepared f r om homogeneous solutions of the l ignin-based po lyo l , added 
(soft segment) po lyo l , and di isocyanate. F i l m s were cast and cured under 
m i l d condit ions w i t h a control led loss of solvent. T h e f i lms were post -cured 
to insure complete reaction (25). 

Methods. T h e r m a l properties were determined b y differential scanning 
ca lor imetry ( D S C ) . Mechan i ca l properties were a l l measured i n tension on 
samples cut f r o m the f i lms. 

R e s u l t s 

T h e r m a l properties of the l ignin-based networks are d r a w n f r o m three 
publ ished sources (15 ,16,25) . T h e mechanical properties of the mater ia ls 
are taken f rom four publ icat ions (15 ,16 ,19 ,25) . A l l o f these l ignin-based 
polyurethanes are reported to be homogeneous mater ia ls . These sources can 
be roughly d iv ided into two classes. T h e first class represents polyurethanes 
w h i c h contain on ly l i g n i n as the po lyo l , a l though i n bo th cases the l i gn in 
has been modif ied by reaction w i t h propylene oxide. T h e second class con
ta ins bo th l i gn in po lyo l a n d added polyethylene g lyco l ( P E G ) . In one case 
the molecular weight of the added po lyo l was varied, a n d this series is rep
resented w i t h two samples containing highest and lowest molecular weight 
soft segment. 

I n several studies the N C O / O H ra t i o was also var ied . T o fac i l i tate 
the comparisons, on ly networks w i t h N C O / O H ratios between 1.5 a n d 3.0 
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31. K E L L E Y E T A L . Soft-Segment Content of Lignin-Based Polyurethanes 405 

Table L L i g n i n source and soft segment type for polyurethanes discussed 
i n th is s tudy 

F o r m u l a t i o n 
L i g n i n Source Soft Segment T y p e T y p e Reference 

K r a f t l i gn in Propylene oxide A 25 
Organosolv l i g n i n oligomers covalently 

bound to 
l i gn in ( E H P L ) 1 

K r a f t hydroxypropy l P E G w i t h Mw Β 1 6 3 

l i gn in ( H P L ) between 400 and 4,000 
( M S = 1.0) 
M i d d l e molecular Propylene oxide t r i o l C 1 9 4 

weight f ract ion of w i t h a Mw o f 600 
kraft l i gn in 
K r a f t a n d None D 15 
s team explosion 
hydroxypropy l 
l ignins ( H P L ) 

1 H y d r o x y p r o p y l l ign in ( H P L ) typ i ca l ly has a degree of subs t i tu t i on (DS) 
or 1.2 and a molar subst i tut ion ( M S ) of 1.0; and H P L w i t h an extended 
propylene oxide chain ( C E H O L ) has an M S > 1.0. 

2 Recovered i n 4 5 % y ie ld of parent kraft l i g n i n . 
3 O n l y the values for P E G 400 and 4,000 are inc luded . 
4 Values for N C O / O H rat io of 1.5 and 2.1 were averaged to give a single 

po int . 

are inc luded i n this discussion. It should be noted that this N C O / O H is 
quite h i g h , though several studies have shown that th is is required for l i g n i n -
based polyurethanes. E v e n w i t h these l i m i t s , the N C O / O H rat i o influences 
the observed glass t rans i t i on temperature (T^) and u l t i m a t e s t ra in of some 
of the networks (15). However, generally this influence is re lat ively s m a l l 
compared to the other differences wh i ch are discussed. T h e effect o f the 
N C O / O H rat io is noted where i t is considered i m p o r t a n t . 

Glass Transition Temperature. T h e effect of l i gn in content on the T ^ of 
f i lms crosslinked w i t h H D I and aromatic isocyanates is shown i n Figures 1 
and 2, respectively. There is a posit ive re lat ionship between l i g n i n content 
a n d T ^ . T h e T ^ of the P E G - e x t e n d e d H D I polyurethanes is consistently 
above that of the networks containing chain-extended h y d r o x y p r o p y l l i g n i n 
( C E H P L ) . T h e T9 o f the networks w h i c h are based solely on h y d r o x y p r o p y l 
l i gn in ( H P L ) are higher t h a n any of the soft segment-containing mater ia ls . 

T h e T ^ of polyurethanes crosslinked w i t h aromat ic isocyanates shows 
no difference between the P E G - e x t e n d e d and the C E H P L networks . T h e 
Τg values for bo th types of networks follow the same re lat ionship . Networks 
wi thout soft segment content generally have a higher T ^ t h a n those w i t h 
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406 LIGNIN: PROPERTIES AND MATERIALS 

Tg ( 0 

2 0 0 • · 
160 ·· • 
120 - • 

80 
ί' 

40 * 
0 * * 

- 4 0 -
Γ. . ι ι , ι , ι I 
0 10 20 30 40 

L i g n i n Content (wt. %) 

F i g u r e 1. Effect of l i g n i n content on the glass t rans i t i on temperature (T^) 
o f networks crossl inked w i t h H D L F o r m u l a t i o n type A (*); type Β ( • ) ; 
a n d type C (φ). 

10 20 30 40 

L i g n i n Content (wt. %) 

F i g u r e 2. Effect of l i g n i n content on the glass t rans i t i on temperature (T^) 
o f networks crossl inked w i t h aromat ic isocyanate. F o r m u l a t i o n type A (*); 
type Β (• ); and type C ( # ) . 
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31. K E L L E Y E T A L . Soft-Segment Content of Lignin-Based Polyurethanes 407 

added soft segment. T h e T ^ values of non-extended networks are essentially 
insensit ive to l i gn in content. 

In most cases the T ^ values are related direct ly to the l i gn in content of 
the network. Soft segment-free networks show more scatter t h a n those con
t a i n i n g alkylether components, and this may be a t t r ibuted to the crosslink 
density of the mater ia ls . T h e method of soft segment incorporat ion , s imple 
a d d i t i o n or covalently bonded, has a m i n i m a l impact on T r A comparison 
of the H D I and aromat ic isocyanate-crossl inked networks, at a given l i g n i n 
content, shows that the HDI - c ross l inked polyurethanes generally have a 
lower T ^ t h a n the aromat ic isocyanate-crossl inked networks. 

Modulus of Elasticity. T h e effect of l i g n i n content on modulus of e last ic i ty 
( M O E ) depends on the m e t h o d used to add the soft segment (Figures 3 
a n d 4) . T h e m o d u l i o f networks wi thout soft segment, or networks where 
the soft segment ( P E G ) has s i m p l y been added to the m i x t u r e , are re lat ive ly 
insensit ive to l i g n i n content. A t h igh l i gn in contents, above 30 w t . % , the 
M O E is s imi lar for a l l networks. T h e m o d u l i of the aromatic isocyanate-
crossl inked networks were generally higher t h a n those crossl inked w i t h H D I 
for the H P L - P E G networks ( F i g . 4) . 

O n l y i n the case of C E H P L can the M O E of the networks be substan
t i a l l y modif ied b y ra is ing the soft segment content. A s the l i gn in content 
is reduced f r om 30 to about 20 weight percent, the M O E declines by more 
t h a n two orders of magni tude . It is interest ing to note the differences be
tween the networks prepared w i t h the fract ionated l i g n i n and added P E G 
(i.e., f o rmulat ion type C , Tab le I) , and the C E H P L po lyo l (i.e., f o r m u l a 
t i o n type A , Tab le I) . T h e fract ionated l i gn in produced networks that were 
relat ively insensitive to l i gn in content. T h e m o d u l i of these networks were 
s l ight ly below those produced f rom the H P L w i t h added P E G . In contrast , 
the C E H P L - b a s e d networks showed a predictable decrease i n modulus w i t h 
dec l in ing l ign in content. In a fashion s imi lar to T ^ , the M O E values for 
the C E H P L - b a s e d networks are generally lower at a given l i gn in content 
when crosslinked w i t h H D I compared to those networks crossl inked w i t h 
aromat i c isocyanates. 

Ultimate Strength. In contrast to T ^ and M O E , the u l t i m a t e (tensile) 
strength of l ignin-based polyurethanes is very sensitive to the method of 
preparat ion (Figures 5 and 6). A t a given l ign in content, the networks 
crossl inked w i t h aromat ic isocyanates are consistently stronger t h a n those 
employ ing H D I . W i t h i n an isocyanate type , and at a constant l i gn in con
tent , network strength was found to progressively decrease f r o m networks 
w i t h o u t soft segment to networks w i t h added P E G to C E H P L - b a s e d net
works . W i t h i n a given set of networks, there does appear to be a posit ive 
re lat ionship between l ign in content and u l t i m a t e strength, except for soft 
segment-free networks (i.e., type D ) . 

For the polyurethanes crosslinked w i t h H D I (F igure 5) , networks w i t h 
added P E G and C E H P L - b a s e d networks followed s i m i l a r trends. T h e net
works w i t h added P E G show s l ight ly higher strength values at a given l i gn in 
content. In contrast , the s trength values of networks w i t h o u t soft segment 
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408 LIGNIN: PROPERTIES AND MATERIALS 

l o g MOE (MPa) 

4 

10 20 30 40 

L i g n i n Content (wt. %) 

Figure 3. Effect of l i gn in content on the modulus of networks crosslinked 
w i t h H D I . F o r m u l a t i o n type A (*); type Β (• ); and type C ( φ ) . 

l o g MOE (MPa) 

4 

10 20 30 40 

L i g n i n Content (wt. %) 

Figure 4. Effect of l i gn in content on the modulus of networks crosslinked 
w i t h aromatic isocyanates. Formula t i on type A (*); type Β (• ); type C 
( · ) ; and type D ( Δ ) . 
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3 1 . K E L L E Y E T A L . Soft-Segment Content of Lignin-Based Polyurethanes 409 

10 20 30 40 

L i g n i n Content (wt. %) 

Figure 5. Effect of l i g n i n content on the u l t i m a t e strength of networks 
crosslinked w i t h H D I . F o r m u l a t i o n type A (*); type Β (• ); and type C 

( · ) · 

10 20 30 40 

L i g n i n Content (wt. %) 

Figure 6. Effect of l i g n i n content on the u l t i m a t e strength of networks 
crossl inked w i t h aromatic isocyanates. F o r m u l a t i o n type A (*); type Β (• ); 
type C ( φ ) ; and type D ( Δ ) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
1



410 LIGNIN: PROPERTIES AND MATERIALS 

content ac tua l ly increase w i t h decreasing l i g n i n content. T h i s anomalous 
trend is due to an increase i n the crosslink density w i t h decreasing l i gn in 
content (25). 

In the case of polyurethanes crosslinked w i t h aromat i c isocyanates, 
the trends are less clear t h a n for the HDI -based mater ia ls . T h e C E H P L -
based networks do show a predictable , monotonie decrease i n strength as 
the l i gn in content declines ( F i g . 6). For networks w i t h added P E G , there 
is considerable scatter i n the strength values. T h e d a t a of K r i n g s t a d et al. 
(20), w h i c h covers a wide range of l i gn in contents, shows a slight decline 
i n strength as the l i gn in content decreases. T h e strength values o f Sara f 
et ai (15,16) , that are based on H P L and that cover a l imi ted range of 
l i gn in contents, show no consistent re lat ionship between l i gn in content and 
strength. A g a i n , networks prepared wi thout any added soft segment show 
an increase i n strength w i t h decreasing l i g n i n content. A s w i t h the H D I -
crossl inked networks, this is due to an increase i n the crosslink density w i t h 
decreasing l i gn in content. 
Ultimate Elongation. T h e u l t i m a t e elongations of polyurethanes crosslinked 
w i t h H D I and aromat ic isocyanates are shown i n Figures 7 and 8, re
spectively. General ly , the u l t imate elongation of the aromat ic isocyanate-
crossl inked networks is below that of the HDI-cross l inked mater ia ls . W i t h 
two exceptions, the u l t imate elongations of a l l networks are low. T h i s is 
consistent w i t h the relatively h igh M O E and strength values for the H P 1 -
P E G and H P L - b a s e d mater ia ls . 

T h e exceptions to the generally low elongation values are for networks 
prepared f r om fract ionated l i g n i n w i t h added P E G , a n d for C E H P L - b a s e d 
networks. T h e polyurethanes prepared f rom fract ionated l i gn in w i t h added 
P E G show moderate u l t i m a t e elongations of 20-25%. T h e e longat ion prop 
erties of the C E H P L networks are even larger; u l t imate elongations of 
greater t h a n 5 0 % are observed for both H D I and T D I - c r o s s l i n k e d mate 
r ia ls . 

D i s c u s s i o n 

Cons ider ing this group of studies, the most effective approach to incor 
porat ing large weight fractions of l i g n i n into a po lyurethane network de
pends on the properties w h i c h are desired of the final product . A t a given 
l i gn in content, the highest m o d u l i are consistently provided by aromat ic 
isocyanate-crossl inked polyurethanes. T h e T^ of these mater ials is consis
tent ly higher t h a n that achieved w i t h H D I . T h i s h igh T ^ should translate 
into a h igh heat deflection or use temperature. T h e l i m i t a t i o n of the aro
m a t i c isocyanate mater ia ls is their br i t t l e nature , w h i c h is reflected i n low 
elongations at break. 

If toughness is not the l i m i t i n g consideration, then the s imple a dd i t i on 
of P E G soft segment appears to offer an attract ive route to the produc t i on 
of polyurethanes w i t h 25 to 30 w t . % l i gn in . It is i m p o r t a n t to note that 
b o t h of the studies considered here have employed modif ied l ignins . T h e 
relative advantage of hydroxypropy la t i on (16) over f ract ionat ion (19) would 
depend on the relative cost of either procedure. 
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31. K E L L E Y E T A L Soft-Segment Content of Lignin-Based Polyurethanes 411 

E l o n g a t i o n (%) 

100 h 

10 20 30 40 

L i g n i n Content (wt. %) 

Figure 7. Effect of l i g n i n content on the u l t imate e longation of networks 
crossl inked w i t h H D I . F o r m u l a t i o n type A (*); type Β (• ); and type C 

( · ) · 

E l o n g a t i o n (%) 

100 

10 20 30 40 

L i g n i n Content (wt. %) 

Figure 8. Effect of l i g n i n content on the u l t imate e longation of networks 
crossl inked w i t h aromatic isocyanates. F o r m u l a t i o n type A (*); type Β (• ); 
type C ( # ) ; and type D ( Δ ) . 
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412 LIGNIN: PROPERTIES AND MATERIALS 

Only one of the approaches considered here, chain-extension with 
propylene oxide of hydroxypropyl lignins, allowed for the preparation of net
works with substantial elongation at break. Typical of most polyurethanes, 
an increase in the elongation at break resulted in a corresponding decrease 
in modulus and strength. This represents the most complex modification 
procedure of those discussed, although process development could probably 
simplify this modification for adoption on industrial scale. 

It is worth noting that a recent study has shown that it is possible 
to prepare polyurethane networks with high ultimate strains from fraction
ated kraft lignin, P E G and toluene diisocyanate (27). The lignin content of 
these films ranged from 10 to 40 percent. The ultimate strength and mod
ulus values were generally below those of the H P L - P E G networks. Phase 
separation was noted for some of the films, which could account for the 
large ultimate strains. 

C o n c l u s i o n s 
Several alternative schemes for the preparation of polyurethane networks 
with lignin have been discussed. For the studies reviewed, properties gener
ally varied directly with lignin content. In general, T^ , M O E , and ultimate 
strength all increased as the lignin content of the networks increased. U l 
timate strain decreased with increasing lignin content. Hexamethylene di
isocyanate generally produced networks with inferior mechanical properties 
when compared to aromatic diisocyanates. 

If a particular end use application does not require a high degree of 
toughness, then there exist two approaches for the preparation of high 
strength networks. Fractionation of unmodified lignin or modification of 
the whole lignin, through hydroxypropylation, both provide polyols for 
networks with high strength and modulus. Which of these approaches 
is most practical would depend on the relative cost of the fractionation 
or hydroxypropylation procedure. If a high ultimate strain is required for 
the network, then the preparation of chain-extended hydroxypropyl lignin 
becomes necessary. 
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Chapter 32 

Starlike Macromers from Lignin 

Willer de Oliveira1,2 and Wolfgang G. Glasser1,2 

1Department of Wood Science and Forest Products, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

Multifunctional polymeric segments with controlled 
chemical and molecular characteristics (i.e., macromers) 
can be prepared from hydroxypropyl lignin (HPL) by 
either partial capping of OH groups followed by alkyl 
ether chain extension; or by grafting with mono func
tional linear chain segments. Star-like macromers may 
either serve as segmental components in block copoly
mers, or as thermoplastic elastomers with distinct crys
tallinity of one phase. Examples given include partially 
ethylated HPL which was chain-extended with propylene 
oxide; and star-block polymers of HPL with monofunc-
tional cellulose tri-acetate of DP 12. Analytical results 
correspond to structural characteristics. 

T h e E n c y c l o p e d i a of Po lymer Science and Engineer ing defines macromers 
as "polymers o f molecular weight ranging f r om several hundred to tens 
of thousands, w i t h a funct ional group at the chain end that can further 
po lymer ize" (1). Branched or spherical molecules may produce macromers 
w i t h more t h a n two t e r m i n a l reactive funct ional groups, a n d these resemble 
star- l ike architecture. Macromers have gained usefulness i n the synthesis of 
graft , b lock, and segmented polymers , often w i t h mult iphase morphology. 
T h e macromer must have a well-defined molecular weight and molecular 
weight d i s t r ibut i on (1). 

L i g n i n s isolated f rom organosolv p u l p i n g and steam explosion have 
been shown to be of low molecular weight, i n the range of_1000 or below 
( M n ) , and of narrow molecular weight d i s t r ibut i on (Mw/Mn ca. 3) (2-5). 
T h i s reflects pentameric composi t ion on the average, and this is w i t h i n the 
molecular weight range that is t y p i c a l for macromers. Recent advances i n 
the art o f f ract ionat ing l ignins a n d l i g n i n derivatives w i t h regard to molec
u lar weights (6-8) create the promise of i so lat ing macromeric l i gn in frac
t ions of narrow molecular weight d i s t r ibut i on ; and advances i n the field of 

0097-6156/89/0397-0414$06.00/0 
© 1989 American Chemical Society 
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32. D E O L I V E I R A & G L A S S E R Starlike Macromers from Lignin 415 

chemical modi f i cat ion of l i g n i n , wh i ch have produced l ignins w i t h u n i f o r m 
t e r m i n a l funct ional i ty and good so lub i l i ty (9-11), help meet the require
ment for control led react iv i ty . H y d r o x y p r o p y l l i g n i n w i t h extended propy l 
ether chains have recently been reported (12) that are viscous l iquids w i t h 
u n i f o r m t e r m i n a l h y d r o x y l funct ional i ty on a l k y l ether chains that radiate 
f r o m a central l i g n i n core. W i t h an average h y d r o x y l funct ional i ty of about 
1.2 per pheny l propane (Cg) repeat u n i t , a l i g n i n macromer would possess 
a funct ional i ty of about 6 (13). Star - l ike macromers result f r o m a p a r t i a l 
reduct ion of funct ional i ty , such as b y capping w i t h a monofunct iona l ether 
or carbamate subst i tuent , followed by chain extension w i t h an alkylene ox
ide (13); or by the add i t i on of preformed, monofunct ional chain segments 
(14). Whereas degree of capping controls the number of arms per star i n 
the former case, stoichiometry determines i t i n the lat ter . 

T h i s paper examines two types of h y d r o x y p r o p y l l i g n i n based macro -
mers, and these are i l lustrated schematical ly i n F igure 1. Macromers w i t h 
propylene oxide ( P O ) are formed by reducing the number of available h y 
d r o x y l groups on H P L followed by chain extension w i t h P O ; a n d macromers 
w i t h cellulose triacetate ( C T A ) are synthesized by a t tach ing a monofunc
t i o n a l C T A chain to a l i m i t e d number of t e rmina l O H groups on H P L v i a 
a suitable graft ing react ion. 

E x p e r i m e n t a l 

Materials. Hydroxypropyl lignin (HPL): Organosolv (aqueous ethanol) 
l i gn in f r om aspen, suppl ied by Repap Technologies Inc. ( formerly the B i 
ological Energy Corporat ion ) of Va l ley Forge, P A , was hydroxypropy la ted 
by reaction w i t h propylene oxide i n the usual manner (9). T h i s derivat ive 
was isolated and purif ied as described previously (9). 

Cellulose triacetate segments: Cel lulose tr iacetate , suppl ied by E a s t 
m a n K o d a k C o m p a n y of K i n g s p o r t , T N , was depolymerized i n accordance 
w i t h a method by S te inmann (15), and this was N C O capped by reaction 
w i t h toluene di isocyanate as reported previously (14). A C T A segment 
w i t h an average degree of po lymer izat i on of 12 (corresponding to an Mn of 
3600 gM ) and an average of 0.9 equivalents of N C O / m o l e , was isolated 
(14). 

Methods. Reaction with DESO4: T h e h y d r o x y l funct ional i ty of H P L was 
reduced by reaction w i t h d i e thy l sulphate i n accordance w i t h earlier work 
(13). T h e reaction product was isolated by l i q u i d - l i q u i d ex t rac t i on and 
dia lys is . 

Chain extension with PO: P a r t i a l l y blocked hydroxypropy l l i gn in 
derivatives were reacted w i t h propylene oxide i n toluene, us ing K O H as 
cata lyst , for the purpose of creating extended p r o p y l ether chains. T h i s 
has been reported elsewhere (13). 

Grafting of CTA segments: Mono func t i ona l C T A segments were at 
tached to H P L by dissolving both components i n ethylene chloride (ca. 
2 0 % concentration) and heat ing the m i x t u r e for 1 hour i n the presence of 
T 9 catalysts ( U n i o n C a r b i d e ) . T h e reaction product was poured onto a 
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32. D E O L I V E I R A & G L A S S E R Starlike Macromers from Lignin 

T E F L O N m o l d ; the solvent was allowed to evaporate; a n d the result ing 
film was kept i n a desiccator for 1 week before further test ing. 

Analytical Methods: U V spectroscopy was performed on a V a r -
i a n / C a r y 219 Spectrometer. H I hydrolysis followed the method of Hodges, 
et a l . (16) i n conjunct ion w i t h the separation of a l k y l iodides by gas 
chromatography. T o t a l h y d r o x y l content was determined as usual (17). 
Glass t rans i t i on temperatures (T^) were determined by prepar ing po ly 
meric blends of l i gn in derivatives w i t h commerc ia l thermoplast ics hav ing 
T ^ values at least 20° different f r om those of the derivatives. These blends 
were m i x e d i n the melt followed by inject ion m o l d i n g in to a dog bone shaped 
m o l d . These molds were tested by dynamic mechanica l t h e r m a l analysis 
a n d t a n de l ta peak temperatures were taken as T9 (18). Swel l ing studies 
were performed i n d i m e t h y l formamide ( D M F ) . X - r a y scatter ing ( W A X S ) 
was performed on a P h i l i p s Defractometer us ing a C u K a source i n the 
usual manner . 

R e s u l t s a n d D i s c u s s i o n 

Macromers with propylene oxide. H y d r o x y p r o p y l (organosolv) l i g n i n ( H P L ) 
is a low molecular weight (pre)polymer w i t h a number average molecular 
weight of ca^_ 1200 gM~X and approx imate ly 6 equivalents of h y d r o x y l 
groups per Mn (13). Star - l ike macromer configuration w i t h propylene ox
ide is determined b y both degree o f capping of h y d r o x y l groups a n d degree 
of chain extension. A l t h o u g h numerous alternatives exist regarding capping 
chemistry, convenience dictates the use of d i e thy l sulfate for O H reduct ion 
(13). A p a r t i a l l y e thy l ether capped h y d r o x y p r o p y l l i gn in derivative y ie lds 
a m i x t u r e of m e t h y l , e t h y l , and isopropyl iodide when treated w i t h H I . 
T h e i r quant i tat ive separation by gas chromatography ( F i g . 2) y ie lds i n 
format ion on l i gn in and p r o p y l ether content, and on degree o f capp ing 
(13). T h e degree of chain extension w i t h propylene oxide can also be a n 
alyzed b y H - N M R spectroscopy of acetylated derivatives ( F i g . 3), a n d by 
U V spectroscopy ( F i g . 4). W h e r e H - N M R spectroscopy is compl icated b y 
the presence of over lapping ethoxy and propoxy signals, U V spectroscopy 
is l i m i t e d to the determinat ion of n o n - U V absorbing mass (i.e., ethoxy plus 
propoxy groups) . 

T h e relat ionship between target macromer funct ional i ty , degree of cap
p i n g , and average macromer molecular weight is i l lustrated i n F i g . 5. T h i s 
re lat ionship reveals tha t , for a target t r i funct iona l star- l ike macromer of 
Mn 1500, approx imate ly 6 0 % of O H groups i n the parent H P L need to be 
b locked. T h e degree of chain extension on the remain ing hydroxy groups 
determines the polyether nature of the macromer . 

E a r l i e r work on chain extended H P L s has shown that these der iva
tives produce u n i f o r m (i.e., single phase) polymers w i t h T ^ vary ing i n ac
cordance w i t h the Gordon -Tay lo r relat ionship (12). Polyurethanes f r om 
chain-extended H P L s were found to be rubber- l ike at r o o m temperature 
w i t h modulus dec l ining as l ign in content is reduced (8). Star - l ike s tructure 
determines funct ional i ty , T ^ , viscosity, and several other properties that 
influence u t i l i t y as po lymer segment. 
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A r 

Mel n-Prl 
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0 3 6 9 

Retention Time in Minutes 

Figure 2. G a s chromatogram of a mix t u re of a lky l iod ide 

12 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
2



32. D E O L I V E I R A & G L A S S E R Starlike Macromers from Lignin 419 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
2



420 LIGNIN: PROPERTIES AND MATERIALS 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
2



32. D E O L I V E I R A & G L A S S E R Starlike Macromers from Lignin 421 

T h e engineering of l ignin-based macromers w i t h propylene oxide to t a r 
get specifications appears as a useful technique for f o rmulat ing components 
for block copolymers and segmented thermosets. 

Macromers with cellulose triacetate. A n alternative macromer synthesis 
route involves the graft ing of monofunct ional , preformed (l inear) po lymer 
chains onto a l i gn in prepolymer. Where a d i funct ional chain segment serves 
as cross l inking agent, monofunct ional segments result i n star- l ike struc
tures. Thermop las t i c elastomers are produced i f the monofunct ional , l inear 
segment is glassy or crystal l izable (19). T h e schematic i l lus t ra t i on of F i g . 
1 reveals that stoichiometry dictates the average number of r a d i a t i n g arms, 
a n d thus funct ional i ty per Mn. Depending on the chemical and molecular 
characteristics of the arms be ing attached, two phase morphology results 
f r o m phase demix ing . T h i s may be revealed ana ly t i ca l ly by differential 
scanning ca lor imetry ( D S C ) , among other methods. 

Cel lulose triacetate ( C T A ) w i t h monofunct ional i ty ( t e rmina l N C O 
groups) was prepared and reacted w i t h H P L by solvent cast ing (14). Some 
exper imenta l results are summar ized i n Table I. Between 1 and 12 C T A seg
ments per H P L macromer produce copolymers w i t h between 60 and 9 5 % 
C T A content. D S C reveals single glass t rans i t ion temperatures w h i c h vary 
w i t h composi t ion , and me l t ing points ( T m ) . T h e results suggest that T ^ 
varies i n accordance w i t h the Fox relationship ind i ca t ing a misc ib le amor 
phous phase. T h e me l t ing point ( T m ) also varies s l ight ly i n re lat ion to 
composi t ion , and i t is found to be highest w i t h the highest H P L content. 
Heat of fusion ( H m ) declines f r om 1 to 0.5 ca l g " 1 when C T A content 
declines f r om 95 to 60%. So l fract ion is usual ly above 9 0 % , unless C T A 
content increases to 9 0 % or above. T h i s suggests that the C T A component 
contained a s m a l l amount of derivative w i t h higher funct ional i ty . 

Tab le I. Propert ies of Macromers w i t h C T A 

Tg(°C) 
C T A arms C T A 

Tg(°C) 
T m H m So l 

per Mn Content E x p e r i m t . T h e o r y ( ° C ) ( c a l g - *) F r a c t i o n 
(wt .%) 

( ° C ) 
(%) (%) 

1 60 113 112 252 0.5 93 
2.5 80 123 124 250 0.5 93 
6 90 125 130 239 0.8 89 
12 95 126 133 246 1.0 82 

T h e result ing star - l ike macromers w i t h C T A were so l id mater ia ls w i t h 
d ist inct crysta l l in i ty , even at 20 and 4 0 % H P L ( F i g . 6). T h i s suggests 
that even short C T A chains (i.e., D P 12) have the ab i l i ty to organize into 
a crystal l ine lat t i ce , thereby serving as pseudo-crosslinks. Depend ing on 
the chemical nature , and the molecular weight, mult iphase mater ia ls re
sult w i t h variable mechanical properties. A b o v e T m of the cha in segment, 
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422 LIGNIN: PROPERTIES AND MATERIALS 

100 r 

Figure 5. Theoretical relationship between required degree of capping and 
Mn for star-like macromers having (A) 3, (B) 4, and (C) 5 functional 
groups. (Note: For H P L having 1.3 O H groups C9 on the average, and 
a molar substitution of 1.0.) 

Figure 6. Wide angle X-ray scattering (WAXS) results of C T A - H P L copoly
mers. (A) C T A (control); (B) copolymer with 80% C T A content; and (C) 
copolymer with 60% C T A content. 
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32. D E O L I V E I R A & G L A S S E R Starlike Macromers from Lignin 423 

these materials are fluids that may be processed with typical thermoplastic 
process technology; and below T m they are tough structural materials. 

C o n c l u s i o n s 

The low molecular weight character of lignin and lignin derivatives (es
pecially those derived from organosolv pulping and steam explosion), the 
superior solubility character of lignin derivatives, and the availability of 
molecular fractionation know-how, all invite the synthesis of macromers 
with controlled properties from lignin for use in graft, block, and segmented 
copolymers. This may be achieved by either capping hydroxyl functionality 
followed by chain extension with alkylene oxides; or by attaching preformed 
monofunctional chain segments. Both method of synthesis and chemistry 
of linear chain segment, determine processability and material properties. 
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Chapter 33 

Hydroxypropyl Lignins and Model Compounds 

Synthesis and Characterization by Electron-Impact Mass 
Spectrometry 

John A. Hyatt 

Research Laboratories, Eastman Chemicals Division, Eastman Kodak 
Company, Kingsport, TN 37662 

An iterative method for the controlled rational syn
thesis of chain-extended hydroxypropyl derivatives of 
both aliphatic and aromatic hydroxyl compounds, based 
on oxymercuration of allyl ethers, is described. It is 
shown that the degree of chain extension in such com
pounds can be determined by electron impact mass 
spectrometry. Degradation of hydroxypropylated lignins 
by catalytic hydrogenolysis followed by capillary gas 
chromatography-mass spectrometry is demonstrated to 
be a method for establishing the presence and degree of 
chain extension in the hydroxypropyl lignin polymers. 

One attract ive approach, pioneered by Glasser and co-workers (1), to the 
conversion of l i gn in into a higher-value mater ia l comprises reaction of l i gn in 
w i t h propylene oxide or ethylene oxide to produce an a l iphat i c po lyo l su i t 
able for use i n preparing network polymers such as polyurethane foams 
a n d plastics . L i g n i n s are complex mixtures of moderate-to-high molecular 
weight phenylpropanoid polymers whi ch bear phenolic and p r i m a r y and 
secondary a l iphat i c h y d r o x y l groups (2), and conversion of this m a t e r i a l 
f rom, i n effect, a m i x t u r e of different types of alcohols to a substance ho
mogeneous i n terms of h y d r o x y l type and react iv i ty greatly improves i ts 
u t i l i t y as a po lyo l . 

