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Foreword

The ACS SYMPOSIUM SERIES 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 ADVANCES
IN CHEMISTRY SERIES 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

THE INTRIGUING MACROMOLECULAR BEHAVIOR 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

xiii
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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. 1. Goring

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

Evidence supporting the original paradigm of lignin in
wood as a random, three-dimensional network polymer
is reviewed. More recent results which do not fit this
simple picture are discussed. A modified paradigm is
proposed in which lignin in wood is comprised of sev-
eral types of network which differ from each other both
ultrastructurally and chemically. When wood is deligni-
fied, the properties of the macromolecules made soluble
reflect the properties of the network from which they are
derived.

Lignin in wood may be considered to be a random three-dimensional net-
work polymer comprised of phenylpropane units linked together in different
ways. When wood is delignified the properties of the macromolecules made
soluble reflect the properties of the network from which they are derived.

For several decades, the above has been the generally accepted
paradigm for the structure of lignin in wood (1,2). In the present paper,
some of the evidence in favor of this paradigm is reviewed. However, certain
recently discovered aspects of the behavior of lignin do not fit easily into
the simple concept of a random three-dimensional network polymer. These
are discussed and an attempt is made to modify the original paradigm so
that it agrees more closely with experimental observation.

Behavior of Lignin Compatible with the Paradigm of a Random,
Three-Dimensional Network Polymer

Non-Crystallinity. Lignin seems to be amorphous (3). No one has ever
reported any evidence of crystalline order in lignin. And the molecule does
not appear to be optically active (3), unusual for a biopolymer. Such behav-
ior is what might be expected from a random, three-dimensional network.
However, with the more sensitive methods of analysis available today, it

0097-6156/89/0397—0002$06.00/0
© 1989 American Chemical Society
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might be a good idea to check whether this lack of crystallinity and optical
activity is, indeed, absolute.

Insolubility. Then we have the notorious insolubility of lignin in virtually
all simple solvents. As shown by Brauns (4), a small proportion (2-3%) of
the lignin in wood can be dissolved in ethanol. If the wood is extensively
milled, Bjérkman found that 50% or more of the lignin from spruce can be
extracted with aqueous dioxane (5). However, the milling is so severe that
it is likely that chemical bonds are broken (6). Thus, some type of covalent
bond rupture seems to be necessary to make the lignin soluble. This would
be expected of a three-dimensional network. Note that, once the network
has been degraded, there is nothing unusual about the solubility of the
fragments, as shown by Schuerch (7) and by Lindberg (8).

Molecular Weight. By reversing Flory’s theory of trifunctional polymeriza-
tion, it can be shown that, when a random crosslinked three-dimensional
gel is degraded, there is a trend in the molecular weight of the fragments
produced (9). Small molecules become soluble early in the degradation,
while larger molecules are released later in the process. This usually hap-
pens when lignin in wood is made soluble by chemical treatment (10-12).
The theory also predicts that the fractions made soluble will contain a sub-
stantial proportion of low molecular weight material with a polydisperse,
high molecular weight tail (9). Fractionation of kraft lignins made soluble
in a continuous flow process has confirmed this behavior (12). The degrada-
tion of a gel has been analyzed in more detail by Bolker and his coworkers
(13-15) and by Yan and his coworkers (16-18). The results, in general, sup-
port the concept of lignin in wood as a random, three-dimensional network
polymer.

Conformation of the Macromolecule. In solution, macromolecules can have
a wide variety of shapes or conformations. The simplest is the solid sphere
or Einstein sphere. It is a round ball, impermeable to solvent. The ball may
be stretched into a prolate ellipsoid like a football or flattened into an oblate
ellipsoid like a flying saucer. Many soluble proteins have conformations that
approximate ellipsoids. If a prolate ellipsoid is stretched enough, it becomes
a rod. Certain virus macromolecules are rodlike.

Then there are flexible linear polymers which curl up in solution to
give a random cell. If the chain is stiff, such as in cellulose or in DNA, the
coil becomes highly expanded.

Conformation in solution is indicated by the way in which the hydro-
dynamic properties of the macromolecules change with change in molecular
weight. From trends in the intrinsic viscosity, the sedimentation coefficient,
or the diffusion constant with molecular weight we can learn something
about the conformation of the molecule in solution (19,20).

Where do soluble lignins fit with respect to conformation? They seem
to be rather compact molecules in solution—the opposite of the highly
expanded cellulose molecule. They are not as compact as a simple solid
sphere. Yet, the chains of the lignin macromolecules in solution are more
densely packed than those of a linear flexible polymer such as polystyrene
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(19,20). Such behavior is what would be expected for soluble fragments of
a random three-dimensional network polymer.

Before leaving the topic of conformation, it should be noted that there
do not appear to be much interest in this property today. In earlier times,
several schools included conformational studies in their characterization of
soluble lignins (19). Recently, only Pla and his group (20) seem to be taking
this property seriously. Yet it is important, both to the understanding of
delignification and to the use of lignins as colloids and dispersants.

Conformation is also important in the use of size-exclusion chromatog-
raphy. In the many papers which have been graciously dedicated to the
author (21-23), there are ten or more in which GPC or HPLC has been
used to determine the molecular weight and its distribution. It should
be remembered, however, that the exclusion phenomenon depends not so
much on molecular weight but rather on hydrodynamic volume. Thus, to
give reliable molecular weights, the column should be calibrated, not with
polystyrene, but with a more compact lignin-like molecule, preferably with
narrow fractions of the soluble lignin derivative under study. The fractions
used for calibration should be characterized independently by an absolute
method such as ultracentrifuge sedimentation equilibrium or low angle light
scattering. However, these absolute methods are time-consuming and ex-
pensive. Perhaps intrinsic viscosity should be looked at again. This pa-
rameter gives the effective hydrodynamic specific volume of the molecule.
Benoit et al. (24) have shown that the product [] M is uniquely related to
the elution volume. Thus, by measurement of intrinsic viscosity on selected
fractions, a polystyrene calibration can be converted to a lignin calibration
with little effort and simple equipment. It is interesting to note that two re-
ports of the use of an on-line differential viscometer with GPC are included
in the present symposium volume (25-26).

Behavior of Lignin Incompatible with the Paradigm of a Random,
Three-Dimensional Network Polymer

From the discussion in the previous sections we see that the behavior of
the protolignin in wood and the pattern of its subsequent degradation and
solution are compatible, in a broad sense, with the paradigm of a random
three-dimensional network polymer. There emerge, however, several as-
pects of the problem which do not fit easily with the simple paradigm given
above. In the following sections some of these anomalies are discussed.

Molecular Weight Distribution. The gel degradation theory applied to a
single network predicts that the sol fraction will be polydisperse but uni-
modal (9). Thus, there should be only one peak in the molecular weight
distribution curve—except at low molecular weights when a substantial
proportion of oligomers are present. Yet many authors have reported bi-
modal distributions of molecular weight in soluble lignins. Such bimodal
behavior turns up not only in organosolv lignins (27-29) but also in lignins
made soluble in the chemical pulping of wood (12,30). As the resolution of
the chromatographic techniques are improved, the broad bimodal patterns
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are being resolved into distributions with several maxima (31-38). Some
of these components are well-defined low molecular weight oligomers of the
lignin macromolecule. Others seem to be of higher molecular weight and
more indeterminate. Such paucidisperse behavior is not really compatible
with a random network. It suggests a repetitive pattern of weak links which
allows the polymer to be degraded into separate families of molecules, each
with a characteristic molecular weight and, perhaps, chemical composition.

Association. Several authors have postulated that some lignins in solution
are not covalent polymers in the normal sense, but rather an association
of smaller molecules held together by various types of non-covalent link-
ages (30,34,36,39,40,41). S. Sarkanen and his coworkers have presented
strong evidence that low molecular weight lignin fractions show consider-
ably higher molecular weights in certain solvents (34,41). And the effect
appears to be reversible.

The association phenomenon raises the possibility that lignin in wood
is composed of low molecular weight molecules. When these are made
soluble they associate into complexes of higher molecular weight. This
picture is not really in accord with the idea of a random, three-dimensional
network polymer. It should be noted, however, that a high molecular weight
lignosulfonate gave constant molecular weight in solvents as different as
0.1 M aqueous sodium chloride and dimethyl sulfoxide, which indicates a
covalent structure for the macromolecule (42).

Non-covalent association may not be the only way in which high molec-
ular weight lignin is produced from smaller molecules. The conjugated, phe-
nolic nature of the lignin monomers makes them prone to “condensation”
reactions both in acid and alkaline media (44-46). Thus, delignification
may be invariably accompanied by polymerization. Again, such behavior
goes beyond the simple paradigm of the degradation of a three-dimensional
network polymer. However, it should be remembered that very few exam-
ples have been reported in which the molecular weights of soluble lignins
have been increased by further treatment in the medium used for deligni-
fication (47). If condensation does occur, perhaps it takes place rapidly,
thus producing a network polymer which must then be degraded by the
delignification reactions.

Topochemistry. Many authors have sought to characterize the chemical na-
ture of lignin. This work has been extended into a study of the chemical
structure of lignin in the various morphological regions of the cell wall. It
now seems certain that in both hardwoods and softwoods there are differ-
ences between the chemical structure of lignin in the middle lamella and
the secondary wall (48-56), although there are still many questions to be
resolved (57-59). There are also chemical differences between the lignins in
the fiber and vessel walls of birch wood (48,49,52,56,60). Terashima et al.
(61) and Beatson (62) have suggested that these topochemical differences
are related to the biosynthetic sequence of lignification in plant tissue.
The paradigm of an infinite random three-dimensional network poly-
mer implies a uniform chemistry throughout. The topochemical behavior
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of lignin indicates that, from a structural chemical point of view, more than
one type of network exists in wood. Such topochemical differences in chem-
ical structure will have an important bearing on the course of delignification
reactions and the properties of the resulting pulps (62-70).

Ultrastructure. Perhaps the most compelling reason for seeking an alterna-
tive paradigm for the nature of lignin is the ultrastructure of the polysaccha-
rides in the cell wall. Their arrangement is anything but random. Microfib-
rils are probably single crystals of cellulose chains (71,72). Although the
arrangement of the hemicelluloses is not known for certain, it seems likely
that the molecules line up in the direction of the cellulose microfibrils (73-
75). The microfibrils themselves are laid down in complex patterns (76,77).
In the S2 layer, there is evidence of a lamellar ultrastructure with the inter-
lamellar distance being equal to about twice the width of the microfibril,
i.e., 7-10 nm (78-82). In view: f the fact that most of it is in the secondary
wall (83-85), how can lignin be regarded as a random network when it is
the mirror image on a molecular scale of the highly organized polysaccha-
ride ultrastructure? The lignin lamellae are probably about 2 nm thick,
enough room for 2 to 4 phenylpropane monomers. It seems almost certain
that constraints of space will impose non-randomness on the crosslinked
network. Here it is interesting to note that Atalla has found evidence in-
dicating that the aromatic rings in lignin are aligned preferentially in the
direction tangential to the secondary wall (86).

We should note, also, that the lignin in the S2 layers is chemically
bonded to the polysaccharide moiety (87-92). Such bonds occur not only
in wood but may be formed during chemical pulping (93,94). Even if the
lignin-carbohydrate bonds are restricted to the hemicelluloses (95), the reg-
ularity of these chain molecules will probably impose some non-randomness
on the lignin structure.

The lamellar structure of the cell wall will probably affect the con-
formation of the lignin macromolecules dissolved when wood is delignified.
This is particularly true when high molecular weight lignins diffuse out of
the fibers during the washing of kraft pulp (96,97). The molecular weights
of the fractions of lignin leached out of the cell wall are of the order of
hundreds of thousands (98). Spherical lignin macromolecules of this mass
would be too large to pass through the porous structure of the cell wall. It
is possible that in the wall they are flatish covalently free fragments of the
lignin lamellae, which diffuse through the interlamellar spaces into solution.
Because the chains are flexible, these lamellar fragments fold in solution to
an approximately spherical conformation. Such a conformation would be
expected to be more compact than that of a random coil but more ex-
panded than that of an Einstein sphere, in accord with the hydrodynamic
behavior noted earlier in the paper. In support of this concept, we find that
lignin macromolecules, if spread on the surface of a non-solvent (99,100) or
deposited on a carbon-coated grid for electron microscopy (101), assume a
flat conformation with a thickness of about 2 nm. It seems that the con-
formation of the macromolecules made soluble, reflects the ultrastructure
of the cell wall from which they have been extracted.
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Of course, the picture given in the preceding paragraph cannot apply
to the almost pure lignin in the true middle lamella. Here the lamellar
thickness is usually more than 100 nm (83,84). The concept of a random
three-dimensional network polymer would seem to be appropriate for such
a thick layer. However, the true middle lamella probably contains less than
20% of the total lignin (83,84,102). Thus, lignin from the secondary wall
will be the dominant fraction in most preparations from whole wood.

A Modified Paradigm

From the foregoing, it seems that we need a better paradigm for lignin. The
old, comfortable concept of an infinite random, three-dimensional network
polymer is too simple to encompass everything we know about lignin and
its soluble derivatives. To give a better fit with the experimentally observed
behavior of lignin, the original paradigm may be modified as follows:

Lignin in the true middle lamella of wood is a random three-
dimensional network polymer comprised of phenylpropane mon-
omers linked together in different ways. Lignin in the secondary
wall is a nonrandom two-dimensional network polymer. The chem-
ical structure of the monomers and linkages which constitute these
networks differ in different morphological regions (middle lamella
vs. secondary wall), different types of cell (vessels vs. fibers), and
different types of wood (softwoods vs. hardwoods). When wood
is delignified, the properties of the macromolecules made soluble
reflect the properties of the network from which they are derived.

Of course, the modified paradigm given above is not entirely satisfac-
tory. It is silent on the question of the association of lignin molecules. Also,
it does not take into account the possibility of condensation reactions. The
term “nonrandom” begs for a clearer definition which the paradigm does
not provide. Perhaps the clearest concept in it is the two-dimensional net-
work. After all, most nets are two-dimensional! In spite of its failings, the
modified paradigm is probably the best we can do at the present time. We
should not be surprised, however, that, as the behavior of the protolignin
in wood is further elucidated, an entirely new paradigm will emerge.
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Chapter 2

Structure and Properties
of the Lignin—Carbohydrate Complex Polymer
as an Amphipathic Substance

T. Koshijimal, T. Watanabe!, and F. Yaku?

'Wood Research Institute, Kyoto University, Gokasho, Uji, Kyoto 611,
Japan
2Government Industrial Research Institute, Osaka 563, Japan

It has been found that lignin-carbohydrate complexes
(LCC’s) consist of sugar chains and relatively small lignin
fragments attached as pendant side chains; they have
number-average molecular weights of ca. 6000-8000. The
linkage between sugar and lignin was determined to be
mainly of the benzyl ether type by a newly developed
method using DDQ oxidation. Some of the LCC’s ex-
hibit a strong tendency to form micelles or aggregates
in aqueous solution due to hydrophobic and also electro-
static interactions.

Since Bjérkman first proposed the existence of lignin-carbohydrate com-
plexes (LCC’s) as species incapable of separation into the respective com-
ponents by selective chemical treatments or special purification techniques,
experimental results supporting the presence of LCC’s in wood have been
reported by Merewether (1), Koshijima (2), Wegener (3), and Yaku (4).
Thereafter, a lot of experiments designed to isolate fractions containing
LCC'’s from partly degraded wood preserving the native configuration to dif-
ferent extents have been conducted. Among them, Bjérkman (5), Brownell
(6), Koshijima (7), Yaku (8,9), Eriksson (10) and Watanabe (11) have ex-
tracted LCC’s from finely divided wood powder from which milled wood
lignin had been extracted previously. By contrast, Lundquist (12), Azuma
(13), Mukoyoshi (14), Takahashi (15) and Kato (16) have separated the
LCC’s contained in a milled wood lignin fraction extracted with 80% aque-
ous dioxane from very fine wood powder.

Meanwhile, Freudenberg (17) was the first person who demonstrated
the formation of an addition compound from a quinonemethide and su-
crose during enzymatic dehydrogenation of coniferyl alcohol in a concen-
trated sucrose solution. Thereafter, Tanaka (18) observed the formation
of a benzyl ester between the quinonemethide of a dilignol and a uronic

0097-6156/89/0397—0011$06.00/0
© 1989 American Chemical Society
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acid. Katayama (19) isolated a compound in which glucose is linked to
coniferyl alcohol through a benzyl ether bond. Analogous compounds were
also obtained by Feckel (20). Since those experiments were carried out in
the presence of 20 to 500 times the amount of coniferyl alcohol in relation
to sugar, those results indicated only the possibility of chemical linkage
formation between lignin precursors and sugars.

Noteworthy results have been obtained from electron microscopic ob-
servations of LCC’s by Fengel (21) and Kosikova (22). When comparing
these two schematic illustrations, coiled and wound fibrils of polysaccha-
rides are buried in the lignin matrix in both cases, but the polysaccharide
fibril in Fengel’s scheme is multiply connected to a big lignin particle. In
Kosikova’s scheme, a fibril is attached to a relatively small lignin particle
at only one position. Despite so many investigations of LCC’s, no chemical
proof has been advanced so far about the kind of linkage connecting the
sugar to the lignin moiety. Also, no distinct macromolecular confirmation
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 formation
of LCC molecules, the nature of the sugar-lignin linkage, and the molecu-
lar weights of LCC’s will be documented on chemical or physicochemical
grounds.

New Methods for Extraction of LCC’s and Isolation of LCC
Oligomers

The use of high-boiling point solvents, such as dimethylformamide or
dimethylsulfoxide used by Bjorkman for extraction of LCC’s from spruce
wood, may lead to denaturation or partial degradation of LCC’s in the
course of solvent removal or concentration. We have developed the fol-
lowing two methods for easily obtaining LCC’s. One involves isolation of
LCC'’s from an aqueous 80% dioxane extract obtained from finely divided
wood powder. After separating the precipitate of milled wood lignin from
the aqueous solution remaining after dioxane removal, the LCC’s in the
supernatant are taken out and purified by using a pyridine-acetic acid-
water-chloroform solvent system to remove sugar-free lignin. The LCC-W
thus obtained is analogous to Bjorkman LCC in respect to chemical com-
position and molecular weight, but differs in yield which ranges from 0.75
to 1.1% of wood (13).

The second way consists of hot-water extraction of finely divided wood
powder, previously extracted with aqueous dioxane for removing milled
wood lignin. The resultant LCC-WE is obtained in 9.3-10.0% yield and
does not differ from Bjorkman LCC in relation to chemical composition
and molecular weight (11) (see Table I). This fact is very significant in
demonstrating that LCC’s containing up to 18% lignin are able to be ex-
tracted with hot water alone from wood powder.