H y d r o x y p r o p y l a t i o n of l ignins can be carried out under a var iety of 
condit ions , but the most successful approach has involved react ion of l i gn in 
w i t h propylene oxide i n the presence of basic catalysts ; the l i g n i n is sus
pended i n toluene or dissolved i n aqueous base (3 ,4) . T h e var ia t i on of 
po lyo l properties w i t h preparative method (4) brings up a fundamenta l 
question of h y d r o x y p r o p y l l ign in structure : In the reaction of l ignins w i t h 
propylene oxide ( F i g . 1), what is the product d i s t r ibut i on and degree of 
cha in extension of a lkoxypropy l groups? A r e there a significant number of 

0097-6156/89/0397-0425$06.00/ϋ 
© 1989 American Chemical Society 
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426 LIGNIN: PROPERTIES AND MATERIALS 

hydroxypropylated aliphatic hydroxy Is in the product, or does most of the 
propylene oxide reside on the phenolic hydroxyls of the lignin nucleus? 

Although techniques such as N M R spectroscopy can provide valuable 
information about the structure of hydroxypropyl lignins (4), we perceive a 
need for the development of synthetic methodology for model compounds 
which incorporate the structural features thought to be present in hydrox
ypropyl lignins. Such compounds can be used for studies of reaction kinetics 
as well as for confirming spectral assignments. 

Synthesis and Mass Spectroscopy of Model Compounds 

Although it is a simple matter to attach a single hydroxypropyl residue 
to a phenolic hydroxyl, the controlled synthesis of chain-extended hydrox
ypropyl ethers is much more difficult (Fig. 2) (5). The difficulty is that 
of selectively alkylating an aliphatic hydroxyl on the substrate in the pres
ence of aliphatic hydroxyls on hydroxypropyl groups. Thus we required a 
method for the preparation of compounds of the type shown in Figure 2 
where η is precisely known and controlled (rather than being a statistical 
range of values). 

Our solution to this synthetic problem was the development of an 
iterative technique for preparing hydroxypropyl ethers from allyl ethers 
via oxymercuration-reduction. Figure 3 illustrates the process for the 
preparation of a series of three chain-extended hydroxypropyl derivatives 
of 2,6-dimethoxyphenol. Conversion of phenol 1 to the allyl ether 2 
under phase-transfer conditions (6) was followed by oxy mer cur at ion (7) 
to give the intermediate organomercurial 3, which was reduced without 
isolation to give hydroxypropyl ether 4 in 64% overall yield. Ether 4. 
was then allylated to provide 5, which upon oxymercuration-reduction af
forded hydroxypropyl derivative 6. One further iteration of the allylation-
oxymercuration-reduction sequence yielded the hydroxypropyl compound 7. 

We have found that this sequence can be generally applied to the syn
thesis of hydroxypropyl derivatives of alcohols and phenols; yields are uni
formly acceptable and products of the desired degree of chain extension can 
be prepared completely free of lower and higher oligomers. The compounds 
shown in Table I were prepared using this chemistry. 

In the course of characterizing the hydroxypropyl ethers prepared in 
this study, we noticed an intriguing pattern in the mass spectral fragmenta
tion of these compounds. As shown in Table I, the degree of chain extension 
is reflected in the fragmentation pattern: Alcohols modified by a single hy
droxypropyl ether unit have a strong M-58 peak, ethers of chain extension 
degree of 2 show a loss of m/e 116 and 58, and tripropylene glycol deriva
tives (degree of chain extension = 3) lose m/e 174, 116, and 58. Figure 4 
shows the mass spectrum of compound 6. The loss of m/e 116 for this 
dipropylene glycol ether leads to the base peak at m/e 168, and the loss 
of m/e 58 to m/e 226 is the second most important fragmentation. In the 
case of all of the compounds in Table I, loss of the entire propylene glycol 
ether side chain provided either the base peak of the mass spectrum or the 
second strongest peak present. It is clear from this data that the length 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
3
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CHJJOH 

C H - O - A r y l -

j-O-CH 
CH3CH—»CH2 

Various 
Conditions 

CH-O-Aryl-
-O-CH 

Figure 1. H y d r o x y p r o p y l a t i o n of l i g n i n . 

C H 2 O H 
Ο 

/ \ 
C H 3 - C H — C H 2 

OCH3 

OH 

CH3O 

C H 2 O H 

OCH3 

Ο 
/ \ 

C H 3 - C H — C H 2 

(Value of η is not controllable) 

Figure 2. H y d r o x y p r o p y l a t i o n o f phenols and alcohols. 
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33. HYATT Hydroxypropyl Lignins and Model Compounds 429 

Table I. Electron Impact Mass Spectral Fragmentation of 
Hydroxypropyl Lignin Model Compounds 

154 212 
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33. H Y A T T Hydroxypropyl Lignins and Model Compounds 431 

of an oligo(propylene glycol) cha in attached to an organic alcohol can be 
determined by examinat ion of i ts mass spec trum. 

D e g r a d a t i o n a n d A n a l y s i s o f H y d r o x y p r o p y l L i g n i n 

T h e results described above indicated that , i f a way could be found to 
degrade a hydroxypropy l l i g n i n to volat i le fragments suitable for analysis 
by cap i l lary gas chromatography /mass spectrometry, much could be learned 
about the d i s t r ibut i on and length of hydroxypropy l residues present on the 
l i g n i n . T h e k n o w n ab i l i ty to degrade l ignins b y hydrogenolysis (8), coupled 
w i t h the reductive s tab i l i ty o f s imple a l k y l a n d aromat ic ethers, p rompted 
us to examine the scheme shown i n F igure 5. 

T w o contro l experiments were first conducted. In the first, model com
p o u n d 7 was subjected to the hydrogenolysis condit ions a n d then analyzed 
by V P C / M S . Despite hydrogenolysis at 285°C over 5% P d / C catalyst u n 
der 5000 psi H 2 , the model compound was recovered intact ; no evidence of 
r i n g reduct ion or hydroxypropy l chain cleavage was seen i n the mass spec
t r u m . In the second control exper iment , a sample of methano l organosolv 
l i gn in (hardwood) was hydrogenated under the same condit ions a n d the 
vo lat i le fractions recovered by h igh vacuum d i s t i l l a t i on . V P C / M S analysis 
o f the volat i le fractions (which amounted to 28-38% of the l i gn in charged) 
led to ident i f i cat ion of the compounds l isted i n Table II . It is c ruc ia l to 
note that none of the compounds produced by hydrogenolysis o f u n m o d i 
fied l i gn in displayed a mass spectral fragmentation of m / e 58 or a m u l t i p l e 
thereof. T h u s we have established that hydroxypropy lated l i gn in moieties 
survive the hydrogenolysis condit ions, and that the hydrogenolysis p r o d 
ucts of unmodi f ied l i g n i n are free of structures w h i c h would interfere w i t h 
mass spectral identi f ication of hydroxypropylated components. 

W h e n the h y d r o g e n o l y s i s / d i s t i l l a t i o n / V P C / M S sequence was carried 
out on a sample of l i gn in w h i c h had been modif ied by react ion w i t h propy 
lene oxide i n toluene i n the presence of K O H / 1 8 - c r o w n - 6 cata lyst , inspec
t i o n of the result ing mass spectra for compounds hav ing m / e 58 f ragmen
tat ions (and mult ip les thereof) led to identi f icat ion of the mater ia ls l i s ted 
i n Tab le III . It w i l l be seen that several mono-hydroxypropy lated mater ia ls 
and three d i -hydroxypropy l (chain extension degree = 2) compounds were 
found. N o products hav ing hydroxypropy l chains longer t h a n degree 2 were 
found; thus i t appears that this part i cu lar modif ied l i gn in contains m a n y 
short h y d r o x y p r o p y l chains, rather t h a n a few chains of greater degree of 
extension. 

S i m i l a r analysis of a l i g n i n modif ied by hydroxypropy la t i on i n aqueous 
base yie lded on ly products bearing single hydroxypropy l residues. T h i s 
apparent lack of chain extension is of course consistent w i t h the fact that 
the hydroxypropy la t i on was carried out under condit ions favoring react ion 
on ly on phenolic h y d r o x y l groups. 

Areas of uncerta inty i n this method of ana lyz ing modif ied l ignins i n 
clude the prob lem that l i t t le more than one- th ird of the l i gn in is converted 
to volat i le products by the hydrogenolysis react ion ; the non-volat i le f ract ion 
cannot be analyzed by V P C / M S . T h i s w i l l constitute a diff iculty on ly i f the 
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432 LIGNIN: PROPERTIES AND MATERIALS 

Hydroxypropyl Lignin 

1 H l f Pd/c, 
>250 ,>3000 PSI H, 

Hydrogenated Hydroxypropyl Lignin 

I High Vacuum 
Distillation 

Volatile Fractions 
Capillary VPC -
Mass Spectral Analysis 

M-58, M-116, M-174,...etc 

Figure 5. H y d r o x y p r o p y l l i g n i n degradation and analysis scheme. 

Table II. Products identified in the VPC/MS Analysis 
of the Volatile Fraction from Unmodified Lignin 

Note: None of these compounds showed m/e 
M-58, or multiples thereof. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
3



33. H Y A T T Hydroxypropyl Lignins and Model Compounds 433 

Table III. Compounds Identified in the VPC/MS Analysis of 
a Hydrogenated Hydroxypropyl Lignin 

Peak No. m/e Fragmentation Structure 

C H 3 

786 226 M-15, -58 

C2H5 C H 2 

818 

854 

873 168 M-15, -58 ??? 

Continued on next page 
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Table III. Continued 
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33. HYATT Hydroxypropyl Lignins and Model Compounds 435 

d is t r ibut i on and degree of cha in extension on the part of the l i gn in molecules 
w h i c h remain non-volat i le differ f rom that on the part o f the molecules 
w h i c h are converted to volat i le fragments. W h i l e this seems an unl ike ly sce
nar io , i t is at present impossible to establish the po int w i t h any certainty. 
A second area of uncerta inty arises f rom the fact that the method has been 
tested on ly w i t h model compounds up to degree of chain extension = 3 (i.e., 
c ompound 7). W e do not yet know whether longer hydroxypropy l residues 
would be degraded by these procedures; th is point w i l l be established i n 
t ime by the synthesis o f a d d i t i o n a l model compounds . 

S u m m a r y 

We have developed a s imple , i terat ive synthet ic method for the preparat ion 
of h y d r o x y p r o p y l derivatives of phenolic and a l iphat ic alcohols which allows 
complete def init ion a n d contro l o f the degree o f chain extension i n the p r o d 
ucts. T h i s methodology has been appl ied to the preparat ion of a series of 
l i gn in model compounds hav ing h y d r o x y p r o p y l chain extension degrees o f 1-
3. W e have shown that the degree of chain extension i n such compounds can 
be unambiguously defined by analysis of their electron impact mass spec
t r a . It has furthermore been demonstrated that such compounds are stable 
to a h y d r o g e n o l y s i s / d i s t i l l a t i o n / V P C / M S sequence w h i c h , when appl ied to 
hydroxypropy l l ignins , defines the site and degree of hydroxypropy la t i on on 
the vo lat i le f ract ion o f the l i gn in residues. Topics for further invest igat ion 
include determinat ion of the degree of chain extension at w h i c h the method 
breaks down , and the nature of the l i gn in segments w h i c h are not rendered 
volat i le by hydrogenolysis. 
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Chapter 34 

Bleaching of Hydroxypropyl Lignin 
with Hydrogen Peroxide 

Charlotte A. Barnett1,2 and Wolfgang G. Glasser1,2 

1Department of Wood Science and Forest Products, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

The bleaching of non-phenolic hydroxypropyl lignin 
(HPL) with hydrogen peroxide in homogeneous phase 
results in 50-90% loss of color depending on the defini
tion of color. This is more realistically represented by 
a weighted absorptivity average in the visible range of 
the spectrum rather than by a fixed wavelength. The 
bleaching effect varies with the amount of hydrogen per
oxide charged; with reaction time; with pH; and with 
other parameters. The oxidation reaction is best carried 
out in aqueous alcohol, at either pH 2 or above 12-13; 
and with 25-50% hydrogen peroxide on lignin derivative. 
At 80°C, the reaction is 90% complete after 1-2 hours 
with hardwood organosolv lignin, but it takes longer with 
other lignin types. Treatment with H2O2 introduces car-
boxylic acid functionality. 

T h e typ i ca l ly dark brown color of isolated l ign in products and t h e i r 1 der iva
tives constitutes a severe drawback to their u t i l i za t i on i n such s t r u c t u r a l 
mater ials as engineering plastic (1). A l t h o u g h not of significant detr iment 
to the phys ica l and mechanical properties of l ignin-derived mater ia ls , color 
is perceived as a significant handicap to market ing i n commerc ia l po lymer 
markets (1). T h e l ight absorbing characteristics of isolated l ignins exceed 
those of l ign in i n its native state (i.e., wood and other biomaterials ) , and 
this has been at t r ibuted to the format ion of various chromophoric func
t i ona l groups dur ing isolat ion (2). Mos t prominent ly among t h e m are con
jugated quinonoid structures which are commonly removed f rom the l ign in 

0097-6156/89/0397-0436$06.00/0 
© 1989 American Chemical Society 
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34. B A R N E T T & G L A S S E R Bleaching of Hydroxypropyl Liffiin 437 

of h igh y ie ld pulps by the use of hydrogen peroxide (3). A vast l i t e r a 
ture is available on this type of " l i gn in - re ta in ing" bleaching of pulps , w h i c h 
is contrasted by the " l ign in -removing" bleaching technology normal ly i n 
vo lv ing chlorine a n d / o r chlorine dioxide (4). L ign in - re ta in ing b leaching is 
k n o w n to be transient since l ight absorbing s t ruc tura l features reappear 
upon exposure to the elements, especially oxygen and U V - r a y s . T h i s has 
been a t t r ibuted to the ease of quinone regeneration by phenol ic funct ional 
groups (5). 

A more permanent removal of color has been described by L i n (6), 
and by D i l l i n g and Sarjeant (7), for l i gn in derivatives i n w h i c h the phe
nol ic funct ional i ty has been par t ia l l y blocked. These largely non-phenol ic 
(and sulphonated) l i gn in derivatives were bleached i n homogeneous aque
ous phase w i t h hydrogen peroxide and chlorine dioxide. Reduct ions i n color 
of 80-93% were reported for these water soluble derivatives (6 ,7) . 

It was the intent of the present investigation to examine the one step 
bleachabi l i ty of non-phenol ic , water- insoluble hydroxypropy l l ign in ( H P L ) 
derivatives w i t h hydrogen peroxide i n homogeneous phase (i.e., aqueous 
ethanol ) . 

E x p e r i m e n t a l 

Materials. H y d r o x y p r o p y l l i g n i n ( H P L ) derivatives were available f r om the 
fo l lowing l ign in sources: organosolv (methanol) l i gn in f r om spruce, suppl ied 
by Organoce l l , M u n i c h , F R G e r m a n y ; organosolv (methanol) l i g n i n f r om 
red oak, suppl ied by an undisclosed industr ia l source; organosolv (ethanol) 
l i gn in f rom aspen, suppl ied by Repap Technologies, Inc. ( formerly the 
Bio log i ca l Energy C o r p . ) , Va l l ey Forge, P A ; kraft l i gn in f rom pine (In
d u l i n A T ) , suppl ied by Westvaco C o r p . , N . Char les ton , S C ; a n d kraft l i gn in 
f rom hardwood , suppl ied by Westvaco C o r p . , N . Char les ton , S C . A l l l ignins 
were derivatized w i t h propylene oxide by batch reaction as reported p r e v i 
ously (8 ,9) , and the products were separated f rom homopolymer fractions 
of propylene oxide by l i q u i d - l i q u i d extrac t ion . 

Methods. A t y p i c a l hydrogen peroxide bleaching operat ion consists of treat 
ment of a 2 0 % H P L solut ion i n 60-75% aqueous ethanol w i t h 25-50% h y d r o 
gen peroxide (by weight) on l ign in derivative at 80°C. T h e reaction m e d i u m 
is adjusted to p H 2 by the addi t ion of H C 1 , or to p H >12-13 by N a O H . 
C o l o r loss is determined by U V / V I S absorbance measurements on su i tab ly 
d i lu ted samples. 

Absorbance was measured at 25 n m intervals f rom 325 n m to 500 n m . 
These values were converted to absorpt iv i ty ( L g"" 1 c m " 1 ) and the area 
under the curve was integrated f rom 350 n m to 500 n m using software by 
P o l y M a t h C o n t r o l D a t a ( © 1 9 8 4 ) . T h i s value was compared to correspond
ing values obtained w i t h the s tar t ing mater ia l ( l ignin or H P L ) , and the 
color loss was calculated f rom 

Co lo r Loss(%) = 1 -
A r e a of bleached sample 

χ 100 
A r e a of s tar t ing mater ia l 
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438 LIGNIN: PROPERTIES AND MATERIALS 

S imi lar calculations were done using seven i n d i v i d u a l wavelengths between 
350 and 500 n m (i.e., at 25 n m intervals) a n d , using the s u m of the absorp-
t iv i t ies at the 7 wavelengths, color loss was computed f rom 

C o l o r Loss(%) = f 1 - « ' + 2 < * 2 ' " ' + a " ( b l e a c h e d s a m P l e ) 1 x 1 0 0 

L αχ + 2 a 2 + 2 a 3 . . . + a n ( s t a r t i n g mater ia l )J 

where ax = absorpt iv i ty at wavelength x. 
FTIR-spec t roscopy was performed i n a Nicolet 5 S X C instrument us ing 

K B r pellets. T h e spectra were baseline corrected and the 1125 c m " 1 band 
was used as reference peak to compare bleached and unbleached spectra. 
T h e 1505 c m " 1 peak was used as the reference peak to ob ta in the subtrac 
t i on spectra. 

Results a n d Discussion 

Definition of color. T h e absorpt iv i ty coefficient of l i g n i n and l ign in deriva
tives i n the vis ible range of the electromagnetic spectrum declines f rom 
nearly 15 L g " 1 c m " 1 at 325 n m wavelength to 1 to 2 L g " 1 c m " 1 at 
500 n m ( F i g . 1). Hydroxypropy la t i on and E ^ C V b l e a c h i n g cause absorp
t i v i t y values to decline throughout the vis ible spectrum. T h e extent to 
which the absorpt iv i ty declines varies, however, w i t h wavelength. If ex
pressed i n percent of absorpt iv i ty at a given wavelength of the s tar t ing 
m a t e r i a l , color loss is most dramat i c at 500 n m , and much less significant 
at 325 n m ( F i g . 1). A l t h o u g h color loss and bleaching have been defined us
ing several i n d i v i d u a l wavelengths (6 ,7 ,10 ,11 ) , a more realistic expression 
of color loss employs a weighted average of absorpt iv i ty values i n the range 
of 350-500 n m , i.e., the area under the absorpt iv i ty vs. wavelength curve 
i n the region of 350-500 n m . T h i s is i l lustrated by a relat ionship between 
the color loss values by the integration method vs. those by the i n d i v i d u a l 
wavelength method ( F i g . 2). Whereas an absorpt iv i ty loss of 9 0 % can be 
achieved at a wavelength of 500 n m , the result ing product is neither co l 
orless (i.e., "whi te " ) nor has i t lost more than 50-70% of i ts absorpt iv i ty 
(between 350 and 500 nm) as measured by the integration method . T h u s , 
absorpt iv i ty averaging over a wider range of the visible spectrum provides 
for a more realistic color (or bleaching) determinat ion method t h a n does 
that based on any part i cu lar wavelength. T h i s method has therefore been 
adopted i n the current study i n which color loss is expressed as the change 
of area under the absorpt iv i ty vs. wavelength curve between the s tar t ing 
mater ia l and the bleached product . 

Hydrogen peroxide charge. T h e removal o f color f rom non-phenolic l i gn in 
derivatives, and thus bleaching effect, varies w i t h the amount of H 2 O 2 
charged to the reaction mix ture . In the case where charge is varied f rom 
20 to 150% w / w H 2 O 2 , at constant t ime (30 m i n . ) , p H (2) and temper
ature (80°C) , color loss to l i gn in is 53-69%, and that to H P L is 22-48% 
( F i g . 3), depending on l i gn in source. M a x i m u m bleaching requires m a x i 
m u m H 2 O 2 (e.g., 150% on H P L ) , but H 2 O 2 consumption declines to < 4 0 % 
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34. B A R N E T T & G L A S S E R Bleaching of Hydroxypropyl Lignin 

3 2 5 3 5 0 3 7 5 4 0 0 4 2 5 4 5 0 4 7 5 5 0 0 

WAVE LENGTH (nm) 

Figure 1. A b s o r p t i o n characteristics of l ignins i n the vis ible region of 
electromagnetic spectrum; hardwood kraft l i g n i n ( A ) , H P L ( B ) , and a 1 
i ca l bleached H P L ( C ) . 
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440 LIGNIN: PROPERTIES AND MATERIALS 

COLOR LOSS BY INDIVIDUAL WAVELENGTH METHOD 
(% OF STARTING MATERIAL) 

Figure 2. Relat ionship between color loss by the integrat ion method as 
compared to that by the i n d i v i d u a l wavelength method ; selected values of 
several l i gn in types; 350 n m (φ) and 500 n m ( A ) . 
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34. B A R N E T T & G L A S S E R Bleaching of Hydroxypropyl Lignin 441 

0 20 40 60 80 100 120 140 160 

H 2 0 2 CHARGE(% HPL W / w ) 

Figure 3. Re lat ionship between color loss and H 2 O 2 consumption and H 2 O 2 
charge. 
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442 LIGNIN: PROPERTIES AND MATERIALS 

( in 30 min . ) under those condit ions. M o s t of the color loss is achieved w i t h 
25-50% H2O2 on H P L , and this results i n the consumption of 70-80% of the 
hydrogen peroxide charged. Larger amounts of hydrogen peroxide are not 
just i f ied by the bleaching effect, and the bleaching agent remains largely 
unconsumed. 

A 25-50% charge of hydrogen peroxide to l ign in corresponds to ca. 2-
4% H2O2 on pu lp having a K a p p a number of about 50. T h i s is w i t h i n 
n o r m a l bleaching practice. 

Reaction time. T h e reaction of H2O2 w i t h non-phenolic l i g n i n derivat ive 
i n homogeneous phase and at 80°C is r a p i d . M o r e t h a n 5 0 % of the color 
is lost w i t h i n the first 30 m i n . per iod , after which the reaction slows con
siderably ( F i g . 4) . T h e rate of color loss at constant H2O2 charge, p H , and 
temperature varies between >50% per half -hour i n i t i a l l y to between 0.5 
and 2 % after 8 hours. Significant differences are detected for response rate 
to bleaching w i t h H2O2 for l ignins f rom different sources ( F i g . 4). T h i s may 
be a t t r ibuted to differences i n chemical funct ional i ty and other factors. 

pH. L ign in - re ta in ing bleaching i n the pulp and paper industry commonly 
employs H2O2 at alkaline p H levels (3 ,4 ,12) . T h i s preference must be 
a t t r ibuted to the suspect ibi l i ty of the phenoxide anions to H 2 O 2 . These ions 
are absent in H P L due to the non-phenolic character of this derivative type. 
T h u s a l l p H levels have been explored i n the current study. T h e results 
indicate that effective color loss is achieved at b o t h extremes of the p H 
scale, at p H 2, and >12-13 ( F i g . 5). Under alkaline condit ions, the i n i t i a l p H 
must exceed that of the p K a of H2O2 (i.e., 11.6). It is , however, recognized 
that the p H drops rap id ly i n the course of the reaction due apparent ly to 
the formation of acidic funct ional i ty which neutralizes the a lkal i . O n the 
ac id side, effective use of H2O2 requires strongly acidic condit ions ( p H 2). 
A p H of 1, however, was found to result i n less than o p t i m a l bleaching, 
probably because of chromophore-creating side-reactions. T h e chemistry 
of H2O2 involves the formation of active reaction species f rom hydrogen 
peroxide under the extreme p H condit ions: 

H 2 0 + [ H O f ^ [H 2 OOH]« Aâd H 3 0 2
 B ~ [ Η 0 2 ] θ 

Whereas the reactive species under acidic conditions are the [ Η 2 θ Ο Η ] φ 

and [ Η Ο ] φ cations, the reactive species under alkaline condit ions is the 
[ Η θ 2 ] θ an ion . Whereas the cationic ox idat ion species are stronger o x i 
dants , w i t h ox idat ion potent ia l r is ing w i t h increasing ac idity favoring aro
mat i c r i n g hydroxy la t i on by electrophil ic subst i tut ion (3,13), the anionic 
species mediate a nucleophil ic attack on quinones according to the scheme 
i l lus trated i n F i g . 6 (3 ,10,11) . T h e formation of new acidic funct ional i ty 
results i n a rap id decline i n p H . 

T h e effect of H2O2 on H P L chemistry and funct ional i ty can be assessed 
conveniently by F T I R spectroscopy. It has recently been demonstrated 
that quant i tat ive s t ructura l differences between l ignins can be revealed by 
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34. H A R N E T T & G L A S S E R Bleaching of Hydroxypropyl Lignin 443 

TIME (HR) 

Figure 4. Rate of color loss for H P L derivatives f rom red oak organo
solv l i g n i n ( A ) , aspen organosolv l ign in ( B ) , pine kraft l i gn in ( C ) , h a r d 
wood kraft l ign in ( D ) , and spruce organosolv l i gn in ( E ) . ( O N stands for 
overnight.) 
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444 LIGNIN: PROPERTIES AND MATERIALS 

F igure 6. Suggested mechanism for the reaction of ortho-quinonoid struc
tures i n l i g n i n derivatives w i t h hydrogen peroxide under alkaline condit ions 
(according to Gierer , ref. 3). 
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34. B A R N E T T & G L A S S E R Bleaching ofHydroxypropyl Lignin 445 

this method (14,15). Differences between bleached and unbleached h y 
droxypropy l l ignins are i l lustrated i n Figures 7 and 8. U s i n g a baseline-
corrected absorpt iv i ty spectrum which was autoscaled so that the ether 
peak at 1125 c m - 1 was adjusted to 100% absorpt ion, spectral differences 
between the bleached ( p H 2) and the unbleached l ign in derivative are re
vealed by the shaded areas of F igure 7. T h e most apparent differences are i n 
the regions between 1600 and 1800 c m " 1 , and between 3000 and 3600 c m " 1 . 
M i n o r differences also appear between 1200 and 1300 c m " 1 . Subtrac t i on 
spectra for ac id and alkaline-bleached l ign in derivatives are shown i n F i g 
ures 8 A and 8 B , respectively. T h e aromatic peak at 1505 c m " 1 was taken as 
the absorption s tandard i n both samples. T h i s enhances spectral differences 
and emphasizes s t ruc tura l characteristics which differ i n both samples. T h e 
preparat ion whi ch was bleached w i t h H2O2 under acidic condit ions exhib i ts 
a broad peak centered at 1725 c m " 1 , and this strongly suggests carbonyl 
and carboxy l group format ion (Figure 8 A ) . T h e sample treated w i t h [ Η θ 2 ] θ 

ions, by contrast, raises a strong s ignal at 1625 c m " 1 , and this reflects 
changes i n aromatic i ty . B o t h difference spectra also display weaker s ig 
nals at lower wavenumbers, but they are less pronounced. T h e y generally 
support , however, the numerous side reactions which have been a t t r ibuted 
to hydrogen peroxide and its degradation products (3). P r o m i n e n t among 
t h e m are reactions caused by oxygen anion radica l and hydroxy rad i ca l (3). 

These results indicate that differences exist between the H 2 O 2 -
bleaching chemistry depending on p H ; and that d i f f erence -FTIR spec
troscopy is a useful method for revealing the effect of chemical modi f i cat ion 
on chemical structure . 

T h u s , bleaching of non-phenolic l i gn in derivatives is possible at both 
p H extremes, and conditions may be chosen according to process conve
nience. T h e format ion of new funct ional i ty dur ing color removal is i n 
evitable , and this can be assessed by F T I R spectroscopy. A c i d i c condit ions 
appear to result i n the format ion of carbonyl and carboxy l groups, and 
alkaline H2O2 is suggested to alter aromatic character. H y d r o x y l a t i o n and 
hydrolysis are encountered also. 

Various Parameters. Other factors affecting bleaching were explored briefly, 
and pragmat ic decisions were made to determine s tandard react ion condi 
t ions. T h e effect of temperature was explored over the range of 20 to 80°C, 
and results favored elevated temperature for s tandard condit ions. U s i n g a 
2 0 % charge of H2O2 at p H 2 for 30 minutes , color loss increased f r om 3.5% 
at 40°C to 29 .6% at 80°C. E t h a n o l was chosen as the solvent for reasons 
re lat ing to other process factors (i.e., isolation) . (Choice of solvent must 
not ignore possible reaction w i t h H 2 O 2 ) T h e selection of a 2 0 % concentra
t i on level reflects an effort to produce as concentrated solutions as possible 
and s t i l l permit homogeneous phase reactions at a l l p H levels. 

Yield. T h e gravimetric determinat ion of l i gn in y ie ld fol lowing bleaching 
w i t h hydrogen peroxide poses difficulties through the need to remove i n 
organic reagents. A n alternative assay of l ign in involves determinat ion of 
U V absorbance at 280 n m . T h i s method , however, does not produce infor-
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446 LIGNIN: PROPERTIES AND MATERIALS 

W R V E N U M B E R 

Figure 7. F T I R spectra of unbleached H P L and of H P L bleached w i t h H2O2 
under acidic condit ions; overlaid and scaled so that the 1125 cm"" 1 peak 
reflects 100% absorpt ion. Shaded areas represent quant i tat ive s t r u c t u r a l 
differences. 
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34. BARNETT & GLASSER Bleaching of Hydroxypropyl Lignin 447 

Figure 8. Subtraction spectra of samples bleached with H2O2 under 
acidic (A) and alkaline (B) conditions. Unbleached H P L control (normal 
spectrum) is shown in (C). (Subtraction spectra were scaled using the 
1505 cm" - 1 peak as unity.) 
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448 LIGNIN: PROPERTIES AND MATERIALS 

m a t i o n on gravimetric y ie ld but rather on the y ie ld of aromatic (i.e., U V -
absorbing) component. T h i s ignores the expected conversion of aromat ic 
features into a l iphat ic structures that escape detection by U V spectroscopy 
(at 280 n m ) . Nevertheless, the common U V spectroscopic assay produces 
meaningful results on the y ie ld of aromatic components. T h e d a t a of F i g . 9 
reveal a loss of aromat ic funct ional i ty in re lat ion to t ime ( F i g . 9 A ) and H 2 O 2 
charge ( F i g . 9B ) for an organosolv and a kraft l i g n i n based H P L at constant 
p H (2), t ime (4 hours) , and temperature (80°C) . A consistent and expected 
loss w i t h t ime and H2O2 charge is revealed. Judged by U V absorpt iv i ty , 
15-20% of the samples ' aromatic character is lost under bleaching condi 
t ions. It is doubt ful that this implies that one of five aromatic structures 
i n l i g n i n has quinonoid nature, and this may more reasonably be explained 
w i t h the removal of several types of U V absorbing constituents. 

30 r A 

Ο
Χ 
ζ 
ο 

2 0 

10 

ο 
2 I 3 4 5 6 7 
REACTION TIME (HR) 

θ 

CO 
CO 
Ο 30 r Β 

Ο 
ω 
CM 

σ 20 

10 

0 150 

Η 2 0 2 CHARGE (% W/W HPL) 

Figure 9. Re lat ionship between loss of U V absorpt iv i ty at 280 n m and 
(A ) reaction t ime and (B) H 2 0 2 charge. P i n e kraft H P L (O) and aspen 
organosolv H P L ( • ). 
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34. B A R N E T T & G L A S S E R Bleaching ofHydroxypropyl Lignin 449 

Other Blocking Agents. A l t h o u g h propylene oxide is a convenient and ef
fective b lock ing agent for l i gn in , other alternatives are available. A m o n g 
them, most notably, is acetylat ion. A comparison of two organosolv l i gn in 
derivatives, f rom aspen and f rom red oak, is given i n F i g . 10. T h e d a t a 
reveal that b o t h chemical modi f icat ion reactions result i n derivatives w i t h 
reduced l ight absorption characteristics, even wi thout oxidative post treat
ment . Propylene oxide and acetic anhydride produce about identical color 
loss values. B leach ing of the acetylated red oak sample resulted i n supe
rior values as compared to the corresponding propoxylated derivatives. It 
appears that bleaching w i t h hydrogen peroxide can be achieved w i t h n o n -
phenolic l ign in derivatives regardless of the nature of the b lock ing group. 

Conclusions 

1. A n amount of 25-50% hydrogen peroxide per l ign in derivative const i 
tutes a reasonable compromise between m a x i m u m color loss and effi
cient peroxide use. T h i s achieves a color loss of about 6 0 % on l i g n i n , 
i f color is defined as the Weighted absorpt iv i ty average i n the range of 
350-500 n m . 
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rr 
ο 
ο 
ο 

2.0 

1.0 

LIGNIN 
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BlrOAc 

LIGNIN 

HPL -OAc 

BI. HPL 

BI.-OAc 

A S P E N RED OAK 

Figure 10. Co l o r loss of l ign in derivatives i n re lat ion to method of mod i f i 
cat ion and b lock ing of phenolic O H groups. 
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450 LIGNIN: PROPERTIES AND MATERIALS 

2. W h i l e more than 9 0 % of color loss is achieved after 30 m i n . i n homoge
neous phase at 80°C w i t h some l i gn in preparations, others, especially 
softwood l ignins , take longer. 

3. B o t h low ( p H 2) and h igh ( p H 12-13) p H levels are suitable for b leach
ing . F T I R spectroscopy indicates, however, that the two different con
dit ions produce differences i n the chemistry of the bleached derivatives. 

4. A l t h o u g h gravimetric y ie ld may not be signif icantly affected by the 
bleaching treatment , aromatic i ty as indicated by U V absorpt ion at 
280 n m declines by as much as 20%. 
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Chapter 35 

Polymer Blends with Hydroxypropyl Lignin 

Scott L . Ciemniecki1-3 and Wolfgang G. Glasser1,2 

1Department of Wood Science and Forest Products, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

Polymer blends of hydroxypropyl lignin (HPL) with 
polyethylene (PE), with ethylene vinyl acetate copoly
mer (EVA), with poly(methyl methacrylate) (PMMA), 
and with poly(vinyl alcohol) (PVA) have been examined 
in relation to morphological, thermal, and mechanical 
characteristics. The results suggest that lignin gains the 
ability to contribute to the properties of thermoplasts, 
especially modulus and occasionally strength, when the 
co-component to lignin contains some type of polar func
tionality. Whereas polyethylene shows no signs of inter
action with HPL, rising vinyl acetate content produces 
blends with superior strength properties. Similar obser
vations are made with P M M A ; and PVA fails to dis
play any sign of phase separation. The greater than ex
pected compatibility with thermoplasts containing polar 
functionality produces blends which are either plasticized 
(especially by low molecular weight lignin fractions) or 
antiplasticized. 

Interest i n po lymer blends has been r is ing d u r i n g the past decades because 
b lending is seen as an inexpensive method for the modi f i cat ion o f po ly 
mer properties. B l e n d i n g is the cheaper alternative to the engineering of 
plastics f rom a mul t i tude of components, i n order to achieve target specif i 
cations. G i v e n the ideal combinat ion of po lymer-po lymer interact ive forces, 
a po lymer blend may be as useful as a block copolymer w i t h microphase 
separation produc ing strength, toughness, and durabi l i ty . 

A blend's properties are largely determined by the compat ib i l i t y of the 
component polymers since this influences morphology. W h e n two polymers 
are blended po lymer-po lymer interactions w i l l be exhib i ted i f the thermo
d y n a m i c e q u i l i b r i u m state permits . T h e basic thermodynamic equat ion 

3Current address: Union Camp, P.O. Box 570, Savannah, G A 31402 

0097-6156/89/0397-0452$06.00A) 
© 1989 American Chemical Society 
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35. C I E M N I E C K I & G L A S S E R Polymer Blends with Hydroxypropyl Lignin 453 

w h i c h describes this state is the G i b b s free-energy equat ion : 

AGmix = AHmix - TASmix (1) 

where AGmiX is the G i b b s free energy of m i x i n g , AHm{X is the enthalpy 
of m i x i n g , ASmiX is the entropy of m i x i n g , and Τ is the absolute t e m 
perature . In order for a po lymer m i x t u r e to achieve in t imate m i x i n g or 
"misc ib i l i ty , " A G m t r must be negative. T h u s , the m i s c i b i l i t y o f a two-
component m i x t u r e depends on the sign a n d magni tude of AHmiX a n d , 
to a lesser extent, on ASmix. W h e n deal ing w i t h po lymer blends, three 
i m p o r t a n t parameters affect the magnitude and sign of AHmix and ASmix> 
(1) so lub i l i ty parameter ; (2) specific interactions; and (3) molecular weight. 

T h e so lubi l i ty parameter δ is a measure of the cohesion of a m a t e r i a l , 
or o f the strength of molecular at tract ive forces between l ike molecules. 
T h e re lat ionship between the so lubi l i ty parameter a n d enthalpy of m i x i n g 
is given by the H i l d e b r a n d equation (1): 

Hmix/V = (6X - δ2)2φλφ2 (2) 

where V is the molar volume of the m i x t u r e , δχ^ are the so lub i l i ty parame
ters of components 1 and 2, and are the volume fractions of components 
1 and 2. T h i s equat ion expresses the concept that two polymers are m i s c i 
ble when their so lub i l i ty parameters become perfectly matched . E q u a t i o n 
(2) indicates that the predicted AHmix is always posit ive or at best zero 
( in the absence of other at tract ive forces). T h u s , the H i l d e b r a n d equa
t i o n suggests that phase separation rather t h a n misc ib i l i t y is favored when 
AS is s m a l l . However, many polymers have been reported to be m i s c i 
ble (2 ,5 ) . T h e mechanisms responsible for po lymer-po lymer m i s c i b i l i t y are 
a t t r ibuted to such specific interactions between two macromolecules as h y 
drogen bonding , π-π complex format ion , charge transfer and ionic interac
t ions . T h e y have a l l been found to be responsible for mis c ib i l i t y i n po lymer 
blends (6). Cons ider ing that AHmiX values are the net result of breaking 
solvent-solvent (1-1) and po lymer-po lymer (2-2 and 3-3) secondary bonds 
and creating new po lymer -po lymer (2-3) interact ions, the importance of 
the so lub i l i ty parameter and specific interactions between two polymers is 
c learly understood (7,8) . 

T h e role that molecular weight plays i n determining the mis c ib i l i t y of 
two polymers is most easily described by the ASmix t e r m i n the G i b b s free 
energy equat ion. W h e n m i x i n g s m a l l molecules, the increase i n randomness, 
and thus i n entropy, is h igh and posit ive. T h i s allows the TAS product to 
outweigh the endothermic heat of m i x i n g , AHmix. A negative free energy 
t e r m , AG, is therefore favored, and misc ib i l i ty is possible. However, when 
large po lymer molecules are m i x e d , the thousands of atoms i n each molecule 
must remain together, and m i x i n g cannot be nearly as r a n d o m . T h u s , i t 
is rarely possible for the TASmix t e rm to exceed the endothermic heat 
of m i x i n g , AHmix. In fact, i n those rare cases i n w h i c h po lymer blends 
exhib i t complete misc ib i l ty and homogeneity, i t is usual ly due to specific 
interact ions between the two polymers. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
5



454 LIGNIN: PROPERTIES AND MATERIALS 

It was the objective of this work to examine the contr ibut ion hydrox 
y p r o p y l l i gn in can make to the properties of po lymer blends w i t h several 
commerc ia l thermoplast ics . T h i s has been the topic of three earlier p u b l i 
cations (9-11). 

E x p e r i m e n t a l 

Materials. Polyethylene (PE): L o w density polyethylene ( P E ) and ethylene-
v i n y l acetate ( E V A ) copolymers w i t h v i n y l acetate ( V A ) contents o f 9, 18, 
25, 28, 33, and 4 0 % were obtained f rom Scientif ic Po lymer P r o d u c t s , Inc. 

Polymethyl methacrylate (PMMA): A n atact ic P M M A w i t h a T ^ of 
H O C and an intr ins ic viscosity of 1.4 was obta ined f rom Scientif ic P o l y m e r 
P r o d u c t s , Inc. 

Polyvinyl alcohol (PVA): Four commerc ia l ly available (Scientific P o l y 
mer P r o d u c t s , Inc.) P V A ' s were used i n this study. Important parameters 
for each were as shown i n Tab le I: 

Table I. P o l y ( v i n y l alcohol) Character ist ics 

P V A T y p e T , ( C ) 
δ 

( c a l ^ c m 3 / 2 ) 
Mw 

(g m o l 1 ) 

9 6 % hydrolyzed 77 12.6 96,000 
8 8 % hydro lyzed 70 11.8 96,000 
7 5 % hydrolyzed 60 10.6 3,500 
0% hydro lyzed 32 9.6 u n k n o w n 

Hydroxypropyl lignin (HPL): T w o different H P L preparations were 
used i n this s tudy (12). Blends conta in ing P E and E V A ut i l i zed an H P L 
f r o m organosolv (methanol) l i gn in f rom red oak; and blends containing P V A 
and P M M A ut i l i zed an H P L f rom kraft l i gn in ( I n d u l i n - A T f rom Westvaco 
C o r p o r a t i o n , Char les ton , S C ) . 

Methods. Po lyb l end samples were prepared by so lut ion casting f r o m 
tetrahydro furan ( T H F ) , or chloroform; or by inject ion mo ld ing us ing a 
" M i n i - M a x M o l d e r " by C u s t o m Scientific Instruments . Specific exper imen
t a l details are given elsewhere (9 ,10 ,11) . 

P h y s i c a l properties were determined by differential scanning calorime
try (dsc) w i t h a P e r k i n - E l m e r D S C - 4 instrument ; and b y dynamic mechani
cal thermal analysis (dmta) using a Po lymer Laborator ies d m t a ins trument . 
Stress-strain tests were performed on an Instron Table M o d e l T M - M at a 
cross-head speed of 1 m m m i n 1 . T h e Young ' s modulus was obtained f r om 
the tangent of the i n i t i a l slope of the force vs. elongation curve. Scanning 
electron microscopy (s.e.m.) employed an A M R 900 instrument . Specific 
exper imenta l details are given elsewhere (9 ,10 ,11) . 
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35. C I E M N I E C K I & G L A S S E R Polymer Blends with Hydroxypropyl Lignin 455 

R e s u l t s a n d D i s c u s s i o n 

HPL/PE and EVA Blends. Polyethylene ( P E ) is by far the most i m p o r t a n t 
i n d u s t r i a l po lymer today. Its avai labi l i ty , i ts widely understood process-
abi l i ty , and its low cost a l l contr ibute to the interest i n m i x i n g i n the melt 
polyethylene w i t h other po lymer ic components. Inject ion molded blends 
of H P L and P E (11) were found to be incompat ib le over the entire b lend 
range, by S E M , D M T A , a n d opt i ca l inspect ion. T h e results of F i g u r e 1 i l 
lustrate that blends of H P L w i t h P E (coded as E V A ( 0 ) ) r e s u l t i n a r a p i d loss 
of tensile strength which far exceeds the rule of m i x i n g (11). If, however, 
r i s ing amounts of v i n y l acetate are incorporated into the backbone of P E , 
thus produc ing ethylene-co-vinyl acetate po lymer w i t h v i n y l acetate con
tents r i s ing f r om 9 to 4 0 % , a gradual increase i n interact ion is ind icated by 
a rise i n tensile strength of the po ly b lend. T h e d a t a of F igure 1 reveal that 
E V A w i t h 18-40% v i n y l acetate content produces posit ive dev iat ion f r om 
the rule of m i x i n g i f hydroxypropy l l ign in content is h igh (i.e., between 20 
and 30%) i n the case of low v i n y l acetate contents, and low (i.e., i n the 
range of 10-20%) i f v i n y l acetate content is h i g h . These results (11) i l l u s 
trate that , a l though the l i g n i n derivative produces immisc ib le po ly blends 
w i t h polyethylene and its copolymer w i t h v i n y l acetate, phase compat ib i l i ty , 
and thus s trength , increases w i t h v i n y l acetate content r i s ing . T h e presence 
of po lar carbonyl groups is suspected to be responsible for enhancing this 
observed po lymer -po lymer interact ion . 

HPL/PMMA Blends. Blend Structure. A l l blends of H P L and P M M A 
revealed a two-phase ( immiscible) morphology regardless of solvent, weight 
f ract ion , molecular weight (of P M M A ) , or method of preparat ion (9). E x 
t ruded H P L / P M M A blends exhib i ted a less obvious two-phase morphology 
(9), and this was a t t r ibuted to differences i n the rate of v i t r i f i ca t i on (9). 

Thermal Characteristics. T y p i c a l dsc thermograms for solution-cast 
a n d in ject ion-molded H P L / P M M A blends ( F i g . 2) reveal an i n i t i a l scan 
( F i g . 2, scan A ) w i t h two endotherms, at 63 and at 104C, corresponding 
to H P L and P M M A , respectively. A second scan ( F i g . 2, scan B ) indicates 
on ly a single t rans i t i on at 104C. T h e endotherm at 6 3 C seen i n scan A 
has previously been at t r ibuted to enthalpy re laxat ion (13,14) . T h i s occurs 
when a po lymer is cooled f r o m the melt , and when the r a p i d rise i n viscosity 
as the po lymer approaches T ^ causes the po lymer chains to freeze into n o n -
e q u i l i b r i u m conformations. B y anneal ing at temperatures above the two 
T ^ values, the respective endotherms are replaced w i t h a single broad T ^ . 
Cons ider ing the S E M results, which indicated i m m i s c i b i l i t y and showed 
no signs of interact ion between the two phases, the presence of a single 
T ^ cannot be taken as an ind i ca t i on of phase uni formity (15). R a t h e r , 
th is broad T ^ , w h i c h i n the case of low molecular weight H P L spans a 
range of 9 0 C , is believed to be the result of " t rans i t i ona l smear ing . " T h i s 
phenomenon has previously been observed w i t h b lend components that 
have T ^ values w i t h i n 2 0 C of each other, and i t s i m p l y represents the 
over lapping of two T / s to produce a single broad T ^ . 

T h e tan δ peak of a d m t a thermogram provides a second measure of 
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456 LIGNIN: PROPERTIES AND MATERIALS 

0 10 20 30 40 

HPL C O N T E N T (%) 

Figure 1. Relationship between (normalized) tensile strength and H P L con
tent of injection molded blends with ethylene vinyl acetate copolymer. 
(Vinyl acetate content of the thermoplastic copolymer is given in paren
theses.) (Strength values expressed in percent of unblended copolymer.) 
(From Ref. 11, with permission by Marcel Dekker, Inc.) 
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458 LIGNIN: PROPERTIES AND MATERIALS 

b lend and morphology. For P M M A , the a or glass t rans i t i on appears at 
112C for molded samples, and at 108 and 104C for so lut ion cast ( T H F a n d 
chloroform, respectively) samples. A ^ - t r a n s i t i o n which is centered around 
20-50C is generally a t t r ibuted to ro tat ion of the m e t h y l ester side group. 
T h e effects of increased H P L content, and of increasing molecular weight, 
on the shape of the t a n δ curves is shown i n F igure 3. B l e n d transi t ions are 
seen to increase i n w i d t h w i t h increasing H P L fract ion , a n d this observation 
is independent of H P L molecular weight. W h e r e low molecular weight H P L 
fractions lower the common Tg o f the b lend , i.e., p last ic ize the m a t e r i a l , 
h igh molecular weight fractions have the opposite effect, i .e. , ant i -plast ic ize 
the molecular composite structure (9). 

HPL/PVA Blends. Blend Structure. A l l blends of H P L w i t h a l l three 
(hydrolyzed) P V A ' s h a d a character ist ical ly b rown color. T h e y were fu l ly 
transparent and clear. T h i s is symptomat i c of compat ib i l i ty . S E M m i c r o 
graphs revealed dist inct phase separation w i t h P V A ( O ) blends, but they 
displayed smooth fracture surfaces w i t h 2 5 % H P L / P V A ( 9 6 ) , P V A ( 8 8 ) a n d 
P V A ( 7 5 ) blends (10). T h i s is characteristic of homogeneous mater ia ls . 
S E M results thus suggest that p a r t i a l l y hydrolyzed P V A blends w i t h H P L 
produce at least p a r t i a l l y misc ible systems. T h i s can be explained w i t h sec
ondary associations between the hydroxy groups of H P L a n d P V A (> 0). 
(The number preceding the designation of b lend components represents the 
weight f ract ion of the f irst -mentioned component and the figure i n paren
theses fol lowing " P V A " designates the extent of hydrolysis . ) 

Thermal Properties. A t yp i ca l dsc thermogram of an H P L / P V A b lend 
( F i g . 4) shows a single T^ and T m (10). Differences i n the shape of the 
m e l t i n g endotherms of P V A ( 9 6 ) , (88), and (75) can be a t t r ibuted to di f 
ferent degrees of c rys ta l l in i ty i n the three polymers . Changes i n crystal l ine 
structure of po lymer blends usual ly result f r om po lymer -po lymer interac
t ions i n the amorphous phase. Such interact ions result i n a reduct ion of 
c rysta l l in i ty , thereby reducing the enthalphy of the phase change (16,17) . 
T h e observed reductions i n melt endotherm area of H P L blends w i t h P V A 
(> 0) may therefore indicate the existence of po lymer -po lymer interactions 
between the two types of macromolecules. 

T^-analys i s of the blends was hampered by the fact that H P L h a d a 
T ^ of 6 3 C , and P V A ( 9 6 ) , P V A ( 8 8 ) and P V A ( 7 5 ) h a d Tg values of 77, 70, 
and 6 0 C , respectively. T h i s is too close for the resolution of two separate 
transi t ions . B u t analysis of the ac tua l t rans i t i on temperatures, rather t h a n 
the shape of the transit ions , can s t i l l provide in format ion about the state 
of the H P L / P V A blends. 

Theoret i ca l ly miscible po lymer blends w i l l show T ^ values that are i n 
termediate between those of the parent polymers . T h e y follow such models 
as the Fox or Gordon -Tay lo r relationships (18,19) . However, i n the case 
o f H P L / P V A blends, the T ^ d a t a d i d not follow any of these we l l k n o w n 
models, and T ^ values above those of the parent polymers were observed 
(10). T h e quotient of the exper imental b lend-T^ d iv ided by the predicted 
(Fox) T ^ consistently rose above 1.00 for blends exceeding 5% H P L content 
(10). T h i s indicates molecular interactions between H P L and P V A . A n 
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35. C I E M N I E C K I & G L A S S E R Polymer Blends with Hydroxypropyl Lignin 459 

-ι 1— ' — 
0 1 0 0 

I , 1 1 1 Γ 

. 5 0 0 5 0 1 0 0 1 5 0 
TEMPERATURE ( C ) 

Figure 3. D.m.t.a. thermograms of H P L / P M M A blends; (A) l o w - M W H P L ; (B) 
medium-MW H P L ; and (C) h igh -MW H P L . Individual curves are for: a, P M M A 
(control); b, 5% H P L / P M M A blend; c, 25% H P L / P M M A blend; and d, 40% 
H P L / P M M A blend. (Reprinted with permission from ref. 9. Copyright 1988 
Butterworth & Co.) 
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3 5 . CIEMNIECKI & GLASSER Polymer Blends with Hydroxypropyl Lignin 461 

amorphous component seems to be created i n w h i c h the polymers coexist 
i n a closely associated state, thereby reduc ing free vo lume and ra is ing T ^ . 
A n o t h e r possible explanat ion for the observed increase i n is that the 
secondary bonds act as quasi-crosslinks w h i c h restrict B r o w n i a n m o t i o n of 
the l ong chain molecules, thereby rais ing T ^ . 

T a n δ curves f rom d m t a thermograms of blends based on combinat ions 
of H P L / P V A ( > 0) are shown i n F igure 5 (10). T h e t a n δ t rans i t i on , w h i c h 
is another measure of T y , is broadened by the presence of H P L component , 
a n d i t increases above that of the parent polymers consistent w i t h dsc 
d a t a . T h i s can again be explained w i t h the presence of s trong interactions 
between the amorphous components w h i c h coexist i n a closely associated 
state. 

C o n c l u s i o n s 

1. B lends of P E , of P M M A , and of P V A ( O ) w i t h H P L of vary ing molecular 
weight produce two-phase mater ia ls . B lends of H P L w i t h P V A (> 0) 
exh ib i t at least p a r t i a l misc ib i l i ty . 

TEMPERATURE (C) 

F i g u r e 5. Re lat ionship between t a n δ of the H P L / P V A ( 9 6 ) blends a n d H P L 
content; A , 0% H P L ; B , 5% H P L ; C , 2 5 % H P L ; and D , 4 0 % H P L . ( F r o m 
Ref . 9, w i t h permiss ion by B u t t e r w o r t h & C o . , L t d . ) 
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462 LIGNIN: PROPERTIES AND MATERIALS 

2. E n t h a l p y re laxat ion is often responsible for two endothermic t r a n s i 
t ions i n the i n i t i a l dsc thermograms, a n d a single, broad t rans i t i on is 
observed i n most second scans and i n d m t a thermograms. 

3. T h e interphase between the continuous and the discontinuous po lymer 
phases differs w i t h respect to blend preparations. Solution-cast blends 
produce inclusions that are pul led away f rom the m a t r i x , whereas 
in ject ion-molded blends show H P L str iat ions that are closely associ 
ated w i t h the m a t r i x . 

4. U l t i m a t e properties, tensile s trength , and u l t imate s t ra in typ i ca l l y de
crease w i t h the add i t i on of H P L ; however, combinations of molecules 
w i t h strong interact ion between amorphous components may also ex
h i b i t enhanced u l t imate properties. Injection m o l d i n g produces supe
r ior mater ia l properties. 

5. Var ia t i ons i n the molecular weight of H P L have no significant effect on 
the mater ia l properties of H P L / P M M A blends. 

6. Some commerc ia l , l inear (thermoplastic) polymers produce blends w i t h 
l i gn in and l i g n i n derivatives that f a i l to result i n phase separation on 
macroscopic scale. Po lyblends w i t h l i g n i n derivatives sometimes resem
ble plast ic ized or ant i -p last ic ized mater ia ls . T h e greatest contr ibut i on 
l ign in can make to thermoplast ic systems is that of modulus ; a n d this 
is the same as that w h i c h l i g n i n makes to the amorphous component 
of wood. 
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Chapter 36 

Phase Morphology of Hydroxypropylcellulose Blends 
with Lignin 

Timothy G. Rials1-3 and Wolfgang G. Glasser1,2 

1Department of Wood Science and Forest Products, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

The incremental elimination of hydroxy functionality in 
an organosolv lignin by ethylation and acetylation dra
matically influenced the state of miscibility of blends pre
pared with hydroxypropyl cellulose (HPC). The various 
blends were characterized by three distinct morpholo
gies. At the lowest levels of component compatibility, 
the morphology resulted from classical phase separation 
of the lignin component and HPC liquid crystal (LC) 
mesophase formation. A miscible, amorphous blend re
sulted when the polymer-polymer interaction was maxi
mized. At intermediate levels, however, the blend mor
phology was dominated by entropic effects leading to the 
development of L C superstructure dispersed in a lignin
-reinforced HPC matrix. This latter case demonstrates 
the potential for developing high-strength cellulosic com
posites. 

In recent years, some of the more significant developments i n materials tech
nology have come i n the area of mult i - component polymer systems. One of 
the most exc i t ing topics is that of r ig id -rod composites which addresses the 
replacement of the macroscopic reinforcing fiber of conventional compos
ites w i t h a single polymer chain (1). T h i s accomplishment would reta in the 
high strength of the composite, while e l iminat ing such detr imenta l aspects 
as property anisotropy and interfacial defects. 

Significant advances to this end have been made using p r i m a r i l y l i q u i d 
crystal copolyesters as the r ig id - rod chain i n various m a t r i x polymers (2,3). 
Surpris ingly , whi le cellulose and its derivatives also exhib i t L C phenomena 

3Current address: U.S. Department of Agriculture Forest Service, Southern Forest 
Experiment Station, 2500 Shreveport Highway, Pineville, LA 71360 

0097-6156/89/0397-0464$06.00/0 
© 1989 American Chemical Society 
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36. R I A L S & G L A S S E R Hydroxypropylcellulose Blends 465 

(4), their u t i l i t y i n this novel mater ia l system has received relatively l i t t l e 
at tent ion . Recent reports have addressed this interest by po lymer iz ing an 
acryl ic monomer i n which the cellulosic component is dissolved (5), and 
have provided some encouraging results. A more convenient approach i n 
volves b lending the cellulosic component w i t h a flexible co i l po lymer serving 
as the m a t r i x . A l t h o u g h the phase behavior of b inary cellulosic systems 
have been extensively studied (6-8), the relationships i n ternary systems 
remain largely unanswered, par t i cu lar ly as they extend to the bulk mor 
phology. 

Recent studies i n this laboratory on hydroxypropy l cellulose ( H P C ) 
blends w i t h l ign in (9,10) have indicated that the composite morphology a n d 
properties are extremely sensitive to the degree of misc ib i l i ty between the 
two components. T h i s paper summarizes the observations that have been 
made w i t h part i cu lar regard to the development of high-strength compos
ites. For experimental details , the reader is referred to the above referenced 
publ icat ions . 

E x p e r i m e n t a l 

Materials. T h e hydroxypropy l cellulose ( K l u c e l ' L ' ) used i n this s tudy was 
suppl ied by Hercules, Inc. T h e manufacturer reported a molar subst i tut i on 
of 4 propylene oxide units /anhydroglucose u n i t , and a n o m i n a l molecular 
weight of 10 5 g- m o l " 1 . 

T h e l i gn in component was an organosolv l ign in ( O S L ) (schematical ly 
represented i n F igure 1) suppl ied by Repap Technologies of Val ley Forge, 
P A , which had been isolated f rom aspen wood. Neither reaction condit ions 
nor y ie ld were made available. T h e polystyrene equivalent number ( < M n > ) 
and weight [ ( < Μ ω > ) ] average molecular weight were determined by gel 
permeat ion chromatography as 900 and 3,000 g- m o l " " 1 , respectively. 

T h e hydroxy l content of the l ignin was incremental ly e l iminated by 
acetylat ion and ethylat ion according to previously described procedures 
(11). In add i t i on , modi f icat ion w i t h propylene oxide was also used to alter 
the or ig ina l l ign in structure (12). Table I presents a s u m m a r y of the h y 
droxy content, and pertinent phys ica l properties, of the derivatized l ignins . 

Methods. I n d i v i d u a l solutions of the blend components i n dioxane (or 
tetrahydrofuran) were m i x e d , and stirred for about 12 hours before cast ing 
into a Teflon m o l d . Solvent evaporation proceeded under ambient condi 
tions for 24 hours followed by transferral to a vacuum oven at 60°C for 
further removal of solvent. T h e dried blends were then stored i n a v a c u u m 
desiccator over P2O5. 

T h e glass t rans i t ion (T^) and mel t ing ( T m ) temperature of the pure 
component polymers and their blends were determined on a P e r k i n - E l m e r 
( D S C - 4 ) differential scanning calorimeter and T h e r m a l A n a l y s i s D a t a S t a 
t ion ( T A D S ) . A l l materials were analyzed at a heating and cool ing rate of 
20°C · m i n " 1 under a purge of dry nitrogen. D y n a m i c mechanical proper
ties were determined w i t h a Po lymer Laborator ies , Inc. dynamic mechani 
cal thermal analyzer interfaced to a Hewlet t -Packard microcomputer . T h e 
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466 LIGNIN: PROPERTIES AND MATERIALS 

Table I. H y d r o x y l content and glass t rans i t ion temperature of l ignins 
derivatized w i t h acetic anhydride (Ac ) , d ie thy l sulfate ( E t ) , and 
propylene oxide (Pr ) 

Sample I D 
M o l a r R a t i o 

( R e a g e n t / O H ) 

O H - G r o u p s / C 9 

T o t a l O H Phenol i c O H T f f ( ° C ) 

O S L — 1.47 0.59 115 

A c - 1 29 1.14 0.41 110 
A c - 2 61 0.52 0.26 106 
A c - 3 80 0.35 0.21 103 
A c - 4 100 0.19 0.14 101 
A c - 5 192 0.0 0.03 96 

E t - 1 23 1.22 0.34 109 
E t - 2 50 1.08 0.20 96 
E t - 3 67 0.96 0.08 75 
E t - 4 172 0.88 0.00 57 

P r - 1 — 1.47 0.00 69 

spectra were collected at a heat ing rate of 4°C · m i n 1 f r om — 50°C to 
150°C u t i l i z i n g a single cantilever beam geometry. 

R e s u l t s a n d D i s c u s s i o n 

Blend Properties. O f the modif icat ion reactions ut i l i zed i n the study, acety-
lat ion yielded the widest range of subst i tuted l ignins (Table I) and resulted 
i n the greatest variety of blend morphologies. A series of thermograms for 
20 w t . % blends prepared f rom this family of l ignins is presented i n F igure 
2. A l t h o u g h d a t a for the pure H P C are not shown i n the figure, the T^ was 
found at about 25 ° C and T m at 212 ° C ( X = 1 6 % ) . A n add i t i ona l second-
order t rans i t ion for this mater ia l is located at about 90 ° C whi ch has been 
described (13,14) as or ig inat ing f rom a l i q u i d crystal ( L C ) mesophase. T h e 
unmodif ied l ign in blend has a broad glass t rans i t ion centered at 42°C, re
su l t ing f rom the convolut ing effects of these two t rans i t ion as revealed by 
dynamic mechanical analysis . A l s o , relative to the pure H P C component, 
a depression i n the mel t ing temperature ( T m ) of about 20° results along 
w i t h a reduction i n the degree of crystal l in i ty . Interestingly, the b lend pre
pared f rom the lowest D S l i gn in exhibits a much more intense T ^ w i t h an 
associated loss of crystal l ine and L C superstructure. A s the l i gn in hydroxy 
content is further reduced, D S C analysis of the 20 w t . % blend again resem
bles that of the H P C / O S L system i n that a crystal l ine melt is observed at 
about 190 ° C , and a second-order t rans i t ion occurs at 40°C. U p o n complete 
acetylat ion of l i gn in an add i t i ona l feature can be identified i n the thermo
gram. W h i l e the deviat ion at 90°C (common to the H P C ) is s t i l l evident, 
an add i t i ona l t rans i t ion can be found at 115°C or ig inat ing f r om f rom a pure 
l ign in phase. Further evidence of the l imi ted compat ib i l i ty between these 
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36. R I A L S & G L A S S E R Hydroxypropylcellulose Blends 467 

F igure 1. Schematic representation of organosolv l i gn in . 

TEMPERATURE CO 

Figure 2. D S C thermograms of H P C blends conta in ing 20 w t . % of acety
lated l ignins w i t h a degree of subst i tut ion of: A ) 0%, B ) 2 3 % , C ) 76%, D ) 
100 
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468 LIGNIN: PROPERTIES AND MATERIALS 

two polymers can be cited by the s imi lar i ty i n both intensity and locat ion 
of the me l t ing peak. 

T h e above observations indicate that as the degree of subst i tut ion of 
l i gn in hydroxy funct ional i ty increases, there is an i n i t i a l c ompat ib i l i t y i n 
crease w i t h H P C followed by a r a p i d decrease u n t i l complete incompat ib i l i ty 
results after complete acetylat ion. T h i s is further i l lustrated by moni tor ing 
the degree of c rysta l l in i ty of the blends as shown i n F igure 3 . Re lat ive to 
the unmodif ied l ign in b lend, there occurs a much more r a p i d d i srupt ion of 
c rys ta l l in i ty i n the materials prepared f rom low D S l ignins. A s the level 
of subst i tut ion increases, however, the level of c rysta l l in i ty retained i n the 
blend increases u n t i l at D S = 8 7 % it remains above that of the u n m o d 
ified l i gn in system. Recogniz ing that the decrease i n crysta l l in i ty of the 
blend is a t tr ibutable to the interact ion between the i n d i v i d u a l components, 
this approach is consistent w i t h the above scenario of an i n i t i a l increase i n 
compat ib i l i ty followed by a rap id decrease i n po lymer-po lymer misc ib i l i ty * . 