In order to estimate the frequency of lignin-sugar linkages in pine
LCC’s, LCC oligomers were attempted to be prepared from LCC-WE of
pine wood. The greatest problems to be solved were the separation of
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Table I. Chemical Composition and Properties of Pine LCC-W

Lignin-Carbohydrate Complexes

Components LCC-WE C-1-M C-1-A C-1-R
Recovery (%) 9.32 43.4b 48.7 2.1
Carbohydrate content (%)

Neutral sugar 80.0 95.5 76.0 41.5
Uronic acid 4.2 N.D.c 6.4 1.9
Lignin content (%) 17.9 3.7 26.6 43.6
Acetyl content (%) 33 7.6 N.D.* N.D.
(o] -15.5°  -28.2°  -114°  -8.0°
S(S) N.D. 0.9 08 N.D.
M, 1.2x10* 1.2x10* 1.1x10* N.D.°
M, 7.6x 103 7.5x10® 6.7x 103 N.D.

¢ Values are expressed as weight percentages of the wood meal extracted
with 80% aqueous dioxane.

b Values are expressed as weight percentages of LCC-WE.

¢ Not determined.

LCC oligomers from oligosaccharides and the prevention of reaggregation
of LCC oligomers through hydrophobic interactions. Chromatography of an
enzyme-degraded C-1-A fraction was successful on a Toyopearl HW-40S col-
umn which had been already demonstrated to adsorb only lignin-containing
oligosaccharides (23). The mixture of LCC oligomers and oligosaccharides
was prepared by hydrolyzing the fraction C-1-A that had been fraction-
ated from LCC-WE with purified Cellulosin AC (protein 93.7%) and then
with a mixture of purified Meicelase (protein 92.2%) and Cellulosin AC at
40°C for 72 hours. The enzyme-degraded products were introduced onto
the Toyopearl HW-40S column, which was eluted with water to remove the
oligosaccharide components (A-ESW) and subsequently with 50% aqueous
dioxane to recover the adsorbed LCC oligomers (A-ESD), which contained
no contaminating lignin or oligosaccharide (see ref. 23 and Table II).

Estimation of Lignin-Sugar Linkages in LCC’s

In 1982, Oikawa et al. reported that 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) reacts with 4-methoxybenzyl ether to give the alcohol quantita-
tively (24). Provided that DDQ attacks specifically at the p-alkoxybenzyl
ether linkage, direct evidence can be obtained for the occurrence of ben-
zylic lignin-carbohydrate linkages which may be present in LCC molecules.
Nine model compound analogs of LCC’s were synthesized and subjected
to reaction with DDQ at 50°C for 1 hr or 40°C for 24 hrs in 50% dioxane
solution (25). Further, model compounds (I-IV) were also synthesized to
check the effect of substituents at the para positions of the guaiacyl moieties
upon the release of sugar residues by DDQ oxidation (Fig. 1). A two-hour
reaction of the model compounds with DDQ at the boiling temperature
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Figure 1. Synthesized model compounds.
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Table II. Neutral Sugar Composition of LCC Subfractions

Lignin-Carbohydrate Complexes

Components C-1-A A-ESD
Carbohydrate content, % 76.0 8.3
Carbohydrate composition®:
L-Arabinose 7.3 7.5
D-Xylose 49.5 17.6
D-Mannose 27.0 48.7
D-Galactose 7.2 7.7
D-Glucose 9.1 18.6

% Values are expressed as mole percentages of the total neutral sugars.

of the dichloromethane-water (18:1) mixture employed was optimum (26).
The LCC models 3-methoxy-4-hydroxy (I) and 3-methoxy-4-benzyloxy ben-
zyl ether (IV) were oxidatively decomposed by DDQ, while the p-acetoxy
LCC model compound II was inert to the oxidation process because of the
electron withdrawing inductive effect of the acetoxy group, as reported by
Becker. Furthermore, all of the S-ether linkages in the LCC models I-IV
were stable during the DDQ oxidation. However, the LCC model com-
pound IIT having the 3,4-dimethoxyphenyl moiety was stable during DDQ
oxidation under these conditions. Probably, this is because the oxidation
potential of the LCC model III is not low enough to form a charge trans-
fer complex with DDQ. In fact, when the para position was substituted
with the more electron donating benzyloxy group, quantitative oxidative
cleavage was observed in the LCC model IV. Most of the para-substituents
in lignins are far more electron donating than the methoxyl group and, in
many cases, than the benzyloxy group in their effects. Thus, it may be con-
cluded that DDQ effectively decomposes nonphenolic benzyl ether linkages
in lignins. Glycosidic bonds between sugar residues, however, were inert to
DDQ oxidation (24,25).

To identify which sugar hydroxyls participate in benzyl ether linkages
to lignin, Watanabe and Koshijima (23) developed a new method which in-
volves acetylation of LCC’s or LCC oligomers followed by DDQ oxidation
and Prehm’s methylation. Before application of this method to LCC’s,
it was confirmed by using 1,2,3,4-tetraacetyl- and 1,2,3,6-tetraacetyl-D-
glucose that DDQ does not cause acetyl group removal from or migration
in the sugar and that Prehm’s methylation does not induce acetyl migra-
tion. According to this method (Scheme 1), the LCC oligomers A-ESD were
subjected to analysis of the type of linkage present and the corresponding
monomethylated sugars are summarized in Table III. The sites of benzyl
ether linkages to the sugar moieties of the LCC’s are predominantly at C-6
in hexoses and mostly at C-3 and somewhat less so at C-2 in pentoses. The
sugars liberated by this reaction are the ones located at the a-carbons of
lignin phenylpropane units etherified at the p-hydroxyl position. Most of
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the non-phenolic benzyl ether linkages are easily broken by the action of
DDQ due to the enhanced electron-donating properties of para substituted
phenylpropane units. However, phenolic hydroxyls are acetylated during
the first step of this method in phenolic benzyl ethers and the enhanced
electron withdrawing properties of the acetoxy groups make cleavage of the
benzyl ether linked sugar residues (as shown in Scheme 1) difficult.

Table III. Methyl Ethers of Monosaccharides from the Hydrolyzate of
Methylated LCC Oligomers (A-ESD)

Methylated Sugars Mol %*°
2- O-methyl-D-xylose 9.2
3- O-methyl-D-xylose 24.2
Total xylose 33.4
2- O-methyl-D-mannose 2.8
6- O-methyl-D-mannose 41.6
Total mannose 444
2- O-methyl-D-glucose 2.0
6- O-methyl-D-glucose 20.3
Total glucose 22.3

¢ Based on total methylated sugar components identified.

Molecular Shape of LCC’s

The molecular sizes of LCC’s extracted from finely divided wood powder of
10 to 30 nanometer diameter particle size may be somewhat smaller than
originally the case owing to vigorous mechanical action during the course
of milling. However, this action affects both lignin and polysaccharide
molecules evenly (2), and so it does not seem to be the case that only
specific linkages are cleaved by milling.

First, fractionation of the LCC’s extracted from pine (Pinus densiflora)
wood was attempted according to the method of Bjérkman (5) into three
fractions by means of adsorption chromatography with a DEAE Sephadex
column. In the case of pine LCC'’s, the fraction C-1-M eluting first with
water was composed of neutral LCC’s (fraction C-1-M-1, 5% yield) consist-
ing of mannose, glucose, arabinose, xylose and lignin, as well as lignin-free
acetyl glucomannan (45% yield). Subsequent elution with one molar am-
monium carbonate solution liberated acidic LCC’s (fraction C-1-A, 25-30%
yield) which constituted the major portion of the pine LCC’s consisting of
12-13% lignin, about 6% uronic acid and 76% neutral sugars. The last elu-
tion (fraction C-1-R, 2-5% yield) was effected by using 10 molar acetic acid,
which released a fraction containing around 44% lignin and 43% sugars.

The following experiments were conducted using fraction C-1-A, which
was thought to be representative of the LCC’s (17). The acidic LCC frac-
tion, C-1-A, was partially hydrolyzed with a cellulase preparation, Cellu-
losin AC, and changes in the lignin and sugar distributions were analyzed
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by means of Sephadex column chromatography. Figure 1, where the lignin
component is marked by a dotted line, shows that not only the polysac-
charide but also even the lignin component was broken down to smaller
molecules by the action of the cellulase preparation. This was quite un-
expected, since the Cellulosin AC has been confirmed to have intense car-
boxymethylcellulase, hemicellulase and S-glucosidase as well as avicelase
activities but no ligninase or peroxidase activities. Figure 2a shows the pro-
file of fraction C-1-A from a Sephadex G-15 column. The major fraction in
Figure 2A was secured, partially hydrolyzed with Cellulosin AC and rechro-
matographed (Fig. 2b). When peaks I and II in Figure 2b were isolated
and again hydrolyzed with the same cellulase preparation, the lignin com-
ponents again separated into four fractions in the lower molecular weight
region of the profile as shown in Figure 2¢ (4). This phenomenon is easily
understandable by assuming the lignin component of the LCC’s to consist
of low molecular weight pendant-like fragments attached to a sugar chain
(Fig. 3). In other words, Cellulosin AC could break down only the intercon-
necting sugar chain between lignin moieties, with the result that the lignin
components appeared to be cleaved by the cellulases and separated into
several peaks corresponding to different molecular sizes on the gel-filtration
chromatograms (4). This view was supported by the viscosimetric behavior
of the neutral LCC (C-1-M-1) solution in water (9).

Micelle or Aggregate Formation and Hydrophobic Interactions of
LCC Molecules in Aqueous Solution

When hydrophilic and hydrophobic groups are present in a single molecule
and their ratio and distribution over the molecule are suitable, the molecules
associate with each other and form micelles or aggregates in aqueous solu-
tion. As LCC molecules have both hydrophobic lignin and hydrophilic sugar
moieties, it is reasonable to consider that they should associate to form ag-
gregates or micelles. Figure 4 displays the relationship between electrical
conductivity of the LCC solution and concentration, which changes sharply
at the point where the micelles or aggregates are formed, confirming indeed
that such entities do occur. The critical micelle concentration (c.m.c.) was
0.035% in this case (8).

Meanwhile, pinacyanol chloride, a kind of pigment, has two visible ab-
sorption maxima, the a-band (Ansz605 nm) and B-band (Amaz550 nm).
These Apqz’s shift to longer wavelengths with increasing molar extinction
coefficient as the LCC concentration increases. Figure 5 illustrates plots
of the molar extinction coefficients of the LCC-pinacyanol chloride solu-
tion against the concentration of C-1-A-1, the purified acidic LCC fraction.
The discontinuity (corresponding to the c.m.c.) in Figure 5 confirms that
micelle formation occurs. Figure 5 shows the same c.m.c. value, 0.035%,
as Figure 4, indicating that micelle or aggregate formation takes place in
LCC solutions (8). Figure 6 provides another instance demonstrating mi-
celle formation or aggregation of LCC’s in solution as a result of cationic
detergent-LCC interactions. The LCC’s used here were isolated together
with milled wood lignin from finely divided pine wood with an aqueous diox-
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O :Lignin component

j : Sugar chain

f : Attack points of carbohydrolase

Figure 3. Degradation pattern of LCC molecule by carbohydrolases.
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permission from ref. 8. Copyright 1979 Walter de Gruy-
ter & Co.)
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ane solution; the fraction is denoted by LCC-W in this chapter. LCC-W
was fractionated into three fractions, namely W-1, W-2 and W-3, through
a Sepharose 4B column (13). W-1 is the one eluted at the void volume,
W-2 (M,, = 2 x 10%) contained 51% lignin and 38% neutral sugar moieties,
and W-3 (M, = 3 x 10%) included 21% lignin and 73% sugars.

The addition of 0.1% of a variety of detergents to the eluents in gel-
filtration chromatography using a Sepharose 4B column resulted in the de-
crease or disappearance of the higher molecular weight fraction W-2, while
the lower molecular weight fraction W-3 remained at its initial position in
the chromatogram. W-3 appeared in the chromatogram alone when cationic
or amphionic detergents were used as additives (27). As the fraction W-2
had a number-average molecular weight in the region of 10° and the remain-
ing W-3 is of the order of 103, W-2 corresponds to micelles or aggregates
of pine LCC’s which are decomposed by interactions with cationic deter-
gents. Further, it became evident from this experiment that electrostatic
interactions contribute as driving forces for micelle or aggregate formation
in addition to hydrophobic interactions (27).

The LCC molecules exhibiting a tendency to form micelles or aggre-
gates are thought to be confined to those with lignin:sugar ratios around 1:1.
This is exemplified by fraction W-2 here. On the other hand, LCC molecules
containing a larger amount of carbohydrate and less lignin would lack the
ability to form micelles as in the case of those LCC molecules in fraction
W-3 which contained 70% sugar and 20% lignin on average (Fig. 7b). Fig-
ure 7 depicts the structural determinants of the LCC molecules and their
micelles or aggregates proposed on the basis of the summarized results.

The LCC molecules proposed here furnish a chemical and physico-
chemical basis to the images obtained by Kosikovd and Fengel from elec-
tron microscopic observations. As shown in Figure 7, some of the sugar
chain terminals are expected to link glycosidically to lignin moieties since
sugar-free lignin fragments have been isolated by enzymatic degradation of
C-1-A using Cellulosin AC (4). However, there is no direct evidence con-
cerning the occurrence of glycosidic linkages, so this problem remains an
open question,

It is expected from the molecular shapes of LCC’s that strong hy-
drophobic interactions due to the lignin moieties act between the LCC
molecules in aqueous solution. When the chromatography of LCC’s was
carried out with hydrophobic stationary phases using columns of phenyl
and octyl Sepharose, 80.4% and 77.6% of the charged LCC’s were adsorbed
onto the column, which were being eluted with a solvent mixture composed
of an increasing concentration of ethyl cellosolve (0, 15, 30, 45 and 50%)
and decreasing concentration of ammonium sulfate (0.8, 0.6, 0.4, 0.2 and
0.0M), respectively, adjusted to pH 6.8. The chemical compositions of the
five components hereby obtained indicated that the fractions with higher
lignin content are eluted at the higher concentration of ethyl cellosolve (Ta-
ble IV; ref. 15).

Even though one phenyl group is approximately equivalent to a three-
carbon alkyl chain in hydrophobicity, phenyl Sepharose adsorbs a larger
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Figure 7. Structural determinants of LCC molecules and their micelle (or
aggregate) formation. (Reprinted with permission from ref. 27. Copyright 1981.)
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amount of LCC’s than octyl Sepharose, indicating that 7-7 interactions
due to the lignin aromatic ring moieties of the LCC’s act in addition to
hydrophobic interactions involving the carbon atoms of lignin side chains.

The number-average molecular weights were 6 x 102 for pine LCC’s,
and 6 x 103 and 2 x 10° for the species (present in a 1:1 ratio) comprising
beech LCC’s (28). The beech LCC molecules seem to consist of very few
but bigger lignin moieties compared with those of pine LCC'’s.

The progress of lignin biosynthesis in the presence of oligo- or polysac-
charides in the primary cell wall would necessarily engender the formation
of sugar-linked lignins or lignin-interconnecting sugar chains, provided that
lignin biosynthesis involves quinonemethide intermediates. The resulting
products are all lignin-carbohydrate complexes in a broad sense, but the
LCC’s which can be extracted by the usual methods will be limited to those
with less than a 50% lignin content. A part of the chemical structures of
the interunit linkages in pine LCC’s is presented in Figure 8.

The role of LCC’s in living plant tissues is presumed to be related to
the prevention of water-soluble hemicelluloses from dissolving out of the
cell wall by the formation of micelles or aggregates that immobilize sugar
chains, and the solubilization of water-insoluble material such as lignin,
thereby enabling it to move to any place in the cell.

X
Ino
o
o
\ o 0
o
/ 9
[d
T r I
(3]
o o g
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o
cIH, HO
N 0 o o”
% o CH,OH

Figure 8. Structural features of the interunit linkages in the lignin-
carbohydrate moieties in pine LCC’s.
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Chapter 3

Heterogeneity of Lignin
Dissolution and Properties of Low-Molar-Mass Components

Kaj Forss, Raimo Kokkonen, and Pehr-Erik Ségfors

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

0097-6156/89/0397—0029$06.00/0
© 1989 American Chemical Society
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of the cooking liquor. For instance, on heating wood with a bisulfite solution
of pH 5.5 at 130°C, both hemilignins and glycolignin are sulfonated but
dissolution is limited almost entirely to the hemilignin sulfonates. However,
by subjecting the wood material to a subsequent acid-catalyzed hydrolysis,
the glycolignin-carbohydrate bonds are broken and the glycolignin sulfonic
acids dissolve (1).

The conclusion that all low molar mass lignins are hemilignins is, how-
ever, an oversimplification since it has been shown that, on heating an aque-
ous solution of glycolignin sulfonic acid acidified with hydrochloric acid or
sulfur dioxide and bisulfite, a monomeric sulfonated hydrolysis product is
formed (2).

A comparison of the rates of dissolution shows that glycolignin is dis-
solved much faster in the kraft process than in the acid bisulfite process
(3). In spite of this, kraft pulp contains more residual lignin than sulfite
pulp and is more difficult to bleach.

This observation leads to the view that the so-called residual lignin
may not originate from undissolved glycolignin but from low molar mass
lignins, i.e., hemilignins or breakdown products from glycolignin deposited
on the fibers at an early stage of the cook.

In order to investigate this possibility, a series of kraft cooks was per-
formed. Cotton wool was placed in each digester. The chlorine number,
(ISO 3260), of the cotton wool in Figure 1 shows that the deposition of
lignins takes place at an early stage of the cook. These colored lignins
could not be removed by washing the cotton wool with sodium hydroxide
solution.

This result supports the hypothesis that the residual lignin in kraft
pulp is formed from some hemilignins or the degradation products of gly-
colignin. In sulfite pulping, sulfonation of the hemilignins and the hydrolysis
product of glycolignin may prevent these compounds from reacting further
and from becoming deposited on the fibers.

In mechanical wood pulping, the glycolignin remains undissolved,
whereas some of the hemilignins are dissolved, their solubilities in water be-
ing the main limiting factor. It is thus possible that some of the hemilignins
are also responsible for the yellowing of mechanical pulp.

Delignification of Spruce Wood Meal on Heating with Water

In order to show the amount and molar masses of lignins that can be dis-
solved on heating wood with water, 5 g portions of wood meal extracted
with cyclohexane-ethanol (4) were heated with 100 mL water at 150°C.

Figure 2 shows that delignification reaches a maximum of 8% after 4 h
of heating. Prolonged heating caused a redeposition of lignins on the wood
material.

During heating the pH dropped below 4 due to the formation of acetic
acid. The acid caused hydrolysis of hemicelluloses and formation of fur-
fural. It is thus possible that the delignification was caused by hydrolytic
cleavage of interunit linkages. Figure 3 shows that the dissolved lignins
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Figure 1. Deposition of lignins from black liquor on cotton wool during kraft
cooking.
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Figure 2. Delignification on heating spruce wood meal with water at 150°C.
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were monomers and oligomers with molar masses of less than 1000 g/mol

(7).