Melting Point Depression. A more quant i tat ive evaluation of the re la t i on 
ships exist ing between l ignin structure and blend misc ib i l i ty is possible 
through the T m depression observed in these materials . For semi-crystal l ine 
blend systems, such as these, the po lymer-polymer interact ion parameter , 
'Β ' , can be determined through the fol lowing s impli f ied expression ( 1 5 ) : 

where Ύ°Μ2 is the e q u i l i b r i u m mel t ing point of H P C (= 2 1 3 . 1 ° C , f rom ref. 
1 6 ) ) T M 2 is the me l t ing point of the blend, AE2u/^2u is the heat of me l t ing 
per uni t volume of 1 0 0 % crystal l ine mater ia l (= 7 . 5 2 cal · c m - 3 , f r om ref. 
1 6 ) , and φι is the volume fract ion of the l ign in component. A plot of Δ Τ Λ / 2 
vs. φ\ should then y ie ld a straight l ine w i t h a slope proport ional to 'Β ' . 
T h e results of this treatment for the blends are presented i n Table II below. 

A l t h o u g h a l l of the blend systems are adequately modeled through this 
l inear assumption ( R 2 = 0 . 9 1 - 0 . 9 9 ) , i t is of interest that the intercept fails 
to pass through the or ig in , as expected. General ly , this behavior has been 
at t r ibuted to a T m depression result ing f rom extraneous concerns such as 
reduct ion i n lamel lar thickness of the crystall ites ( 1 5 ) . Since no at tempt 
was made here to obta in e q u i l i b r i u m mel t ing points , this is not out of 
the question. Unfortunately , this effect eliminates the purely quant i tat ive 
aspect of this analysis , but the figures remain va l id for direct comparison 
of these blends. 

Discussion. T h e overall effect of l ignin hydroxy content on the interact ion 
w i t h H P C is i l lustrated i n F igure 4. A s the hydroxy content is reduced, 
the interact ion energy increases u n t i l a m a x i m u m is reached at a D S of ca. 

* I t should be noted that results on blends prepared w i t h the ethy-
lated l ignins are consistent w i t h this view, as w i l l become evident i n later 
discussion. 
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36. R I A L S & G L A S S E R Hydroxypropylcellulose Blends 469 

18 Γ 

LIGNIN CONTENT (Wt.%) 

Figure 3. Relat ionship between % of c rysta l l in i ty and l ign in content for 
blends prepared w i t h the acetylated l ignin series. T h e degree of subst i tut ion 
of hydroxy funct ional i ty is given w i t h each curve. 
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470 LIGNIN: PROPERTIES AND MATERIALS 

PHASE MORPHOLOGY 

REGION I 
Isotropic (Lignin) & 
Anisotropic Domains 

REGION II 
Anisotropic Domains 

REGION III 
Miscible, Isotropic 

-84 1 1 1 1 
0 0. 4 0.8 1.2 1.6 

T O T A L O H (/C9) 

Figure 4. V a r i a t i o n i n the po lymer-po lymer interact ion parameter , Έ ' w i t h 
hydroxy content of e thy l l ign in ( X ) , l ignin acetate (O) , unmodif ied l i gn in 
(*), and hydroxypropy l l ignin (—). 
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36. R I A L S & G L A S S E R Hydroxypropylcellulose Blends 471 

Table II . S u m m a r y of me l t ing point depression analysis for blends of H P C 
and l i gn in modif ied by acetylation (Ac ) , e thylat ion ( E t ) and propoxy la t i on 
(Pr ) 

Sample I D Intercept Slope R 2 - ' Β ' 
( c a l / c m 3 ) 

H P C / O S L 9.675 196.8 0.98 3.00 

H P C / P r 6.820 137.6 0.95 2.13 

H P C / A c - 2 2.322 415.6 0.95 6.45 
H P C / A c - 3 3.187 285.5 0.98 4.43 
H P C / A c - 4 5.337 102.4 0.91 1.59 
H P C / A c - 5 6.104 97.8 0.94 1.52 

H P C / E t - 1 5.281 351.9 0.99 5.46 
H P C / E t - 2 5.514 165.6 0.97 2.56 
H P C / E t - 3 5.212 420.7 0.98 6.52 

40%. (This region is represented by the H P C / A c - 1 and H P C / E t - 4 blends 
whi ch were largely amorphous, m a k i n g it impossible to determine the T m 

depression). T h e extent of interaction then rap id ly diminishes as hydroxy 
groups are further e l iminated u n t i l a value of —1.5 is reached upon com
plete subst i tut ion . It is worth emphasiz ing that this curve is generated f rom 
d a t a obtained on both the ethylated and acetylated l ign in blends; conse
quently, the overlap that is encountered i n this analysis suggests that the 
type of modi f icat ion appl ied does not appreciably influence the behavior . 
Furthermore , the parabol ic shape of the curve indicates that the hydroxy 
funct ional i ty of l i gn in does not favorably impact component interact ion 
through the establishment of intermolecular hydrogen bonds. R a t h e r , the 
observed m a x i m u m occurs at a degree of subst i tut ion whi ch provides a 
very close match i n the so lubi l i ty parameter δ of the two polymers [for the 
l ign in derivatives, 10.0-10.5; H P C = 10.1 (17)]. There does exist an inter
esting exception. T h e propoxylated l i gn in derivative blend actual ly reveals 
a slight decrease i n interact ion, relative to the parent l i gn in system, even 
though its so lubi l i ty parameter (δ = 9.7) (Table I) would suggest a much 
higher level of compat ib i l i ty . T h e impl icat ions of this observation are not 
yet clear, unfortunately, and w i l l not be expanded on at this t ime . 

Further consideration of these materials as a whole provides in forma
t ion on those factors contr ibut ing to the blend morphology and , subse
quently, impac t ing the development of high-strength composites. W i t h i n 
the interact ion d i a g r a m of F igure 4, three dist inct regions of morphologica l 
behavior can be identif ied. A t low levels of interact ion between the l i gn in 
component and H P C (Region I), phase separation occurs due to the u n 
favorable energy considerations as well as L C mesophase format ion . T h e 
heterogeneity introduced by the l ignin domains has a catastrophic effect on 
mater ia l properties. A t the other extreme (Region III) , a miscible b lend is 
obtained presumably representing the ideal s i tuat ion ; however, i t appears 
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36. R I A L S & G L A S S E R HydroxypropylceUulose Blends 473 

Figure 6. Scanning electron micrographs of freeze-fracture surfaces for i n 
ject ion molded ( A ) , dioxane cast (B ) , and pyridine cast (C ) blends at a 
composit ion of 15% l ign in . (2000X) ( F r o m ref. 10, w i t h permiss ion of B u t -
terworth & C o . , L t d . ) 
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474 LIGNIN: PROPERTIES AND MATERIALS 

as though the r ig id i ty of the cellulosic chain is largely derived f rom inter-
molecular interactions. T h e d isrupt ion of these chain interactions yields a 
much more flexible chain , negating the advantages afforded by the r ig id - rod . 
Morpho logy development i n the region of intermediate interact ion (Region 
II) originates pr imar i l y f rom L C mesophase format ion i n a miscible phase 
of H P C and l i gn in , and presents the most favorable condit ions for enhanced 
properties. 

F igure 5 presents the results of tensile tests for the H P C / O S L blends 
prepared by solvent-casting and extrusion. A l l of the fabr icat ion methods 
result i n a tremendous increase i n modulus up to a l ign in content of ca. 
15 w t . % . T h i s can be at tr ibuted to the T^ elevation of the amorphous 
H P C / O S L phase leading to increasingly glassy response. O f par t i cu lar 
interest is the tensile strength of these materials . A s is shown, there is es
sentially no improvement i n this parameter for the solvent cast blends, but 
a tremendous increase is observed for the inject ion molded b lend. Q u a l i t a 
tively, this behavior is best modeled by the presence of oriented chains, or 
mesophase superstructure, dispersed in an amorphous m a t r i x comprised of 
the compatible H P C / O S L component. T h e presence of this fibrous struc
ture in the injection molded samples is confirmed by S E M analysis of the 
freeze-fracture surface (Figure 6). T h i s structure is not present i n the so l 
vent cast blends, a l though evidence of globular domains remain i n bo th 
of these blends appearing somewhat more coalesced i n the pyr id ine cast 
mater ia l . 

C o n c l u s i o n s 

A l t h o u g h specific intermolecular interactions do not appear to contribute i n 
this po lymer blend system, the e l iminat ion o f l ignin 's hydroxy funct ional i ty 
does dramat i ca l ly influence the level of interact ion between these polymers. 
Consequently, i t is possible to define three morphological regions for these 
materials which direct ly impact the potent ia l development of high-strength 
composite materials . A t intermediate levels of interact ion , the blend mor 
phology is characterized by a dispersion of l i qu id crystal superstructure i n 
an amorphous H P C / O S L m a t r i x . U p o n orientation of this supermolecular 
structure , a dramat i c enhancement of bo th modulus and tensile strength 
is observed ind i cat ing the va l id i ty of this approach for the development of 
high performance composites based on cellulosics. 
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Chapter 37 

Engineering Lignopolystyrene Materials 
of Controlled Structures 

Ramani Narayan1, Nathan Stacy1, Matt Ratcliff2, and Helena L i Chum 2 

1Laboratory of Renewable Resources Engineering, Purdue University, 
West Lafayette, IN 47907 

2Solar Energy Research Institute, 1617 Cole Boulevard, Golden, 
CO 80401 

Well characterized, low molecular weight lignins of nar
row polydispersity were reacted with a predefined molec
ular weight polystyryl carbanion, which was prepared 
by anionic polymerization. The carbanion was shown 
to displace mesylate groups on the lignin macromolecule 
forming ligno-polystyrene graft copolymers of controlled 
structures. The toluene extract of the reaction mixture 
contained largely unreacted polystyrene and about 5% 
of lignin-g-PS. The residue (toluene insoluble) also con
tained lignin-polystyrene graft copolymer. 

T h e graft ing of synthet ic polymers to l i gn in and other n a t u r a l polymers 
offers the potent ia l of prepar ing new class of engineering plastics because 
graf t ing frequently results i n the superposi t ion of properties re la t ing to 
backbone and side chain (1 ,2) . A n example is the graft ing of 8-10% po ly -
acry l i c ac id onto h igh density polyethylene, which gave the copolymer i n 
creased modulus a n d softening po int whi le leaving the m e l t i n g po int a n d 
c rys ta l l in i ty o f the polyethylene unchanged. T h e properties of the graft 
copolymers w i l l , p r i m a r i l y , be dependent on the molecular weight of the 
side chain graft and that of the l i g n i n . It w i l l also depend on the nature 
a n d number of side chain grafts and the type of backbone-graft l inkage. 
These ta i lor -made l ignin-synthet ic po lymer graft copolymers of control led 
structures can funct ion as compat ib i l i zers / inter fac ia l agents for b lending 
l i gn in w i t h synthet ic thermoplast ics . Po lymer blends have been successfully 
used i n an increasing number of appl icat ions i n recent years as a means of 
combin ing the useful properties of different mater ials to meet new market 
appl icat ions w i t h m i n i m u m development cost (3). 

C u r r e n t approaches to graft ing synthet ic polymers onto l i g n i n (4-6) 
a n d other n a t u r a l polymers l ike cellulose (7-11) involve rad i ca l po lymer 
i za t i on methods (chemical or rad iat ion) . U s i n g rad i ca l approaches, i t is 

0097-6156/89/0397-0476$06.00/0 
© 1989 American Chemical Society 
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37. NARAYANETAL. Engineering Lignopofystyrene Materials 477 

usual ly more diff icult to contro l or change the molecular weight of the 
grafts, the molecular weights are very h igh a n d different types o f backbone-
graft l inkage exist . Furthermore , the graft contains considerable amounts 
of homopolymers . It is more difficult to reproduce the graft y ie lds , prop 
erties, a n d other features o f the graft copolymer (12). Because o f these 
problems, such graft copolymers cannot funct ion effectively as c o m p a t i b i -
l i zers / in ter fac ia l agents. 

Glasser and co-workers (see publ i cat ions i n these Proceedings for ref
erences) have been using approaches w i t h good s t ruc tura l contro l through 
the produc t i on of chain-extended hydroxypropylated l ignins reacted w i t h 
other po lymer ic systems. We are developing new synthet ic approaches that 
allow us to prepare renewable po lymer-synthet ic po lymer graft copolymers 
of control led structures w i t h precise contro l over molecular weights of the 
grafts and backbone po lymer , degree of graft subs t i tu t i on , and backbone-
graft l inkage (13-18). In this paper we report on the p r e l i m i n a r y synthesis 
a n d character izat ion o f l ignin-polystyrene graft copolymers o f control led 
structures . 

E x p e r i m e n t a l 

Materials. Styrene ( A l d r i c h ) was purif ied by d i s t i l l a t i on f r om C a U 2 be
fore use. n - B u t y l l i t h i u m ( A l d r i c h ) was used wi thout further pur i f i ca t ion . 
Tet rahydro furan (Fisher Scientific) was puri f ied i n a solvent s t i l l by d i s t i l l a 
t i o n f r o m a sodium/benzophenone m i x t u r e . Toluene (Fisher Scientific) was 
used wi thout further pur i f i cat ion . Reagent grade methylene chloride (Baker 
C h e m i c a l Co . ) was dr ied on 5A° molecular sieves. Reagent grade t r i e t h y -
lamine (Baker) was dr ied over K O H . Methanesul fony l chloride ( A l d r i c h , 
98%) was used wi thout further pur i f i cat ion . 

Instrumentation. U V / V i s i b l e spectra were collected on a P e r k i n - E l m e r 
L a m b d a 4 spectrophotometer. I R spectra were collected on a P e r k i n - E l m e r 
1640 spectrophotometer. N M R spectra were taken on a Nico let N T - 2 0 0 
spectrometer. Dif ferential scanning ca lor imetry was r u n on a P e r k i n - E l m e r 
D S C - 4 u n i t , equipped w i t h a system 4 microprocessor controller and a 3600 
d a t a s ta t i on . E l e m e n t a l analyses were r u n by the P u r d u e microanalys is l a b 
oratory i n the Department of C h e m i s t r y at P u r d u e U n i v e r s i t y a n d b y Huff 
m a n L a b s (Go lden , C O ) . L i g n i n group analysis techniques are described i n 
references 19-21. 

Preparation of Mesylated Lignin. In a 500 m l flask, 3.0 g o f the organosolv 
l i gn in (elemental : C , 64.5%; H , 6.3%; O , 29.2%) was dissolved i n a so lut ion 
of 60 m l C H 2 C 1 2 containing 21.8 mmole (~3 m l ) dry t r i e thy lamine . T h e 
flask was sealed a n d purged w i t h ni trogen, whi le cool ing to 0 ° C . 17.4 mmole 
(1.3 m l ) of methanesulfonyl chloride (MSC1) was added dropwise over a 
20 m i n per iod whi le s t i r r i n g . T h e reaction m i x t u r e was then allowed to s t i r 
for an add i t i ona l 60 m i n . T h e mesylated l i g n i n was puri f ied by successive 
extract ions at r oom temperature i n a separatory funnel , us ing one 30 m l 
H 2 0 wash followed by two washes w i t h d i lute (10%) H C 1 . T h e aqueous 
fractions were combined a n d back extracted w i t h C H 2 C I 2 . T h e combined 
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478 LIGNIN: PROPERTIES AND MATERIALS 

C H 2 C I 2 phase was then washed w i t h saturated NaHCC>3. B a c k extrac t ion 
of the combined NaHCC>3 washes recovered some of the emulsified p r o d 
ucts i n C H 2 C I 2 . T h e combined organic phase was then washed w i t h N a C l , 
and the mesylated l ign in was recovered f rom the C H 2 C I 2 by freeze d r y i n g 
w i t h N2 i n 6 7 % y i e l d . T h e mesylated l i g n i n h a d an approx imate elemen
t a l analysis of C : 5 5 . 3 % , H : 5 . 6 % , 0 : 2 9 . 8 % , S : 9 . 5 % (after d iscount ing for 
the presence of salt impur i t i es ) . G r o u p analysis for the l i gn in before me-
sy la t i on gave 6 .3% phenol ic O H and 13.6% m e t h o x y l groups, whi le after 
mesy lat ion the results were 14.2% methoxy l and 23 .5% S O 2 C H 3 groups, 
respectively. * H N M R yie lded peaks at 1.27 p p m (broad m , side cha in 
methy ls ) , 2.98 p p m (broad m , side chains), 3.12 p p m (s, C - O 3 S C H 3 ) , 3.28 
(broad m , side chain) , 3.88 (broad m , O C H 3 ) , and 6.4-7.5 p p m (aromat -
ics) . In 1 3 C N M R , m a i n peaks are seen i n the range o f 153.2-104.5 p p m 
(aromatic carbons) , 56.3 p p m (methoxyl ) , 39.8 p p m ( O 3 S C H 3 i n s y r i n g y l 
un i t s ) , 38.2 p p m ( O 3 S C H 3 i n gua iacy l units) and 37.3 p p m ( O 3 S C H 3 i n 
side chain) . T h e N M R assignments were confirmed through the synthe
sis of 2 -methoxyphenol and 2 .6-dimethoxyphenol , - (3-methoxy, 4-methane 
sulfonatephenyl) ethylene glycol-methanesulfonate- /?-guaiacyl ether a n d a -
(3-methoxy, 4-methanesulfonate phenyl) g lycerol bis methanesulfonate-/?-
gua iacy l ether. N M R analysis indicated that the mesylated l i gn in is largely 
free of methanesul fonyl chloride a n d methanesulfonic ac id . 

Preparation of the "Living" Polystyrene. 18 g of the " l i v i n g " po lymer was 
prepared by s tandard anionic po lymer izat i on using η-butyl l i t h i u m . T h e 
react ion was carried out by the drop wise add i t i on of 20 m l of styrene to 5 m l 
of the i n i t i a t o r so lut ion i n 150 m l of neat T H F at -78°C. T h e styrene dr ip 
was adjusted to take approx imate ly 30 m i n for complet ion and then the 
reaction was allowed to st ir for two hours before the graft ing react ion w i t h 
mesylated l i g n i n was carried out . T h e number average molecular weight of 
the polystyrene, as determined by H P S E C , was 9500 w i t h po lyd ispers i ty of 
1.2. 

Preparation of the Lignin-Polystyrene Graft Copolymer. 75 m g of the me
sylated l i gn in was weighed and placed i n a 50 m l round b o t t o m flask. T h i s 
flask was then purged by repeated v a c u u m / n i t r o g e n cycles and left u n 
der a posit ive pressure of ni trogen. A p p r o x i m a t e l y 50 m l of the " l i v i n g " 
polystyrene so lut ion , conta in ing approx imate ly 6 g of the po lymer , was then 
transferred in to the flask by a double-ended needle. T h e result ing so lut ion 
turned dark brown i n around 5-10 m i n a n d was allowed to w a r m to r o o m 
temperature . A f t e r s t i r r ing for several hours, the solvent was evaporated 
by heat ing under a nitrogen flow. A f ter a w a t e r / m e t h a n o l wash to remove 
ionic residue, the so l id residue was placed i n soxhlet extract ion apparatus 
and extracted w i t h toluene for 48 hrs to remove excess polystyrene f r o m the 
react ion m i x t u r e . A f t e r extract ion , the toluene was removed by ni trogen 
flow and b o t h the toluene soluble extract and the insoluble residue were 
dr ied i n a v a c u u m oven for 3-4 hrs at 55° C . 
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37. N A R A Y A N E T A L . Engineering Lignopotystyrene Materials 479 

R e s u l t s a n d D i s c u s s i o n 

T h e new synthet ic approach be ing adopted for the preparat ion of the l i g n i n -
polystyrene graft copolymer involved three steps. 

1. Introduct ion of reactive mesylate groups onto the l i gn in macromolecule 
b y mesy lat ion of the free - O H groups on the l i gn in ( F i g . 1). T h e 
mesylate groups are good leaving groups i n nucleophi l ic displacement 
reactions. 

2. P r e p a r a t i o n o f desired molecular weight p o l y s t y r y l carbanion ( " L i v i n g 
Po lystyrene" ) by anionic po lymer izat ion ( F i g . 2) . A n i o n i c p o l y m e r i z a 
t i o n has been used extensively to provide contro l over molecular weight 
w i t h narrow molecular weight d i s t r i b u t i o n . 

3. Reac t i on of the mesylated l i gn in prepared i n step 1 ( F i g . 1) w i t h the 
p o l y s t y r y l carbanion ( l i v i n g polystyrene) f r om step 2 ( F i g . 2). T h e car
ban ion displaces the mesylate groups on the l i g n i n i n a nucleophi l ic d is 
placement reaction w i t h the f ormat ion of the po lystyrene- l ign in graft 
copolymer ( F i g . 3). 
T h e l i gn in selected for s tudy was prepared b y p u l p i n g aspen w i t h 

m e t h a n o l / w a t e r (70% methanol ) w i t h a l iquor p H of 2.4 a n d isolated as 
described earlier (19-21). T h e acetone soluble fract ion h a d a narrow po ly -
d ispers i ty index (apparent Mn = 864, apparent Mw = 1690) a n d contained 
h igh a l iphat i c h y d r o x y l and free phenolic content. Based on detai led chemi 
cal a n d spectroscopic analysis , three types of s t r u c t u r a l un i ts were identif ied 
as compr is ing the l i g n i n macromolecule and are shown i n F i g . 1 (22,23) . 
T h e l i gn in was mesylated w i t h methanesulfonyl chloride fo l lowing the pro 
cedure of Cross land and Servis (24) w i t h a modif ied work -up procedure, 
as described i n the E x p e r i m e n t a l section. T h e l i gn in mesylate was char
acterized by elemental analysis , proton and carbon N M R . Based on N M R 
analysis , the l i g n i n was 8 5 % mesylated. 

T h e narrow dispersity p o l y s t y r y l carbanion of desired molecular weight 
was prepared by anionic po lymer izat i on us ing η-butyl l i t h i u m as the i n i 
t ia tor a n d was reacted w i t h the mesylated l i g n i n as described i n the E x 
per imenta l section. T h e reaction product was extracted w i t h toluene to re
move unreacted polystyrene. A n a l y s i s o f the extract showed s m a l l amounts 
of l i gn in present along w i t h the polystyrene. Since l i g n i n is insoluble 
i n toluene, the presence of l i g n i n i n the toluene extract must be due to 
the format ion of a toluene-soluble l ignin-polystyrene graft copolymer frac
t i o n . A n a l y s i s of the residue f r om the toluene extract ion revealed the pres
ence of polystyrene. Since polystyrene is readi ly soluble i n toluene, the 
residue must contain l ignin-polystyrene graft copolymer. L i g n i n is a com
plex irregular macromolecule composed of different types of s t r u c t u r a l units 
w i t h vary ing reactivit ies and molecular weights. T h i s can easily affect the 
amount o f polystyrene grafted onto the different s t r u c t u r a l uni ts leading to 
a toluene-soluble and a toluene-insoluble graft copolymer product . 

Proof of Grafting. T h e presence of the l i g n i n - P S graft copolymer i n the 
extract was shown by absorbance spectroscopy, as shown i n F igure 4. In 
F igure 4(a) a d i lute so lut ion of the extract i n toluene shows an absorbance 
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480 LIGNIN: PROPERTIES AND MATERIALS 

Lignin O H » Lignin O . S 0 2 C H 3 

( C2 H5)3 N 

X = H, CH 2 OK CHsOSOaCHa 

Y = OH, O S 0 2 C H 3 

Z = H, OS0 2 CH 3 f Ar 

Figure 1. Funct iona l i za t i on of the l i gn in macromolecule. ( A ) M e s y l a t i o n of 
- O H groups. (B ) S t r u c t u r a l uni ts compris ing the l i g n i n macromolecule. 

n C H = C H 9 

I 
R 

D . J j 

B u - | - C H 2 - Ç H 4 
Figure 2. Prepara t i on of the monodisperse po lys tyry l carban ion of desired 
molecular weight. 

, c " + Lignin O . S 0 2 C H 3 • Lignin - g - PS 

Figure 3. C o u p l i n g of the po lys tyry l carbanion w i t h the mesylated l i g n i n . 
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3 7 . N A R A Y A N E T A L . Engineering Lignopofystyrene Materials 481 

3 0 0 4 0 0 5 0 0 6 0 0 

WAVELENGTH (nm) 

Figure 4. U V / V i s i b l e absorbance spectra of (a) a d i lute so lut ion of 
l i gn in /po lys tyrene extract i n toluene and (b) a saturated so lut ion of mesy
lated l i gn in i n toluene. 
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482 LIGNIN: PROPERTIES AND MATERIALS 

of approx imate ly 1.6. In comparison, F igure 4(b) shows a saturated so lut ion 
of the mesylated l i g n i n used i n the graft ing react ion. T h e absorbance of th is 
so lut ion is less t h a n 0.6, i n d i c a t i n g that the l i g n i n is on ly s l ight ly soluble 
i n toluene. T h e observed higher absorbance for the extract demonstrates 
that the l i g n i n has been solubi l ized b y the graf t ing react ion, most l ike ly 
due to f o rmat ion of a graft product . E l e m e n t a l analysis of the extract 
gave 90.28% C , 7.94% H , and 1.70% O . T h e definitive presence o f oxygen 
confirmed l ign in i n the extract , since polystyrene has no oxygen. 

T h e presence of a graft product i n the residue was demonstrated by 
differential scanning ca lor imetry ( D S C ) , as shown i n F i g u r e 5. F i g u r e 5(a) 
shows the D S C r u n for the residue after toluene extract ion h a d removed 
excess polystyrene. T h e large peak at approx imate ly 105° C can be com
pared to the reference spec t rum of polystyrene ( M n = 4000) shown i n 
F igure 5(b). T h i s shows the presence of a large amount of polystyrene that 
cannot be removed by toluene, i n d i c a t i n g that i t is grafted onto the l i g n i n . 
T h e increase i n carbon and hydrogen content of the residue (76.5% C , 6.75% 
H , 16.78% O + S ) over that of the s tar t ing mesylated l i g n i n , confirmed the 
presence of a graf t ing product . Further conf irmation of graft ing was given 
by I R and N M R , bo th of w h i c h showed peaks characterist ic of bo th types of 
po lymer i n the extract a n d the residue. N M R of the residue showed sharp 
peaks at 41 p p m , 45 p p m , 126 p p m , 129 p p m and 147 p p m , characterist ic 
of polystyrene i n add i t i on to characteristic broad l i gn in peaks. 

Quantitation of Graft Copolymer. T h e approximate amounts of polystyrene 
a n d l i gn in i n the residue and extract were determined by the deconvolut ion 
of the absorbance d a t a at 270 n m and 300 n m . T h i s y ie lded the rat ios of 
2 6 % polystyrene to 7 4 % l ign in for the residue and 9 6 % polystyrene to 4% 
l i g n i n for the extract . T h e toluene extract is a m i x t u r e of largely unreacted 
polystyrene and l i g n i n - g - P S . T h i s is i n reasonable agreement w i t h the e l 
emental analysis of the extract which showed an oxygen content of 1.7%. 
T h i s corresponds to 5.8% l i g n i n content i n the extract , based on a 29 .2% 
oxygen content of the s tar t ing l i gn in . 

C o n c l u s i o n s 

Monodisperse polystyrene of defined molecular weight has been grafted onto 
a we l l characterized mesylated l i g n i n of k n o w n molecular weight a n d re la 
t ive ly narrow polydispersity . T h e chemistry involved the nucleophil ic d is 
placement o f mesylate groups on l ign in b y the p o l y s t y r y l carbonion . P r e p a 
r a t i o n of p o l y s t y r y l carbanion by anionic po lymer izat i on allows monodis 
perse polystyrene of any desired molecular weight to be grafted onto the 
l i gn in i n a reproducible and consistent manner . B y us ing wel l character
ized, low molecular weight l ignins of narrow polydispersity , ta i lor -made 
l ignin-polystyrene graft copolymers can now be prepared. These engineered 
l i gn in graft copolymers of control led structures can funct ion as c o m p a t i b i -
l i zers / in ter fac ia l agents i n prepar ing blends of kraft l ign ins ($0.10-0.30/lb.) 
w i t h polystyrene ($0.55-0.74/lb.) leading to new mater ia ls . Future work a d 
dresses synthesis of l ignins w i t h lower degrees of mesy lat ion and other good 
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37. N A R A Y A N E T A L . Engineering Lignopolystyrene Materials 483 

F igure 5. Dif ferential scanning ca lor imetry of (a) l i gn in /po lys tyrene residue 
a n d (b) the polystyrene 4000 reference. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
7



484 LIGNIN: PROPERTIES AND MATERIALS 

leaving groups, and the graft ing of different molecular weight polystyrene 
chains. In add i t i on to this , detai led character izat ion of the graft copolymer 
w i l l be carried out a n d structure-property relat ionships w i l l be establ ished. 
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Chapter 38 

Recent Progress in Wood Dissolution and Adhesives 
from Kraft Lignin 

Nabuo Shiraishi 

Department of Wood Science and Technology, Kyoto University, 
Sakyo-ku, Kyoto 606, Japan 

It is becoming apparent that wood components, espe
cially lignin, are chemically modified by solvents during 
wood dissolution, and that the resulting wood tars or 
pastes become highly reactive. Attempts have therefore 
been made to prepare effective adhesives, moldable resins 
and other products from wood after dissolution in phe
nols or polyhydric alcohols. This review presents recent 
progress on wood dissolution, and on the preparation of 
epoxy and phenol resin adhesives from kraft lignin. 

Var ious attempts have been made to prepare adhesives f r om l i g n i n . T h e 
preparat ion of resol resin adhesives has been studied especially extensively. 
T h e in t roduc t i on of phenols in to the a or /^-position of the s idechain of 
the phenylpropane un i t (phenolation of l ignin) has been considered a key 
react ion for the formulat ion of these types of adhesives w i t h adequate g l u -
abi l i ty . 

It is known that the phenolat ion of l i g n i n takes place under acidic con
di t ions at elevated temperatures. For example , about 0.36 moles of phenol 
were found to be combined w i t h each phenylpropane u n i t of a kraft l i gn in 
when th is was heated i n a glass ampule containing 5 g of l i g n i n , 5 g o f phenol 
and 6 m m o l hydrochlor ic acid at 130°C for 6 h (1). A n o t h e r experiment (2) 
ind icated that more t h a n 0.43 moles of phenol were introduced into l i gn in 
by react ion w i t h boron tri f loride ( B F 3 ) at 60°C for 4 h . A slight modi f i ca 
t i o n of this reaction (80°C for 3 h) was found to raise the incorporat ion of 
phenol into l i gn in to 0.62 moles (3). 

O n the other h a n d , i t has recently been demonstrated that untreated 
wood a n d / o r wood modif ied by, for example, esterif ication or etheri f icat ion 
can be dissolved i n several organic solvents i n c l u d i n g phenols (3-10). C h a r 
acter izat ion of the result ing wood tars has revealed a h igh react iv i ty a n d 
the products can be converted readi ly into adhesives, moldable resins, etc. 

0097-6156/89A)397-0488$06.00/0 
© 1989 American Chemical Society 
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38. SHiRAism Wood Dissolution and Adhesives from Kraft Lignin 489 

(5-7, 9-11). It is therefore very l ike ly that the l i g n i n i tsel f is h igh ly modif ied 
by solvents, especially by phenols. In consequence, effective modi f i cat ion 
of l i g n i n can be considered to enhance its react iv i ty . 

In this study, kraft l i gn in was chemical ly modif ied w i t h phenol a n d 
w i t h b i spheno l -A i n order to enhance i ts potent ia l as adhesive. 

D i s s o l u t i o n o f W o o d 

T h e dissolut ion of chemical ly modif ied wood has been developed recently 
(3-7). T h e so lubi l i zat ion of untreated wood was found to be possible as 
we l l (7-10). 

A t least three methods have been found to be applicable to the so l 
ub i l i za t i on of chemical ly modif ied wood. T h e first experiment (4) ( D i 
rect method) employed severe dissolut ion condit ions. For example , i n 20-
150 m i n at 200-250°C, wood samples esterified by a series o f a l iphat i c acids 
could be dissolved i n benzy l ether, styrene oxide, phenol , resorc inol , ben -
zaldehyde, aqueous phenol solutions, etc. For carboxymethy lated , a l l y -
lated a n d hydroxyethylated woods, the condit ions provided for d isso lut ion 
i n phenol , resorcinol or their aqueous solutions, f o rmal in , etc., by s tand ing 
or s t i r r i n g at 170°C for 30 to 60 m i n (5). 

T h e second method of dissolut ion is based on solvolysis (Solvolysis 
method) (6 ,7 ,11 ,12 ) . Under mi lder condit ions (80°C for 30 to 150 m i n ) 
phenolat ion was accomplished w i t h an appropriate cata lyst , and the chemi 
ca l ly modif ied wood was dissolved i n phenol (11). Under s i m i l a r condit ions , 
woods derivatized by a l l y la t i on , methy la t i on , e thy lat ion , h y d r o x y l a t i o n a n d 
acetylat ion have also been found to dissolve i n po lyhydr i c alcohols, such as 
1,6-hexanediol , 1 ,4-butanediol , 1,2-ethanediol , 1 ,2 ,3-propane t r i o l (glyc
erol) , and b ispheno l -A (6). 

T h e t h i r d method of d issolut ion is based on the m i l d ch lor inat ion 
of chemical ly modif ied wood according to S a k a t a and M o r i t a (13) (Post -
ch lor inat ion method) . C h l o r i n a t i o n , i n fact , resulted i n enhanced so lub i l i ty 
of chemical ly modif ied wood i n solvents, inc lud ing phenol . For example , 
chlor inated cyanoethylated wood does not on ly dissolve i n cresol even at 
r o o m temperature , but i t also dissolves (under heating) i n resorcinol , phenol 
a n d a L i C l - d i m e t h y l a c e t a m i d e so lut ion . 

Unmodi f i ed wood has been dissolved i n various neutra l organic solvents 
or solvent mixtures by adopt ing the "Di rec t met hod" described above. T h i s 
observation was made d u r i n g an invest igation into the re lat ionship between 
the degree of chemical modi f i cat ion of wood and its so lub i l i ty i n organic 
chemicals . So far , we have found that under the condit ions of 200-250° C for 
30-150 m i n , bo th untreated wood chips and ground wood can be dissolved 
i n the fol lowing solvents: phenols, bisphenols, po lyhydr i c alcohols such as 
1,6-hexanediols, 1 ,4-butanediol , oxyethers such as m e t h y l cellosolve, e t h y l 
cellosolve, diethylene g lyco l , tr iethylene g lyco l , polyethylene g lyco l , and 
others. 

T h e dissolut ion of modif ied or unmodif ied wood gives rise to tar or 
paste-l ike solutions w i t h a h igh wood concentration (70%, for example) . 
T h e dissolved wood components were found to be degraded to a certa in 
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490 LIGNIN: PROPERTIES AND MATERIALS 

extent, and this resulted i n mixtures hav ing h igh react iv i ty , w i t h the ex
ception of those obtained by the "Post - ch lor inat ion method . " T h e solutions 
w i t h h igh wood concentration can be used for the preparat ion of adhesives 
and mold ings . T h i s has opened a new field for the u t i l i z a t i o n of wood 
mater ia ls . 

A t t e m p t s (6,11,12,14-17) have concentrated on the preparat ion of 
wood-based adhesives by cur ing degraded or chemical ly modif ied wood 
components w i t h reactive solvents. Phenols , bisphenols and p o l y h y d r i c 
alcohols have a l l been shown to be effective reactive solvents. W i t h these 
solutions (tars or pastes), phenol- formaldehyde resins (such as resol resins), 
polyurethane resins, epoxy resins, etc., have successfully been prepared 
w i t h h igh contents of chemical ly modif ied or unmodif ied wood. C u r e reac
t ions take place w i t h ease. G l u a b i l i t y studies have demonstrated excellent 
performance as wood-based adhesives. Adhesives were found to per form 
satis factori ly even i n exterior-grade appl icat ions . A resol-type wood-based 
adhesive has recently satisfied the requirements of the Japanese A g r i c u l 
t u r a l S t a n d a r d for waterproof binders (22). So lub i l i za t i on condit ions for 
its preparat ion were 120 m i n at 250° C w i t h equal amounts of phenol a n d 
untreated M a k a m b a (birch) wood chips. B y add ing s m a l l amounts (1.6-
4 parts per 100 parts o f wood-based adhesive) of a lkylresorc inol as hardener, 
the same adhesive was found to b i n d plywoods even at 120°C. T h i s is a l 
most 20° C below the temperature used for commerc ia l resol-type adhesives. 
T h e adhesive satisfied exterior-grade standards. T h i s means that the resol-
type wood-based adhesive is s i m i l a r i n its react iv i ty to urea-formaldehyde 
adhesives, and higher t h a n commerc ia l resol resin adhesives. 

W o o d so lubi l i zat ion has already been discussed i n a recent review (18) 
w i t h special emphasis on react iv i ty . T h e l i g n i n component of wood gains 
react iv i ty by modi f i cat ion w i t h solvent dur ing so lub i l i zat ion . Nuc leophi l i c 
subst i tut ion w i t h phenol takes place at the α-position of l i gn in sidechains. 
T h i s der ivat izat ion of l i g n i n is associated w i t h degradation that plays an 
i m p o r t a n t role i n m a k i n g the wood-phenol so lut ion reactive. T h i s po int was 
studied i n detai l by react ing phenol w i t h isolated l i g n i n , and convert ing i t 
into an adhesive. T h e fol lowing summarizes this study. 

E p o x y R e s i n A d h e s i v e s f r o m K r a f t L i g n i n 

E p o x y resin adhesives f rom l ign in were reported by T a i et ai (19,20) i n 
1967. Satis factory g luab i l i ty was found. T h e so lubi l i ty i n organic solvents, 
however, was found to be poor . In essence, the phenolic h y d r o x y l groups 
of kraft l i gn in were g lyc idy lated directly . 

We have also made an attempt to prepare l ignin-epoxy resin adhesives 
(21). However, i n order to improve its react iv i ty , kraft l i gn in was first 
phenolated w i t h b i spheno l -A . For phenolat ion , a s m a l l amount of aqueous 
hydrochlor ic ac id or B F 3 - e t h y l etherate was used as catalyst , and thus two 
k inds of g lyc idy la t i on methods were adopted (21). T h e phenolat ion w i t h 
b i spheno l -A was found to enhance the so lubi l i ty of the l i g n i n derivative. I n 
fact, the l ignin-epoxy resins obtained were found to be completely soluble 
i n certa in organic solvents, i n c l u d i n g acetone. 
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38. SHIRAISHI Wood Dissolution and Adhesives from Kraft Lignin 491 

T h e g luab i l i ty of the l ignin-epoxy resin was also found to be improved 
by phenolat ion , a n d waterproof adhesives resulted (21). T h e t empera 
ture dependence of the dynamic viscoelastic response was studied on cured 
l ignin-epoxide films prepared w i t h vary ing degrees o f phenolat ion (21). T h e 
results revealed that well-defined differences were found i n the glass t r a n 
s i t i on temperature (T^) , the storage modulus (G ' ) i n the rubbery p lateau 
region, a n d the peak height of the logar i thmic decrement (αχ) curve of 
the cured films. T ^ and G ; i n the rubbery p lateau region were found to 
increase w i t h an increase i n degree of phenolat ion . Furthermore , the peak 
height of the αχ curve was found to be higher for samples f r om less phe
nolated l ignin-epoxide f i lms. T h i s suggests that the more bisphenolated 
l i gn in forms, the more crosslinks dur ing cure, thereby produc ing a better 
developed three-dimensional network structure (21). 

T h e g luab i l i ty of two types of epoxy-resins, prepared f r om l ignins 
w i t h different degrees o f pur i ty , was examined . T o k a i P u l p kraft l i gn in 
F (< 4 .5% sugars) and O j i kraft l i g n i n (11.7% sugars) were used. T h e 
difference i n l i g n i n p u r i t y d i d not reveal any infer ior i ty i n either d r y or 
wet bond strengths, but enhanced g luab i l i ty was noted for the less p u r i 
fied l i g n i n , suggesting active par t i c ipat i on of the sugar components . B o t h 
epoxy resins gave satisfactory d r y - and wet-bond strengths after 5 m i n of 
hot-pressing at 140°C. A l l requirements for " F i r s t - C l a s s P l y w o o d " accord
i n g to the Japanese A g r i c u l t u r e S tandard ( J A S ) were satisfied. 

T h e g luab i l i ty o f the l ignin-epoxy resin adhesives was found to be i m 
proved by the addi t ion of ca l c ium carbonate (50% by weight) to the l i q u i d 
resin. T h i s must be a t t r ibuted to the nature of the weak a lka l i i n c a l c i u m 
carbonate as a cure accelerator, and to the reinforcement effect o f f i l lers. 
Since wood surfaces are acidic , the add i t i on of alkaline fillers effectively 
alters the p H of the glue l ine . 

These results were obtained by using hydrochlor ic ac id as the catalyst 
for the phenolat ion reaction w i t h l i gn in . Besides hydrochlor ic ac id , BF3 is 
k n o w n to be an effective catalyst for the in t roduct i on of phenol groups into 
l i g n i n . BF3 is also known as a catalyst w h i c h can promote g ly c idy la t i on 
not on ly of phenolic but also of alcoholic h y d r o x y l groups. T h u s , the prepa
r a t i o n of l i gn in epoxy resins w i t h B F 3 as catalyst was studied also. T h e 
epoxy value found for the s tandard l ignin-epoxide prepared i n the presence 
of BF3 was 0.48, whereas that of the epoxide prepared w i t h H C 1 as catalyst 
was 0.38. 

T h e l ignin-epoxide resins f r om the reaction w i t h BF3 were also tested 
as adhesives for p lywood , us ing tr iethylenetetramine as cur ing agent w i t h 
hot-pressing at 140°C. T h e results of adhesion tests showed that the water
proof adhesive strengths were improved by use of BF3 as catalyst . T h e use 
of B F 3 as catalyst permi t ted the adopt ion of hot-pressing t imes as short as 
3 m i n for prepar ing three-ply p lywood panels w i t h 6 m m thickness. T h i s 
resulted i n satisfactory waterproof adhesive performance. T h e a dd i t i on of 
c a l c i u m carbonate (50% by weight) to the l i q u i d adhesive was again found 
to enhance the waterproof g luabi l i ty . 
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492 LIGNIN: PROPERTIES AND MATERIALS 

R e s o l - T y p e P h e n o l R e s i n A d h e s i v e s f r o m K r a f t L i g n i n 

There have been m a n y attempts to prepare resol resin adhesives f r o m kraft 
l i gn in (23). Pheno la t i on of l i gn in can, i n these cases, also be considered 
a key react ion. T h a t is , effective modi f i cat ion of l i g n i n w i t h phenol can 
enhance i ts react ivity , result ing i n good g luabi l i ty . 

L i g n i n was chemical ly modif ied pr ior to resini f ication, a n d the effect 
of phenolat ion was examined on the g luab i l i ty of the resol resin adhesives 
(23). T h e phenolat ion was performed either w i t h H C 1 (80°C, 60 m i n ) or 
w i thout catalyst (200°C, 60 m i n ) . P r i o r to adhesive test ing w i t h three-p ly 
p l y w o o d , 5 parts of coconut husk powder were m i x e d w i t h 100 parts of the 
resin. 

Results are shown i n F igure 1. W e t - b o n d tensile-shear adhesion 
strengths are compared for two k inds of adhesives prepared using different 
phenolat ion condit ions. T h e l ignin-resol resin adhesive prepared w i thout 
catalyst revealed sufficient waterproof adhesion strength to meet or exceed 
the Japanese Industr ia l S t a n d a r d (JIS) requirement (0.98 M P a ) w i t h on ly 
6 m i n hot-pressing at 120°C. B y contrast , the adhesive prepared w i t h H C 1 
as catalyst required 9 m i n of hot-pressing at the same temperature before 
i t reached the same level of strength. T h i s result emphasizes that the phe
no la t i on wi thout catalyst results i n better modi f i cat ion of l i gn in compared 
to that w i t h hydrochlor ic ac id as catalyst . Furthermore , the l ignin-resol 
resin adhesives prepared wi thout catalyst can be cured under condit ions 
under w h i c h amino resin adhesives are generally used (i.e., 120°C w i t h a 
hot-pressing rate of 1 m i n per 1 m m p lywood thickness) . 

I n order to prepare better adhesives, the effect of phenolat ion t i m e , 
phenolat ion temperature , react ion t ime for resol resini f icat ion, a n d degree 
of l i g n i n p u r i t y were examined on the adhesive properties. T h e results 
ind icated that o p t i m u m condit ions for phenolat ion involve 200°C for 60 m i n 
and 60 m i n resol resinif ication at 90°C and at p H 9. T h e condit ions for resol 
resinif ication correspond wel l to those o f the conventional manufac tur ing 
method (24). 

Tests for the effect of l i gn in p u r i t y on the g luab i l i ty involved two k inds 
of resol resin adhesives prepared f r om O j i kraft l ign in (87.8% pur i ty ) a n d 
T o k a i P u l p kraft l i gn in F (> 9 5 % p u r i t y ) . B o t h l ignins produced sat is 
factory wet -bond adhesion strength that met J I S requirements by a hot -
pressing rate of 1 m i n per 1 m m p lywood thickness. T h e difference i n 
l i gn in p u r i t y h a d no effect on g luabi l i ty . T h e same conclusions were d r a w n 
for epoxy resin adhesives f r om kraft l i g n i n . T h i s suggests that polysac
charide components may be converted in to reactive mater ia ls , such as 5-
hydroxymethy l -2 - fur fura l , fur fura l , etc., through hydrolys is and dehydra 
t i o n d u r i n g phenolat ion (18). 

For comparison, a conventional resol resin adhesive w i thout l i gn in was 
prepared (24), and its g luabi l i ty was examined . T h i s resin was found to 
require a hot-pressing rate of at least 1.5 m i n per 1 m m p lywood thickness 
before a satisfactory wet-bond adhesion strength was achieved at the low 
hot-pressing temperature of 120°C. T h i s indicates that replacing a part of 
the phenol w i t h l i g n i n does not i m p l y a mere extender a d d i t i o n , but that 
a posit ive role is achieved w h i c h enhances the react iv i ty of the adhesive. 
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38. SHiRAiSffl Wood Dissolution and Adhesives from Kraft Lignin 493 

Figure 1. C o m p a r i s o n of wet-bond adhesion strengths of l ignin-resol resin 
adhesives phenolated w i t h and wi thout ac id catalyst . Legend: φ : phenola 
t i on w i t h acid catalyst at 80°C for 60 m i n ; Ο : phenolat ion wi thout catalyst 
at 200°C for 60 m i n . Note: N u m e r i c a l values i n parentheses are percentages 
of wood fai lure; hot-press temperature: 120°C. 

For the purpose of further enhancing the react iv i ty and g luab i l i ty of 
kraft l ignin-resol resin adhesives, the add i t i on of a lkylresorc inol was ex
amined . T h e results of add ing 2-10 parts of a lkylresorc inol to 100 parts 
o f l ignin-resol resin adhesive pr ior to app l i cat ion indicate a significant i m 
provement i n g luabi l i ty , especially i n waterproof g luabi l i ty . T h e waterproof 
g luab i l i t y as described by wet-bond adhesion strength tesing of two types 
of adhesives prepared w i t h and wi thout a lkylresorc inol (10 parts) are c om
pared i n F igure 2. T h e add i t i on of a lkylresorc inol resulted i n an improve 
ment of wet -bond adhesion strength . T h e adhesive met the requirements 
for " F i r s t - C l a s s P l y w o o d " according to J A S even after on ly 3 m i n of hot -
pressing (a hot-pressing rate of 0.5 m i n per 1 m m p lywood thickness) at 
120°C. 

It was also found that the l ignin-resol resin adhesives satisfied the J I S 
requirements for non-volat i le content, p H value, viscosity, gel t ime , and dry 
a n d wet adhesion s trength . Furthermore , the low temperature curab i l i t y 
typ i ca l l y found i n amino resin adhesives could also be achieved. T h u s , 
i t can be concluded that an effective u t i l i za t i on of l i g n i n is possible w i t h 
s imultaneous improvement of the properties o f resol resin adhesives. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
8



494 LIGNIN: PROPERTIES AND MATERIALS 
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Figure 2. Re lat ionship between hot-press t ime and wet-bond adhesion 
strength for l ignin-resol resin adhesives w i t h and wi thout a lkylresorc ino l . 
Legend: Ο : w i thout a lkylresorc inol ; φ : w i t h 10 parts a lkylresorc ino l . Note: 
N u m e r i c a l values i n parentheses are percentages of wood fai lure; phenola 
t i o n : 200°C, 60 m i n , w i thout catalyst ; hot-press: 120°C, 6 m i n . 
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Chapter 39 

Ozonized Lignin—Epoxy Resins 

Synthesis and Use 

B. Tomita1, K. Kurozumi1, A. Takemura1, and S. Hosoya2 

1Department of Forest Products, Faculty of Agriculture, University 
of Tokyo, 1-1-1 Yayoi, Bunkyo-ko, Tokyo 113, Japan 

2Forestry and Forest Products Research Institute, Inashiki-gun, 
Ibaraki-ken 305, Japan 

Ozonization of lignin forms derivatives of muconic acid 
that have the unique chemical structure of conjugated 
double bonds with two carboxyl groups. These deriva
tives have great potential for chemical modification. The 
ozonized lignin of white birch was soluble in epoxy resin 
at 120°C, and the free carboxyl groups were found to 
react with epoxide. This paper discusses developmen
tal work on the preparation of pre-reacted ozonized 
lignin/epoxy resins; the dynamic mechanical properties 
of cured resins; and preliminary results of the application 
of these resins as wood adhesives. 

Ozone has recently become industrially available at low cost. From 
the point of view of the development of complete wood utilization, the 
pretreatment of wood with ozone enhances the yield of glucose by enzymatic 
saccharification. Ozonized lignin is thereby obtained as a by-product. 

The ozonization of lignin produces derivatives of muconic acid that 
have two conjugated double bonds terminated by two carboxyl groups. It 
has been shown that the cleavage of aromatic nuclei of phenylpropane units 
in lignin occurs between C-3 and C-4 as shown in Figure 1 (1,2). When 
the substituents at C-3 and C-4 are hydroxy groups, free carboxyl groups 
are obtained after ozonization. On the other hand, the methyl ester results 
when these substituents are methoxy groups. Since many chemical modifi
cations can be considered on these structures, new utilization developments 
are expected. 

The lignin isolated from white birch after steaming was ozonized. The 
ozonized lignin was soluble in epoxy resins at 120°C. It was also found that 
free carboxyl groups (introduced by ozonization) react with epoxide only by 
heating. Previous developmental work on the blending of lignin with epoxy 
resin has been reported by Ball and his co-workers (3). They synthesized 

0097-6156/89/0397-0496$06.00/0 
© 1989 American Chemical Society 
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39. T O M I T A E T A L Ozonized Lignin-Epoxy Resins 497 

kraft l i g n i n / e p o x y resin blends i n melt state at 190°C a n d cured t h e m w i t h 
phtha l i c anhydride at 160°C. Here the preparat ion of pre-reacted, ozonized 
l i g n i n / e p o x y resins; the d y n a m i c mechanical properties of the po lyamine -
cured networks; and some appl icat ions of these resins as wood adhesives 
are discussed. 

E x p e r i m e n t a l 

Isolation and Ozonization of Lignin. T h e wood meal of white b i r c h (Be-
tula papyrifera Marsh . ) was steamed for 15 m i n at 180°C, and extracted 
w i t h water at 60°C, followed by extract ion w i t h methano l as shown i n F i g 
ure 2. T h e methanol -soluble part was dr ied under vacuum after removal of 
methano l . T h e y i e ld of methanol extract was 7 5 % based on the amount of 
l i gn in present i n the or ig inal wood. 

T h e l i gn in (50 g) was dissolved i n a m i x t u r e of dioxane (500 ml ) and 
methano l (1,000 m l ) , and ozonized at 0 °C w i t h an oxygen flow rate of 
0.5 m l / m i n a n d ozone concentrat ion o f 3 % as shown i n F igure 3. A f t e r 
treatment w i t h ozone, the so lut ion was treated w i t h an excess amount of 
ether, and the insoluble f ract ion was filtered off, followed by d r y i n g under 
v a c u u m . Three samples (No . 1, N o . 2, and N o . 3) differed i n the extent 
of ozone treatment as shown i n Table I. T h e molar equivalents were based 
on the rat io of ozone to each phenylpropane (C9) u n i t . T h e y i e ld of each 
sample is also shown i n Table I. 

Table I . Ozon iza t i on C o n d i t i o n and Y i e l d 

M o l a r Equiva lent Y i e l d 
Sample N o . ( 0 3 / C 9 - u n i t ) (%) 

N o . 1 0.3 108.2 
N o . 2 0.6 84.8 
N o . 3 1.0 77.0 

Gel Permeation Chromatography. E a c h ozonized l i g n i n was analyzed by 
l i q u i d chromatograph ( A L C / G P C 201 w i t h R-401 Dif ferent ial Refractome-
ter Water -Assoc iates ) . C o l u m n s and solvent condit ions were as follows: μ-
Styragel 1,000, 500, 500,100Â i n series; and tetrahydrofuran at 2.0 m l / m i n . 
Mo lecu lar weight was est imated by use of polystyrene standards. 

Measurement of Gel Time of Ozonized Lignin and Epoxy Resin Mixture. 
T h e epoxy resin used was E p i k o t e 828 (Shel l C h e m i c a l C o . ) , d i g l y c i d y l ether 
of b i spheno l -A ( D G E B A ) . Ozonized l ignins N o . 1 and N o . 3 were m i x e d w i t h 
D G E B A at three levels of 20, 40 and 80 P H R (parts per hundred parts of 
resin) , respectively, and mainta ined at 120°C w i t h s t i r r i n g . T h e ozonized 
l i gn in dissolved into D G E B A by heating at 120°C for several minutes . T h e 
gel t ime was determined as the t ime when the m i x t u r e solidif ied at 120°C. 
E v e r y solidif ied sample was completely insoluble i n acetone. 
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498 LIGNIN: PROPERTIES AND MATERIALS 

F igure 1. Reac t i on of l i gn in w i t h ozone. 

Sol . 

W O O D 

1) steaming(180°C,15min) 

2) extract by water 

Insol. 

Insol. 

1) extract by M e O H 

Sol . 

(lignin) 

Figure 2. L i g n i n isolat ion scheme. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
9



39. T O M I T A E T A L , Ozonized Ligpin-Epoxy Resins 499 

Preparation of Ozonized Lignin/Epoxy Resins. E a c h ozonized l i gn in (1.0 g) 
was m i x e d w i t h D G E B A and heated at 120°C w i t h s t i r r i n g as described i n 
the previous section. A f ter heat ing for 30 m i n , the m i x t u r e was cooled to 
r oom temperature . T h e solidif ied reactants were dissolved i n acetone (2 m l ) 
a n d the cur ing reagents, d iethylenetr iamine ( D E T A ) or hexamethylenedi -
amine ( H M D A ) , were added at 9 0 % of the stoichiometric amount to epoxy 
equivalent. 

C u r i n g was generally done by heat ing at 130° C for 2 hours a n d a l lowing 
the product to s tand at room temperature for one day. A l l cured resins h a d 
no so lub i l i ty i n acetone after extract ion for one week. 

Dynamic Mechanical Measurements. F i l m s were prepared by cast ing the 
acetone so lut ion of sample N o . 2 onto a Teflon sheet after add ing cur ing 
agents. T h e sample was allowed to s tand at r o o m temperature for one day, 
and then cured at 130°C for 2 hours. T h e d y n a m i c mechanica l spectroscopic 
d a t a were measured i n tension w i t h a Rheov ibron D D V - I I (Toyo B a l d w i n 
C o . L t d . ) at a frequency of 110 H z w i t h a heat ing rate of about l ° C / m i n . 

Adhesive Strength Tests. T h e adherends were b i r ch (Betula maximow-
icziana Regel) . T h e sizes of tensile shear specimens and b o n d i n g areas 
were as follows: 2 5 m m (width) χ 6 5 m m (length) χ 5 m m (thickness) ana* 
3.75 c m 2 . Acetone solutions of the pre-reacted ozonized l i g n i n / e p o x y resins 
were spread jus t after adding cur ing agents. T h e hot press condit ions were 
as follows: bond ing pressure, 0.96 N / m m 2 ; press t ime , 1 hour ; temperature 
130°C. T h e specimens were condit ioned at 20°C and 65 R H for one week 
before be ing tested. T w o types of tests were appl ied . One is a n o r m a l test 
a n d the other a cycl ic bo i l test (soaking i n bo i l ing water for 4 hours; d r y i n g 
at 60° C for 20 hrs; soaking i n bo i l ing water for 4 hrs; cool ing a n d test ing 
i n the wet state). T h e tensile shear adhesive strengths were measured w i t h 
a Tens i lon testing machine (Toyo B a l d w i n C o . L t d . ) under a crosshead 
speed of 10 m m / m i n . 

R e s u l t s a n d D i s c u s s i o n 

Isolation and Ozonization of Lignin. T h e y i e ld of l i g n i n obta ined w i t h 
s teaming and successive water and methano l extract ion was about 7 5 % of 
the amount of l i g n i n present i n wood. T h e lower molecular-weight l i gn in 
produced by steaming can be removed by water extract ion . T h e isolated 
l i gn in contained a s m a l l amount of low molecular-weight hemicellulose a n d 
polysaccharides, though i t was treated w i t h water. However, i t was used 
w i thout further pur i f i cat ion i n these experiments. T h e gel permeat ion chro-
m a t o g r a m of the l i gn in is shown i n F igure 4, and the number average molec
u lar weight was est imated to be about 2,000 using polystyrene s tandard 
ca l ib ra t i on . 

T h e ozonizat ion was performed at the three levels of molar equivalents 
to phenylpropane un i t shown i n Tab le I. T h e highest y i e ld of over 100% 
i n sample N o . 1 was caused by the add i t i on of ozone to l i g n i n . O n the 
other h a n d , the y ie ld decrease i n samples N o . 2 and N o . 3 was considered 
to be the result o f removal of a considerable amount of ozonized l i gn in b y 
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500 LIGNIN: PROPERTIES AND MATERIALS 

Lignin (50g) 

1) dioxane(0.5L)-MeOH(lL) 

2) ozonization(0°C, 

flow 0.5 mL/min, 

O3 concentration 3%) 

3) dry 

4) dissolve in dioxane 

5) precipitate by ether 

Sol . Insol. (Ozonized Lignin) 

F i g u r e 3. Process scheme for the preparat ion of ozonized l i gn in . 

F igure 4. G e l permeat ion chromatograms of l i gn in isolated f r o m b i r c h and 
its ozonized l ignins . Sample 0: untreated l i g n i n ; 1: ozonized l ign in N o . 1; 2: 
ozonized l i g n i n N o . 2; 3: ozonized l ign in N o . 3. 
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39. T O M I T A E T A L Ozonized Lignin—Epoxy Resins 501 

ether extract ion . T h e molecular weight d is tr ibut ions of ozonized l i gn in are 
also compared w i t h the or ig ina l l i g n i n i n F igure 4. N o obvious difference 
could be observed between ozonized l ignins and untreated l i g n i n , p a r t l y 
because the lower molecular weight port ion of ozonized l i g n i n was removed 
by ether extract ion . T h e s t ruc tura l characteristics of ozonized l ign ins , such 
as d i s t r ibut i on of funct ional groups, have not been determined on these 
samples, but results w i t h s imi lar samples have been given previously (1 ,2 ) . 

Reaction of Ozonized Lignin and Epoxy Resin. T h e ozonized l i g n i n d is 
solved i n D G E B A w i t h heat ing . It began to dissolve at about 100°C, a n d 
gelat ion took place at 170°C. G e l a t i o n was also observed at 120°C under 
longer reaction t imes . A f ter ge lat ion , the reactants were completely inso l 
uble i n acetone a n d other solvents. Table II shows the re lat ion between 
gel t ime and the amount of ozonized l i g n i n added to D G E B A at 120°C. A s 
shown i n Tab le II , either m i x i n g of highly ozonized l i g n i n (No . 3) or increas
i n g the amount of ozonized l i gn in resulted i n a decrease i n gel t ime . O n 
the other h a n d , i n the case of the untreated l i g n i n , ge lat ion d i d not occur 
even at 200°C under the same condit ions. These results suggest that car
b o x y l groups introduced into l i gn in by ozonizat ion react w i t h the epoxide 
to f o r m three-dimensional ly crosslinked networks. It has been reported b y 
B a l l and his co-workers that kraft l ign in is soluble i n D G E B A at 190°C (3). 
However, no reference was made to the occurrence of ge lat ion. T h i s fact 
also supports the conclusion that the gelation takes place b y the react ion 
of carboxy l groups that have been introduced in to l i g n i n b y ozonolysis . 

Tab le II . G e l T i m e of Ozonized L i g n i n and D G E B A at 120°C 

G e l t ime 

Ozonized 
L i g n i n content ( P H R ) 

l i g n i n 20 40 60 80 

N o . 1 
N o . 3 

> 300 m i n 
> 300 m i n 

290 m i n 140 m i n 
120 m i n 60 m i n 

65 m i n 
15 m i n 

T h e l i m i t o f the amount of ozonized l i g n i n that can be added to 
D G E B A was about 100 P H R i n sample N o . 1, and 80 P H R i n N o . 2 a n d 
N o . 3. Further add i t i o n of ozonized l ign in caused incompat ib i l i t y between 
the two polymers . A f ter pre-react ing at 120°C for 30 m i n , the products so
l id i f ied by cool ing to room temperature , but they dissolved i n acetone. T h e 
pre-reactant was cured at r o o m temperature w i t h c o m m o n cur ing agents, 
such as D E T A (diethylenetriamine) and H M D A (hexamethylenediamine) . 
T h e amount of cur ing agent was set to 9 0 % of the stoichiometric amount 
of epoxy equivalent, because the free carboxy l groups of the ozonized l i gn in 
were considered to consume at most 10% epoxide of D G E B A . 

N o acetone soluble extractives were detected i n completely cured 
resins. T h e films cured at 130°C for 1 hour h a d good rigidit ies a n d tough
ness as well as h igh transparencies. O n the other h a n d , the resins obta ined 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ch

03
9



502 LIGNIN: PROPERTIES AND MATERIALS 

f r om the or ig inal l i g n i n and D G E B A under s imi lar cur ing condit ions were 
not transparent , and they were too br i t t l e for film preparat ion . T h i s sug
gests that the cross l inking reaction is on ly between D G E B A and the amine 
used as cross l inking agent. These results also suggest that the unmodi f ied 
l i gn in was on ly mechanical ly blended w i t h the epoxy networks, w i thout 
chemical bond ing at the molecular level . Therefore, i t was concluded that 
the carboxy l groups introduced by ozonizat ion react chemical ly w i t h epox
ide result ing i n single phase network mater ia ls . 

Dynamic Mechanical Properties of Ozonized Lignin/Epoxy Resins. T h e 
temperature dependence of the viscoeleastic properties are shown i n F i g 
ures 5 a n d 6 at various amounts of ozonized l i gn in (No . 2) content for 
H M D A and D E T A cur ing reagents, respectively. T h e dispersion absorpt ion 
peaks observed at 120°C i n H M D A and at 150°C i n D E T A were a t t r ibuted 
to the glass t rans i t i on . R u b b e r y plateaus were recognized i n the higher t e m 
perature region. Genera l ly the absorption peak due to the glass t rans i t i on 
shifted to a higher temperature and broadened as the content o f ozonized 
l i gn in increased. O n l y one dispersion peak is observed i n every sample , 
i n d i c a t i n g that the ozonized l i g n i n / e p o x y resin system has complete com
p a t i b i l i t y after cur ing w i t h amines. However, glass t rans i t i on peaks tend 
to spread broadly as the ozonized l ign in content increases (F igs . 5 a n d 6). 
These results could be due to a broad d i s t r ibut i on of cross l inking density 
derived f rom the add i t i on of ozonized l i g n i n . A spreading of peaks to a 
lower temperature region is thought to be caused by the steric hindrance of 
l i g n i n . T h e m a i n cha in of the epoxy resin adjacent to the epoxide l inked to 
an ozonized l i gn in fragment may become hard to move. Therefore, a consid
erable amount of epoxide remained unreacted resul t ing i n lower cross l inking 
density. O n the other h a n d , the ozonized l i g n i n behaves as a more h igh ly 
crossl inked m a t e r i a l , and this causes the absorpt ion peak to spread to a 
higher temperature . 