Delignification of Spruce Wood Meal on Heating with Neutral
Phosphate Buffer Solution

To test the assumption that the delignification taking place when spruce
wood meal is heated with water is a result of acid catalyzed hydrolysis,
wood meal samples were heated with 0.5 M phosphate buffer solution at
pH 6.8 (Fig. 4).

Figure 4 shows that 8% delignification was reached by heating with
buffer solution but that the rate was slower than when heating with water.
Figure 5 shows that, on heating with buffer solution, the lignins dissolved
are also of low molar mass. No furfural was formed in this experiment.
It can be concluded that the dissolution of lignins with water and with
buffer solution is not the result of an acid-catalyzed hydrolytic cleavage of
chemical bonds.

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

Delignification of Spruce Wood Meal on Heating with Mixtures
of Phosphate Buffer and Dioxane

Since the reason for the limited degree of delignification reached on heating
wood with water or with buffer solution may be the low solubility of lignins
in water, wood meal was heated with mixtures of phosphate buffer and
dioxane (Fig. 6).

Figure 6 shows that, on heating wood meal with buffer solution for
6 h at 150°C, 6% of the total lignin was dissolved, but on heating with
dioxane only 4% dissolved. However, on heating with a mixture of buffer
and dioxane 14% of the lignin dissolved.

Using reversed-phase chromatography (Fig. 7), it was possible to show
that, on heating with buffer solution, most of the lignins dissolved were of
a hydrophilic nature, eluting between 0 and 30 minutes, whereas dioxane
preferentially dissolved hydrophobic lignins, which eluted between 30 and
80 minutes.

As heating with buffer solution was found preferentially to dissolve
hydrophilic molecules, an attempt was made to delignify by heating wood
meal successively with buffer and with a buffer-dioxane mixture. Figure 8
shows that heating with buffer resulted in a maximum delignification of
about 8% after 8 h, at which point some of the dissolved lignin was rede-
posited on the wood material.

After 48 h of heating with buffer, 5% of the lignin was in solution.
When the wood residue was subsequently heated in dioxane-buffer, an ad-
ditional 3% of the total lignin dissolved instantaneously. Thereafter almost
no lignin was dissolved. However, by heating wood meal with buffer-dioxane
solution, 24% of the lignin was dissolved after 48 h. It can be concluded that
heating with buffer alone irreversibly bound lignin to the wood material.
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Figure 3. Lignins dissolved and furfural formed on heating spruce wood
meal with water for 6 h at 150°C. Column: Sephadex G-50. Eluent: 0.5 M
NaOH.
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Figure 5. Lignins dissolved on heating spruce wood meal with phosphate
buffer, pH 6.8, for 6 h at 150°C. Column: Sephadex G-50. Eluent: 0.5 M
NaOH.
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Figure 7. Lignins dissolved on heating spruce wood meal with phos-
phate buffer 0.5 M (pH 6.8) and with dioxane for 6 h at 150°C. Col-
umn: Spherisorb ODS. Elution: Gradient elution with phosphate buffer-
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buffer (60:40% v/v); (C) wood residue from (A) (48 h) with dioxane-

phosphate buffer (60:40% v/v).
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Curve A in Figure 9 reveals that, on heating wood meal with buffer
solution for 48 h at 150°C, the lignins dissolved, amounting to 5% of total
lignin (Fig. 8), are hydrophilic to varying degrees.

On heating wood meal with a mixture of dioxane and phosphate buffer
for 48 h at 150°C, 24% of the lignin dissolved, as shown in Figure 8. Most
of this lignin is hydrophobic and eluted in the retention time range 60-
90 minutes (Curve B). However, when the wood residue obtained after
heating wood meal with phosphate buffer was heated with the dioxane-
phosphate buffer mixture, only moderate further delignification was ob-
tained (Curve C).

Figure 9 thus shows that most of the lignin dissolved on heating with
the buffer-dioxane solution is bound to the wood on heating with buffer
alone. This hydrophobic lignin is eluted in the retention time range 60-
90 minutes.

By extraction of the solution obtained on heating wood meal with
buffer-dioxane solution for 16 h with n-hexane, the dioxane was transferred
to the hexane phase together with hexane-dioxane soluble lignins. These
amounted to about 20% of the dissolved lignins and to about 3% of the
total lignin in wood. Removal of the dioxane resulted in precipitation of
hydrophobic lignin, as revealed by Figure 10. This lignin amounted to 30%
of the dissolved lignins and about 6% of the total lignin in wood. This
hydrophobic lignin is dark brown, insoluble in water, incompletely soluble
in dioxane and in 0.1 M sodium hydroxide, but soluble in a dioxane-water
mixture (60:40 v/v).

Figure 11 reveals that the water-insoluble lignin has a broad molar
mass distribution with an average molar mass close to M,, = 2000 g/mol.

Its nature as a lignin component is confirmed by its elemental com-
position and IR-spectrum compared with corresponding data for a milled
wood lignin preparation, Table I and Figure 12.

Table I. Elemental Composition of the Water-Insoluble Lignin

C H o) CH30

64.37 5.48 28.67 14.03
64.22 5.45 28.79 13.91

Water-insoluble lignin: CgH7 4602.47(OCH3)o.s3
Milled wood llgnm (P abies) (6) CgH8‘3302‘37(OCH3)0‘96

The similarity of the two spectra in Figure 12 confirms the lignin nature
of the water-insoluble substance.

It is assumed that the water-insoluble lignin is a polymerization and
oxidation product of a Cyo monomer, CoH;;03(OCHg). The brown color
may be the result of loss of 0.17 methyl groups and hydrogen atoms during
the formation of a quinonoid structure and loss of 0.7 moles of water.

On heating wood meal for 16 h with the dioxane-phosphate buffer,
17% of the total lignin in wood dissolved. As revealed by Figure 13, about
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Figure 9. Lignins dissolved on heating for 48 h at 150°C: (A) spruce wood
meal with 0.5 M phosphate buffer (pH 6.8); (B) spruce wood meal with
dioxane-phosphate buffer (60:40% v/v); (C) wood residue from (A) (48 h)
with dioxane-phosphate buffer (60:40% v/v). Column: Spherisorb. Elution:
Gradient elution with phosphate buffer-methanol.
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Figure 10. Lignins dissolved on heating spruce wood meal with dioxane-
phosphate buffer (60:40% v/v) for 16 h at 150°C: (A) Lignins dissolved,;
(B) Water-insoluble lignin. Column: Spherisorb ODS. Elution: Gradient
elution with phosphate buffer-methanol.
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Figure 11. Water-insoluble lignin. Column: Sephadex G-50. Eluent: 0.5 M
NaOH.
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Figure 13. Lignins dissolved on heating spruce wood meal with dioxane-
phosphate buffer (60:40% v/v) for 16 h at 150°C. Column: Sephadex G-50.
Eluent: 0.5 M NaOH.
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50% of the dissolved lignin consisted of water-soluble lignins. Most of these
were of rather low molar mass.

The water-insoluble lignin amounted to about one-third, and the
hexane-dioxane soluble lignins (which were mostly monomers) to about
20%, of the lignins dissolved.

Conclusion

These results support earlier findings that spruce wood lignin is a hetero-
geneous group of molecular species. It has been shown that the low molar
mass hemilignins, possibly together with breakdown products from high
molar mass glycolignin, are dissolved on heating wood meal with a mix-
ture of neutral buffer solution and dioxane. Part of the lignin dissolved is
a water-insoluble dark brown substance. If heating with dioxane-buffer is
preceded by heating with buffer in the absence of an organic solvent, this
substance becomes bound to the wood material. It is possible that this
lignin forms the so-called residual lignin in kraft pulp. The high molar
mass glycolignin is not dissolved on heating wood meal with dioxane-buffer
solution.
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Chapter 4

Supercritical Fluid Extraction of Lignin
from Wood

Lixiong Li and Erdogan Kiran!

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 subcritical level (11,12).

1Address correspondence to this author.

0097—-6156/89/0397—0042$06.00/0
© 1989 American Chemical Society
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Among the various extraction fluids, supercritical methylamine and
methylamine-nitrous oxide binary mixtures have been found to be espe-
cially effective in the selective removal of lignin from wood. This has been
verified by chemical (Klason lignin determination), thermal (thermogravi-
metric analysis), and spectroscopic (infrared) analyses of the wood residues
and the extracted fractions. It has been shown that lignin removal increases
with extraction time, temperature, pressure, and the methylamine content
(in the binary mixture of methylamine-nitrous oxide). A motivation in
the use of binary mixtures involving one of the components with selective
reaction capability toward lignin (such as methylamine) is the possibility
of inducing a limited fragmentation of lignin upon which its dissolution is
achieved in the supercritical fluid media. If this is in fact the case, the
molecular weight of the lignins may be expected to be larger than that of
lignins obtained by conventional pulping processes. To test this hypothe-
sis, information on the molecular weight and molecular weight distribution
(MWD) of lignin from supercritical fluid extraction is needed. The present
paper is focused on this particular aspect.

The literature on molecular weight and MWD of lignins resulting from
various conventional chemical treatments is quite extensive (13-15). In the
selection of proper solvents for GPC analysis of lignin, information on solu-
bility of lignins in various solvents documented by many researchers (17-19)
is very useful. The commonly used solvents are either aqueous solutions
(20-23) or organic compounds such as tetrahydrofuran (THF), dimethyl-
formamide (DMF), dimethylsulfoxide (DMSO), and dioxane (24-28). More
recently, the use of high performance gel permeation chromatography with
styrene-divinylbenzene copolymer gel columns to characterize lignin molec-
ular weight has been reported (29-31).

Among the various solvents, DMF is reported to be the most effective
organic solvent to dissolve kraft lignins (19). It has also been suggested
that association effects of nonacetylated lignin molecules in DMF can be
substantially reduced by adding lithium bromide to DMF solvent (31-33).
In the present study, GPC analyses were carried out in DMF +0.1M LiBr
using Waters Ultrastyragel columns. GPC results of the extracted lignins
have been interpreted with respect to elution volumes, and compared with
the results of kraft pine lignin (Indulin AT) to distinguish different molec-
ular weight features.

Experimental

FEzxtraction System. The flow-through extraction system used in this study
is shown in Figure 1. The system is operable up to 400 bar at 200°C. It con-
sists of solvent delivery systems (Fluid 1, Fluid 2, Fluid 3), a flow-through
reactor (FR), a set of separator traps (TP1, TP2), and the temperature
and pressure control units. The reactor, traps, micrometering valves, and
tubing connections are housed in a heated oven.

In a typical extraction experiment, a known amount of wood (about
3 g) in sawdust form is first loaded into the reactor. Both the reactor and
the separators are heated under a gentle nitrogen flow (10 cc/min) to the
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desired extraction temperature. Then the extraction fluid is introduced into
the reactor. By adjusting the micrometering valve (MV,), the pressure in
the reactor is maintained at a desired level. After the reaction, the system
pressure is reduced to atmospheric level either directly or in a stagewise
fashion with the aid of the micrometering valves MV; and MV,. The
extraction is continued for a specified time. At the end of each run, the
wood residue in the reactor (FR) and the precipitate in the traps (TP1 and
TP2) are collected and analyzed.

In the present study reactor temperature, pressure, and extraction time
are varied in the range from 175 to 185°C, 170 to 275 bar, and 0.5 to 5 hr,
respectively. The pressure in the first trap is maintained at 1 bar.

Materials. The wood sample, red spruce (Picea rubens), was obtained
locally and used in sawdust form collected from a 1 mm sieve. Kraft pine
lignin (Indulin AT) was obtained from Westvaco.

The extraction fluids, nitrous oxide (Airco, 99.9 wt.% purity) and
methylamine (Linde Specialty Gases, 98.0 wt.% purity) were used with-
out further purification.

Eluent solution (DMF +0.1M LiBr) for GPC analysis was prepared
with HPLC grade dimethylformamide (Burdick and Jackson) and lithium
bromide (Fisher Scientific Co.), which were used without further purifica-
tion.

GPC performance was tested using polystyrene standards dissolved in
the same solvent. The polystyrene standards (average molecular weights:
300,000, 100,000, 50,000, 35,000, 17,500, 4,000, 2,000 with polydispersity
< 1.06) were obtained from the Pressure Chemical Company.

Critical Properties. The critical temperature, pressure and volume for
methylamine, nitrous oxide and their binary mixtures were experimentally
determined and have been previously reported (34). The critical temper-
atures of the mixtures are intermediate between those of the pure compo-
nents (T, methylamine = 156.9°C; T, nitrous oxide = 36.5°C). The critical
pressure goes through a maximum between the pure component values (P,
methylamine = 7.43 bar; P, nitrous oxide = 72.4 bar). The maximum
(92.5 bar) is observed at about 46 wt.% methylamine content. The extrac-
tion conditions reported in the present study are all above the critical T
and P of the fluids used.

Chemical and Spectroscopic Analyses. Acid insoluble lignin (Klason lignin)
contents of wood species before and after extractions were determined using
a modified procedure suitable for small samples (35).

A Digilab FTIR spectrophotometer (Model FTS-60) was used to obtain
IR spectra of samples before and after extractions. Standard KBr pellets
containing 1% by weight sample were used.

GPC Analysts. Molecular weight characterizations were carried out using a
Waters 840 Gel Permeation Chromatograph equipped with both an ultra-
violet (UV) (Model 481) and a refractive index (RI) detector (Model 410).

Two Ultrastyragel columns, in the running order of 1,000 and 10,000A pore



Publication Date: July 31, 1989 | doi: 10.1021/bk-1989-0397.ch004

46 LIGNIN: PROPERTIES AND MATERIALS

size, were used. To prevent the column from clogging with impurities that
may exist in the mobile phase, a 2-micron guard column was connected in
series before the 1000A column.

The instrument was operated at 1.0 cc/min solvent flow with 30 min
run time. The columns and the sample and reference cell in the RI detector
were maintained at 40°C. The sample concentration was 0.1% (w/v) and
the injection volume was 25 ul. The wavelength of the UV detector was set
at 268 nm.

Because lignins contain a large number of phenolic, methoxyl, and
aryl ether functional groups (36,37), interactions between lignin molecules
themselves, and between lignin molecules and gel material, may not be com-
pletely avoided regardless of the nature of a given solvent. Such molecular
interactions, especially in the case of underivatized lignins, result in a back-
pressure rise across the columns and tailing in the chromatogram which
may be observed when the system is continuously used over an extended
time period. A consequence of column back-pressure rise is a reduction in
the actual solvent flow rate and an increase in the observed elution vol-
umes. In the present study, to test the reliability of elution times, standard
polystyrene samples were run in between several runs with lignin samples.

Results and Discussion

Figure 2 shows the extent of dissolution of red spruce in methylamine, the
amount of precipitate collected in the first trap upon complete depressur-
ization to 1 bar, and the Klason lignin content in the wood residue after
extraction, as functions of extraction time. The total dissolution and pre-
cipitation are normalized with respect to oven dry weight of initial wood.
The extraction conditions were 185°C, 275 bar, and 1 g/min solvent flow
rate. As shown in the figure, dissolution initially increases with time and
levels off at about 28% by weight. The precipitates which were collected
as solids follow a similar trend. The Klason lignin content of the wood
residue decreases with extraction time, from an initial value of 26.5% down
to 10.1% after 5 h of extraction.

The residues and precipitates from the above time dependent extrac-
tion study were further characterized by FTIR. The most distinctive IR
absorbance band for lignin is observed at 1510 cm™! due to aromatic ring
vibrations (37). As shown in Figure 3, the absorption intensity of the
residues at 1510 cm™! decreases with increasing extraction time. When
compared to the spectrum of red spruce at this same absorbance region, it
is easy to see that the relative amount of lignin in the wood samples de-
creases to a lower level after methylamine extraction. Figure 4 shows the IR
spectra of Indulin AT and the precipitates from methylamine extraction of
red spruce and Indulin AT, respectively. We observe from this comparative
plot that the IR spectra of the precipitates from methylamine extraction of
red spruce and methylamine extraction of Indulin AT are nearly identical,
suggesting that the precipitate from methylamine extraction of red spruce
is indeed lignin-like material. The figure also shows the IR spectrum of the
precipitate from ammonia extraction of red spruce. The spectrum of the
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Figure 2. Dissolution (%) of red spruce in methylamine (O), Klason lignin
content (%) in the residues after extraction ( @), and the amount (%) of
precipitates in the first trap (at 1 bar) (A), as functions of extraction time.
Extraction conditions: 185°C, 275 bar, and 1 g/min solvent flow rate.
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Figure 3. Infrared spectra of red spruce (A), and red spruce residues after
1h (B),2h (C),3 h (D), and 5 h (E) methylamine extraction at 185°C,
275 bar and 1 g/min solvent flow rate.
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Figure 4. Infrared spectra of kraft lignin, Indulin AT (D), and the precipitates
collected in the first trap (at 1 bar) after methylamine extraction of Indulin AT
(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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precipitate from ammonia extraction displays a different absorbance pat-
tern, indicating that this precipitate may be a mixture of dissolved lignin as
well as carbohydrates from red spruce. Further details of extraction results
with other fluids and lignocellulosic materials and the results of chemical
analyses are presented elsewhere (11,12).

Having identified the precipitate from methylamine extraction of red
spruce as being primarily extracted lignins, we investigated their molecular
weights and molecular weight distributions by GPC. All GPC results in this
paper are presented on the basis of relative sample elution volume (indica-
tive of molecular weight) and relative elution volume range and intensity
(indicative of molecular weight distribution). The sample chromatograms
presented in Figures 5 to 10 are traces of the UV absorbance detected at
268 nm. These chromatograms show the effects of extraction time, temper-
ature, pressure, and composition on the molecular weight of the extracted
lignin.

Figure 5 shows the comparative chromatograms of five lignin samples
obtained from methylamine extraction of red spruce. The extraction condi-
tions were maintained at 185°C, 275 bar, 1 g/min solvent flow rate, except
that extraction time was varied from 0.5 h to 5 h. As the extraction time
increases, the detector signal intensity corresponding to lower molecular
weight range (at higher elution volume) becomes more distinct, and the
base of the sample peaks extends more to the left (indicated by small ar-
rows). These changes in the chromatograms are indicative of an increase in
the relative fraction of both small and large sized molecules, which lead to
a broader MWD. Thus, longer extraction time with methylamine appears
to produce lignins with broader MWD.

The effect of extraction temperature on the MWD'’s of the extracted
lignins is shown in Figure 6. The lignin samples were obtained from methy-
lamine extraction of red spruce at temperatures ranging from 175 to 185°C,
while maintaining other extraction conditions at 275 bar, 3 h, and 1 g/min
solvent flow rate. The figure shows that the MWD’s of the lignins become
broader with increasing extraction temperature. In a similar way, an in-
crease in extraction pressure leads to a broader MWD of the lignins (Fig. 7).
These lignins were obtained from methylamine extraction of red spruce at
185°C. The extraction time was 3 h at 1 g/min solvent flow rate in the
pressure range from 172 to 275 bar.