These observations suggest that the new resin system forms an i n 
terpenetrat ing po lymer network; an A B crosslinked copolymer according 
to the def init ion of Sper l ing (4). It should also be noted that the glass 
t rans i t i on temperature can be modif ied at any levels o f l i gn in a d d i t i o n by 
changing cross l inking agent as shown i n F igure 7. 

Bonding Tests. T h e results of wood bonding tests are shown i n Tables III 
a n d I V . T h e bond strength remained almost at the same level as obta ined 
w i t h epoxy resin w i t h l i g n i n addit ions up to 40 of P H R , though i t de
creased gradual ly w i t h increasing b lending ratios of ozonized l i g n i n . T h e 
comparat ive ly low values shown i n the n o r m a l test o f sample N o . 3 were not 
considered significant because the cycl ic bo i l test showed the same strength 
level as sample N o . 2. T h e difference i n the degree o f ozonizat ion was not 
found to affect the bond strength dramatica l ly . Further work , such as i n 
vestigations on bond ing condit ions , w i l l be necessary i n order to develop 
prac t i ca l uses for th is adhesive system. 
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39. TOMITAETAL. Ozonized Lignin-Epoxy Resins 503 

TEMPERATURE I ' C ) 

Figure 5. Temperature dependence of viscoelastic property of ozonized 
lignin/epoxy resins cured with hexamethylenediamine. Ozonized lignin con
tent in D G E B A : (1) 0 P H R ; (2) 20 P H R ; (3) 40 P H R ; (4) 80 P H R . 

' ι ***T 
0 40 80 120 160 200 240 

TEMPERATURE ( *C ) 

Figure 6. Temperature dependence of viscoelastic property of ozonized 
lignin/epoxy resins cured with diethylenetriamine. Ozonized lignin content 
in D G E B A : (1) 0 P H R ; (2) 20 (PHR); (3) 40 P H R ; (4) 80 P H R . 
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504 LIGNIN: PROPERTIES AND MATERIALS 

TEMPERATURE ( e C ) 

Figure 7. Temperature dependence of viscoelastic proper ty of ozonized 
l i g n i n / e p o x y resins cured w i t h hexamethylenediamine (1) and d ie thy len-
etr iamine (2) at ozonized l i gn in content of 80 P H R . 

Tab le I I I . Tensile Shear Adhes ive Strength of Ozonized L i g n i n / E p o x y 
Resins . ( N o r m a l Test) 

Shear Strength (wood failure) 
( N / m m 2 ) 

Sample 0 P H R 20 P H R 40 P H R 80 P H R 

E p i k o t e 828 
N o . 1 
N o . 2 
N o . 3 

7.79 (65%) 
8.32 (93%) 
8.25 (100%) 
6.66 (68%) 

7.63 (45%) 
7.73 (63%) 
6.49 (33%) 

5.62 (8%) 
6.05 (56%) 
5.89 (22%) 

T a b l e I V . Tensi le Shear Adhes ive Strength of Ozon ized L i g n i n / E p o x y 
Resins . ( C y c l i c B o i l Test) 

Shear Strength (wood failure) 
( N / m m 2 ) 

Sample 0 P H R 20 P H R 40 P H R 80 P H R 

E p i k o t e 828 
N o . 1 
N o . 2 
N o . 3 

5.72 (3%) 
5.11 (22%) 
4.39 (12%) 
5.08 (28%) 

3.89 (8%) 
3.91 (19%) 
4.51 (8%) 

3.06 (4%) 
3.65 (2%) 
3.56 (2%) 
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39. TOMITA ET AL. Ozonized Lignin—Epoxy Resins 505 

Conclusions 
Ozonized lignins are soluble in epoxy resins when heated at 120°C, where 
the carboxyl groups react with epoxide. Therefore, pre-reacted ozonized 
lignin/epoxy resins were developed. The dynamic mechanical measure
ments showed complete compatibility between ozonized lignin and epoxy 
resins after curing with amines with the formation of interpenetrating poly
mer networks (IPN's). It was also found that the glass transition tem
peratures of cured resins could be modified over wide ranges by selecting 
different curing agents. Preliminary wood bonding tests on this new ad
hesive system indicate good potential. Further investigations on bonding 
conditions to enhance adhesion of wood are warranted. 
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Chapter 40 

Lignin Epoxide 

Synthesis and Characterization 

World Li-Shih Nieh1-3 and Wolfgang G. Glasser1,2 

1Department of Wood Science and Forest Products, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061 

2Polymeric Materials and Interfaces Laboratory, Virginia Polytechnic 
Institute and State University, Blacksburg, V A 24061 

An epoxide resin was synthesized on the basis of lignin by 
reaction of epichlorohydrin (ECH) with hydroxypropyl 
lignin. A mixture of a quarternary ammonium salt 
(QAS) and potassium hydroxide (KOH) was used as 
catalyst. Additional KOH was added stepwise at a 
rate which compensated for KOH consumption during 
dechlorohydrogenation. The epoxidation reaction was 
first studied using hydroxypropyl guaiacol (HPG) as a 
lignin-like model compound. At room temperature, and 
when ECH was in excess, the reaction was completed 
in five days. The reaction was found to be highly de
pendent on the stepwise addition of KOH, and it was 
independent of ECH concentration. The maximum con
version of hydroxy to epoxy functionality was found to be 
100 and 50% for model compound and lignin derivative, 
respectively. The lignin epoxide resin was crosslinked 
with diethylenetriamine (DETA), amine terminated poly 
(butadiene-co-arylonitrile) (ATBN) and phthalic anhy
dride (PA). Sol fraction and swelling behavior, and 
dynamic mechanical characteristics of the cured lignin 
epoxides were studied in relation to cure conditions. 

The major functional groups in lignin are methoxy, phenolic hydroxy, 
aliphatic hydroxy, and carboxy groups. During reaction with alkylene ox
ide, most of the functional groups of lignin, besides methoxy groups, become 

3Current address: Mississippi State Forest Products Utilization Laboratory, Mississippi State 
University, Mississippi State, MS 39762 

0097-6156/89A)397-0506$06.00/0 
© 1989 American Chemical Society 
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40. N I E H & G L A S S E R Lignin Epoxide 507 

subst i tuted by h y d r o x y a l k y l groups (1). React ions of a l iphat ic hydroxy 
groups w i t h compounds hav ing α-epoxy groups, such as ep ich lorohydr in 
( E C H ) , have been investigated. W i t h acids as catalyst , the react ion p r o d 
uct consists of a m i x t u r e of the 1,2- and the 1 ,3-chlorohydrin derivative of 
the parent compound . W h e n base is used as catalyst , the 1 ,2-chlorohydrin 
is the only product and u p o n dechlorohydrogenation, the α-epoxy der iva
tive of the parent compound is formed. Bases such as l i t h i u m hydroxide , 
s o d i u m hydroxide , s od ium alkoxide, and Lewis bases such as t r i b u t y l a m i n e 
and tr i i sopropylo lamine have a l l been used i n this react ion. T h i s synthet ic 
route to epoxy-functional ized derivatives of O H - f u n c t i o n a l polymers has 
been successfully appl ied to cellulose, among others (2 ,3 ) . 

E p o x y resins f r om l ign in and l ign in derivatives have been explored 
as well (4-10). In some cases, kraft l i gn in epoxidized w i t h E C H i n the 
presence of s od ium hydroxide as catalyst underwent irreversible hardening 
(4,5) at 100°C since epoxides are capable of undergoing homopo lymer i za -
t i o n . A l ternat ive ly , phenolated kraft l i gn in , mixtures of phenol w i t h kraft 
l i g n i n , and mixtures of phenol w i t h phenolated kraft l i g n i n were a l l epox
id ized w i t h E C H i n 25-40% N a O H which formed a so l id epoxy po lymer 
that softened at 72-95°C (4-7). B o t h the degree of epox idat ion a n d the 
extent of side reactions increased w i t h increasing amount of N a O H . W h e n 
tested as adhesive, the l ignin /phenol -based epoxy resin gave "good" adhe
sion to wood. However, when tested as coat ing mater ia l to steel, the best 
results came f rom l ignin /phenol -based epoxy resins modif ied w i t h urea-
formaldehyde and melamine-formaldehyde varnishes. In a s tudy by T a i et 
al. (8 ,9) , l ignin-based epoxy resins were synthesized f r om kraft l i g n i n , b is -
guaiacylated kraft l i g n i n and phenolated kraft l i g n i n . T h e epox idat ion was 
conducted at 97 to 117°C w i t h the addi t ion of 7-20 moles of E C H per mole 
of l i gn in repeat un i t (i.e., C 9 - u n i t ) using N a O H as catalyst . T h e epoxy 
content of the result ing l i g n i n derivatives was found to be insensitive to 
E C H concentrat ion, but dependent on the amount of N a O H added. T h e 
epoxy content was found to increase to 0.16 eq /100g w i t h N a O H content 
increasing to 4 0 % . A t higher N a O H contents, the epoxy content declined 
due to homopo lymer izat i on . M a x i m u m degree of funct ional izat ion w i t h 
epoxide groups was never achieved. T h e so lub i l i ty of the l i gn in epoxides i n 
organic solvents was reported to be i n the order of phenolated l i g n i n epox
ide > l i g n i n epoxide > bisguaiacylated l ign in epoxide. T h e l i gn in epoxides 
were tested as adhesives on a l u m i n u m and beech wood using anhydride a n d 
diamine as cur ing agents. T h e l ignin-based epoxy resins showed an adhe
sive strength equivalent to resol resin when wood was used as the adherent. 
D ' A l e l i o synthesized a series o f l i gn in epoxides f r om l ignins that h a d their 
funct ional groups par t ia l l y blocked by esterif ication w i t h carboxy l i c acids 
(10). T h e epox id iz ing agent was E C H using N a O H as catalyst and d i m e t h y l 
sulfoxide ( D M S O ) as solvent at 90-100°C for 14-24 hours. T h e degree of 
epox idat ion was control led by the amount of N a O H added. 

It is obvious that several options exist for the synthesis o f l ignin-based 
epoxide resins. T h e use o f E C H under alkal ine condit ions seems to be 
favored. T h e degree of epoxidat ion is control led by the amount of catalyst 
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508 LIGNIN: PROPERTIES AND MATERIALS 

added since the dechlorohydrogenation step consumes the catalyst . T h e 
degree of epox idat ion is independent o f the amount of E C H as long as 
this is present i n excess. C r o s s l i n k i n g through homopo lymer iza t i on is a 
potent ia l prob lem w h i c h l i m i t s the degree of epoxidat ion achievable. 

E x p e r i m e n t a l 

Synthesis and Characterization of Lignin-like Model Epoxide. A series of 
epox idat ion reactions were performed w i t h hydroxypropy l guaiacol ( H P G ) 
as model compound and E C H . M o l a r ratios o f E C H r H P G varied f r o m 1 to 
10. Pel let ized K O H and a quarternary a m m o n i u m salt ( Q A S ) served as 
catalyst and reagent. Toluene was the solvent. C a t a l y s t concentrat ion and 
method of add i t i on were var ied . E x p e r i m e n t a l details are given elsewhere 
(11). 

T h e epox idat ion react ion was monitored by h igh performance l i q u i d 
chromatograph ( H P C L ) on a reverse phase co lumn. T h e reaction product 
was identif ied by I R , proton N M R and carbon-13 N M R spectroscopy. In the 
I R spec t rum, absorpt ion bands at 904 c m " 1 and 842 c m " 1 were a t t r ibuted 
to the epoxy groups (12); peaks at 2.60, 2.78, and 3.15 p p m on the X H - N M R 
spec t rum were assigned to the three protons of the epoxide group (13); and 
i n the 1 3 C - N M R spec trum, the three g l y c i d y l carbons were identified at 
44.5, 50.6, and 70.6 p p m (14). 

Synthesis and Characterization of Lignin-Based Epoxide. L ignin-based 
epoxides were prepared by reacting H P L f rom a m i x e d hardwood organo
solv l i gn in w i t h E C H fol lowing the procedure developed w i t h the model 
compound . Deta i l s of the reaction have been disclosed elsewhere (15). T h e 
react ion was monitored by t i t r a t i n g the epoxide groups w i t h H B r according 
to D u r b e t a k i (16). Samples were taken f rom the reaction m i x t u r e at three-
day intervals , a n d they were t i t ra ted for their epoxy content. T h e fract ion 
of the t o ta l hydroxy groups that were converted to epoxide groups was de
fined as degree of conversion. Protons on the epoxy r i n g were identi f ied by 
1 H - N M R , and g l y c i d y l carbons were detected by 1 3 C - N M R spectroscopy. 

Epoxy Resin Characterization. E p o x y films were prepared by crossl ink
i n g 2 g of l ignin-based epoxide hav ing an epoxy content o f 0.11 eq /100g 
w i t h stoichiometric amounts of d iethylenetr iamine ( D E T A ) a n d amine -
terminated poly(butadiene-co-acrylonitr i le ) ( A T B N ) as cross l inking agents. 
T h e films were solvent cast (methylene chloride) a n d cured at 105°C for 
24 hours fo l lowing solvent evaporat ion. T o determine sol f ract ion a n d degree 
of swel l ing, films were oven dried and swollen to e q u i l i b r i u m i n d imethyl for -
mamide ( D M F ) . Weight loss was taken as sol fraction, and weight increase 
(due to swelling) determined the degree of swelling. D y n a m i c mechanical 
analysis was performed on a Po lymer Laborator ies D y n a m i c M e c h a n i c a l 
T h e r m a l A n a l y z e r ( D M T A ) . Solvent-cast l i gn in epoxide films were scanned 
at a heat ing rate of 4 °C m i n " 1 . T h e frequency was 1 H z and the s t ra in 
level was 4%. U n i a x i a l stress-strain test ing was performed on a s tandard 
Instron test ing machine employ ing a cross-head speed of 1 m m m i n " 1 . S a m -
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40. N I E H & G L A S S E R Lignin Epoxide 509 

pies were cut w i t h a die i n a dog bone shape, f rom solvent cast film. Tensi le 
characteristics were calculated on the basis of i n i t i a l dimensions. 

R e s u l t s a n d D i s c u s s i o n 

Epoxidation of HPG. T h e reaction scheme for the epox idat ion of H P G is 
shown i n F igure 1. T h e generation of oxyanion II i n toluene is assisted 
by (solid) K O H and Q A S . II reacts rap id ly w i t h E C H to produce the 1,2-
ch lorohydr in of H P G , I II . Dechlorohydrogenation of III proceeds i m m e d i 
ately under the prevai l ing react ion condit ions w i t h format ion o f epoxide I V 
a n d K C 1 . T h e process can conveniently be moni tored by H P L C . C o m p l e 
t i o n is indicated when I is depleted. 

T h e degree of conversion of I to I V was followed i n re lat ion to t ime 
a n d catalyst add i t i on i n a series o f experiments w h i c h employed toluene 
as solvent at r oom temperature . T h e results are summar ized i n F igure 2. 
T h e reaction of I w i t h excess E C H i n the presence of K O H (1 eq m o l - 1 

of I) and an equivalent amount (by weight) of Q A S produced I V i n 6 5 % 
y i e ld i n about 5 days (experiment A ) . Fa i lure to add a d d i t i o n a l K O H is 
obviously responsible for the low degree of conversion. B y ra is ing the K O H 
content to 1.25 eq m o l " 1 o f I and inc lud ing Q A S i n an amount equivalent 
(by weight) to the ( in i t ia l ) K O H content, the reaction becomes 7 5 % com
plete i n about 24 hours (experiment C ) . Subsequent and repeated addit ions 
of K O H (1.25 eq m o l - 1 of I , each) help the degree of conversion to reach 
100% i n another two days. Presence of Q A S i n the secondary K O H charges 
was found to be unnecessary. However, t o ta l absence o f Q A S f r o m the 
react ion m e d i u m (experiment B ) prevented the reaction f r om ever reach
i n g complet ion by reducing the degree of conversion at each step. Single 
addi t ions of large excesses of K O H to the reagent m i x t u r e (experiment B ) 
fa i led likewise to produce h igh degrees of conversion. Stepwise a d d i t i o n o f 
K O H (w i th or wi thout Q A S ) is clearly seen as necessary for compensat
i n g for K O H consumption dur ing dechlorohydrogenation. T h e K O H / Q A S 
m i x t u r e was found to be more efficient t h a n K O H wi thout Q A S i n gener
a t ing the nucleophil ic hydroxy anion of H P G . Q A S d i d not interfere w i t h 
the dechlorohydrogenation step as long as K O H was compensated for. In 
experiment C ( F i g . 2), the epoxidat ion reaction reached 100% conversion 
on the fifth day, two days after the add i t i on of the first add i t i ona l amount 
of K O H . A l l r oom temperature reactions h a d higher degrees of conversion 
as compared to the elevated temperature epox idat ion reactions of H P G . 
T h e dechlorohydrogenation step (i.e., I l l to I V i n F igure 1) was s t i l l found 
to be r a p i d , even at the mi lder reaction temperature . 

Epoxidation of HPL. Results f rom the epoxidat ion of H P L w i t h E C H i n 
the presence of K O H and Q A S using methylene chloride (at r o o m t e m 
perature) as solvent are shown i n F igure 3. T h e degree of conversion of 
(a l iphat ic ) hydroxy groups of H P L to epoxide funct ional i ty was moni tored 
by t i t r a t i o n . Parameters i m p o r t a n t to the success of this react ion inc luded 
(a) stepwise add i t i on of K O H , approximate ly paral le l ing the f o rmat ion of 
K C 1 by dechlorohydrogenation; (b) presence of Q A S i n the reaction m i x 
ture ; (c) an at least five-fold stoichiometric excess of E C H over available 
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H,C0' Ο 
0CH2 -
H C - O H 

I 
C H 3 

K O H / Q A S 

toluene 
Ο 

O C H 2 

I 
H C - O ' 

I 
C H 3 J 

A 
C H 2 - C H C H 2 C I 

toluene 
O C H 2 

HC0CH2CHCH2| 
C H 3 O H C I . 

+ K O H 
O C H 2 

I 

„ H C O C H 2 C H - C H 2 

C H , 0 

- K C I 

Figure 1. Reac t i on scheme of the epoxidat ion of H P G . 

F igure 2. Degree of conversion of I to I V i n re lat ion to t ime a n d K O H 
a d d i t i o n . Exper iment Β employed K O H alone; and experiments A a n d C 
employed K O H and Q A S . 
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40. N I E H & G L A S S E R Lignin Epoxide 511 

oxyanion funct ional groups; (d) m i l d reaction temperature ; a n d (e) absence 
of moisture f r o m the reaction m i x t u r e . F igure 3 indicates that epox idat ion 
of H P L may reach a degree of conversion of ca. 5 0 % after 12 days. A s s u m 
ing that H P L has a hydroxy content of about 6-8% and a number average 
molecular weight of 1500 g mo l " * 1 , a 5 0 % conversion of hydroxy groups to 
epoxide funct ional i ty can be expected to produce a l ignin-based epoxy resin 
w i t h an epoxide funct ional i ty of about 0.2 eq /100g; w i t h an epoxy equiva
lent weight of 400 to 600 g; and w i t h an average of three funct iona l groups 
per (number average) molecular fragment. H i g h hydroxy funct iona l i ty a n d 
degree of conversion, and absence of low molecular weight components (be
low t r i - or tetrameric l ign in structures) are c r i t i ca l parameters for l i gn in 
selection for successful epox idat ion . 

Network Characterization of Lignin-Based Epoxides. T h e format ion o f a 
po lymer network requires that mul t i func t i ona l l i gn in epoxide molecules 
are reacted w i t h d i - or mul t i funct i ona l cross l inking agents, such as amines 
or anhydrides. Mono func t i ona l components become cha in ends that con
t r ibute to brittleness and reduce strength; and fragments w i thout any reac
tive funct ional site become fillers, plasticizers or anti -plast ic izers . W h e n 
a h y d r o x y b u t y l l i g n i n ( H B L ) - b a s e d epoxide w i t h an epoxy content of 
0.11 eq /100g was crosslinked w i t h (a) amine terminated po ly (butadiene-
co-acrylonitr i le ) ( A T B N ) and (b) phthal i c anhydride ( P A ) , insoluble m a 
terials were formed whi ch h a d average sol fractions ( in D M F ) of 10 and 
14%, respectively. T h i s indicates that cross l inking was quite complete, a n d 
that l i t t l e l i gn in remained unincorporated . Weight gained by swel l ing i n 
creased l inear ly w i t h A T B N content, and this was not surpr is ing since the 
A T B N used was of relat ively h igh molecular weight (6400 g mol" " 1 ) w h i c h 
introduced larger free spaces into the film. 

P r e l i m i n a r y results w i t h epoxy networks cured w i t h combinat ions o f 
D E T A and A T B N are given i n Tab le I and F igure 4. 

Tab le I . C o m p o s i t i o n of L i g n i n Epoxides 

C o m p o s i t i o n of C r o s s l i n k i n g Agent 

by F u n c t i o n a l i t y 1 by Weight 
L i g n i n - E p o x i d e 

Sample N o . 
A T B N 

(%) 
D E T A 

(%) 
A T B N 

(%) 
D E T A 

(%) 
Content 
(wt . %) 

A 0 100 0.00 5.4 94.6 
Β 10 90 14.3 4.2 81.5 
C 25 75 38.3 3.7 58.0 
D 50 50 46.1 1.5 52.4 
Ε 100 0 67.9 0.0 32.1 

D i s t r i b u t i o n of amine funct ional groups equivalent to epoxide func t i on 
al i ty . 

U s i n g a low molecular weight crossl inking agent such as D E T A , a m a -
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512 LIGNIN: PROPERTIES AND MATERIALS 

TIME (days) 

Figure 3. Degree of conversion of hydroxy groups of H P L to epoxide func
t i ona l i ty i n re lat ion to reaction t ime and K O H a d d i t i o n . 

TEMPERATURE (°C) 

Figure 4. D M T A curves of l i g n i n epoxides cured w i t h combinat ions o f 
D E T A a n d A T B N . (Samples identified i n Tab le I.) 
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40. NIEH & GLASSER Lignin Epoxide 513 

terial with nearly 95% lignin derivative content is produced. Crosslinking 
epoxide functionality with amine-terminated rubber segments (i.e., ATBN) 
reduces the lignin derivative content to about 30% (Table I). Whereas the 
ATBN-free cured epoxy network forms a glassy, high-modulus material at 
room temperature (Fig. 4), rising rubber component introduces a secondary 
thermal transition at about —45°C which serves to reduce the glassy mod
ulus at ambient temperatures. This amounts to a rubber-toughening effect 
with two-phase morphology. Whether a third transition at around 0°C, 
between the rubber transition at —45°C and that signifying lignin at 90°C, 
can be attributed to a mixed interphase between lignin and ATBN remains 
the subject of future studies. The mechanical properties of the cured lignin 
epoxides will be discussed elsewhere. 

Conclusions 
A lignin epoxide resin was synthesized from hydroxyalkyl lignin and ECH 
using KOH and a QAS mixture as catalyst at room temperature. Since 
rapid dechlorohydrogenation under reaction conditions consumes K O H , 
stepwise addition of KOH during epoxidation is necessary. A five-fold 
excess of ECH over stoichiometric requirements was required in order to 
prevent intramolecular crosslinking of multifunctional hydroxyalkyl lignin. 
The degree of conversion of hydroxy to epoxide groups was controlled by 
the stepwise addition of KOH rather than by ECH concentration. 

Swelling experiments showed that a lignin epoxide resin of 0.11 epoxy 
equivalents per 100g formed a network polymer when cured with DETA, 
PA, or ATBN. Phase separation was observed in the rubber-toughened 
lignin epoxide network. Cured epoxides had lignin derivative contents of 
up to 95%. 
This is part 19 of a publication series dealing with engineering plastics from lignin. Earlier 
parts have been published in J. Appl Polym. Sci., J. Wood Chem. Technol., and Holzforschung. 
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Chapter 41 

Derivatives of Lignin and Ligninlike Models 
with Acrylate Functionality 

Wolfgang G. Glasser and Hong-Xue Wang 

Department of Wood Science and Forest Products 
and 

Polymeric Materials and Interfaces Laboratory, 
Virginia Polytechnic Institute and State University, Blacksburg, V A 24061 

Hydroxybutyl lignin, as well as lignin and lignin deri
vative-like model compounds, were chemically modified 
by reaction with isocyanatoethyl methacrylate (IEM). 
The acrylated derivatives were studied with regard to 
copolymerization characteristics with styrene (S) and 
methyl methacrylate (MMA). The reactivity ratios ob
tained suggest that lignin (model compound) acrylates 
form preferentially alternating copolymers with MMA 
and S, and that the degree of deviation from azeotropic 
composition varies with chemistry. Azeotropic points 
were between 17 and 30 mole % lignin (model com
pound) acrylate. Reaction of acrylated lignin derivatives 
with vinyl monomers produces network polymers with 
gel structure that shows the expected rise in sol fraction 
as vinyl equivalent weight increases. 

Lignin, especially that derived from organosolv pulping and steam explo
sion, is beginning to prove itself as a useful polymeric component of struc
tural materials (1-3). Its usefulness increases dramatically following chem
ical modification by reaction with propylene or other alkylene oxides, since 
this treatment enhances lignin's solubility in organic solvents and, at the 
same time, reduces its glass transition temperature (4). Lignin's molecu
lar weight characteristics and functionality features have been the basis for 
viewing it as a "macromeric" segment for block copolymers and segmented 
thermosets (5-7). 

Although most previous research on the use of lignin in structural 
polymers has dealt with its contribution to polyphenolics and polyurethanes 
(8), alternatives for crosslinking it with other polymer systems exist as well. 
These have been summarized recently (9). Among these alternatives are 
lignin derivatives with acrylate functionality. 

Acrylation of lignin has been reported by Naveau (10), who employed 
0097-6156/89/0397-0515$06.00/0 

© 1989 American Chemical Society 
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516 LIGNIN: PROPERTIES AND MATERIALS 

both methacry l i c anhydride and methacry ly l chloride w i t h " k r a f t " l i gn in 
to achieve subst i tut ion levels of between 17 and 7 2 % of the monomeric 
units i n l i gn in . Another avenue to aerylat ion presents itself through the 
avai labi l i ty of d i funct ional monomers hav ing b o t h acrylate (or v iny l ) and 
isocyanate funct ional i ty . Isocyanatoethyl methacrylate ( I E M ) is one such 
monomer that may be used for converting t e rmina l h y d r o x y l funct ional i ty 
into acrylate funct ional i ty (11,12). 

T h i s study examines the synthesis of acrylated l i g n i n derivatives using 
I E M , and the copolymerizat ion characteristics of these derivatives w i t h 
methylmethacrylate ( M M A ) and styrene (S). 

E x p e r i m e n t a l 

Materials. Difunctional Reagents: Isocyanatoethyl methacrylate ( I E M ) 
was suppl ied by Dow C h e m i c a l C o . as an experimental reagent. M e t a T M I 
is available f rom C y a n a m i d , Inc. 

Model compounds: G u a i a c o l , M M A , and styrene were obtained f r o m 
commerc ia l sources. H y d r o x y p r o p y l guaiacol was prepared according to 
earlier studies (13). 

Hydroxybutyl (organosolv) lignin (HBL): T h e organosolv l i gn in deriva
tive w i t h butylène oxide was prepared in accordance w i t h earlier work (14). 
T h e derivative had a h y d r o x y l content of 6.0% and a number average molec
ular weight (Mn) of 1500 g m o l " 1 . 

Methods. Reaction with IEM: Reactions w i t h I E M were performed i n 
methylene chloride using d i b u t y l t i n di laurate (ca. 1 wt .%) as catalyst . T h e 
reaction mix ture w i t h model compound or H B L was reacted at 40°C u n 
der dry nitrogen. T h e reaction product was obtained by prec ip i tat ion w i t h 
n-hexane. Deta i led experimental and ana ly t i ca l results are given elsewhere 

Copolymerization reactions: Copo lymer i za t i on experiments w i t h s ty 
rene and M M A employed molar fractions of 20, 40, 60, and 8 0 % comono-
mers, which were reacted i n ethanol : 1,2-dichlorethane 60:40 (by volume) 
mixtures and benzoyl peroxide as catalyst . Po lymer izat ions were carried 
out at 70°C. T h e reactions were quenched by the add i t i on of methano l as 
non-solvent, and the copolymer was isolated by centri fugation. C o p o l y 
mer analysis employed U V spectroscopy for copolymers w i t h M M A , and 
m e t h o x y l content determinat ion according to a procedure by Hodges et 
ai (16) i n the case of styrene copolymers. R e a c t i v i t y ratios were deter
mined i n accordance w i t h the method by K e l e n - T i i d o s (17) and that by 
Y e z r i e l e v - B r o k h i n a - R o s k i n ( Y B R ) (18). E x p e r i m e n t a l details and results 
are presented elsewhere (15). 

A c r y l a t e d l i g n i n derivatives were copolymerized w i t h M M A and S i n 
dry methylene chloride w i t h benzoyl peroxide and Ν,Ν-dimethyl anyl ine as 
catalyst . React ion mixtures were poured onto Teflon molds , the solvent was 
evaporated at r o o m temperature i n the fume hood , and f i lms were cured 
i n an oven at 105°C for 6 hrs. E x p e r i m e n t a l details and results are given 
elsewhere (15). 
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41. G L A S S E R & W A N G Derivatives of Lignin and Ligninlike Models 517 

Results a n d Discussion 

T h e synthesis of acrylated l i gn in derivatives has been achieved earlier using 
acryl ic ac id derivatives (10). A more convenient method for the synthesis 
of organic solvent soluble, powderous or tarry (i.e., after chain extension 
w i t h propylene oxide) (19) acrylated l ignin derivatives employs the reac
t i on of h y d r o x y a l k y l l ign in derivatives w i t h isocyanatoethyl methacrylate 
( I E M ) . I E M represents one among several commercia l ly available d i func-
t i ona l monomers combining isocyanate and acrylate (or v iny l ) funct ional i ty 
( F i g . 1). T h e reaction of the isocyanate group of the ac ry la t ing agent w i t h 
the O H groups of the l ign in derivative can be completed under m i l d re
act ion condit ions catalyt ica l ly . T h e use of h y d r o x y a l k y l l i g n i n as l i gn in 
component, and an isocyanate-functional acry la t ing agent, bo th contr ibute 
to superior so lubi l i ty ( in organic solvents) and prepolymer characteristics of 
the modif ied l ign in derivative. For the purpose of determining (a) react ion 
condit ions; (b) ana ly t i ca l methodology; and (c) react iv i ty ratios w i t h com
m o n comonomer species, model compound studies were performed using 
acrylated guaiacol and hydroxypropy l guaiacol as funct ional ized der iva
tives representative of acrylated l i gn in (Figure 2). React ion products of 
the model compounds were isolated in crystal l ine f o rm, and their F T I R , 
H - N M R , and 1 3 C N M R spectra revealed that the expected model acrylate 
had been formed (15). 

T h e usefulness of an acrylated l ignin derivative as s t ruc tura l segment 
i n po lyacry l i c networks depends to a large extent on its copo lymer izat ion 
characteristics. These are conveniently defined in terms of reactivity ra
tios v is -a-vis c ommon v iny l i c comonomers (20,21) . R e a c t i v i t y ratios are 
defined i n F igure 3. These ratios , which are available i n the l i terature 
for a wide range of monomer species (20,21), are impor tant for pred ic t ing 
the dependence of copolymer composit ion on monomer feed composi t ion . 
W a l l (22,23) has pioneered this re lat ionship, and his suggested graphica l 
presentation is adopted i n Figures 4 and 5. 

Several boundary combinations of react iv i ty ratios are i l lustrated i n 
F igure 4. For the case i n which neither active center shows any preference 
for any monomer species, i.e., r\ = r 2 = 1, copolymer compos i t ion is deter
mined at a l l t imes solely by the concentration of the respective monomer 
species i n the feed composit ion. T h i s defines an azeotropic composition over 
the entire range of monomer feed compositions. For the other extreme case, 
the one i n which each active center adds exclusively the monomer other t h a n 
that wh i ch represents the terminus on the active cha in , i .e., r x = r 2 = 0, an 
a l ternat ing copolymer is formed i n which ha l f of the po lymer chain consists 
of homopolymer of M i and the second hal f of homopolymer of M 2 . In the 
case i n which either active center shows preference for one, the more reac
tive, monomer, i .e., r\ > 1 and r 2 < 1, the copolymer is always richer i n 
that monomer and the feed composit ion is conversely richer i n the less reac
tive monomer. In the final case ( F i g . 4), i n wh i ch each active center prefers 
cross-propagation to homo-propagat ion, i .e., r\ < 1 and r 2 < 1, a tendency 
exists toward a l ternat ion . Copo lymer izat ions w i t h preferred a l ternat ion 
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518 LIGNIN: PROPERTIES AND MATERIALS 

N - Ç - l ^ J -
H C 

3 X C = CH 2 0 C N - C - 4 ^ ^ C = C H 2 

O C N - C H . - C H ^ O O c ' H 3 C H3C 

ISOCYANATO-ETHYL METHACRYLATE (IEM) meta - T M I 

Figure 1. T w o commercia l ly available d i funct ional compounds featur ing 
isocyanate and acrylate (vinyl ) functional ity . 

C H 3 ( T >r cH 3 o- χ 8 
OCNHCH2CH2OOCC=CH2 OCry;HOCNHCH 2CH 2OOCÇ=CH 2 

0 CH 3 CH 3 CH 3 

GA HPGA 

Figure 2. A c r y l a t e d l ignin- l ike model compounds, G A and H P G A . 

M,* + M, * ~ v - M , — Μ | Β 

k,2 
' n ~ M | * + M 2 * M, — M 2 

k2, 
M 2 + M, - * M 2 — M , * 

M 2 + M 2 

k 2 2 

12 
where 

M, GA or HPGA 

M 2 MMA or STYRENE 

Figure 3. Def in i t ion of react iv i ty rat io . 
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41. G L A S S E R & W A N G Derivatives ofLignin and Ligninlike Models 519 

0 0.5 1.0 

MONOMER FEED COMP. ( M, ) 

Figure 4. Relat ionship between copolymer composit ion (mole fract ion M i 
i n copolymer) and monomer feed composit ion (mole fract ion M i i n feed) 
for various react iv i ty rat io combinations. A , r\ = r 2 = 1; B , r\ > 1, r 2 < 1; 
ο , Γ ι ~ r 2 ~ 0; D , r i < 1, r 2 < 1. (Adopted f rom ref. 21.) 

MONOMER FEED COMPOSITION (M, ) 

Figure 5. Re lat ionship between copolymer composit ion a n d monomer feed 
composit ion (molar fract ion of M i in both) for the combinations H P G A - c o -
M M A (— • — ) ; G A - c o - M M A (—A—); G A - c o - S (—#—); and H P G A -
co-S ( - 0 - ) · 
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520 LIGNIN: PROPERTIES AND MATERIALS 

have an azeotropic composit ion point at wh i ch copolymer composi t ion cor
responds to feed composit ion ; and below and above w h i c h the copolymer 
is richer and poorer, respectively, i n the monomer which is present i n the 
lower (molar) concentration. 

Reac t iv i ty ratios between acrylated l i g n i n model compound ( F i g . 2), 
defined as M i , w i t h either M M A or S, defined as M 2 , were determined ex
per imenta l ly i n accordance w i t h s tandard procedures (15). These involve 
m i x i n g two different v i n y l monomers i n various molar ratios w i t h catalyst 
(i.e., benzoyl peroxide) and solvent, heat ing the m i x t u r e to achieve po ly 
mer izat ion , and recovering the polymer by the add i t i on of non-solvent, and 
centri fugation. T h e respective molar monomer fractions of the copolymer 
were determined by UV-spectroscopy i n the cases where M M A served as 
M 2 , and by methoxy l content analysis i n those cases i n wh i ch S was the M 2 -
species. T h e results were subjected to numerica l treatments according to 
the established relationships of K e l e n - T i i d o s (17) and Y e z r i e l e v - B r o k h i n a -
R o s k i n ( Y B R ) (18), and this is described elsewhere (15). 

T h e react iv i ty ratios l isted in Table I indicate that both r\ and r 2 

are consistently < 1.0, and that the products of r x and r 2 are also always 
< 1.0. T h i s suggests (20,21) that preference is given to the formation of a l 
ternat ing copolymers, and that azeotropic points exist at which copolymer 
composit ion equals monomer feed composit ion. T h e relat ionship between 
copolymer composit ion and monomer feed composit ion is i l lustrated i n F i g 
ure 5 for the various combinations of M i and M 2 . A l l combinations reveal a 
dev iat ion f rom the azeotropic composit ion at higher (i.e., > 40%) contents 
of l ignin- l ike acrylate ( M i ) i n monomer feed, thereby ind i ca t ing preference 
for the f ormat ion of a l ternat ing copolymers. T h i s dev iat ion is greatest for 
the combinat ion H P G A - c o - S , and i t is least for H P G A - c o - M M A . Azeotrop ic 
points lie between 17 and 30 mole % of l ign in- l ike model acrylate i n the 
monomer feed w i t h the balance representing either M M A or S. 

Important s t ruc tura l parameters that influence mater ia l properties of 
po lyacryl ics based on l i gn in derivative segments w i t h t e rmina l acrylate 
funct ional i ty are determined by degree of acry la t i on , and thus v i n y l equiv
alent weight, and monomer rat io in the copolymer. F igure 6 i l lustrates the 
relat ionship between m a x i m u m gel fract ion and v i n y l equivalent weight of 
acrylated l i g n i n derivative. T h i s relationship reveals the expected increase 
i n sol fract ion as degree of subst i tut ion w i t h acrylate groups on l i g n i n de
clines (i.e., v i n y l equivalent weight increases). 

C o n c l u s i o n s 

Solvent soluble and l iqu id (i.e., tars w i t h T^ below ambient) acrylated l i gn in 
derivatives have been formulated by reaction of h y d r o x y a l k y l l i g n i n der iva
tives w i t h isocyanotoethyl methacrylate ( I E M ) . 

C o p o l y m e r i z a t i o n behavior of acrylated l ignin- l ike model compounds 
w i t h M M A and styrene indicated a preference for the f ormat ion of alter
na t ing copolymers. 

Depending on monomer combinat ion , azeotropic points were found 
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41. G L A S S E R & W A N G Derivatives of Lignin and Ligninlike Models 521 

Table I. E x p e r i m e n t a l Reac t iv i ty Rat ios between A c r y l a t e d L i g n i n M o d e l 
Com pounds and M M A and S 

C o p o l y m e r 1 **1 r 2
3 ΓχΓ2 

G A ( l ) - c o - M M A (2) 0.17 0.68 0.12 
G A ( l ) - c o - S ( 2 ) 2 0.07 0.79 0.06 
H P G A ( l ) - c o - M M A ( 2 ) 0.38 0.67 0.25 
H P G A ( l ) - c o - S ( 2 ) 0.01 0.73 0.01 

1 A c r y l a t e d guaiacol ( G A ) and acrylated hydroxypropy l guaiacol 
( H P G A ) . 

2 W i d e error m a r g i n . 
3 Determined according to the K e l e n - T i i d o s (17) and the Y B R (18) re

lat ionships . 

I00r 

0 500 1000 1500 2000 

VINYL EQUIVALENT WEIGHT (g/mole vinyl) 

Figure 6. Re lat ionship between gel fract ion and v i n y l equivalent weight of 
several acrylated l i gn in derivatives. (40 wt . % l ignin acrylate and 60 wt . % 
M M A ) . 

between 17 and 30 mole % acrylated l ignin model compound; on ly modest 
differences were noted regarding deviations f rom azeotropic composit ions. 

A c r y l a t e d l ign in derivatives were copolymerized w i t h v i n y l monomers 
to y ie ld network materials (gels) w i t h gel fract ion dec l in ing as v i n y l equiv
alent weight increased. 

A c r y l a t e d l ign in derivatives are viewed as a new and promis ing class 
of funct ional macromers f rom l i gn in useful for the formulat ion of block and 
segmented copolymers. 
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This is part 20 of a publication series dealing with engineering plastics 
from lignin. Earlier parts have been published in J. Appl. Polym. Sci., J. 
Wood Chem. Technol, and Holzforschung, among others. 
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Appendix 

Industrial lignin and lignin deriva
tive products are made by these corpo
rations. 

E M P R E S A N A C I O N A L D E C E L U L O S A S S A 
( E N C E ) 

E m p r e s a Nac i ona l de Celulosas S A is the largest producer of pu lp 
i n the E u r o p e a n Economic C o m m u n i t y . J o i n t l y w i t h L i t c h e m L i m i t e d , i t 
produces Eucalin Lignin, derived f rom the product ion of kraft pu lp f r o m 
E u c a l y p t u s trees. T h i s is a unique product which is current ly not available 
f r om any other source. 

E a r l y research and development work has indicated that the structure 
of Eucalin Lignin should make i t ideal ly suited for use as a chemical inter
mediate . Research i n South A f r i c a has indicated that Eucalin Lignin ranks 
between softwood and bagasse l ign in i n terms of the number of reactive 
sites w i t h formaldehyde (under acidic condit ions) , and that i t allows a h igh 
percentage of subst i tut ion of phenol i n phenol-formaldehyde resins. 

Eucalin Lignin has the same repeating un i t structure of a r y l propane as 
is t y p i c a l of other l ignins. However, the rat io of guaiacy l to syr ingy l groups 
is close to one whi ch gives, on ox idat ion , a h igh percentage of syringaldehyde 
i n add i t i on to v a n i l l i n . 

For further in format ion contact E m p r e s a Nac iona l de Celulosas S A , 
J u a n B r a v o , 49 -Dpdo , M a d r i d 6, Spa in ; or L i t c h e m L i m i t e d , Lamberhead 
Industr ia l Estate , W i g a n , Lanes W N 5 8 E G , Great B r i t a i n . 

0097-6156/89/0397-0524$06.00/0 
© 1989 American Chemical Society 
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APPENDIX 525 

G E O R G I A - P A C I F I C 

Lignosite Lignosulfonate products are derived f rom the l ign in i n soft
wood trees by the ca l c ium bisulfite pu lp ing process at Georgia-Paci f i c ' s m i l l 
i n B e l l i n g h a m , Wash ington . 

Georgia-Paci f i c ' s l ign in sulfonate products are k n o w n under the trade
name Lignosite. D u r i n g the product ion of most Lignosite products , the 
hexose sugars (glucose, mannose and galactose) are converted to ethanol 
by continuous fermentat ion. D i s t i l l a t i o n of the ethanol increases the ca l 
c i u m l i g n i n sulfonate content to approximate ly 8 0 % of the l iquor solids. 

Lignosite Calcium Lignosulfonate is an excellent s tar t ing mater ia l for 
many modif ied products because of its h igh p u r i t y and because c a l c i u m may 
easily be replaced by any number of other cations using the appropriate 
soluble sulfate salts. Georgia-Paci f ic produces sod ium, a m m o n i u m , and 
potass ium lignosulfonates. Produc t s w i t h higher levels o f p u r i t y can be 
provided by chemical modif ications or by u l t ra f i l t ra t i on . T h e molecular 
weight, sugar content and ionic charge can a l l be adjusted to meet specific 
needs. 

For further in format ion contact Technica l Center , 1754 T h o r n e R o a d , 
T a c o m a , Washington 98421. 
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526 LIGNIN: PROPERTIES AND MATERIALS 

I T T R A Y O N I E R C H E M I C A L P R O D U C T S 

R A Y L I G , R A Y M I X , R A Y K R O M E , O R Z A N , U L T R A M I X , and V A 
N I L L I N represent the fami ly of products derived f rom l ign in produced at 
I T T Rayonier 's softwood sulfite pu lp ing operation i n H o q u i a m , W a s h i n g 
ton . A n n u a l l y more than 100,000 metric tons of these products are pro 
duced for a variety of indus t r ia l end uses, inc lud ing binders, dispersants, 
surfactants, d r i l l ing fluid additives, concrete admixtures , dye di luents and 
dispersants, feed additives, flavoring, fragrances, and pharmaceut icals . 

E n d use appl icat ions and product specifications are designed by spe
c ia l ly app ly ing chemical modif ications and puri f i cat ion procedures. 

T h e R A Y L I G products are unmodif ied sod ium lignosulfonates. 

R A Y M I X and U L T R A M I X are chemical ly desugared and modif ied 
sod ium lignosulfonates used i n retarding and non-retarding concrete a d 
mixtures . 

R A Y K R O M E chemicals are modif ied and meta l complexed for use p r i 
m a r i l y i n dr i l l ing operations. 

T h e O R Z A N product l ine includes sod ium and a m m o n i a l ign in chem
icals special ly designed for a wide variety of indus t r ia l appl icat ions . 

V A N I L L I N is widely used as an ingredient in food flavors, as a phar 
maceut ica l intermediate, and as a fragrance i n perfumes and other odor 
mask ing products . 

For further in format ion , contact C h e m i c a l Produc t s Depar tment , 
18000 Pacific Highway South , Suite 900, Seattle, W A 98188. 
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APPENDIX 527 

R E E D L I G N I N / D A I S H O W A C H E M I C A L S 

Reed L i g n i n was formed i n 1982 when Reed, Inc., acquired the L i g n i n 
Chemica l s D iv i s i on of A m e r i c a n C a n and merged i t w i t h their L ignoso l 
Chemica l s operat ion. Ear l i e r this year Reed became part of Daishowa. 

Da ishowa is the largest, most diversified producer of l i gn in products i n 
the wor ld , w i t h two plants located in Wiscons in and a t h i r d located i n Que 
bec. Research and Development effort is carried out i n major laboratories 
located i n Rothsch i ld , Wiscons in , and Quebec C i t y , Quebec. 

Da ishowa has developed more than 50 d i s t inc t ly different l i gn in 
sulphonates using a broad range of unit operations. A m o n g the processing 
techniques are: 

• base exchange 
• ozonat ion 
• po lymer izat ion 
• fract ionat ion 
• depolymerizat ion by alkaline hydrolysis or h igh pressure treatments 
• reduct ion, and 
• other chemical treatments. 

T h e products are used i n numerous indus t r ia l appl icat ions but can 
generally be classified as either: 

Daishowa's products are grouped under the fo l lowing trade names: 

• dispersants 
• complexing agents 
• prote in reactives 

• binders, and 
• copolymers, or 
• extrusion aids. 

• Lignoso l 
• Marasperse 
• N o r l i g 
• M a r a c a r b 
• Pel tex 
• A m e r i b o n d 
• M a r a b o n d 

• A d d i t i v e - A 
• K e l i g 
• G o u l a c 
• G l u t r i n 
• M a r a c e l l 
• Pe t ro l i g . 

For further in format ion contact Daishowa Chemica l s , P . O . B o x 2025, 
Quebec, P . Q . G 1 K 7 N 1 , C a n a d a , or Da ishowa Chemica l s , Inc., H i g h w a y 
51, Ro thsch i ld , W I 54474. 
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528 LIGNIN: PROPERTIES AND MATERIALS 

W E S T V A C O P O L Y C H E M I C A L S 

T h e Westvaco Polychemicals G r o u p produces and markets a wide va 
r iety of l ignochemicals derived f rom a sugar-free kraft l i gn in source. B o t h 
non-sulfonated and sulfonated derivatives are manufactured i n Char l es ton , 
South C a r o l i n a , U S A . 

Non-sulfonated lignins find u t i l i t y as emulsifiers and stabil izers i n 
water-based asphalt emulsions, as coreactants i n phenolic binder a p p l i c a 
t ions, as negative plate expanders i n lead ac id storage batteries, as prote in 
coagulants i n fat rendering, and as flocculants i n waste water systems. 

• Emulsifiers a n d Stabilizers: B o t h anionic ( I N D U L I N C ) and 
cat ionic ( I N D U L I N W - l ) derivatives of non-sulfonated kraft l ign in are com
m o n l y used as stabil izers for m a k i n g asphalt , wax, or o i l - in-water emulsions. 

• R e s i n Coreactants : Funct i ona l groups i n products such as R E A X 
27 or R E A X 38 have led to their use as extenders for and coreactants w i t h 
phenolic resins. C o m m o n end uses include binders for thermal insu lat ion , 
cei l ing t i le , hardboard , and other thermal-pressure phenolic appl icat ions . 

T h e sulfonated lignin products funct ion p r i m a r i l y as dispersants i n 
aqueous systems and help to f o rm stable dispersions of a number of i n 
soluble materials . For example, l ignin dispersants find use i n pigments, 
carbon black, gypsum, ceramics, coal s lurry and water treatment systems 
to ment ion some of the more prominent appl icat ions . 

• D y e a n d Pigment Dispersants : T h e R E A X sulfonated l i gn in 
derivatives offer a wide range i n degree of sul fonation and molecular weight. 
These attr ibutes i m p a r t dispersion stabi l i ty at h igh temperatures, improve 
gr ind ing efficiency, and reduce s ta in ing i n b o t h l iqu id dispersed and vat dye 
systems. 

• A g r i c h e m i c a l Dispersants : C h e m i c a l cross l inking to increase 
molecular weight and a h igh degree of sul fonation give P O L Y F O N H , O , 
T , and F the surface active properties necessary to disperse specific pes t i 
cides. T h e R E A X Series of products also finds appl i cat ion i n flowable and 
water dispersible granule formulations where h igh active ingredient levels 
are sought. 

In add i t i on to these defined functions, l i g n i n products are also k n o w n 
for their ab i l i ty to reduce the size of particles, reduce s lurry viscosities, 
i n h i b i t crysta l g rowth , sequester and complex metals , and funct ion as i n 
teractive carriers. 

• Séquestrants: Special ly modif ied sulfonated l ignins can sequester 
alkal ine earth and heavy metals and s t i l l r emain soluble, whi le w i t h non -
sulfonated l ignins, the complexes become insoluble and can be removed. 
T h e meta l sequestering properties of R E A X and P O L Y F O N products find 
app l i cat ion i n dispersing i ron i n cool ing water, prevention of scale deposits 
f rom h a r d water i n boilers, and i n forming meta l complexes for agr i cu l tura l 
micronutr ients . 

For further in format ion contact Westvaco C o r p o r a t i o n , Polychemicals 
Department , P . O . B o x 70848, Char leston Heights , South C a r o l i n a 29415-
0848. 

R E C E I V E D May 29, 1989 
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calculation of degree, 146 
kraft lignin in aqueous solution, 144-153 

analytical techniques, 146 
correction for concentration 

polarization effects, 150,151/ 
degree of association, 146 
effect of additives, 152*,153 
effect of alkalinity, 147,148/149* 
effect of ionic strength, 153 
effect of lignin concentration, 

150*,151/,152 
effect of molecular weight, 

147,148/149,151/ 
experimental materials, 146 
history, 145 
influencing factors, 144-145,147-153 
mechanisms, 145 
membrane sampling technique, 146-147 
molecular weight distributions of 

permeates, 147-149,151/ 
permeate concentrations and rejection 

coefficients, 147,149* 
rejection coefficient distributions, 

147,148/149 
kraft lignins in nonaqueous polar solvents 

effect of solution on molecular weight, 
169,174* 

intermolecular forces, 174 
molecular weight distributions after 

desalting, 169,172/* 
Zimm plot, 169,173 

modes, between kraft lignin components, 
156-174 

molecules, lignin in wood, 5-6 
See also Intermolecular association, 

Molecular association, Self-association 
Associative-dissociative homology among 

kraft lignin samples 
association of predissociated sample, 

163,164/ 
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532 LIGNIN: PROPERTIES AND MATERIALS 

Associative-dissociative homology among 
kraft lignin samples—Continued 

fractionation of lignin, 163,164/ 
molecular weight distribution, 163 

Associative interactions between kraft 
lignin species, 157,158/159/ 

Average product of molecular weights, 
kraft lignin species 

influencing factors, 167 
molecular weight calibration curves, 

165,166/ 
relationship during association-

dissociation, 165,167,168/ 
Azeotropic composition, definition, 517 

Binder, features, 373 
Biobonded particle boards 

production, 368 
technological and mechanical properties, 

368*,369 
Biomass, renewable raw material, 245 
Bleaching of hydroxypropyllignin with 

hydrogen peroxide 
advantages, 436 
color loss, 437-438 
color loss values, 438,440/ 
definition of color, 438,439-440/ 
effect of blocking agents, 448,450/ 
experimental materials and procedures, 

437-438 
FTIR spectra, 442,445,446-447/ 
hydrogen peroxide charge, 438,441/442 
influencing factors, 445 
mechanism of quinonoid reaction with 

H 2 0 2 , 442,444/ 
pH, 442,444/ 
reaction time, 442,443/ 
yield determination, 445,448,449/ 

Blending, advantages, 452 
Block lap-shear test, organosolv lignin, 

327,328* 
Bromine, compounding of sulfur lignin, 

224,226/ 
Buffer, effect on delign ificat ion of spruce 

wood meal, 32,35/36,37/ 

C 

Cationic flocculants from kraft lignin 
comparison of flocculation performance in 

stability tests, 288,290/ 

Cationic flocculants from kraft lignin— 
Continued 

conditions for cat ionization, 288,292* 
effect of molecular weight on flocculation 

performance, 288,291/ 
effect of purification on flocculation 

performance, 286,287/288 
effect of reaction time on flocculation 

performance, 286,287/ 
flocculation tests, 285 
gelling of lignin with formaldehyde, 285 
preparation, 286 
reaction mechanism, 288,292-293 
reaction of lignin and gelled lignin with 

glycidyltrimethylammonium chloride, 
285,286* 

stability of floe, 285 
testing of flocculation performance, 

288,289f 
Cellulose triacetate segments, 

preparation, 415 
Chlorophosphazenes, modification of 

lignins, 247 
Color 

definition, 438,439-440/ 
in pulp, role of hemilignins and 

glycolignin, 29 
Color loss 

calculation, 437-438 
effect of pH, 442,444/ 

Commercially available lignins, 
properties, 362 

Computational chemistry 
advantages and disadvantages, 262-263 
applications, 263 
conformational studies of dimeric model 

compound, 267-268 
coupling of phenols to form lignin 

polymer, 266-267 
description, 262 
examination of coniferyl alcohol 

structure, 267 
history of research, 266 
limitations, 264,266 
methods, 262 
molecular mechanics calculations, 264 
molecular orbital calculations, 

263-264,265/ 
problems with interpretation of results, 

268-269 
study of lignin chemistry, 267 
utilization of Pearson's hard-soft 

acid-base theory, 268-269 
Conducting polymers, applications, 221 
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INDEX 533 

Conductivity, mechanism for sulfur 
lignin, 223 

Conformation, importance in size-exclusion 
chromatography, 4 

Coniferyl alcohol, enzymatic 
dehydrogenation, 11-12 

Controlled-release preparations, modified 
lignins as carriers, 255,257-261 

Cross-linking, lignins, 200 

Dissolved lignin derivatives, separation, 
177-178 

Distributed properties, definition, 58 
Distribution, description, 59 
Distribution patterns, converted from 

sedimentation patterns, 64-66 

Ε 

D 

Degradation 
lignin 

role of laccase, 363-365 
to form specialty polymers, 

193-194,195* 
thermal, heat-resistant polyurethanes from 

solvolysis lignin, 383,384/,385 
Degree of association, calculation, 146 
Degree of conversion, definition, 508 
Degree of swelling, definition, 508 
Delignification 

spruce wood meal on heating with neutral 
phosphate buffer, 32-41 

spruce wood meal on heating with water, 
30-33 

Delignifying solvent, ethylene glycol-
water, 230 

Demethylation, lignin, by laccase, 
ligninase, and poly-blue oxidase, 

Depolymerization of ethylene glycol lignin, 
procedure, 231,234,235/ 

Differential molecular weight distribution, 
determination, 66 

Differential scanning calorimetry (DSC) 
elastomeric polyurethanes, 393-398 
polyesters having syringyl-type biphenyl 

units, 213,215 
polyethers and polyesters having 

methoxybenzalazine units, 
208,210-212/· 

water-sodium lignosulfonate system, 
275-283 

Dimethylformamide, solvent for lignins, 43 
Dioxane lignin, preparation, 141 
Dissolution of wood 

applications of products, 489-490 
in organic solvents, 489 
methods, 489 
preparation of wood-based adhesives, 480 
solubilization vs. reactivity, 490 

Elastomeric polyurethanes from kraft 
lignin-por/ethylene glycol-toluene 
diisocyanate system 

cross-link density vs. kraft lignin 
content, 392,395/ 

DSC analysis, 393-398 
DSC procedure, 391 
IR spectroscopy, 391 
starting materials, 392,393* 
strain vs. polyethylene glycol content, 

400/ 
stress and strain vs. kraft lignin 

content, 398,399/ 
swelling behavior, 392 
swelling tests, 391 
tensile properties, 392,398,399-400/ 
Τ vs. polyethylene glycol content, 

394,3%/ 
Electrically conducting polymers 

formation from lignin, 198-199 
formed by modification of lignin, 219-226 

Elemental composition 
lignins, 194* 
water-insoluble lignin, 36* 

Elution 
lignin sulfonates with electrolyte 

solution, 127-130 
nonsulfonated lignins with NaOH, 130 

Engineering plastics, formation from lignin, 
199-200 

Enzyme-catalyzed adhesive system, 
preparation, 367 

Epoxidation of hydroxypropylguaiacol 
degree of conversion, 509,510/ 
reaction scheme, 509,51Qf 

Epoxidation of hydroxypropyllignin, degree 
of conversion, 509,511,512/" 

Epoxy resin 
characterization, 508 
gel time, 501* 
reaction with ozonized lignin, 501*,502 

Epoxy resin adhesives from kraft lignin 
adhesion and gluability, 491 
preparation, 490 
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534 LIGNIN: PROPERTIES AND MATERIALS 

Ethylene glycol lignin 
1 3 C N M R spectrum, 213,233/ 
catechol production at optimum conditions, 

241,242/243 
characterization, 230-233 
depolymerization, 231,234,235/ 
determination of conversion to liquid and 

gaseous products, 236 
effect of alkali concentration on product 

yields, 236,240/241 
effect of solvent on conversion and ether 

solubles, 236,237/ 
effect of solvent on hydrolysis, 

236,238-239/ 
effect of solvent on monomeric product 

yields, 236,238/ 
effect of temperature on product yields, 

236,239/ 
effect of treatment severity on 

depolymerization, 241,242 ,̂243 
experimental materials, 230 
G C analysis, 234 
IR spectrum, 231,232/ 
set-up for production, 230 

Ethylene grycol-water, efficiency as 
delignirying solvent, 230 

Extracellular enzymes of lignin-transforming 
fungi 

laccase, 362 
ligninase, 362 
peroxidase and oxidase production, 

pory-blue-oxidase, 362 
reactions catalyzed, 362-363 

Extraction, supercritical fluids, lignin, 
42-56 

Flake-board screening methods, 
description, 332 

Flake-board test results, organosolv lignin, 
328,329* 

Flocculants, cationic, See Cationic 
flocculants from kraft lignin 

Fractionation 
kraft lignin 

influence of functional groups on 
retention time, 183,186/ 

molar mass distribution, 183,185/ 
preparative RPC, 183,184/ 
spruce spent sulfite liquor and pine 

kraft black liquor, 183,185/ 

Fractionation—Continued 
lignin sulfonates on elution, 124-127 
lignins, to improve properties, 403 
lignosulfonates 

carbohydrate and lignosulfonate contents 
of hydrolyzed fractions, 178,180* 

molar mass distribution of high molar 
mass birch lignosulfonates, 
180,181/ 

preparative GPC of birch 
lignosulfonates, 178,179/ 

preparative RPC of high molar mass 
lignosulfonates, 178,179f 

preparative RPC of low molar mass 
lignosulfonates, 180,181-182/184/ 

nonsulfonated lignins on elution, 
130,131/132/ 

Freezing water around ionic groups, 274 

Gas chromatography, ethylene glycol lignin 
analysis, 234 

Gel permeation chromatography (GPC) 
analysis of lignin extracted from wood, 

45-46 
birch lignosulfonates, 178,179f 
calibration of columns, 127,128-131/ 
disadvantage of salt solution eluent, 127 
lignin molecular weight distribution, 83 
lignin sulfonates with electrolyte 

solution, 127,128-129/130 
lignin sulfonates with water, 

124,125-126/127 
nonsulfonated lignins with NaOH, 

130,131/132^ 
system and conditions, 188 
use in molecular weight determination, 101 
with differential viscosity detector 

(GPC-DV) 
chromatogram of red oak, 102,104/ 
comparison to VPO, 105,106* 
molecular weight distribution, 101-102,105* 

Gelation, lignins, 200 
Glass transition temperature, lignin-based 

polyurethanes, 405,406/407 
Glycolignin 

dissolution, 29-30 
role in color of pulp, 29 
sulfonation, 29-30 

Glycolignins, description, 177 
Grafting 

lignins, 200 
synthetic polymers to lignin, 476-477 
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INDEX 535 

Graphite, compounding of sulfur lignin, 
224,226/ 

H 

Heat-resistant polyurethanes from solvolysis 
lignin 

calculated activation energies for thermal 
degradation, 385,387* 

effect of lignin incorporation on 
retardation of thermal degradation, 

383,384/ 
logarithmic heating rate vs. reciprocal 

absolute temperature, 385,386 
mechanism of thermal degradation in air 

and nitrogen, 383,384/385 
oxygen index for polyurethanes containing 

phosphorus, 387* 
preparation of materials, 383 
T G A curves, 383,384/385 
T G A curves for polyurethanes containing 

phosphorus, 387,388/ 
T G A measurements, 383,385,386/ 
thermal stability, 383-386 

Hemilignins 
description, 177 
dissolution, 29-30 
role in color of pulp, 29 
sulfonation, 29-30 

Heterogeneity of lignin, dissolution and 
properties of low molar mass components, 
29-41 

High-performance polymers from lignin 
degradation products 

aromatic polyethers, 215*,216,217/ 
polyacylhydrazones, 211,213*,214,216/ 
polyesters having spirodioxane rings, 

206-208 
polyesters having syringyl-type biphenyl 

units, 213-214,215* 
polyethers and polyesters, 208-212 
polyhydroxystyrene derivatives, 

206-207,209/ 
High-performance size-exclusion 

chromatography (HPSEC) 
acetylated organosolv lignin in different 

eluants, 118-119,121/ 
a^-bis(0-4-aryl) ether bonded model 

polymer in different eluants, 
120,121/122 

calibration of column set, 112,114/ 
determination of molecular weight 

distribution, 110-122 
effect of eluant on volume, 115*,116 

High-performance size-exclusion 
chromatography (HPSEQ—Continued 

effect of lignin derivatization elution, 
112,115 

effect of solvent on elution, 116-120 
elution of lignin model compounds, 

112,114/ 
elution of polystyrene standards with 

different eluants, 116,117/ 
experimental procedure, 111-112,142 

High-performance size-exclusion 
chromatography-differential viscometry 
(HPSEC-DV) 

calculation of intrinsic viscosity, 85 
calibration curves, 86-87 
chemicals, 83 
fractionation of organosolv lignin, 96-97/ 
lignin samples, 84 
molecular weight distribution of 

acetylated lignin, 87,89-94/ 
sources of error, 85-86 
standards, 83-84 
system, 84-85 

Hildebrand equation, polymer blends, 453 
Hydrogen bonding in molecular association, 

description, 145 
Hydrogen peroxide, bleaching of 

hydroxypropyllignin, 436—450 
Hydroxybutyllignin, preparation, 516 
meta-Hydroxymethylation of lignin 

degree of dimer formation via methylene 
linkage, 353 

experimental procedure, 353 
factors influencing yield, 353 
generalized reaction with formaldehyde, 

357,358/ 
model compounds, 353,354/ 
rate of formaldehyde consumption, 357 
reaction conditions, 353,355* 
utilization for production of cole-set 

wood adhesives, 357,359/ 
yields, 353 

Hydroxypropylation of lignins, structure, 
425-426,427/ 

Hydroxypropylation of phenols and alcohols 
iterative technique, 426,428/ 
pathway, 426,427/ 

Hydroxypropylcellulose, preparation, 465 
Hydroxypropylcellulose blends with lignins 

analytical methods, 465-466 
Wend properties, 466,467/468,469/ 
DSC thermograms, 466,467/ 
effect of lignin content on mechanical 

properties, 472f,474 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

7.
ix

00
2



536 LIGNIN: PROPERTIES AND MATERIALS 

Hydroxypropylcellulose blends with lignins— 
Continued 

effect of lignin hydroxy content on 
interaction with hydroxypropyl
cellulose, 468,470/,471 

factors influencing blend morphology, 
471,474 

hydroxyl content, 465,466* 
material preparation, 465 
melting point depression, 468,471* 
percent of crystallinity vs. lignin 

content, 466,467/ 
polymer-polymer interaction parameter vs. 