Figure 8 shows the comparative chromatograms of lignin samples ob-
tained from extraction of red spruce and methylamine-nitrous oxide binary
mixture at five different compositions (0.2, 0.4, 0.6, 0.8, 1.0 weight fraction
of methylamine, at 185°C, 275 bar, 2 h, and 1 g/min solvent flow rate).
The apparent MWD'’s of the lignins from the binary solvent extractions are
narrower than those of the lignins obtained with pure methylamine extrac-
tion. On the other hand, lignins from pure methylamine extraction appear
to have the largest average molecular weight among the lignins shown in
Figure 8.

To compare lignins produced from supercritical fluid extraction of
wood with lignins from conventional pulping processes, a kraft pine lignin
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Figure 5. GPC analyses of the precipitates collected in the first trap (at
L bar) after 0.5 h (A), 1 h (B), 2 h (C), 3 h (D), and 5 h (E) extraction of
red spruce with methylamine at 185°C, 275 bar, and 1 g/min flow rate.
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Figure 6. GPC analyses of the precipitates collected in the first trap (at
1 bar) after extraction of red spruce with methylamine at 170°C (A), 175°C
(B), 180°C (C), 185°(D). Other conditions maintained at 3 h extraction
time, 275 bar, and 1 g/min solvent flow rate.
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Figure 7. GPC analyses of the precipitates collected in the first trap (at
1 bar) after extraction of red spruce with methylamine at 172 bar (A),
207 bar (B), 241 bar (C), 275 bar (D). Other conditions maintained at 3 h
extraction time, 185°C, and 1 g/min solvent flow rate.
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Figure 8. GPC analyses of the precipitates collected in the first trap (at
1 bar) after extractions of red spruce with binary mixtures of methylamine-
nitrous oxide at methylamine weight fractions of 0.2 (A), 0.4 (B), 0.6 (C),
0.8 (D), 1.0 (E). Other conditions maintained at 2 h extraction time, 185°C,
275 bar, and 1 g/min solvent flow rate (The extraction conditions are above
the critical T and P of the binary mixtures; see ref. 34.)
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(Indulin AT from Westvaco) and the precipitate from methylamine extrac-
tion of Indulin AT were also analyzed with GPC. As shown in Figure 9, the
precipitates from 1 h, 3 h, and 5 h methylamine extraction of Indulin AT at
185°C, 275 bar, and 1 g/min solvent flow rate do not show an appreciable
difference in their apparent MWD’s from that of Indulin AT. This indi-
cates that no significant chemical transformations that may alter molecular
weight distribution of Indulin AT occur during methylamine extractions.
In Figure 10, the chromatograms of the precipitates from methylamine
and methylamine-nitrous oxide extraction of red spruce, and methylamine
extraction of Indulin AT are compared along with the chromatogram of
Indulin AT. The lignins obtained from methylamine extraction of red spruce
has the broadest apparent MWD. Extraction with methylamine-nitrous

Detector Signals
(o] o

] S 10 15 20 25 30
Retention Time (min)

Figure 9. GPC analyses of kraft pine lignin, Indulin AT (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 AT with methylamine at 185 °C, 275 bar, and 1 g/min solvent flow
rate.
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Figure 10. GPC analyses of Indulin AT (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 binary mixture produces lignins which display an apparent MWD
similar to that of Indulin AT. These observations are important in that by
manipulating the composition of the extraction fluid, the molecular weight
distribution of the lignin can be altered and possibly regulated.

Conclusions

The results that have been presented indicate that supercritical fluid ex-
traction can achieve not only separation of lignin from wood, but also may
permit control of the lignin molecular weight and MWD by manipulation
of extraction temperature, pressure, time, or the composition of the ex-
traction solvents. Among these extraction variables, the influence of ex-
traction time and solvent composition are greater. The lignins produced
from methylamine extraction of red spruce generally show higher average
molecular weight than that of kraft pine lignin (Indulin AT). In the binary
(methylamine-nitrous oxide) solvent system, lignins with narrower MWD
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are obtained with an increase in nitrous oxide fraction. An increase in ex-
traction time, pressure or temperature tends to broaden the MWD of the
lignins obtained from either methylamine or methylamine-nitrous oxide ex-
traction.
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Chapter 5

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

John J. Meister! and E. Glen Richards?

Department of Chemistry, University of Detroit, Detroit, MI 48221—-9987
*Research 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(l-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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In order to describe how this procedure works, distributions will first
be discussed in more detail and then molecular weight distributions will be
briefly discussed. Many properties of samples are actually a distribution of
values. In a powdery, crystalline solid, individual crystals come in different
sizes. Further, different measures of this “crystal size” control common
behaviors of the crystalline sample. A single dimension of the crystals, a
length or diameter, will be a good measure of filterability of the crystals.
The square of this dimension, which is proportional to surface area, will
correlate with and describe the rate of solution of the crystals. The cube
of this dimension, a function of volume of the crystals, will specify how a
crystal will sediment under a gravitational force since volume times density
gives crystal mass. The distribution of lengths cubed will tell how the total
sample will sediment. Thus, the rate at which a crystalline sample settles
in a vessel or under a centrifugal force will be given by a sample-specific
curve which shows, for all crystals, how many crystals of a given volume or,
equivalently, of a given length cubed there are in this particular sample.

Macromolecules' are very much like the crystalline powder just de-
scribed. A few polymers, usually biologically-active natural products like
enzymes or proteins, have very specific structure, mass, repeat-unit se-
quence, and conformational architecture. These biopolymers are the excep-
tions in polymer chemistry, however. Most synthetic polymers or storage
biopolymers are collections of molecules with different numbers of repeat
units in the molecule. The individual molecules of a polymer sample thus
differ in chain length, mass, and size. The molecular weight of a polymer
sample is thus a distributed quantity. This variation in molecular weight
amongst molecules in a sample has important implications, since, just as
in the crystal dimension example, physical and chemical properties of the
polymer sample depend on different measures of the molecular weight dis-
tribution.

It is usually 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 distribution that provide a formula to collapse the distri-
bution into a single number. These formulas are usually called molecular
weight averages and are useful in predicting a polymer’s properties, such as
viscosity, tensile strength, or viscoelasticity. The formulas which provide
one number to represent a distribution, give averages of the distribution in
the same units as the property. These are not methods to calculate mo-
ments of the distribution since a distribution moment has different units
than the distributed property.

The first average in common use is number-average molecular weight.
This number is obtained by dividing the total mass of the sample by the
number of molecules in it. The formula for this average is

M" = Zm,‘N,‘/ (Z N.')
i=1 i=1

where M, is the notation for number-average molecular weight, n* is the
largest number of repeat units in any molecule of the sample, N; is the
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number of molecules with ¢ repeat units in the molecule, and m; is the
mass of a molecule with i repeat units. Ranking samples of a polymer by
number average molecular weight will also rank the samples by how much
each would decrease the freezing point of a solvent, how much each would
increase the boiling point of a solvent, or how much osmotic pressure a
solution of the sample would generate when placed inside a semiperme-
able membrane. These properties are all functions of the free energy of a
solution. The capacity of M, to rank samples of a polymer in order of
magnitude of change produced in these properties shows that the number
of polymer molecules in a molecular weight distribution controls solution
free energy. Number of molecules in the molecular weight distribution thus
is a controlling variable for the thermodynamics of polymer solutlons

The second average is v1sc051ty average molecular weight, M,. This
expression is obtained by using the exponent from the limiting v1scosity
number-molar mass relationship, a, as a power for the molecular weight of
each molecule in the distribution. The formula for this average is

v Grron )

This average shows how the distribution of molecules would affect the vol-
ume fraction that is polymer in a polymer solution and control flow in a
melt of the polymer sample. _

The third average is weight-average molecular weight, M,,. This mea-
sure is obtained by summing up the mass of each molecule times the weight
fraction of that molecule in the sample.

M, = im,?Ng/ (i N.-m.-)

i=1 i=1

1/a

By having each molecule’s mass contribute in proportion to the weight frac-
tion of the sample, the value of this average changes more when the number
of high molecular weight molecules in the distribution changes, as compared
to the preceding two averages. The weight average of a distribution will
give a molecular weight which will rank how samples of a polymer sediment
in a gravitational field or scatter light from solution.

A fourth average molecular weight is the zeta-average, M,. While this
formula can be written in terms of weight fractions of molecules in a sam-
ple, this formulation of the average gives none of the physical significance
produced with the weight-average. The formula for zeta average molecular

weight is
.= S mim/ (5 imi)

i=1

The value of this average is controlled by the high molecular weight end of
the polymer distribution. M, ranks the viscoelastic properties of a sample
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and gives the effect of molecular weight distribution on recoverable com-
pliance (capacity to recover shape, (1)) through the polydispersity factor,
(M.M, +1)/(M,)? The magnitude of the different molecular weight av-
erages given above will, for a given sample, increase in the order in which
they appear above.

As this discussion of molecular weight distributions and their averages
indicates, the properties of a polymer are direct functions of the way the
individual molecular masses are distributed in a sample. The molecular
weight distribution and its averages are critical to understanding the na-
ture and behavior of polymers. Most important for the results of this paper,
all of the above averages can be calculated from the molecular weight dis-
tribution that can be determined by analysis of the Rayleigh interference
pattern produced from a sedimentation velocity experiment. The procedure
for obtaining such a distribution will now be described.

Ultracentrifugal Sedimentation

The sedimentation velocity experiment is conducted with the macromolec-
ular solution and solvent placed in separate sector-shaped chambers in the
cell of an analytical ultracentrifuge rotor. The rotor is accelerated to the
desired speed and sedimentation of the solute is allowed to occur. All of the
molecules sediment to the centrifugal “bottom” of the cell. After a certain
time the meniscus is cleared of solute, thereby creating a “boundary” in
the solution with a flat plateau region of uniform concentration and a thin
layer of sedimented solute against the cell bottom. The shape of the bound-
ary is determined by diffusion of the solute, concentration-dependence of
sedimentation, the Johnston-Ogston effect and heterogeneity of the solute
(2,3). During the progression of the experiment, the plateau becomes more
dilute because of diffusion and the sector-shaped cell width and centrifugal
field increasing with radius.

A mathematical expression for the results of a typical experiment is
shown in Figure 1. The simplest experiment is to obtain an average sedi-
mentation coefficient by measuring the movement of the boundary, r,, with
time. From the definition of the sedimentation coefficient,

1 or 1d8ilnr
§= = — (1)

wirot w? ot
where s is the sedimentation coefficient, w = 2r(RPM)/60, r is the radius
measured from the center of rotation, and ¢ is the time. The sedimentation
coefficient has units of time (sec) and is measured in units of svedbergs (s)
where 1s = 10713 sec. The sedimentation coefficient is calculated from the
slope of a plot of the logarithm of boundary position versus time. Usually
the boundary position is assumed to be the position of the maximum or-
dinate of the peak that is obtained with an optical system which records
the derivative pattern of the refractive index. Using a more sophisticated
treatment of points along the boundary, one can obtain the weight-average
sedimentation coefficient for the solute at the concentration corresponding
to the plateau region.
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CONCENTRATION

farynn r,

DISTANCE DOWN CELL

Figure 1. A diagram of several Rayleigh fringes placed on an image of the
centrifugation cell. Distortion of the fringe from a straight line is caused
by a concentration gradient produced by spinning the cell about the point
r=0.
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Since the theories for the interpretation of sedimentation velocity ex-
periments require the sedimentation coefficient at zero concentration, a
series of experiments is performed at different concentrations. The value at
zero concentration (or “limiting sedimentation coefficient”}, so, is obtained
from plots using either of these equations,

1/s = (14 ksc)/s0 (2)
s = so(1 — kyc) (3)

where k; is a positive term that represents the given system. Generally, the
former equation covers a wider concentration range.

The molecular weight M, of a macromolecule can be calculated from
the sedimentation coefficient using the Svedberg equation,

M, = Nsf/(1 - p) (4)

where N is Avogadro’s number, f is the frictional coefficient, ¥ is the partial
specific volume of the solute, and p is the density of the solution. If the
values of all the parameters are known, one can calculate the molecular
weight for a homogeneous material. If the macromolecule is heterogeneous,
an indeterminate average is obtained.

During the 1950’s, a number of theoretical methods were put forth for
the determination of sedimentation distributions of heterogeneous macro-
molecules, neglecting or including the effect of diffusion. For macro-
molecules of sufficient size that diffusion is negligible, it is sufficient to per-
form several velocity experiments at different concentrations and somehow
extrapolate “corresponding” points on the pattern to zero concentration.
Several approaches made use of parameters more easily obtainable with the
Schlieren optical system generally used at that time, but they are of un-
certain validity (2-4). With concentration data obtained from the Rayleigh
optical system, the extrapolation procedure based upon relative concen-
tration is reasonable and the necessary data manipulations are “easy” to
perform. Relative concentrations can be determined because the Rayleigh
optical system corrects for solvent component gradients or pressure gradient
effects because it records index of refraction differences between sediment-
ing solvent and solution.

Before continuing, it is important to understand the complexity of
the processes that warp the shape of the boundary, even if diffusion is
negligible. The Johnston-Ogston effect will be described with the aid of
Figure 1. In the figure, the pattern at ¢ = t5 has been divided into three
components in the lower concentration zone. The first component (between
rq and r;) starts at C = 0, rises to C; as a step and continues to the cell
bottom. The second component starts at a concentration of zero and rises
at the second step to C3, with the total concentration beyond the step being
C1+ Cj. Since the material in the first step sedimenting beyond the second
step moves at a slower rate (because of the higher concentration), more
material enters the second step than leaves it. Thus, the magnitude of the
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first step increases; in other words, its apparent concentration is higher.
The effect moves along the boundary, the net effect being an upward shift
of the pattern. However, the total concentration remains unchanged (4).
The concentration dependence of sedimentation causes an additional
reshaping of the boundary, called boundary sharpening. The faster moving
material is at a higher concentration than the slower material, with the
result that the boundary is progressively sharpened as the concentration
increases; that is, it shifts to the left. The dependence of sedimentation con-
stant on concentration and on the concentration of other molecules around
the sedimenting molecule, which causes the above effects, are too difficult
to measure. In some systems with spherical macromolecules, approximate
corrections have been made (5). The extrapolation of s to zero polymer
concentration should eliminate the major part of these effects.

Conversion of Sedimentation Patterns to Distribution Patterns

The most common symbolism for characterizing sedimentation distribution
patterns is the use of G(s) (where G(s) represents the weight fraction of
material having a sedimentation coefficient less than or equal to the given
value) for the integral distribution, and g(s) for the differential distribution,
where g(s) = dG(s)ds. The integral distribution is simple to obtain from
Rayleigh-fringe data. We will assume that the concentration of polymer is
proportional to refractive index, which the optical system records.

First the radial position is converted to units of sedimentation coeffi-
cient. This is accomplished by using the integrated form of Equation 1.

1
s= thln(r.-/ra) (5)

where 7, is the position of the meniscus at the top ( low r ) of the solution.
Equation 5 relates sedimentation coefficients to a ratio of radial distance
along the cell, r/rq, and time, ¢, at angular velocity, w. This equation allows
position along the cell to be plotted as s instead of ». The number of fringes,
J, seen in the interference pattern is a function of solute concentration, ¢,
specific refractive index increment, dn/dcs, cell thickness along the optical
path, a, and wavelength of the incident light, A:

7 = HonOee ©

Equation 6 allows the number of fringes to be converted to standard con-
centration units. The concentration values in fringes must be corrected for
radial dilution. The number of data points n serves to divide the profile
into zones. Each zone, AC; = C; — Ci_;, is multiplied by z2/z2, where
z; = (zi + zi—1)/2 and each z is the distance down the fringe pattern
recorded on film that corresponds to a given r position in the spinning cell.
The notation z, thus denotes the position of the meniscus. The corrected
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relative concentration CR; is

CRi=Y_ACj(z}/x2)/Cn (7)

j=1

where C,, is the corrected concentration in the plateau region, namely
n
Cn =Y ACi(z}/z) (8)
k=1

At any i, CR; is, of course, a weight fraction concentration of solute based
on or referenced to the concentration of the plateau region. When consid-
ered as a weight fraction concentration, CR; will be denoted as w;. A plot
of w; versus s is the integral molecular weight distribution for a sample.

To obtain the distribution extrapolated to zero concentration, the dis-
tribution at each concentration is divided into a number of zones within
the weight fraction zone 0 to 1. Then for each zone a plot of s or 1/s versus
the sample concentration is made and extrapolated to obtained the sedi-
mentation coefficient at zero concentration, sy . A plot of weight fraction
versus sp is the corrected integral distribution at zero concentration. The
differential distribution, d¢/8s, can be obtained by fitting groups of points
with a sliding least mean squares cubic fit.

The conversion of the sedimentation distribution to a molecular weight
distribution using the Svedberg equation requires knowledge of the fric-
tional coefficient and partial specific volume of each weight fraction. For a
synthetic linear polymer, the partial specific volumes of all species should
be the same, which leaves the frictional coefficient to be estimated from
a random-coil model. One approach is to use the relation containing the
sedimentation coefficient, limiting viscosity and molecular weight (2,6),

s[n]1/3 . (1-T7
][\Z]z/a — 3l/3p 1 ( an) 9)

where [7] is the limiting viscosity, n is the viscosity of the solvent and
®1/3P-1 is a constant of value 2.5 x 10°.
Combining Equation 9 with the Mark-Houwink equation (7, 8),

[=KM" (10)

gives
M, = (ks)3/C-) (11)

where M is a molecular weight average determined by the standard molec-
ular weights used to determine K’ and « in Equation 10 and

K/1/317N

k= $sPi0 —p)

(12)
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Note the difference between K’, the Mark-Houwink constant, and k de-
fined in Equation 12. The differential sedimentation distribution can be
transformed to the differential molecular weight distribution by taking the
derivative of Equation 11 with respect to s, to get

3/(2—-
oM _ 3k (1 4ayie-a)

ds (2-a) (13)
with the result that
Oc _ (9c/ds) (14)
oM  (0M/ds)

Note the implications of Equation 14. If the change in amount of polymer
with respect to the molecular weight of that polymer, 8c/0M), is needed,
it can be found in a two step process. First determine (0c/ds) and then
determine (0M/0s). The function (0c/OM) is often desired since it is the
plot of the number of molecules of a given molecular weight versus molecular
weight, or the differential molecular weight distribution. Further, (9¢/ds)
is the slope of the Rayleigh interference pattern in a sedimentation velocity
experiment. If this slope is quantified and the value of (M /ds) is obtained
from Equation 13, then the differential molecular weight distribution can
be found for a given sample. Details of this procedure are given here.