lignin hydroxy content, 468,470/ 
S E M of freeze-fracture surfaces, 473/474 
Τ 465,466* 

Hydroxypropylguaiacol, epoxidation, 509,510/ 
Hydroxypropyllignin(s) 

analysis, 431,432f,435 
bleaching with hydrogen peroxide, 436-450 
chain extension with propylene oxide, 415 
degradation, 431,432/" 
electron-impact mass spectral 

fragmentation, 426,429* 
epoxidation, 509,511,512/ 
grafting of cellulose triacetate, 415,417 
mass spectrum, 426,430/431 
preparation, 415,454 
products from degradation, 431,432* 
products from hydrogenorysis, 

431,433-434* 
reaction with diethyl sulfate, 415 
synthesis, 426,427-428/ 

Hydroxypropyllignin-based macromers 
analytical methods, 417 
experimental materials, 415 
experimental methods, 415,417 
schematic representation, 415,416/ 
with cellulose triacetate,421*,422/423 
with propylene oxide, 417-422 

Hydroxypropyllignin-poryethylene 
copolymer blends, tensile strength 
vs. hydroxypropyllignin content, 455,456/ 

Hydroxypropyllignin-pory(methyl 
methacrylate) blends 

DSC thermograms, 455,457/ 
D M A thermograms, 455,458,459/ 
structure, 455 
thermal characteristics, 

455,457/458,459/ 
Hydroxypropyllignin-poly(vinyl alcohol) bien 

DSC thermograms, 458,460/ 
solubility parameter vs. 

hydroxypropyllignin content, 462 

Hydroxypropyllignin-poly(vinyl alcohol) 
blends—Continued 

structure, 458 
thermal properties, 458,460/461,462/* 

Industrial lignins, properties, 353,355* 
Insolubility, lignin in wood, 3 
Intermolecular association 

lignins, 200-201 
See also Association 

Intermolecular interactions of lignin 
derivatives, types, 155-156 

Internal bond quality, predictions, 
375,379* 

Intrinsic viscosity 
calculation, 85 
calibration for molecular weight, 4 

Ionic strength, effect on kraft lignin 
association, 153 

IR spectra, water-insoluble lignin, 
36,39/ 

Isocyanatoethyl methacrylate, synthesis of 
acrylated lignin derivatives, 517,518/ 

J 

Johnston-Ogston effect, description, 63 

Κ 

Kinetic changes, weight-average molecular 
weight of kraft lignin, 157-161 

Kraft lignin(s) 
analytical RPC, 187 
association, 144-153 
association in nonaqueous polar solvents, 

169-174 
associative-dissociative homology, 163-166 
average product of molecular weights 

during association and dissociation, 
165-168 

dissolution of wood, 489-490 
epoxy resin adhesives, 490-491 
evidence for nonrandom interactions, 

167-171 
fractionation, 180,183,184-186/ 
GPC system and conditions, 188 
grafting with hydroperoxy chloride 

chemistry, 295,296* 
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INDEX 537 

Kraft lignin(s)—Continued 
molecular weight distributions, 156 
preparation, 285,391 
properties, 353,355* 
resol-type phenol resin adhesives, 

492,493/494 
self-association in aqueous solution, 

144-153 
utilization problems, 144 
waste from paper industry, 295 

Kraft lignin components, modes of 
association, 146-174 

Kraft lignin-polyethylene grycol-toluene 
diisocyanate system, elastomeric 
polyurethanes, 391-400 

Kraft lignin-poryether triol-diphenylmethane 
diisocyanate system, preparation of 
polyurethanes, 390 

Laccase 
activity in organic solvents, 365-367 
advantages as enzymatic binder, 367-368 
application as radical donor in adhesives 

for particle boards, 366-367,368/,369 
capacity to demethylate and solubilize 

lignin, 363,364/ 
conditions for use as biological catalyst, 

366-367 
function, 363,364/ 
kinetic parameters of oxidation, 365,366/ 
oxidation rates in organic solvents, 

365-366,367/ 
properties in organic solvents, 365-367 
role in lignin degradation, 363—365 

Light-scattering photometry 
determination of Rayleigh ratio, 137 
determination of weight-average molecular 

weights, 135 
light-scattering constant, 137 
values for acidic lignin fractions, 138/ 
values for alkali lignin fractions, 138/ 
weight-average molecular weight 

determination, 137 
Lignin(s) 

absorption characteristics in visible 
region, 438,439/ 

acid condensation reaction of aromatic and 
phenolic units, 196-197 

acrylation, 516-521 
addition of polyethylene glycols to 

improve toughness and strain 

Lignin(s)—Continued 
advantages for use in resins as 

extenders, 37 
advantages in chemical utilization, 191 
alkaline degradations, 228 
application of computational methods to 

chemistry, 262-269 
applications, 100 
assessment of suitability as binder, 

372-380 
C - C and ether bonds, 191 
characteristics, 403-404 
conversion to polyol, 425 
cross-linking, 200 
deposition on cotton wool during kraft 

cooking, 30,31/ 
description, 100,177 
disadvantages in chemical utilization, 

190-191 
dissolved during delignification of spruce 

wood meal, 32,35-41 
effect on thermal stability and 

antioxidant effect of polymers, 198 
enzymatic modification for technical use, 

362-369 
factors affecting chemical structure, 372 
features used for polymerizations, 346-347 
formation of electrically conducting 

polymers, 198-199 
formation of engineering plastics, 199-200 
formation of specialty polymers via 

degradation, 193-194,195/ 
fractionation to improve properties, 403 
future materials, 201 
gelation, 200 
GPC, 499,500/ 
grafting, 200,476-484 
high-performance polymers from degradation 

products, 205-217 
hydrolysis in acidic and basic media, 228 
improvements in strain properties, 403-404 
incorporation into polyurethanes, 403 
incorporation into solid materials, 402 
intermolecular association, 200-201 
isolation, 324,497,498/ 
macromolecular properties, 414-415 
major functional groups, 506 
mechanism for reactions on 2- and 

6-positions, 352,354/ 
meta-hydroxymethylation, 352-359 
methods for molecular weight 

determination, 100-101 
modification at 2- and 6-positions of 

phenylpropane units, 347-352 
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538 LIGNIN: PROPERTIES AND MATERIALS 

Lignin(s)—Continued 
modification to electrically conducting 

polymers, 219-226 
modifications to improve properties, 403 
organosolv, as raw material for 

polymers, 195 
ozonization, 496-497,498/ 
phenolation, 488 
phenolysis reactions, 335 
phenylpropane building units, 346,348/ 
polymeric content of hardwood tree stems, 82 
polymerization of lignin model compounds, 

347,350-351/352 
preparation of adhesives, 488 
process scheme for preparation of ozonized 

lignin, 497,500/ 
production quantities, 402 
properties, elemental composition, and 

isolation methods, 191,193,194* 
properties limiting commercial 

incorporation, 402 
quantitative acetylation, 142 
raw materials for polymers via 

degradation, 193-194,195/ 
reaction of vanillyl alcohol with reactive 

phenol, 347,348/ 
reaction with ethylene or propylene 

oxide, 403 
self-condensation of vanillyl and 

3,4-dimethoxylbenzyl alcohols, 
347,349/ 

solubility, 43 
structure, 191,192f 
sulfur, See Sulfur lignin 
supercritical fluid extraction from wood, 

42-55 
synthesis of polymers via degradation 

products and fragments, 196,197/ 
synthetic route to epoxy-functionalized 

derivatives of OH-functional 
polymers, 506 

technical applications, 191,193* 
trends in modification, 245-260 
use as phenol replacement in 

phenol-formaldehyde, 324 
use as polymeric component of structural 

materials, 515-516 
use as polymers, 361-362 
use in industrial materials, 205 
use in production of polymer products, 346 
yield during isolation, 499 
yield during ozonization, 499,501 
water-insoluble, elemental composition, 36* 
See also Kraft lignin(s), Lignin in wood 

Lignin concentration, effect on kraft lignin 
association, 150r,151/,152 

Lignin degradation, role of laccase, 363-365 
Lignin derivatives with acrylate 

functionality 
copolymer composition vs. monomer feed 

composition, 517,519f,520 
copolymerization characteristics, 517 
copolymerization reactions, 516-517 
experimental materials, 516 
gel fraction vs. vinyl equivalent weight, 

520,521/ 
model compounds, 517,518/* 
reaction with isocyanatoethyl 

methacrylate, 516 
reactivity ratios, 517,520,521* 

Lignin epoxide, synthesis and 
characterization, 506-513 

Lignin in wood 
association of molecules, 5 
behavior compatible with random network 

polymer, 2-4 
behavior incompatible with random network 

polymer, 4-7 
condensation reactions, 5 
conformation of macromolecule, 3—4 
insolubility, 3 
lignin-carbohydrate bonds, 6 
modified paradigm, 7 
molecular weight, 3 
molecular weight distribution, 4-5 
noncrystallinity, 2-3 
original paradigm, 2 
patterns of microfibrils, 6 
spherical conformation of lamellar 

fragments, 6 
structure, 2 
topochemistry, 5-6 
ultrastructure, 6-7 

Lignin(s) modified by chlorophosphazenes 
activation energy of thermal degradation 

process, 251,254* 
Arrhenius plot, 251,254/ 
thermal behavior, 251-256 
thermograms, 251,253/ 

Lignin products, color problem, 436 
Lignin sulfonates 

elution with electrolyte solution, 
127,128-129f,130 

elution with water, 124,125-126/127 
See also Sulfonated lignins 

Lignin-based epoxides 
characterization, 508 
composition, 511* 
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INDEX 539 

Lignin-based epoxides—Continued 
dynamic mechanical thermal analysis, 511 
network characterization, 511/,512/,513 
synthesis, 508 

Lignin-based epoxy resins 
synthetic approaches, 507 
use of epichlorohydrin in synthesis, 

507-508 
Lignin-based polymeric materials, 

preparation, 246-247 
Lignin-based polyurethanes 

description of experimental materials, 
404,405/ 

effect of N C O - O H ratio on properties, 
404-405 

experimental methods, 404 
modulus of elasticity vs. lignin content, 

407,408/ 
preparation method vs. desired properties, 

410,412 
source class, 404 
Τ vs. lignin content, 405,406/407 
ultimate elongation vs. lignin content, 

410,411/ 
ultimate strength vs. lignin content, 

407,409/410 
Lignin—carbohydrate complexes 

aggregate formation, 18,21-22/23 
chemical composition and properties, 

12,13/,23,25/ 
conductivity vs. concentration, 18,21/ 
degradation pattern by carbohydrolases, 

18,20/ 
electron microscopic observations, 12 
estimation of lignin-sugar linkages, 17 
extraction methods, 12 
fractionation, 17 
gel filtration patterns, 18,19f 
gel filtration with detergent addition, 

18,22/ 
hydrophobic interactions in aqueous 

solution, 23,27 
isolation in wood, 11 
methyl ethers of monosaccharides from 

oligomer hydrolyzate, 15,17/ 
molar extinction coefficient vs. 

concentration, 18,21/ 
molecular shape, 17-18,19-20/ 
neutral sugar composition of subfractions, 

13,15/ 
preparation of oligomers, 12—13 
structural determinants, 23,24/ 
structural features, 26/27 
synthesized model compounds, 13,14/15 

Lignin-carbohydrate compounds, polarity, 177 
Lignin-derived polyurethanes, problems with 

cross-linking, 390 
Lignin-polystyrene graft copolymers of 

controlled structures 
DSC for presence of graft product, 

482,483/ 
funationalization of lignin macromolecule, 

479,480/ 
future research, 482,484 
instrumentation, 477 
materials, 477 
preparation, 478 
preparation of "living" polystyrene, 478 
preparation of mesylated lignin, 477-478 
preparation of monodisperse 

polystyrylcarbanion, 479,480/ 
proof of grafting, 479,481/482,483/ 
quantitation of graft copolymer, 482 
synthesis steps, 479,480f 

Lignin-transforming fungi, peroxidase and 
oxidase production, 363,364/ 

Ligninase 
capacity to demethylate and solubilize 

lignin, 363,364/ 
function, 362 

Ligninlike model epoxide, synthesis and 
characterization, 508 

Lignosulfonate(s) 
composition, 219-220 
isolation, 219 
schematic representation of macromolecule, 

220,222f 
fractionation, 178-184 
preparation, 183,187 

Living polystyrene, preparation, 478 
Low-angle laser light-scattering photometry, 

procedure, 142 
use in M W distribution, 101 

M 

Macromers 
applications, 414 
definition, 414 

Macromers with cellulose triacetate 
properties, 421/ 
schematic representation, 416/421 
wide-angle X-ray scattering, 

421,422f,423 
Macromers with propylene oxide 

1 H N M R spectrum of acetylated 
hydroxypropyllignin, 417,41S(f 
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540 LIGNIN: PROPERTIES AND MATERIALS 

Macromers with propylene oxide—Continued 
G C of alkyl iodide mixture, 417,418/ 
relationship among target macromer 

functionality, degree of caping, and 
average macromer molecular weight, 
417,421,422/* 

schematic representation, 416/417 
UV-absorptivity coefficient vs. 

non-UV-absorbing mass, 417,420/ 
Macromolecular conformation, lignin in 

wood, 3-4 
Macromolecules, molecular weight 

distribution, 59 
Maple block screening method, description, 

331-332 
Melting point depression, 

hydroxypropylcellulose blends with 
lignin, 468,471/ 

Membrane sampling technique, description, 
146-147 

Mesylated lignin, preparation, 477-478 
Miscibility, role of molecular weight for 

polymers, 453 
Modes of association, kraft lignin 

components, 156-174 
Modification of lignins 

determination of properties of 
derivatives, 246-247 

procedure, 246 
to improve properties, 403 
with chlorophosphazenes 

characteristics of polymers formed, 
247,251 

difference T G A of products, 251,252/* 
modification parameters and derivative 

properties, 247,249* 
properties of additionally modified 

products, 247,250* 
properties of products, 247,248* 
T G A of products, 251,252* 

with terephthaloyl chloride 
activation energy of degradation 

process, 255,259* 
description, 251,255 
effect on properties of product, 

255,256* 
hydrolytic resistance of modified 

lignins, 255,257* 
thermal properties of lignosulfonates, 

255,258* 
total hydroxyl content of lignin 

sulfonates, 255,256* 
Modified lignin materials, future prospects, 

221,222 

Modified lignins as carriers for 
controlled-release preparations 

2,4-D-modified lignin sulfonates, 
257,259* 

agricultural applications, 255,257 
effect of 2,4-D-containing preparations 

on plant growth, 257,260* 
Modulus of elasticity, lignin-based 

polyurethanes, 407,408/ 
Molar mass, lignins, 194* 
Molar mass distribution of lignins, 

determination by GPC, 124-132 
Molecular association, modes, between kraft 

lignin components, 156-174 
Molecular association of kraft lignin in 

aqueous solution, 144-153 
Molecular mechanics calculations, 264 
Molecular orbital calculations 

ab initio calculations, 263 
advantages, 263-264 
Hiickel molecular orbital calculations, 263 
information obtained, 264,265/ 
semi-empirical calculations, 263 

Molecular weight 
effect on kraft lignin association, 

147,148/149,151/ 
kraft lignin species, 165-168 
lignin in wood, 3 
macromolecules, calculation from 

sedimentation coefficient, 63 
See also Number-average molecular weight, 

Weight-average molecular weight, 
Zeta-average molecular weight 

Molecular weight distribution 
hydroxypropylated lignins, 100-106 

apparent molecular weights, 
102,103/105* 

experimental procedures, 101-102 
GPC with differential viscosity 

detector, 101-106 
kraft lignins, 156 
lignins 

calibration standards, 111 
determination by HPSEC, 110-122 
determination by HPSEC-DV, 83-98 
effect of eluant on HPSEC parameters, 

115-122 
effect of solvent, 110 
experimental procedure, 111-112 
HPSEC elution of model compounds, 

112,114/ 
in wood, 4-5 
problems with conventional methodology, 83 
problems with estimation, 109,110 
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INDEX 541 

Molecular weight distribution—Continued 
lignins—Continued 

structures of model compounds, 112,113/ 
suitable solvents, 83 

polymers 
determination by analytical 

ultracentrifugation, 61-80 
measurements, 59 

Ν 

Noncrystalline, lignin in wood, 2—3 
Nonfreezing water, around ionic groups, 274 
Nonrandom interactions between kraft lignin 

species 
absorbancy vs. degree of association, 

169,171/ 
contributions of component subsets, 

167,168/ 
M w comparison for component subsets, 

167,169,170/ 
Nonsulfonated lignins, fractionation on 

elution with NaOH solution, 
130,131/,132f 

Nuclear magnetic resonance (NMR) 
spectroscopy, water-sodium 
lignosulfonate system, 275-283 

Number-average molecular weight 
determination, 134-135 

effect of acetylation, 136/ 
effect of temperature, 135,136/ 
formula, 59-60 
influence of molecular weight of 

calibrating compound, 135/,136 
influence of solvent, 135,136/ 
VPO, 135-136/ 

Ο 

On-line size-exclusion chromatography-LALLS 
recorder traces, 139,140/ 
weight-average molecular weight 

determination, 139,141 
Organosolv lignin(s) 

analytical characterization, 326-327/,330 
block lap-shear test results, 327,328/ 
bulk and solubility properties, 325,326/ 
chromatographic fractionation, 96,97/ 
flake-board test results, 328,329/ 
impurities, 325-327 
physical and chemical characterization, 

325,327/ 

Organosolv \ignin(s)—Continued 
preparation, 141 
raw materials for polymers, 195 
resin preparation, 330,331/ 
schematic representation, 465,467/ 

Organosolv-lignin-modified phenolic resins, 
preparation, 330,331/ 

Organosolv pulping 
advantages, 312 
A L C E L L process, 313-323 
development as commercial process, 312 

Oxygen index 
definition, 387 
polyurethanes containing phosphorus, 

385,387/ 
Ozone, application, 496 
Ozonization of lignin 

condition and yield, 497/ 
reaction, 496-497,498f,50Qf 
yield, 499,501 

Ozonized lignin 
gel time, 501/ 
gel time of epoxy resin mixture, 497 
GPC, 499,500/ 
ozonization condition and yield, 497/ 
process scheme, 497,500/ 
reaction with epoxy resin, 501/,502 

Ozonized lignin-epoxy resins 
adhesive strength tests, 499 
bonding tests, 502,504/ 
dynamic mechanical measurements, 499 
dynamic mechanical properties, 502 
preparation, 499 
temperature dependence of viscoelastic 

property, 502,503-504/ 

Ρ 

Pearson's hard-soft acid-base theory, 
description, 268 

Phenolated steam explosion lignin-
formaldehyde resins, preparation, 336 

Phenolation of lignin, conditions, 488 
Phenolysis lignin 

adhesive formulation, 336 
1 3 C N M R spectroscopy, 336,339,340/ 
cure behavior, 341,342/ 
cure rate dependence on pH, 341,343/ 
evaluation of adhesive bond strength, 

341,343,344/ 
functionality measurement, 

337,339,340/341 
GPC, 336-337,338 
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542 LIGNIN: PROPERTIES AND MATERIALS 

Phenolysis lignin—Continued 
molar ratio of bound phenol to lignin 

unit, 339,341* 
optimum reaction period between phenol and 

lignin, 337,338/,340/ 
phenol consumption during phenolysis, 

337,340/ 
preparation, 334—335 
tensile shear adhesion test, 336 
tensile shear strength measurement, 337 
torsional braid analysis, 337 

Phenolysis lignin resins 
cure rate, 339,341,342/ 
cure rate dependence on pH, 341,343/ 

Poly-Hue oxidase 
capacity to demethylate and solubilize 

lignin, 363,364* 
function, 362 

Poly(l -amidoethylene) 
average limiting viscosity number, 72,78* 
concentration vs. sedimentation 

coefficient, 70,71/ 
determination of limiting sedimentation 

coefficient, 72,73/ 
differential molecular weight 

distribution, 72,77/ 
experimental limited viscosity number, 

78,79* 
integral molecular weight distribution, 

72,76/ 
weight-average molecular weight, 72,78* 

Polyacylhydrazones having guaiacyl units 
with alkylene groups 

heat capacities, 213,216/ 
inherent viscosities, 211,213* 
starting temperatures of decomposition, 

211,213* 
synthesis, 211,214 
Τ' 211,213* 

Porydispersity, lignins, 194* 
Polyelectrolytes, properties, 274 
Polyesters having methoxybenzalazine units 

DSC, 211,212f 
starting temperatures of decomposition, 

208* 
synthesis, 208,211 

Polyesters having spirodioxane rings 
rigidity vs. 7*g, 208 
synthesis, 206-207 

Polyesters having syringyl-type biphenyl 
units 

decomposition temperature, 213,215* 
DSC, 213,215 
synthesis, 213-214 

Polyethers having methoxybenzalazine units 
decomposition temperatures, 208* 
DSC, 208,210-212f 
synthesis, 208-209 

Polyethylene, 454-455 
Polyethylene glycols, addition to lignins to 

improve toughness and strain 
characteristics, 403—404 

Polyhydroxystyrene derivatives 
effects of molecular weight on glass 

transition temperature, 206,209/ 
synthesis, 206-207 

Poly[lignin-g-(l -amidoethylene)] 
composition of reaction mixtures, 

302,303* 
effect of chloride ion on yield of 

product, 299 
preparation from different lignins, 

299,300* 
synthesis of copolymers in 

(CH3)2SO,299,301* 
synthetic reaction parameters, 302,303* 
yield and limiting viscosity number for 

synthesis reactions, 299,300* 
yield vs. CaCl 2 content for reactions, 

302,304/ 
Poly{lignin-g-{ (1 -amidoethylene) copolymer 

SEC, 302,306/ 
synthetic data and physical 

characteristics, 302,305* 
U V absorbance, 302,306/307 

Polymer-polymer miscibility, role of 
molecular weight, mechanisms, 453 

Polymer blends 
advantages, 452 
factors influencing properties, 452-453 
hydroxypropyllignin 

experimental methods, 454 
hydroxypropyl-poly(vinyl alcohol) 

blends, 458,460/461,462/· 
preparation of experimental materials, 

454* 
hydroxypropyllign in-polyethylene 

copolymer blends, 455,456/ 
hydroxypropyllign in-pory(methyl 

methacrylate) blends, 
455,457/458,459/ 

Polymerization of lignin model compounds, 
reaction of model compound with excess 
formaldehyde, 347,350-351/352 

Polymers, specialty, formed upon degradation 
of lignins, 193-194,195* 

Polymethyl methacrylate, preparation, 454 
Polyphenols adhesives, use and cost, 325 
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INDEX 543 

Polyurethanes 
containing phosphorus 

oxygen index, 385,387/ 
thermogravimetric curves, 387,388/ 

incorporation of lignins, 403 
preparation, 382,383 
synthesis, 391 
thermal stability, 382-388 
See also Lignin-derived polyurethanes 

Polyvinyl alcohol 
characteristics, 454/ 
preparation, 454 

Preparation of sulfur lignin 
analysis of structure, 220,221/ 
methods, 220 
reaction and possible structures, 

221,222f 
Properties, hydroxypropylcellulose blends 

with lignin, 466—469 
Pulp color, role of hemilignins and 

glycolignin, 29 
Pyrolysis of hardwood, products, 195 

Quantitative acetylation, lignins, 
procedure, 142 

Rayleigh fringe patterns, reading, 
67-68,69f 

Rayleigh ratio, light-scattering photometric 
determination, 137 

Reaction ordinate, definition, 234,236 
Reactivity ratios 

acrylated lignin derivatives, 520,521/ 
definition, 517,518/ 
determination, 520 

Red oak wood chips 
lignin purification, 330 
wood pulping, 330 

Rejection coefficient, definition, 147 
Resol resin adhesives, preparation, 488 
Resol-type phenol resin adhesives from kraft 

lignin 
effect of acid catalyst on wet-bond 

adhesion strengths, 492,493/ 
effect of lignin purity on gluability, 492 
factors influencing adhesion, 492 
hot-press time vs. wet-bond adhesion 

strength, 493/494 

Resol-type phenol resin adhesives from kraft 
lignin—Continued 

preparation, 492 
properties, 494 

Reversed-phase chromatography (RPC) of 
lignin derivatives 

advantage, 178 
contents of hydrolyzed fractions, 

178,180/ 
elution process, 178 
high molar mass birch lignosulfonates, 

178,179/· 
hydrophobic stationary phase, 178 
low molar mass birch lignosulfonates, 

180,181-182/",184/ 
pine kraft lignin, 183,184/ 
system and conditions, 187 

Rigid-rod composites 
advantages, 464 
synthesis approaches, 464-465 

Sedimentation coefficient, definition, 61 
Sedimentation equilibrium, determination of 

weight-average molecular weights, 135 
Sedimentation patterns, conversion to 

distribution patterns, 64-66 
Self-association 

kraft lignin in aqueous solution, 144-153 
modes, between kraft lignin components, 

156-174 
See also Association 

Size-exclusion chromatography (SECT) 
calibration curves, 138-139,140/* 
levels of interpretation, 138 
lignin molecular weight distribution, 83 

Soda-AQ hardwood lignin, properties, 355 
Soda bagasse lignin 

properties, 355 
reaction with formaldehyde, 355,356/ 

Sodium hydroxide, effect on fractionation of 
nonsulfonated lignins, 130,131/132/' 

Sodium lignosulfonate, conductivities, 
221,223/ 

Soft segment content, effect on properties 
of lignin-based polyurethanes, 403-412 

Sol fraction, definition, 508 
Solubility, lignin in wood, 2-3,43 
Solubility parameter 

definition, 453 
relationship with enthalpy of mixing, 453 
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544 LIGNIN: PROPERTIES AND MATERIALS 

Solubilization 
lignin, by laccase, ligninase, and 

poly-blue oxidase, 363,364* 
wood, effect on reactivity, 490 

Solvents 
delignirying, ethylene glycol-water, 230 
effect on HPSEC, elution of lignin model 

compounds, 116—120 
for determination of lignin molecular 

weight distribution, 82-83 
Solvolysis lignin, preparation, 383 
Specialty polymers from lignin 

chemical modification, 195-196 
electrically conducting polymers, 198-199 
engineering plastics, 199-200 
formation via degradation, 193-194,195* 
organosolv lignins as raw materials, 195 
synthesis via degradation products and 

lignin fragments, 196,197/ 
thermal stability, 198 

Spruce wood lignin, description, 29 
Spruce wood meal 

heating with neutral phosphate buffer, 
32-34 

heating with phosphate buffer and dioxane, 
32,34-41 

heating with water, 30-33 
Stability, thermal, heat-resistant 

polyurethanes from solvolysis lignin, 
382-388 

Starlike macromers from lignin, See 
Hydroxypropyllignin-based macromers 

Steam-explosion lignin 
phenolysis, 335-336 
preparation, 335 
structure, 334 

Steam-explosion process, utilization, 334 
Sulfonated lignins 

elution with electrolyte solution, 
127-130 

elution with water, 124-127 
Sulfur lignin 

A - B ratios of lignin doped with bromine, 
224* 

compounding with bromine, 224,226/ 
compounding with graphite, 224,226/ 
conductivities, 221,223* 
effect of doping on ESR spectra, 224,225/ 
effect of doping on IR spectra, 224,225/ 
mechanism of conductivity, 226 
preparation, 220-221*,222f 
properties, 221 

Supercritical fluid extraction 
applications, 42 

Supercritical fluid extraction—Continued 
lignin from wood 

chemical and spectroscopic analyses, 45 
critical properties, 45 
dissolution of red spruce, 46,47/ 
effect of extraction fluid composition, 

54,55/ 
effect of extraction pressure, 

50,52f 
effect of extraction process, 

50,54/ 
effect of solvent, 50,53/ 
effect of temperature, 50,51/ 
effect of time, 50,51/ 
extraction system, 43,44/45 
GPC analysis, 45-46,50,51-53f 
influencing factors, 43 
IR spectra of kraft lignin, 46,49f,50 
IR spectra of red spruce residues, 

46,48/ 
lignin content in red spruce residue, 

46,47/ 
materials, 45 

Τ 

Tensile properties, elastomeric 
polyurethanes, 398,399-400/ 

Tensile shear bond strength of adhesives, 
phenolysis lignin, 341,343,344* 

Terephthaloyl chloride, modification of 
lignins, 255-259 

Thermal behavior, lignins modified by 
chlorophosphazenes, 251-256 

Thermal degradation, heat-resistant 
polyurethanes from solvolysis lignin, 
383,384/385 

Thermal stability 
heat-resistant polyurethanes from 

solvolysis lignin, 382-388 
polymers formed from lignins, 198 

Thermogravimetric analysis, heat-resistant 
polyurethanes, 383,385-388/ 

Topochemistry, lignin in wood, 5-6 

U 

Ultimate elongation, lignin-based 
polyurethanes, 410,411/ 

Ultimate strength, lignin-based 
polyurethanes, 407,409/410 
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INDEX 545 

Ultracentrifugal sedimentation 
calculation of number of fringes, 64-65 
conversion of sedimentation patterns to 

distribution patterns, 64-66 
diagram of Rayleigh fringes, 61,62/ 
experimental procedure, 61 
Johnston-Ogston effect, 63-64 
limiting sedimentation coefficient, 63 
sedimentation coefficient, 61 

Ultrastructure, lignin in wood, 6-7 
Universal calibration 

application to unknown polymers, 86 
chromatographic fractionation of 

organosolv lignin, 96,97/ 
development of calibration curves, 86-87 
master plot, 87,88/ 
molecular weight distribution of 

acetylated lignins, 87,89-% 
sources of error, 85-86 
via HPSEC-DV, 83-98 

V 

Vanillin, production from lignin 
hydrolysis, 229 

Vapor phase osmometry (VPO) 
calibration curve, 102,103/ 
comparison to G P C - D C , 105,106/ 
description, 101 
to determine number-average molecular 

weight, 102,105/ 
Vapor pressure osmometry 

determination of number-average molecular 
weights, 134,135-136/ 

procedure, 142 
Viscosity average molecular weight, 

formula, 60 

W 

Waferboard manufacture, conditions, 318/ 
Water-insoluble lignin, elemental 

composition, 36/ 
Water-sodium lignosulfonate system 

amount of freezing water, 276,278 
calculation of water content, 278 
DSC cooling curves of systems with various 

water contents, 276,277/ 
lU H M R spectroscopy, 278-281 
^ N a N M R spectroscopy, 280-283 
phase diagram, 270,277/ 
procedure for DSC, 275 
procedure for N M R spectroscopy, 275 

Water-sodium lignosulfonate system—Continued 
relationship between water content, 

freezing water content, and nonfreezing 
water content, 287,279/ 

relaxation rates of bound water, 278,280 
sample preparation, 276 
temperature dependence of *H longitudinal 

relaxation time of water, 278,279/ 
temperature dependence of *H transverse 

relaxation time of water, 278,279/ 
temperature dependence of ^ N a 

longitudinal relaxation time, 
280,281/ 

temperature dependence of ^ N a transverse 
relaxation time, 282/",283 

temperature dependence of average 
correlation time of water, 280,281/ 

texture, 276 
Water-soluble lignin graft copolymers 

assays, 297-298 
experimental equipment, 298-299 
experimental materials, 298 
lignins grafted, 295,296/ 
mechanistic studies, 307-308 
poly[lignin-g-(l -amidoethylene)] 

copolymer, 302,305/,306/307 
properties, 308 
synthesis, 295,297 
synthesis of 

poly [lign in -g-(l -amidoethylene)], 
299-303 

Water, types around ionic groups, 274 
Weight-average molecular weight 

calculation, 162 
function, 60 

Weight-average molecular weight 
determination 

light-scattering photometry, 137,138/ 
on-line S E C - L A L L S , 139,140/141 
SEC, 138-130,140/ 
values for acidic lignin fractions, 138/ 
values for alkali lignin fractions, 138/ 

Wood, dissolution in organic solvents, 
488-490 

Wood adhesives, types, 325 
Wood solubilization, effect on reactivity, 490 
Wood-based adhesives, preparation, 490 
World forests 

lignin formation, 190 
yearly growth, 190 

Ζ 
Zeta-average molecular weight, formula, 60 
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