Experimental

Viscometry. Viscosities of aqueous polymer solutions were measured using
a Cannon-Fenske #50 viscometer immersed in a 20°C water bath. The
limiting viscosity number was determined from 5 viscosity measurements
using the Huggins equation (9). The limiting viscosity number of aged
poly(1-amidoethylene) in 0.01 M aqueous Na;SO4 was 2.45 dL/g.

Materials and Solution Preparation. The poly(1-amidoethylene) used in all
experiments was a “molecular weight standard” supplied by Polysciences,
Inc., as material 8249, batch 93-5. The polymer was dried for 3 hr. un-
der a vacuum of < 10 Pa at a temperature of 25°C. The polymer was
dispersed on a vortex of 0.01 M Nay;SO, solution and stirred for 1 day.
The solution was then centrifuged to remove undissolved polymer particles
and the preweighed centrifuge tube was dried and reweighed. The polymer
concentration of the master sample was calculated from the weight of poly-
mer retained in the solution. The concentration of the master sample was
2,115 ppm or 0.2115 g/dL.

All solutions were stored for 60 days before use. This delay was neces-
sary for accurate results since Narkis (10) had already shown that poly(1-
amidoethylene) solutions are not molecularly disperse until 54 days after
preparation. These solutions age by losing intermolecular entanglements
and becoming monomolecular solutions (10). Poly(1-amidoethylene) so-
lutions are known to lose viscosity with time (11). Several authors have
attributed this viscosity loss to oxygen or radical degradation of the poly-
mer (11), but Francois (12) has shown that changes in viscosity only
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occur in solutions made from broad-molecular-weight-distribution poly(1-
amidoethylene). Since very narrow-molecular-weight-distribution poly(1-
amidoethylene) produces a stable solution viscosity and since Narkis (10)
has shown that the original solution viscosity can be obtained by precipi-
tating and redissolving the polymer, it would appear that solution viscosity
loss is caused by slow disentangling of a broad-molecular-weight polymer
mixture. All solutions used here were aged to insure complete dissolution
and uniformity in sampling the actual distribution of the polymer.

Sedimentation Velocity Experiments. The sedimentation velocity experi-
ments were carried out in a Beckman Model E ultracentrifuge equipped
with Rayleigh interference optics and a digital electronic system that mea-
sures the rotor temperature to 0.01° with control to £0.03°C (13). The op-
tical system was aligned according to the procedure of Richards et al. (14).
A Rayleigh mask with 0.4 mm slit width (instead of 0.8 mm) improved the
accuracy of fringe measurement by increasing the number of fringes in the
pattern. The two sectors of the charcoal-filled Epon centerpiece were filled
with a microliter syringe with the solvent side filled sufficiently higher to
permit resolution of the solution meniscus on the fringe pattern. The ro-
tor with cell and counterbalance was controlled at 20.0°C in the centrifuge
chamber (no vacuum) for at least 10 min. The rotor was accelerated to
5200 rpm, where a baseline photograph (Kodak Metallograph plates) was
obtained during a 30 second pause. The rotor was then accelerated at con-
stant amperage to the operating speed of 44,000 rpm, whereupon another
baseline picture was taken. During acceleration, additional heating was
used to maintain the temperature constant at 20.0°C and the clock mea-
suring the time of sedimentation was started when the rotor reached 2/3
of the final speed.

Sedimentation pictures were taken starting at 20 to 40 min. after
clock start and were taken at 20 min. intervals until 160 min. had elapsed.
The experiments with the poly(1-amidoethylene) samples were carried out
under identical conditions, insofar as possible.

Reading of Rayleigh Fringe Patterns. Fringe patterns were read with a
Nikon Profile Projector model 6C equipped with digital micrometers (ac-
curate to 1.25 ym) and a dual-photocell light-difference detector mounted
on the screen that locates fringe centers (15). The reading of patterns is
semi-automatic, being controlled by an Altair 8080 microprocessor com-
puter with the data recorded on a floppy disc. After alignment of the pat-
tern on the projector stage, the positions of the counterbalance reference
edges and solutions menisci are located and recorded.

The Rayleigh fringe pattern that is obtained from the ultracentrifuge
using a Rayleigh mask with 0.4 mm slit width has only about nine read-
able fringes in the y direction. The fringes are equally spaced, except for
progressive warpage in the position of fringe centers away from 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, in this case three.
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For the reading of the fringe profile (usually the light fringes on the neg-
ative photograph) in the solution region of the pattern, the approximate_
center of the fringe envelope in the y direction is located. The reading
of fringes in the y direction is then confined to the central distance corre-
sponding to three fringe spacings (the distance between fringes being about
280 pm). The reading of fringes is begun near the meniscus (Figure 2). The
x-axis of the pattern is the long axis in the interference pattern. The dis-
tance across the fringe image is the y-axis. At each x position, the position
of the fringe centers is transferred to the computer by a signal from the light
detector as the stage is moved in the y direction, across the light path. The
x and average y values and the fringe spacings are stored by the computer.
About 150 points across the boundary and into the plateau are read at
equal x increments. As the lower of the three fringes being measured rises
to within 1/2 fringe of the center of the envelope (middle of the fringe pat-
tern in the y direction), one drops down one fringe in order to stay in the
central region. This need to drop “down” a fringe in order to stay in the
y-middle of the fringe pattern is caused by the sigmodal distortion of the
Rayleigh fringe pattern caused by the sedimenting boundary. The profile
that results from this procedure is discontinuous, but a simple statement in
the subsequent computer program converts the data to the correct profile.
By measuring the fringe pattern in this way, three high-accuracy fringes are
converted to a set of (x, y) data points which are the numerical equivalent
of the plot of three fringes from the low r point to the high r point in the
spinning cell. This data set can then be smoothed and averaged to give
a complete plot of the fringe profile (and the sedimenting boundary which
represents c as a function of r) from the meniscus of the centrifuged solution
to the bottom of the cell.

The low- and high-speed baseline patterns and the 80 and 100 min.
sedimentation patterns for each solution were read in the same manner.
The data were transferred to a Radio Shack Model III computer for further
treatment.

Calculations

A computer program converted the fringe data into concentration in units of
fringes by division of the y values by the average fringe separation. The sed-
imentation patterns were corrected for differences in optical path through
the two cell compartments by subtracting the high speed baseline, using an
interpolative procedure. The high or low speed baseline could be used in
this correction step. Both baselines were tested and found to give the same
results for the higher concentration samples but to differ slightly in the
effect on the low concentration sample’s patterns. The high speed baseline
adjustment was chosen for correcting all data sets to avoid biasing the data.
The x values of the corrected patterns were then transformed into distance
r from the center of rotation according to the relation

T =7+ (2 — zgve)/MF (15)
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where r. is the distance of the center of the cell from the axis of rotation
(6.5 cm), z is the fringe position in micrometer units, x4, is the average
of the inner and outer reference positions in micrometer units, and M F is
the optical magnification factor. The fringe values are corrected for radial
dilution and the radial positions are transformed into sedimentation units
as described earlier.

The same program fits the data with a sliding 15 point least mean
squares cubic fit, using two passes to smooth the data. The use of fourth
or fifth power fits for a variation of the number of points fitted (13 to 21
points) did not significantly improve the results. The average deviation 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 distribution profiles,
interpolate these curves for extrapolation to zero concentration, generate
the molecular weight distribution profiles, and to plot them.

Results

Five solutions of a poly(l-amidoethylene) sample at concentrations rang-
ing from 0.0422 to 0.2111 g/dL were sedimented in the analytical ultracen-
trifuge. Examination of the patterns at different times revealed that the
80 min. patterns had a definite plateau region, but there was still a small
amount of material near the meniscus. For the 100 min. patterns, the
plateau was nearing the cell bottom, and the meniscus region was almost
clear of solute. Later patterns exhibited a definite region near the meniscus
with no solute, but no plateau near the bottom. It is possible to splice
the distribution patterns obtained at different times, but errors can lead
to a discontinuity in the overlap region. Because the distribution patterns
obtained at 80 and 100 min. were nearly the same, it was decided to treat
only those and ignore any small amount of material that may not have
sedimented: its contribution to the average viscosity and molecular weight
should be negligible. After integration of these patterns, the molecular
weight distribution curve showed that the material at the boundary had
molecular weights of less than 9,000 and the material already sedimented
had a molecular weight of 5,000,000 or more.

The starting and ending regions of the integral distribution patterns
were examined to determine the fringe values at these levels. The starting
value for each pattern was subtracted from the fringe values for the rest
of the pattern. The plateau values for the 80 and 100 min. patterns for
each solution agreed to within 0.02 fringes. With the zero and plateau
concentrations determined, the patterns were converted to weight fraction
distributions.

Since the integral distribution patterns for the 80 and 100 min. pat-
terns were nearly the same, only the results from the former are shown
in Figure 3. The differential patterns (not shown) obtained from the slid-
ing 15 point least mean squares cubic fit were also nearly the same, with
considerable noise for the two solutions of lowest concentration.
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Figure 3. Concentration of poly(1-amidoethylene) in a centrifuged sample
plotted as a function of sedimentation coefficient.
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The five integral patterns were interpolated to obtain 49 values of the
boundary ranging from 0.02 to 0.98 weight fraction of the polymer sample.
The extrapolations of 1/s versus c to zero concentration for the nine weight-
fraction concentration levels ranging from 0.1 to 0.9 are shown in Figure 4.
The noise in the position of the data points relative to the line are random.
For the corresponding plot for s versus ¢ (not shown) there was definite
curvature in the position of the points. The integral plot for the 80 min.
pattern is the right-hand lowest line on Figure 3.

The results of the sliding 7 point least mean squares fit are shown in
Figure 5. The accuracy of the data is indicated by the closeness of the
actual data points (squares) to the smoothed points (continuous line) for
the differential distribution curve given in Figure 6. One cannot tell whether
the small convolutions which are revealed in the corresponding differential
distribution pattern are real, or represent artifacts or errors in the data.

Finally, the integral molecular weight distribution is shown in Fig-
ure 7 and differential molecular weight distribution is shown in Figure 8.
These transforms were made using Equations 11 and 14 with the Mark-
Houwink constants K’ = 6.31 x 10> and a = 0.8 for weight-average,
molecular weight samples as measured by Shawki and Hamielec (16). The
shape of these curves are what one would expect for a fraction of poly(1-
amidoethylene) obtained from a free-radical polymerized polymer. The
high molecular weight tail of the distribution is a common and character-
istic aspect of this polymer. It should be noted that the transformation of
sedimentation coefficient as given in Figures 5 and 6 to molecular weight
as given in Figures 7 and 8 generates a profile with shifted position and
relative magnitude. The peak at 4s seen in Figure 6 shifts to a molecu-
lar weight peak of 220,000 in the molecular weight distribution given in
Figure 8. The one s unit displacement to the shoulder at 5s seen in Fig-
ure 6, which implies a significant weight fraction of sample sedimenting
with coefficients between 4s and 5s, truncates to a minor inflection in the
differential molecular weight curve given in Figure 8, while the monotonic
tail from 5.5s to 14s in Figure 6 expands to the long 1,000,000 to 4,500,000
molecular weight tail of Figure 8.

The average limiting viscosity number and weight-average molecular
weight were calculated by using Equations 10 and 11. These values increase
with an increase in the number of zones into which the sedimentation fringe
curve is broken, because increasing the zones leads to greater inclusion of a
region that is much higher in molecular weight. The values obtained for 10,
20, and 50 zones are shown in Table I for both the 80 and 100 min. patterns.
The values for the 80 min. patterns rise more sharply with the number of
zones. The 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
time. From the data in the table one can estimate an average molecular
weight of about 5.5 to 6.5 x 10° and a limiting viscosity of 2.2-2.5.

Since increasing the number of zones used to measure the above av-
erages incorporates more of the high molecular weight tail of the polymer
sample, the measurement with the highest number of zones should be the
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Figure 4. Determination of limiting sedimentation coefficient for 9 weight
fractions of the poly(1-amidoethylene) standard based on equation 2.
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Figure 5. A plot of G(s), the integral sedimentation distribution pattern
with s shown in svedbergs.
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Figure 7. A plot of the integral molecular weight distribution for the poly(1-
amidoethylene) standard.
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Figure 8. A plot of the differential molecular weight distribution for the
poly(1-amidoethylene) standard.
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Table I. Average Limiting Viscosity Number and Weight-average, Molec-
ular Weight for the Poly(1-amidoethylene) Sample

M, x 10~5 [n]
Number of Zones 80 min. 100 min. 80 min. 100 min.
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. Further-
more, the fringe pattern with the largest plateau region and a clear meniscus
will again include the largest fraction of the sample’s molecular weight dis-
tribution. The best data points should then come from the 80 min. pattern
analyzed with 50 zones. The sample was supplied as a 500,000 molecular
weight standard with M,, = 476,000 as determined by light scattering.
The value found from the distribution curve integration is 642,000, signif-
icantly higher than the label rating for the standard and 35% higher than
the molecular weight found by light scattering. The several averages for
the molecular weight distribution of the 80 min. pattern analyzed with 50
zones are M, = 127,000, M,, = 642,000, and M, = 2,011,000. The loss
of the high molecular weight end of the distribution with longer spinning
times is verified by a detailed analysis of the data. The sedimentation co-
efficients of the two bottom zones of the 80 min. run were 49th = 12.69
and 50th = 14.50. The sedimentation coefficient of the bottom zone of the
100 min. run was 50th = 12.24. Thus, in 20 minutes of spinning, mate-
rial with s between 12.24 and 14.5 was spun out of solution. The M, at
80 min., based on only the first 49 points, was 551,000 or 98.3% of the
M, from all zones of the 100 min. run. The method allows all molecu-
lar weight fractions of a sample to be observed when the fringe pattern is
photographed after spinning times of 40 min. or less. Further, this method
will allow a clearer and more quantitative distinction to be made between
contaminants and sample. In light scattering, if the sample scatters too
much light, it is filtered or spun to remove “dust.” If the sample were con-
taminated by macroscopic particulates, ultracentrifugation would show a
discontinuous high molecular weight tail. This contaminant could then be
excluded from calculation of molecular weight averages. If the “dust” to
be removed for a light scattering experiment is the high molecular weight
tail of the molecular weight distribution, this method would quantitatively
demonstrate that. A light scattering experiment would not show that the
results had been biased by removal of some of the sample.

The limiting viscosity number for the 80 min. pattern with 50 zones
is 2.50 dL/g as compared to an experimental value of 2.45 dL/g. The
experimental limiting viscosity number was determined from the data of
Table II.

The ratio of calculated [] to experimental [n] is 1.020. This result
is in strong contrast to the molecular weight values determined from the
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Table II. Viscosity of the Samples Spun in the Ultracentrifuge

Concentration Relative Viscosity
Sample Number (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

* Viscosity of solvent was 1.005 x 10~3 Pas.s at 20°C.

distribution since the [n] values match to within 2.0%. Since the rheological
properties of any polymer are controlled by the high molecular weight tail
of the molecular weight distribution, the [] values provide very strong
support for the validity of the method. Also, the [n] value obtained from
experiment was determined on the polymer solutions tested for M,,.

Errors

There are a number of factors to be considered in the evaluation of the mea-
surements. First, the average deviation of the fringe positions as calculated
from the averaging of three fringes is about 0.004 fringes. Thus, correction
of the sedimentation patterns with a baseline pattern doubles the deviation
to about 0.01 fringes. After the sliding least mean squares cubic fit, the
average deviation is reduced to 0.001 fringes.

However, there is a persistent variable problem in ultracentrifuge mea-
surements, namely the instability of the cell at high centrifugal fields arising
from distortion of plastic centerpieces and window gaskets. The usual test
for cell stability is examination of baselines at low speed and just after at-
taining the operating speed. (Sometimes additional baselines are obtained
after removing the rotor, shaking the rotor without removing the cell to re-
distribute the sedimented material, and obtaining 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 possibility that
the pattern continued to change further with time. Moreover, after dis-
assembly and reassembly of a cell, the baseline pattern usually changes;
hence, it must be measured for every experiment. For these experiments,
the baseline patterns deviate from one another by, at most, 0.05 fringes.
Baseline error leads to warpage of the interference fringe pattern; the mag-
nitude of this cannot be determined. An alternative method, sedimentation
equilibrium ultracentrifugation, does not require the high 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 solution, with
the error being less in the steeper parts of the curves. The plateau region
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was sufficiently free of random noise that the fringes values are accurate
to probably better than +0.02 fringes. The magnitude of this fringe error
in molecular weight units depends on the concentration of polymer in the
sample and position with respect to the plateau region of the spun solution.
As 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 in the plateau region.

Conclusions

A method has been developed for the calculation of detailed and absolute
molecular weight distributions for complex polymer samples. The method
enjoys the advantages of speed and comparative convenience with respect
to equilibrium ultracentrifugation and the much needed features of absolute
measurement and condition independence with respect to gel permeation
chromatography. The method requires that a sedimentation velocity exper-
iment be performed on at least three different concentrations of the polymer
in solvent. The solutions must be dilute and the Rayleigh interference pat-
tern photos of the sedimenting samples must be taken at equal times during
the experiment. Three fringes of the interference pattern are digitized, av-
eraged, and fitted with a polynomial. The polynomial can be differentiated
to give a curve which, when combined with a function obtained from the
Mark-Houwink equation, produces a differential molecular weight distribu-
tion. The differential form of the distribution can be integrated to give an
integral molecular weight distribution. Either distribution can be used to
calculate molecular weight averages or moments of the distribution. Appli-
cation of the method to a commercial poly(1-amidoethylene) standard gave
a limiting viscosity number that matched the experimental value to within
3% and weight average molecular weight that bracketed the value claimed
by the supplier.
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Chapter 6

Molecular Weight Distribution of Aspen Lignins
Estimated by Universal Calibration
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This study describes the application of differential vis-
cometry as a GPC 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 GPC,
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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perform poorly at the task of solubilizing lignins over a wide range of MW.
However, these solvents work very well with polystyrene-divinylbenzene
(e.g., p-Styragel) column packing materials, causing no perceptible column
deterioration (18). Apart from these important limitations presented by
conventional “GPC” methodology to the study of lignin MWD is the issue
of the complexity of these polymers even in ideal solvents. Conventional
GPC is effective in estimating MW of unknown polymers of similar or iden-
tical chemical structures to those used to calibrate columns. The elution of
polymers of unknown (or imprecisely known) chemistry, degree of branch-
ing, shape, degree of solvation, and degree of repeating units (as in chemical
copolymers) can be treated only “phenomenologically” with conventional
SEC. The result of the size exclusion method (if chemical interactions can
be assumed to be negligible) is the separation of solutes on the basis of
their respective hydrodynamic radii, Ry. This information, alone, is not of
great utility.

Size exclusion chromatography has been greatly enriched recently by
the advent of two commercial detectors, the real-time differential viscometer
(DV) and the low angle laser light scattering (LALLS) photometer. The
only DV detector currently available is offered by Viscotek in Porter, TX,
as the model 100.

This study reports the first application of universal calibration via
HPSEC-DV to four acetylated hardwood lignins obtained from aspen (Pop-
ulus tremuloides) wood meal by ball milling and solvent extraction; steam
explosion followed by alkaline extraction; organosolv pulping followed by
water extraction of the associated sugars; and dilute sulfuric acid hydroly-
sis followed by sodium hydroxide extraction.

Materials and Methods

Chemicals and Standards. All chemicals and HPSEC eluants used in
this study were obtained from major chemical suppliers (J. T. Baker,
Fisher Scientific, and Aldrich). The THF used was Fisher HPLC grade.
The MW standards used to calibrate the three column system were
obtained from American Polymer Labs, Mentor, Ohio [polybutadienes
(narrow MWD): PB900, PB1K, PB3K, PB5K, PB23K, PB43K; poly-a-
methylstyrenes (narrow MWD): PAMS6K, PAMS23K, PAMS66K; poly-
methylmethacrylates (broad MWD): PMMA17K, PMMA35K, PMMAT5K,
PMMAI100K] and from Polymer Labs, England [polystyrenes (narrow
MWD): PS1250, PS1700, PS2450, PS3250, PS5050, PS7000, PS9200,
PS11600, PS22K, PS34K, and PS68K; and polymethylmethacrylates (nar-
row MWD): PMMA3000, PMMA10K, PMMA27K, PMMAG6OK, and
PMMA107K]. Three synthetic polystyrene star-polymers from Polysciences,
Warrington, Pennsylvania, were also used [Mn = 7000, lot # 55687; Mn
= 59,200, lot # 71520; Mn = 126, 900, lot # 55690; and Mn = 116,700, lot
# 55689]. Other MW standards examined included four phenyl-tetramers
which were supplied as generous gifts from Dr. J. A. Hyatt at Eastman Ko-
dak Labs. These model compounds were prepared by a modified enolate ad-
dition method (19) and include biphenyl tetramer hexaacetate (Cs4HgsO20,
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MW = 1034), biphenyl tetramer hexaol (MW = 782), 3-O-4 tetramer hep-
taacetate (Cs5HesO22, MW = 1078) and (-O-4 tetramer heptaol (MW
= 784). The Igepal™ (GAF Corp., sold through Aldrich) standards F.W.
= 749 and 1982 were also examined. Two synthetic polymers prepared by
anion-initiated polymerizations of a quinonemethide according to the pro-
cedure of Chum et al. (20) were treated as intermediate MW lignin model
polymers.

Lignin Samples. Ball-milled (BM) aspen lignin was prepared following the
procedure of Lundquist et al. (21). The yield of purified milled wood lignin
obtained was usually about 10% w/w that of ethanol/benzene-extracted
aspen wood.

Alkaline-extracted /steam-exploded (AESE) aspen lignin samples were
prepared from steam exploded wood samples (55 s residence time at 240°C)
obtained from Iotech Corp. Exploded wood pulp was treated with a series
of carbon tetrachloride and alkaline extractions (12).

Alkaline-extracted/acid hydrolysis (AH/NaOH) lignin samples were
prepared by subjecting aspen wood flour to a one hour cook at 120°C in
0.05N sulfuric acid (22), followed by mixing the clarified supernatant with
1% w/w NaOH at 25°C with a Waring blender. The insoluble lignins were
precipitated by addition of acid and water washes (32% yield).

The organosolv (OS) lignin was prepared from the liquor obtained by
treating aspen wood flour with a 70:30 MeOH:water (v/v) extraction at
165°C for 2.5 hours in a rocking autoclave as described in ref. 23.

Lignin samples were acetylated following a method developed by Gierer
and Lindeberg (24) which allows quantitative recovery of lignins. Lignin
samples were stored frozen during the course of the study. Throughout
the study, freshly prepared solutions were investigated. However, no time-
dependence of MW data was observed in any of the techniques employed
when samples were occasionally reexamined after initial preparation.

Chromatography System. The HPSEC-DV system used in this study con-
sisted of a Beckman Model 100A dual-piston HPLC pump fitted with exter-
nal pulse dampening, a Beckman Model 210 injection valve fitted with a 250
1L loop, an SSI injection valve filter, a Hewlett-Packard Model 1037A high
sensitivity RI detector, and a Viscotek Model 100LC differential viscome-
ter. For studies of lignin concentration effects, a Knauer UV detector set
at 280 nm was used as well. The chromatography column system was com-
posed of three 7.8 x 30 mm columns (Beckman p-Spherogel, 10,000, 1,000,
and 5004) connected in series in order of increasing pore size. Calculations
were performed using the Viscotek Unical 2.71 software. All injections on
the HPSEC-DV system were made by overfilling the 250uL loop, thereby
providing a true 250 pL injection.

Narrow and broad MW standards were injected onto the HPSEC-DV
system at concentrations near 1 mg/mL and 2 mg/mL, respectively. Ini-
tially, in order to obtain a usable differential pressure chromatogram, the
lignin samples were injected at concentrations near 20 mg/mL, with an in-
strument (A-D amplifier) gain setting of 1 (0-1.0 volt Full Scale). As the
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work proceeded, a gain setting of 2 (0-0.1 volt FS) allowed examination of
lignin samples at concentrations of 4 and 8 mg/mL. As a test for lignin
association in THF at these concentrations, the organosolv lignin was chro-
matographed at initial injection concentrations of 0.5 and 1 mg/mL as well.
Concentrations of all standard and sample solutions studied were precisely
determined by weighing the dry materials to the nearest 0.0005 mg using a
Sartorius Ultramicro balance Model 4504 MP8. Lignin samples examined
by HPSEC-DV were made to concentration immediately before injection.
The organosolv lignin samples were subjected to preparative column
chromatography in THF using a two column, pu-Styragel system from YMC,
Japan (5 cm x200 cm, 500 and 10004). A Beckman Model 110B pump,
Model 210 injection valve with a 2 mL loop, and a Model 153 UV detec-
tor with semi-preparative flow cell were used with these columns. Sample
loadings were usually 60 mg. Fractions were collected with an Isco Foxy
fraction collector with preparative capability and stored in Kimax screw-
topped glass tubes (25 x 150 mm) with Teflon-lined 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 extinction
coefficient of organosolv and ball milled lignin by conventional gravimetric
analysis, €270nm (g mL~!'cm~1) = 15,300 and 10,100, respectively, were
used to estimate the dried-weight equivalent of the concentrated fractions
recovered from preparative chromatography. These concentration values
are critical for meaningful estimation of MW using the Unical software.

Calculation of Results from Differential Viscometry and SEC. The familiar
relationship first expressed by Mark (25) and Houwink (26) in the 1940’s
is central to the concept of universal calibration first suggested by Benoit
et al. (27). In this relationship,

[0 = K'M*® (1)

[7] is the intrinsic viscosity, and K’ and a are known as the Mark-Houwink
constants and are specific to a polymer-solvent-temperature system. For
flexible, linear polymers, values of a are limited to the range 0.50 to 0.80.
Considering the derivations of equation (1), it can be predicted that
all molecules having the same value of [7]M would have the same value of
vh, the hydrodynamic volume. Also, if vy is the parameter that uniquely
determines the elution volume, V., these molecules should have the same
elution volume. The arguments presented by these authors do not predict
that the relationship between these parameters should necessarily be linear.
Most universal calibration curves shown in the literature that cover 4 to 6
decades of M show a definite upward curvature at high values of M (28).
Sources of error in this approach arise from both experimental and the-
oretical grounds. Modern theories of SEC retention mechanism are based
on the assumption that the size exclusion process uniquely determines the
elution volume, and yet the possibility of reversible adsorption is difficult to
dismiss and, where it occurs, errors in the interpretation may easily result.
As a warning for the application of universal calibration methodology, Cas-
sassa (29) indicates in a later paper that the quantity [7]M is not a truly
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universal elution parameter for SEC, but that both theory and experience
indicate that good results can be obtained for eluting species of similar
type (e.g., rod-like macromolecules of similar cross-sectional dimension in
a restricted size range or linear flexible polymer chains). Cassassa predicts
from theory, however, that over restricted ranges of M, a common (MM
dependence between random coil polymers and rod-like structures should
exist. Divergence often increases, however, when considering fit using data
over three orders of magnitude in M (30).

Application of universal calibration to unknown polymers using the
Viscotek Unical software, once the column system has been calibrated with
narrow MWD standards, is quite straightforward. A master calibration file
of narrow MWD standards was developed which incorporates the “peak
parameter” values calculated from one (or averaged from several) well be-
haved narrow MWD standard. These values correct for chromatographic
mismatch of the two detectors (RI and differential pressure) used in the
system and lead to the calculation of values that approximate a correc-
tion for peak broadening (7) and peak tailing (¢). These peak parameters
represent effects specific to the chromatographic system used in each lab-
oratory, and were determined for this study to be 0.256 mL, 0.280 and
0.256 for o, 7 (V), and 7 (C), respectively. The concentration value for
each sample processed by this procedure must be known accurately, as this
term enters into calculations of reduced viscosity, measured here directly
as specific viscosity, and the MW averages. An assumption central to the
data processing is that under chromatographic conditions sample dilution
is sufficient to assume that the reduced viscosity approximates the intrinsic
viscosity (or limiting viscosity number). The software can be used to cal-
culate the Mark-Houwink plots ([n] versus M) for each standard polymer
series. All polymer standards are then used to construct a universal cali-
bration plot of []M versus elution volume. The software can also be used
to recalculate the values of M, My, M, and M, 4, for the narrow MWD
standards used to construct the curve (approximately +£10% deviation for
M,, is observed in these recalculated values when compared with the val-
ues entered initially). Molecular weight averages are found for unknown
polymers (accepting the limiting assumptions discussed above) in a similar
way.

Application of Unical software also requires the selection of chromato-
graphic baselines, thus selecting the specific data taken for further analysis.
In the studies reported here, we choose to analyze only the polydisperse en-
velope from lignin elution, so that the distinct component which often elutes
near V; (the total column volume) was not included in the analysis.

Results and Discussion

Universal Calibration. The aspen wood lignin samples chosen for this study
were prepared by organosolv, steam explosion, dilute acid hydrolysis, and
ball-milling procedures.

Calibration curves were developed for HPSEC-DV using polymer stan-
dards including narrow MWD polystyrenes, polybutadienes, polymethyl-
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methacrylates, and poly-a-methylstyrenes. A set of broad MWD poly-
methylmethacrylates was also examined. All five standard curves indicated
very good fit to a linear function over the range of MW tested. The Mark-
Houwink parameters for a and —K'’ 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 PS, PAMS,
PB, PMMA, and PMMA-b standards, respectively. All Mark-Houwink pa-
rameters, a and K’, with the exception of a for the poly-a-methylstyrenes,
compare closely with those published by Haney and Armonas (31) using
identical conditions and instrumentation.

A universal calibration plot (log [g]M vs. elution volume) using these
five standards series was constructed (Fig. 1). Several other standard MW
polymers appropriate to lignin model studies were also examined. These
included two Igepals, four polystyrene star polymers, and four synthetic
phenyltetramers (two biphenyls and two §-O-4 linked tetramers). Of all
the standards examined, only the polystyrene star polymer preparation
indicated paucidispersity. Here, the elution of the lower MW component
(usually in preponderance) was considered in the calculations. With the
exception of one high MW star polymer, all these compounds were found to
fit universal calibration at least as well as the commercial polymer standards
(Fig. 1). Indeed, the fit of the low MW phenyltetramers (MW = 800-1000)
was important. The calibration curve constructed for use in this study
shows little or not curvature over the five decade range of log[n]M. This
observation is consistent with that of other workers (28,31), where the
lowermost portion of such curves approaches linearity, while over a wider
range of log[n]M some upward curvature is evident. Unical 2.71 software
allowed the calculation of a universal calibration curve from a broad MWD
standard, PMMA17K-b. This curve appears in Figure 1 as a dashed line.
Although some deviation at data extremes is apparent, the fit near the
lignin elution region is nearly identical to the curve from narrow calibration.

MWD of Acetylated Lignins. The first attempts at lignin chromatography
employed 250 uL injections of samples made to 20 mg/mL. This proce-
dure produced acceptable differential pressure signals; however, the very
high concentration was undesirable as it is known to induce solute-solute
interaction. After resetting the amplifier gain to 2 (a setting of 1 be-
ing the standard “default” value for the instrument), differential pressure
chromatograms with lignins at loadings of 2 mg (250 pL injections from
8 mg/mL stock solutions) were very well behaved (Figs. 2-4). Inspection
of Figures 2 and 3 reveals that the relative magnitude of the differential
pressure signal at higher MW is greater than that from the differential
refractive index detector. The four lignins were also injected on the chro-
matography system at a loading of 1 mg (250 pL from a 4 mg/mL stock
solution). These dual chromatograms proved to indicate the limiting sen-
sitivity for the broadly polydisperse lignin samples studied here. Although
the “smoothing” routines in Unical were capable of rendering these noisy
differential chromatograms usable, it was clear that a more dilute injec-
tion sample would not be meaningful. An example of the best dual chro-
matogram from a 1 mg loading (before smoothing) is shown in Figure 4U.
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Figure 1. Master universal calibration curve obtained with a Beckman
p-Spherogel column system in THF. The fit of narrow MWD standards,
polystyrene star polymers, and a single broad MWD standard (calculated
with Unical 2.71 software) are shown.
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Figure 2A. Dual chromatograms showing the elution of aspen AESE lignin from
the HPSEC-DV system. A 250 uL sample was injected from a freshly prepared 8
mg /mL stock solution. Viscotek A/D amplifier gain setting of 2 and RI detector
setting of 1x. Calculated molecular weights are also shown.
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Figure 2B. Dual chromatograms showing the elution of ball-milled lignin from
the HPSEC-DV system. Sample loading was the same as in Figure 2A.
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Figure 3A. Dual chromatograms showing the elution of aspen organosolv lignin
from the HPSEC-DV system. Sample loading was the same as in Figure 2A.
Calculated molecular weights are also shown.
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Figure 3B. Dual chromatograms showing the elution of AH/NaOH lignin from
the HPSEC-DV system. Sample loading was the same as in Figure 2A.
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Values for system “peak parameters” were found using a narrow dis-
tribution polystyrene standard (PS68K) before calculating MWD data for
the lignin samples from universal calibration. To check software and instru-
ment operation, several narrow MWD polystyrene and one broad MWD
polymethylmethacrylate standards were treated as unknown samples and
subjected to analysis with the universal calibration curve assembled from
all polymer standards files. It was found that the MWD could be estimated
for the “recalculated” polymer standards with errors between +5 and 10%
of the original value indicated by the supplier of the standard (e.g., M, for
PS11K and M,, and M,, for PMMA17K-b).

Table I illustrates the molecular weight averages found from uni-
versal calibration (narrow standards) for four aspen lignins and two
quinonemethide-derived polymers using the Unical software. The poly-
dispersities were the same within the experimental errors for all lignin sam-
ples. In contrast, the polydispersities found for the quinonemethide-derived
polymers by universal calibration were near 1.1. The molecular weight av-
erages found for the four acetylated lignins studied by universal calibration
were substantially larger than those determined from previous work using
conventional GPC (e.g., AESE and BM lignins from refs. 7 and 12 had
approximately one-third those values found by HPSEC-DV in the present
study).

Table I. MWD of Acetylated Aspen Lignins and Model Compounds from
Universal Calibration with Narrow Standards !

Samples/loading M, M, M, M, M, /M,
AESE/1 mg 1100 7300 34500 3300 6.7
AESE/2 mg 1900 7100 27000 — 3.7
0S/1 mg 1300 5200 16000 3200 4.0
0S/2 mg 1000 4400 18000 — 44
AH/NaOH/1 mg 2200 8100 38000 4600 3.7
AH/NaOH/2 mg 1300 6600 34000 — 5.0
BM/1 mg 3600 17300 46800 11500 4.7
BM/2 mg 9000 22000 47000 — 2.4
QM 34/0.25 mg 8700 10300 12400 9900 1.1
QM 33/0.25 mg 14700 16700 20000 16000 1.1

! Obtained in THF at 20°C with RI detection and Unical 2.71 software
(Viscotek, Inc.). For high loadings the system was set at RI = 1z and
20 PAFS, gain = 2; injections (250 pL) made from 8 mg/mL stock
solutions. For low loadings the detector settings were RI = 1/4z and
20 PAFS, gain = 2; injections (250 pL) made from 4 mg/mL stock
solutions.

The issue of column loading was further investigated by injecting 200
pL samples from stock organosolv lignin solutions of 5, 1 and 0.5 mg/mL.
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The composite chromatogram shown in Figure 4L clearly indicates that
an apparent increase in higher MW content occurs when column loadings
increase from 0.1 mg to 0.2 mg lignin. The 0.1 mg loading represents the
sensitivity limit, however, of the high sensitivity refractive index detector
used in this study. However, the 0.2 and 1 mg loadings (where most lignin
data were collected in this study) were nearly identical in distribution (see
Figure 4L). Comparison of the curves in Figure 4L with closely eluting pairs
of standard polymers indicated that the apparent increase in M, induced
by this concentration effect would be < 10%.

Chromatographic Fractionation of Organosolv Lignin. The preparative p-
Styragel column from YMC was loaded with 60 mg of organosolv lignin.
The resulting elution profile is shown as an insert in Figure 5. This figure
shows the relative distribution 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 all five zones were nearly identical.
Figure 5 also shows the superposition of the resulting chromatographic
analysis of four of these fractions. Fraction number five was omitted from
this analysis because this peak was not included in the standard procedure
used in establishing baselines for the four native lignins described earlier.
The total weight average molecular weight for the entire distribution (32)
was estimated using the relationship

Mw,tvt = EC,'M,'/EC,' (2)

where c is the concentration (here in milligrams) of each master fraction, i,
and M is the estimated M, of each master fraction from universal calibra-
tion. The value of My, 1t found using these four master fractions was 3800.
When considering the M,, from the chromatography of the unfractionated
organosolv lignin at a 1 mg loading was estimated to be 4400, the value
obtained from the organosolv fractions is in good agreement.

This experiment was designed to examine the possible bias the broad
polydispersities of the lignin samples may have on estimation of MWD by
universal calibration. These data indicate that no such contribution exists,
since the summation of the individual fractions of narrow(er) dispersity
lead to values of MWD similar to those found using Unical software for the
unfractionated lignin sample.

Conclusions

Although evidence exists that concentration effects may be important with
even acetylated lignins in THF, the effect of increasing column loadings
from 1 to 2 mg seems unlikely as the cause of the variance in MW shown
in Table I. This observation illustrates the more general problem in current
SEC-based “absolute” MW measurement: that of a limited concentration
window for analysis. The limiting value for sample concentration appears
to be near 1 mg per injection for HPSEC-DV, which is comparable to the
0.2-1 mg per injection range usable in HPSEC-LALLS (33). For studies
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such as these, an increase in sensitivity of one order of magnitude would
be highly valued and should be considered an area of focus for suppliers of
SEC detection equipment.

The determination that the low MW, acetylated aspen lignins exam-
ined actually fit universal calibration, however, must be deferred to future
studies comparing these data to results from LALLS and sedimentation
equilibrium analysis (if possible).

As a result of the dependence of universal calibration on column elu-
tion behavior (i.e., anomalous behavior due to adsorption or exclusion),
the contribution of the polymer “core” and “shell” components (33,34) to
hydrodynamic behavior must be fully understood if competent analysis of
block copolymers and branched heteropolymers is to be made. It is hoped
that with the advent of appropriate MW, composition, and branched poly-
mer standards, the limits of fit of universal calibration to biopolymers such
as lignin can be judged.
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Chapter 7

Molecular Weight Determination
of Hydroxypropylated Lignins

E. J. Siochi'?, M. A. Haney’, W. Mahn?, and Thomas C. Ward'?*

1Department of Chemistry, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061
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The number average molecular weight of hydroxypropy-
lated lignins (HPL) was determined using gel perme-
ation chromatography with a differential viscosity de-
tector (GPC/DV). Vapor phase osmometry was used to
provide comparative number average molecular weight
values to verify the results obtained by GPC. GPC/DV
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.

Lignin is an amorphous biopolymer second in natural abundance only to
cellulose. It is composed of phenylpropane units linked primarily through
ether bonds and constitutes 15-40% of the dry weight of wood. A combina-
tion of the abundance of lignins, its versatility due to the variety of sources
available and the recent interest in renewable resources have opened up
research into the potential applications of lignins in many fields (1-5). Due
to the inherent strength of lignin, it has been favored by researchers study-
ing structural materials. Lignins have been used as prepolymers for the
modification of synthetic polymers and as substitutes for various polymeric
materials (3, 6-8). Where the incorporation of lignins had adverse effects on
the mechanical properties of the resulting products, hydroxyalkylation of
the lignin employed has been found to improve the material characteristics

(6)-

In any structure/property studies on potential applications of lignins,
an important parameter is the molecular weight and molecular weight dis-
tribution (MWD). In recognition of this fact, a substantial number of papers

3Current address: Viscotek Corporation, 1032 Russell Drive, Porter, TX 77365
4Address correspondence to this author.
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have been published which report the use of vapor phase osmometry (VPO)
(8-11) and ultracentrifugation (12-16) for this purpose. More recently, gel
permeation chromatography (GPC) has gained advocates for lignin molec-
ular weight determination due to its ease of use and the short analysis
time (9,12,17-25). Although GPC is highly popular, the published data
treatments typically yield only relative and not absolute molecular weights.
This is the result of a calibration scheme using easily accessible polystyrene
standards whose conformations differ from lignins (14,26,27). While low
angle laser light scattering (LALLS) has been employed to avoid calibra-
tion problems, other difficulties subsequently emerge. These necessitate
corrections for absorbance, fluorescence and polarization (9,28). In recent
years, a number of viscosity detectors have been developed for use with
GPC in conjunction with the necessary concentration sensitive detectors
(29-40). Although such detectors are commercially available (39, 40), their
application to lignin MWD determination is rare. This lack of usage may
be related to the consensus that lignins have a three-dimensional network
structure which would not obey universal calibration, on which GPC/DV
is based.

The objective of this present work was to investigate the feasibility
of using GPC/DV for absolute molecular weight determination of hydrox-
ypropylated lignins. In order to verify the validity of the universal calibra-
tion method, vapor phase osmometry (VPO) was used to provide reference
number average molecular weight values. Comparisons with LALLS results
have also been made and will be reported in another publication.

Experimental

Materials. Hydroxypropyl derivatives of red oak, aspen and a hardwood
kraft lignin were studied. There were two samples of red oak. One, desig-
nated as “RO:PO”, is identical to the red oak HPL, but was made in larger
quantities to allow preparative fractionation. The aspen was an organosolv
lignin obtained from Biological Energy Corporation of Valley Forge, Penn-
sylvania. The hardwood kraft lignin was supplied by Westvaco, Charleston,
South Carolina. All of the above samples were derivatized according to the
procedure of Wu and Glasser (6).

Vapor Phase Osmometry. A Wescan Model 233 vapor phase osmometer
was used to obtain number average molecular weights. The lignin solutions
were made up with HPLC grade tetrahydrofuran (THF) and shaken man-
ually until the solutions were clear. The experiments were conducted at
30°C. Number average molecular weights were determined by multistan-
dard calibration (41), a procedure found to greatly enhance reproducibility
and accuracy of the results. Experiments were conducted immediately after
sample preparation and three days later.

Gel Permeation Chromatography. Polymer Laboratories narrow distribu-
tion polystyrene standards with nominal molecular weights of 1250, 2150,
3250, 5000, 9000, 34500, 68000 and 170000 g/mole were dissolved in HPLC
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grade THF. These standards were used for the construction of the universal
calibration curve.

Approximately 2.5 mg/ml solutions of the lignins were prepared in
HPLC grade THF. The solutions were made up immediately before GPC
was conducted and shaken manually for a couple of minutes until the solu-
tions were a clear brown color. GPC analysis was carried out on a Waters
150C ALC/GPC equipped with an optical deflection type differential re-
fractive index detector having a sensitivity of 1 x 10~® ARI units and a
Viscotek Model 100 differential viscosity detector. The chromatographic
conditions were: flow rate 0.9 ml/min, injection volume 200 ul, with Col-
umn Resolution repacked microstyragel columns having pore sizes of 500 A,
103 A, 10* A, 10° A and Ultrastyragel™ columns with pore diameters of
100 A and 10® A connected in series. Temperature was set at 30°C for
both the GPC and the differential viscosity detector. Experiments were
conducted on the first day and the third day of sample preparation.

Results and Discussion

Vapor Phase Osmometry. The calibration curve used to determine num-
ber average molecular weights by VPO is shown in Figure 1. The stan-
dards used were polystyrene with nominal molecular weights of 1250,
2150 and 5000 g/mole and sucrose octaacetate whose molecular weight is
678.6 g/mole. To use the calibration curve, a AV (voltage change related
to the lowering of solvent vapor pressure in solution) versus concentration
plot for the HPL sample was generated. The slope of such a graph was
determined and used to obtain the number average molecular weight by
interpolation from the calibration curve. Details of this unconventional
multistandard calibration will be published elsewhere (41).

The results of the molecular weight determination of the hydroxypropy-
lated lignins by VPO are shown in Table I. It may be noted that for all
samples, there was about a 20% increase in apparent molecular weights
between freshly prepared solutions and those tested three days later. It is
postulated that such an increase was due to a time dependent association
of the hydroxypropylated lignin molecules in solution.

Gel Permeation Chromatography. An example of a GPC/DV dual chro-
matogram is shown in Figure 2. The bolder trace is the DRI signal while
the finer trace is due to the viscosity signal. It may be noted that the
viscosity signal is significantly noisier than the DRI trace. This is a result
of the HPL sample molecular weight being near the lower detection limit
of the differential viscosity detector.

A summary of the results obtained from GPC/DV on the first day
and the third day after solution preparation is shown in Table II. For Red
Oak and RO:PO, the number average molecular weight decreased by ap-
proximately 6% from the first day to the third day. However, the intrinsic
viscosities increased. According to traditional polymer solution theory (42),
the product of intrinsic viscosity and molecular weight yields the hydrody-
namic volume; specifically, it has been shown that the molecular weight that
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Figure 1. VPO calibration curve.
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Table I. M,, from Vapor Phase Osmometry

M

n
Sample Day  (g/mole) % Diff.
Red Oak 1 1416 17.3
3 1684
RO:PO 1 1108 19.5
3 1348
Aspen 1 1393 19.3
3 1691
Westvaco 1 1499 21.0
3 1850

should be used in this expression is M, (43). Therefore, a significant in-
crease in the hydrodynamic volume for RO:PO over time is indicated. The
number average molecular weights for aspen and Westvaco HPL’s increased
by about 20% from the first day to the third day, which is consistent with
the results obtained by VPO. However, the intrinsic viscosity remained al-
most unchanged. Nevertheless, this brought about a dramatic increase in
hydrodynamic volumes for both specimens. It is recognized that in the case
of red oak the small change in hydrodynamic volume may be within exper-
imental error; however, the overall trend in these results reveals that there
was an increase in the hydrodynamic volumes of the lignins over time. This
observation may be evidence of the presence of time dependent association
of the HPL molecules in solution.

Table II. Results from GPC/DV

[n] M, [nIM

Sample Day (dl/g) (g/mole) (d1/mole)
Red Oak 1 0.041 1535 62.9
3 0.045 1433 64.5
RO:PO 1 0.032 1567 50.1
3 0.041 1473 60.4
Aspen 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 obtained from VPO and GPC/DV
is shown in Table III. The results reveal that the values of number aver-
age molecular weights obtained by GPC/DV compare favorably with those
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obtained from the VPO. Thus, GPC/DV is a reliable technique of obtain-
ing average molecular weights for lignins quite easily; more important, the
absolute MWD is also revealed. In addition, because GPC/DV yields in-
trinsic viscosity as well, one has the benefit of obtaining hydrodynamic
volume information. This advantage allowed for the acquisition of evidence
in support of the presence of association in lignin solutions.

Table III. M,, from VPO and GPC/DV in g/mole
Sample Day VPO GPC/DV

Red Oak 1 1416 1535
3 1684 1433
RO:PO 1 1108 1567
3 1348 1473
Aspen 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. Johnson!, Helena Li Chum!, and John A. Hyatt?

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 THF 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 THF varies from zero to 100%. To increase

0097—-6156/89/0397—0109$06.00/0
© 1989 American Chemical Society
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solubility and prevent interactions arising from the presence of hydroxyl
(alcoholic and phenolic) groups, lignins are often derivatized. Lignins are
mostly acetylated (4,5), but have also been methylated (6) and silylated
(7) prior to HPSEC. This study focuses on acetylated lignins and model
compounds but also includes underivatized lignin model compounds and
some other derivatives. Connors et al. (8) examined the use of solvents
of higher solvating power for the SEC of lignins, e.g., dimethyl formamide
(DMF) and dimethyl sulfoxide. However, the observation of multimodal
elution profiles in these solvents, even when using derivatized lignins where
hydrogen bonding between solute and solvent molecules should not occur,
complicates the use of these solvents. Elution of this type has been as-
cribed to solute-solute association. To overcome these associative effects,
salts such as LiCl and LiBr were added to give more unimodal elution pro-
files. The mechanism of association of lignin molecules and effects of adding
electrolytes has been discussed by Sarkanen et al. (9).

Changes in solvent can also alter the size and shape of molecules which
must strongly influence a technique relying on size exclusion for measure-
ment of molecular weight. Molecular size may also be altered by hydrogen
bonding of solvent molecules to solute molecules. This has been observed
in the HPSEC of underivatized phenols with THF as solvent (10,11). Pelli-
nen and Salkinoja-Salonen (7) have examined the HPSEC of a number
of lignin model compounds and their acetylated and silylated derivatives
using THF as eluant. They found no clear evidence of association or ad-
sorption of these compounds to the column gel; however, the relationship
between molecular weight and elution volume, while similar for both sets of
derivatives, was different from that of the underivatized model compounds
which eluted earlier by comparison. They postulated that this was due to
strong solvation of the underivatized model compounds. It would appear,
then, that lignins should be derivatized before HPSEC analysis; however,
the elution of the derivatized model compounds did not coincide with that
of the polystyrene standards.

HPSEC as a technique relies on transformation of elution time or vol-
ume into a scale of molecular weight, by observing the elution of polymer
standards of known molecular weight or MWD. This implies that the rela-
tionship between size and molecular weight of the standards and polymers
under investigation should be at least similar. With linear homopolymers,
standards can usually be found so that good calibrations can be made.
With more complicated polymers, e.g., branched polymers and copolymers,
calibration becomes more inexact. There are only a few lignin model com-
pounds of low molecular weight available for calibration and so other poly-
mers such as polystyrenes have been used. More polar solvents such as
DMF further complicate the use of chemically different standards as they
may well behave differently than the lignins being studied, through changes
in molecular size and from interactions with the column gel. The use of
more polar solvents can also affect the column gel causing swelling of the
gel beads and excessive back pressure. Any changes in pore size of the gel
will obviously have a large effect on SEC although the current gel polymers
are highly cross-linked to minimize this effect.
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Recently, efforts have been made to produce calibration standards of
higher molecular weight that are chemically similar to lignins, by step-wise
syntheses (12), anion-initiated polymerization of quinonemethides (13), and
preparative HPSEC of acetylated lignins (14). Knowledge of the molecular
weights of these materials is either built into the method of preparation or
determined by absolute methods such as sedimentation equilibrium mea-
surements.

This study compares elution of lignin model compounds and model
polymers in two solvents of similarly high solubility parameter (9.9 for THF
and 12.1 for DMF), but with quite different fractional polarities (0.075 for
THF and 0.77 for DMF) (15). Elution of model compounds is compared to
that of acetylated lignins so that inferences may be made concerning molec-
ular structure and the various interactions that occur between lignins and
the HPSEC system. Any evidence of association of the model compounds
and model polymers is of particular interest. The effects of modifying DMF
by addition of LiBr and formic acid are also assessed particularly to over-
come associative effects. Narrow MWD standards are included to study
the difference in their elution compared to the lignin model compounds as
solvent composition is changed.

Experimental

High performance size exclusion chromatography was performed using a
Hewlett-Packard HP1090 liquid chromatograph containing an HP1040A ul-
traviolet diode array (UV) detector after which was connected an HP1037A
refractive index (RI) detector.

Two columns (30x 0.8 cm each) containing polystyrene-divinyl benzene
gel beads (10um diameter) with nominal pore diameters of 5004 (Altex,
p-Spherogel) and 100A (Polymer Laboratories, PL-Gel) were used con-
nected in series. These columns were chosen to give maximum resolution
in the molecular weight range of the model compounds to be studied. The
columns were maintained at 28°C and injections (5-10 pL) were made with
an automatic injector of samples (1-2 mg/mL) that were dissolved in the
eluant being used. The solvents used were chromatographic grade THF and
DMF (Burdick and Jackson or similar quality). Formic acid (Aldrich, 96%
ACS reagent grade) and lithium bromide (Aldrich, 99+%, anhydrous) were
used without further purification for the higher ionic strength DMF eluants.
The five eluants studied were pure THF and DMF, a mixture of THF and
DMF (1:1 on a volume basis), DMF containing formic acid (5 wt%) and
DMF containing lithium bromide (0.1 M). A flow rate of 1.0 mL/min was
used throughout this study. The reproducibility of retention volume was
measured by following the elution of toluene included in many samples as
an internal standard.

The polystyrene (PS) and polymethylmethacrylate (PMMA) narrow
molecular weight standards were obtained from three kits (Polymer Lab-
oratories, S-L-10, S-M-10 and M-M-10) covering the range from 3,000,000
to 500. Five nonylphenyl-terminated polyethylene oxides (Aldrich, Igepals)



Publication Date: July 31, 1989 | doi: 10.1021/bk-1989-0397.ch008

1i2 LIGNIN: PROPERTIES AND MATERIALS

with molecular weights of 4600 to 300 were also studied. The monodis-
perse lignin model compounds were prepared by a modified enolate addition
method (12). Other monodisperse lignin model compounds were prepared
as described by Himmel et al. (16). The synthetic lignin model polymers
(a, B-bis(0-4-aryl) ether bonded) were prepared by anion-initiated polymer-
ization of a quinonemethide according to the procedure of Chum et al. (13).
The structures of the lignin model compounds and polymers are shown in
Figure 1. The lignin samples were prepared by organosolv pulping of aspen
wood in aqueous methanol (70 vol%) with sulfuric acid catalyst (0.05 M)
as described by Chum et al. (17). Before analysis the lignins were quan-
titatively acetylated using a method developed by Gierer and Lindeberg
(18).

Results and Discussion

With THF as the solvent the retention times of the PS, PMMA and Igepal
standards were obtained. Figure 2 compares the elution of these three sets
of standards on the column set used, and shows a curve obtained by a
non-linear least squares fitting of this data. Considering the differences in
chemical structure of these polymers, it is surprising that such a good fit
was found. This suggests that the change in hydrodynamic volume with
molecular weight of these polymers is similar.

Figure 3 compares the elution in THF of the lignin model compounds
having free phenolic groups (squares) to those in which the phenolic groups
were derivatized (stars). The solid line that is shown is the calibration
curve obtained by non-linear least squares fitting of the retention times
of the standard PS, PMMA and Igepal polymers. The model compounds
with derivatized phenolic groups eluted later than predicted by this curve.
Pellinen and Salkinoja-Salonen (7) observed a similar result using a different
set of lignin model compounds which they acetylated and silylated. A
best fit of the derivatized models is shown as the dashed line in Figure 3
and appears to parallel the calibration curve. The reason for the later
elution of the derivatized models relative to the polymer standards is most
likely that they have a relatively smaller hydrodynamic volume per unit
molecular weight than the polymer standards. Alternatively, elution of
the derivatized lignin models may have been delayed by adsorption to the
column gel. When using THF as solvent, adsorption has been reported for
highly condensed aromatic compounds (10,11). The dashed line could be
used as a calibration for acetylated lignins but covers too small a range of
molecular weights even for low-molecular-weight lignins.

Apart from one compound (II), the lignin model compounds that had
free phenolic groups eluted at close to the retention times predicted by
the calibration curve from the polymer standards and not from the deriva-
tized model compounds. This could simply be a result of the underivatized
models having a similar variation in hydrodynamic volume with molecular
weight as the polymer standards. However, it is to be expected that sol-
vation of the underivatized model compounds should occur with THF as
solvent (10), with hydrogen bonding of one THF molecule to each under-
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ivatized OH group, the degree of hydrogen bonding being higher the more
acidic the OH group. This would make the underivatized models large for
their molecular weight relative to the derivatized model compounds and
explain why they elute earlier than the derivatized models. The behavior
of compound III, the biphenyl tetramer hexaol, appears anomalous.

The effects on the column parameters, void volume (V,) and total per-
meation volume (V;), of changing the eluant were also examined. The void
volume was determined by following the retention volumes of the largest
PS (3000K) and PMMA (1300K) polymers. As can be seen from Table I,
the void volume appeared to increase slightly as the polarity of the solvent
was increased, although the change in retention volumes could have other
causes, especially as the PS seemed to increase more than the PMMA.

Table I. Investigation of Changes in V; and V,

Retention Volume (mL)

THF THF/DMF DMF DMF/LiBr DMF/HCO: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
Me THF 18.41 18.24 23.07 23.67 23.59
THF 18.19 22.91 23.35 23.32
Me Formate 18.61 19.34 19.50 19.52
DMA 18.74 18.25 19.30 19.26 19.19
DMF 18.88 18.36

DEF 18.28 19.44 19.43
V, 18.30 18.30 19.40 19.40 19.40
3000K PS 8.99 8.99 9.01 9.26 9.26
1300K PMMA 9.13 9.11 9.19 9.22 9.26
Vv, 8.99 8.99 9.00 9.07 9.11

Me THF = methyl tetrahydrofuran; Me Formate = methyl formate; DMA
= dimethyl acetamide; DEF = diethyl formamide.

Approximate values for V, were determined using 16 compounds, some
of which are included in Table I, with molecular weights of about 100 or
less and containing a variety of functional groups. In THF the retention
volumes of these compounds fell within a fairly narrow range within about
+5% of V;. By comparison, the reproducibility of retention volume for
toluene in THF was 0.01 mL and in DMF was 0.14 mL. As exemplified
by the retention times of hexane, toluene and dioxane in Table I, increas-
ing the solvent polarity substantially increased the retention volumes of the
more non-polar compounds to as much as 50% more than the estimated V;.
This is almost certainly an adsorption effect, with the relatively non-polar
column packing increasingly retaining the non-polar solutes as the solvent
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polarity increases. The best estimate of V; was obtained by following the re-
tention volumes of compounds chemically similar to the solvent being used.
These were detected using the refractive index detector. For THF, V, was
estimated using methyl tetrahydrofuran. For the DMF containing eluants,
dimethyl acetamide, diethyl formamide, etc., were used. The narrow range
of elution volumes for all the THF and DMF analogues when using the
mixed THF /DMF solvent appears to justify this approach. The increase in
V. of about 1 mL with the more polar solvents represents about a 10% in-
crease in the pore volume of the packing material. The small increase in V,
and larger increase in V; may or may not be consistent with swelling of the
polymer beads. Because of the change in column parameters, comparison
of solute elution with change in solvent was subsequently made after cal-
culation of solute distribution coefficients (Kp =(V,—V,)/(V:—V,) where
V, is the solute retention volume) (19).

Figure 4 shows the change in elution of the polystyrene standards with
a change in solvent. The retention volumes of the PS polymers substan-
tially increased as the solvent polarity increased such that in DMF and
DMF modified with LiBr and formic acid, elution beyond V, was observed.
Similarly, but to a lesser extent, the elution volumes of the other polymer
standards (Table II) also increased. An increase in Kp may be explained
by either a solute-solvent or a solute-column gel interaction. It is certainly
conceivable that a change in solvent could produce a change in the hydro-
dynamic volume of a solute. Large molecules are considered to be primarily
random coils in solution. The coiled orientation of the molecule, and there-
fore its hydrodynamic volume, is likely to be strongly affected by the solvent
being used. Small molecules have less flexibility so this mechanism of size
change should be less important for small molecules. The formation of
solute-solvent complexes via mechanisms such as hydrogen bonding would
increase molecular size resulting in smaller Kp. A decrease in molecular
size will increase the Kp of a solute; however, Kp should not be greater
than 1 unless solute adsorption to the column packing takes place.

In this study the lower molecular weight PS were much more strongly
affected by the changes in solvent with Kp values up to 1.5 being observed.
The PMMA were affected to a much lesser extent and the Igepals the least
of all by the solvent changes. The PS are clearly being retained by the
column gel by adsorption as solvent polarity is increased. Since the column
gel is a copolymer of styrene and divinyl benzene and is chemically similar
to the PS standards, affinity of the PS for the packing material should
increase as solvent polarity increases. The lower molecular weight PS are
more strongly affected probably because they permeate a larger fraction of
the total pore volume. Any effect due to change in size of the PS polymers
is obscured by the strong adsorption effect. The smaller increases in Kp
for the PMMA and Igepals are probably the result of a lower affinity of
these polymers for the packing material although the influence of increased
molecular size as a counterbalance to adsorption may also be important.
As has been noted before (3), PS are very poor standards for HPSEC when
using DMF-based solvents, as they exhibit substantial non-size exclusion
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Table II. Effect of solvent changes on elution of PMMA and Igepals

Solute Distribution Coefficient (Kp)

Mol. Wt. THF THF/DMF DMF DMF/LiBr DMF/HCO.H

PMMA
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. The other polymer standards could possibly be used, but only
if the polymers being analyzed experienced very similar non-size exclusion
effects.

Figure 5 shows a typical example of HPSEC of an acetylated lignin
in the various solvent systems. Addition of DMF to the mobile phase re-
sulted in a multimodal chromatogram with a substantial fraction of the
lignin polymer being excluded from the pores of the column gel. In fact,
elution of material up to 1 ml before V, was observed. This type of behav-
ior has been reported by several researchers and is generally attributed to
association of lignin molecules. Connors et al. (8), using dimethyl sulfox-
ide and p-styragel columns, observed association of both underivatized and
acetylated kraft lignins, indicating that the mechanism of association was
not through hydrogen bonding. In non-aqueous solvents, Ekman and Lind-
berg (6), studying exhaustively methylated lignins, and Chum et al. (3),
with acetylated lignins and DMF as solvent, also found association taking
place. Sarkanen (9) reported that underivatized organosolv lignins also ex-
hibited association during gel permeation chromatography on dextran gels
using aqueous sodium hydroxide as solvent. He proposed that interactions
of the highest occupied molecular orbital- lowest unoccupied molecular or-
bital (HOMO-LUMO) type could be governing these associative processes.
A number of researchers (3,8) have shown that addition of an electrolyte
(LiCl, LiBr, etc.) to the solvent disrupts molecular association so that uni-
modal elution of lignins is again obtained. From Figure 5 it appears that
neither formic acid (5 wt%) nor LiBr (0.1 M) could break all the associative
interactions, with formic acid being slightly less effective. These associa-
tive interactions have been observed with other polymers and it has been
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suggested (3) that addition of LiBr could eliminate association by shielding
the dipoles of individual molecules. By using model compounds a better
understanding of these interactions should be obtained.

Table III describes the effect of solvent change on the lignin model
compounds. None of the model compounds exhibited evidence of associa-
tion; all had unimodal elution in the different solvents. The Kp of the fully
derivatized model compounds tended to increase as solvent polarity was
increased, as had that of the polymer standards. As these are fully deriva-
tized, relatively small molecules, the possibility for size change through
interaction with the solvents is small. Increasing affinity for the column gel
as the solvent polarity increased is the most probable explanation for their
greater retention.

Table III. Effect of Solvent Changes on Elution of Lignin Model Compounds
and Polymers

Solute Distribution Coefficients (Kp)

Mol.Wt. THF THF/DMF DMF DMF/LiBr DMF/HCO.H
Fully Derivatized Models!

IA 1078 0.46 0.47 0.51 0.54 0.54
ITA 1034 0.49 0.52 0.58 0.62 0.62
IT1A 446 0.64 0.64 0.68 0.71 0.72
VI 378 0.70 0.68 0.75 0.77 0.81
viI 256 0.80 0.80 0.91 0.94 0.97
Partially or Underivatized Models

I 784 0.49 0.44 0.45 0.42 0.46
\% 408 0.66 0.62 0.67 0.65 0.70
111 320 0.66 0.59 0.59 0.57 0.61
v 304 0.68 0.64 0.66 0.65 0.69
VIII 196 0.82 0.74 0.75 0.76 0.77
IX 166 0.83 0.76 0.79 0.77 0.82
a, f-bis(0-4-aryl) Ether Bonded Model Polymers?

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

! The A indicates peracetylated derivatives of model compounds I, II
and III.

2 Apparent molecular weights for the lignin model polymers shown here
were determined by HPSEC.

The partially derivatized and underivatized model compounds had Kp
that appeared to vary quite differently. The Kp for these compounds were
generally lower in the mixed THF /DMF solvent than in the pure solvents.
Addition of LiBr in DMF generally resulted in lower Kp, whereas addi-
tion of formic acid resulted in higher Kp than were observed using the
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pure solvent. As these compounds have free phenolic and alcoholic hy-
droxy groups, it is likely that their size was substantially affected because
of hydrogen bonding with the solvents. However, the complex variability
of the behavior of these underivatized model compounds is probably due
to the combination of several interactions with the HPSEC system.

The effect of solvent change on the elution of the lignin model poly-
mers is also shown in Table III. All the polymers were increasingly retained
by the column gel as eluant polarity was increased. However, as can be
seen in the example in Figure 6, addition of DMF to the solvent produced
multimodel elution similar to that observed with acetylated lignins which
has been attributed to association. As observed with lignins, addition of
LiBr or formic acid prevented association with only a slight shoulder in the
chromatogram obtained in DMF /formic acid indicating that any associa-
tion remained. Comparing the chromatograms of the acetylated lignins and
lignin model polymers, it appears that the lignins associated to a greater
degree than did the model polymers.

The question posed by these results is: Why do the model polymers ap-
pear to behave like lignins while the model compounds do not? Chemically
the model compounds (e.g., IA and IIA) are more similar to the acetylated
lignins than are the model polymers. The linkages between Cg units in the
model compounds are either 3-0-4 or biphenyl which are two important
interunit linkages found in organosolv lignins. The linkages between Cg
units in the model polymers are a-0-4, but they do have a guaiacyl group
bonded to the B- carbon of the propyl sidechain. While the model poly-
mers are unacetylated, they have very few free hydroxyl groups. The model
polymers are produced by anion initiated polymerization of a quinoneme-
thide using hydroxide or methoxide. Chain propagation occurs by reaction
of the resulting phenoxide with the unsaturated a-C of the quinoneme-
thide, with termination occurring when the phenoxide reacts with a proton
instead. Consequently, the model polymers should only have one free phe-
nolic hydroxyl and one free aliphatic hydroxyl (or a methoxyl) per molecule
independent of their molecular weight. Despite the differences between the
acetylated lignins and the model polymers, their HPSEC behavior in the
various solvents is similar and different from that of the acetylated model
compounds. There is one property in which the model polymers are similar
and the model compounds are dissimilar to lignins, and that is their dis-
persity. The model polymers and lignins are polydisperse, while the model
compounds are monodisperse. Connors et al. (3) observed multimodal elu-
tion from gel permeation chromatography of a synthetic DHP lignin when
using DMF as solvent. Similar behavior was found for a kraft lignin in the
same system. Tentative conclusions that may be drawn from these results
are that high and low molecular weight components must be present for
association to occur with lignin-like molecules, such that complexes suffi-
ciently large to be excluded from the pores of the column gel are produced,
or that the complex three-dimensional structures of these molecules some-
how enhance associative interactions.

Experiments to obtain evidence of associative interactions between low
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and high molecular weight lignin-like components have been attempted.
HPSEC of mixtures of acetylated model compounds (IA, IIA and IIIA)
with an acetylated organosolv lignin were obtained using THF and DMF as
eluants. In all cases, no additional associative behavior was observed. The
HPSEC of the mixtures appeared to be simply the addition of the HPSEC
of the model compounds to that of the lignin. In THF no excluded peaks
were observed and in DMF the excluded peaks of the lignin were reproduced
without modification. There was no clearly discernible interaction between
these lignin model tetramers and dimer and the lignin molecules.

Conclusions

1. A physical change in the column gel was found when using the high
fractional polarity eluants made with DMF. There was apparently a
small increase in the void volume and approximately a 10% increase
in the total pore volume. The observed changes were reproducible as
the column set was cycled through eluants of high and low fractional
polarity.

2. Asshown previously in the literature, polystyrenes are strongly affected
by adsorption when using solvents containing DMF and polystyrene-
divinylbenzene gels. The PMMA, Igepals, derivatized lignin model
compounds, and lignin model polymers also appear to be affected by
adsorption but to a lesser extent. Unless a different column gel is used
for chromatography with DMF, this non-size exclusion effect is always
likely to be a problem.

3. The a, B-bis(0-4-aryl) ether bonded lignin model polymers exhibited
associative behavior on going to the high fractional polarity solvents
such as DMF/THF and DMF. The association was decreased by addi-
tion of 0.1 M LiBr more than by addition of 5 wt% formic acid. This
behavior is very similar to that observed for derivatized and under-
ivatized organosolv and other lignins. These simple linear polymers
are therefore good model polymers for lignins and should receive more
attention as calibration standards for the HPSEC of lignins.

4. None of the low-molecular-weight lignin model compounds used in
this study, derivatized or not, clearly exhibited associative behavior
in the presence of higher fractional polarity eluants. This indicates
that the self-association constants for these compounds in these media
are small, at least for the concentration range studied.

5. The chromatograms of mixtures of well-defined low-molecular-weight
lignin model compounds and a, 3-bis(0-4-aryl) ether bonded lignin
model polymers and acetylated lignins in high fractional polarity sol-
vents appeared to be merely additive. In the concentration range inves-
tigated, these mixtures did not exhibit evidence of association between
the low-molecular-weight compounds and the polymers, in addition to
that already exhibited by the polymers themselves within the experi-
mental errors of these measurements.



Publication Date: July 31, 1989 | doi: 10.1021/bk-1989-0397.ch008

8. JOHNSONETAL. MW Distribution Using Model Compounds 123

Acknowledgments

The authors wish to thank Dr. M. E. Himmel and Dr. S. Sarkanen for many
profitable discussions and suggestions. The support of the Biomass Energy
Technology Division of the U.S. Department of Energy through FWP BF82
is gratefully acknowledged.

Literature Cited

1.

2.

©

10.

11.

12.
. Chum, H. L.; Johnson, D. K.; Palasz, P.; Smith, C. Z.; Utley, J. H. P.

14.

15.

16.
17.

18.
19.

Yau, W. W_; Kirkland, J. J.; Bly, D. D. Modern Size Ezclusion Chro-
matography; Wiley: New York, 1979.

Provder, T. In Size Ezclusion Chromatography: Methodology and Char-
acterization of Polymers and Related Materials; ACS Symp. Ser. No.
245; American Chemical Society: Washington, DC, 1984.

. Chum, H. L.; Johnson, D. K.; Tucker, M. P.; Himmel, M. E. Holz-

forschung 1987, 41, 97-108.

. Faix, O.; Lange, W.; Beinhoff, O. Holzforschung 1980, 34, 174-76.

Faix, O.; Lange, W.; Salud, E. C. Holzforschung 1981, 35, 3-9.
Ekman, K. H.; Lindberg, J. J. Paperi ja Puu 1966, 46, 241-44.

. Pellinen, J.; Salkinoja-Salonen, M. J. Chromatogr. 1985, 328, 299-308.
. Connors, W. J.; Sarkanen, S.; McCarthy, J. L. Holzforschung 1980, 34,

80-85.

. Sarkanen, S.; Teller, D. C.; Hall, J.; McCarthy, J. L. Macromolecules

1981, 14, 426-34.

Philip, C. V.; Anthony, R. G. In Size Ezclusion Chromatography;
Provder, T., Ed.; ACS Symp. Ser. No. 245; American Chemical So-
ciety: Washington, DC, 1984; pp. 257-72.

Johnson, D. K.; Chum, H. L. In Pyrolysis Oils from Biomass: Produc-
ing, Analyzing and Upgrading; Soltes, E.; Milne, T., Eds.; ACS Symp.
Ser. No. 376; American Chemical Society: Washington, DC, 1988; pp.
156-66.

Hyatt, J. A. Holzforschung 1987, 41, 363-70.

Macromolecules 1987, 20, 2698-702.

Himmel, M. E.; Tatsumoto, K.; Oh, K. K.; Grohmann, K.; Johnson,
D. K.; Chum, H. L. In Lignin: Properties and Materials; Glasser, W.
G.; Sarkanen, S., Eds.; ACS Symp. Ser.

Somerville, G. R.; Lopez, J. A. In Solvents: Theory and Practice; Tess,
R. W., Ed.; ACS Symp. Ser. No. 124; American Chemical Society:
Washington, DC, 1973; pp. 175-85.

Himmel, M. E.; Oh, K. K.; Sopher, D. W.; Chum, H. L. J. Chromatogr.
1983, 267, 249-65.

Chum, H. L.; Johnson, D. K.; Black, S.; Baker, J.; Grohmann, K.
Wallace, K.; Schroeder, H. A. Biotechnol. Bioeng. 1988, 31, 643-49.
Gierer, J.; Lindeberg, O. Acta Chem. Scand. 1980, B34, 161-70.

In Sephadex Filtration in Theory and Practice; Pharmacia Fine Chem-
icals: Uppsala, 1979; p. 32.

RECEIVED March 17, 1989



Publication Date: July 31, 1989 | doi: 10.1021/bk-1989-0397.ch009

Chapter 9

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

Kaj Forss, Raimo Kokkonen, and Pehr-Erik Sagfors

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

FElution 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

0097-6156/89/0397—-0124$06.00/0
© 1989 American Chemical Society
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Figure 3. Molar mass as a function of retention volume for lignin sulfonates.
Column: Sephadex G-50. Eluent: water. (Reprinted with permission from ref. 1.
Copyright 1969 Wiley.)
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Figure 4. Molar mass as a function of retention volume for lignin sulfonates.
Column: Sephadex G-75. Eluent: water. (Reprinted with permission from ref. 1.
Copyright 1969 Wiley.)
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the molar masses of the lignin sulfonates show a straightline relationship
with the retention volumes (1).

In these experiments Sephadex G-50 effected fractionation of the lignin
sulfonates with molar masses of 5 000-50 000 dalton and Sephadex G-75
those with molar masses of 20 000-100 000 dalton. The molar mass de-
terminations carried out using the light-scattering and ultracentrifugal sed-
imentation velocity methods gave identical results. However, calibrating
the columns using light-scattering or ultracentrifugation is too awkward
for routine determinations. There is thus a need for readily available cal-
ibration standards of known molar mass that elute at the same retention
volume as lignin sulfonates of the same molar mass.

It should be noted that the relationships between molar mass and re-
tention volume for lignin sulfonates shown in Figures 3 and 4 are strictly
only valid for the samples studied in these experiments because lignin sul-
fonates are polyelectrolytes and thus interact with each other and with the
gel matrix of the column. The shape of the calibration curve is thus af-
fected by, among other things, the size and concentration of the sample (2).
Interactions between molecular species can be eliminated by eluting with a
suitable electrolyte.

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

The effects caused by the electrolyte nature of lignin sulfonates are elimi-
nated by using a 0.5M sodium chloride solution as eluent. This eluent is
made 0.1M with respect to Tris-HCl and buffered to pH 8 with hydrochloric
acid in order to dissolve the proteins used as calibration standards (Fig. 5).

The column is calibrated using proteins of known molar mass. The
relative retention volumes 0.0 and 1.0 are defined by the elution of Blue
Dextran (molecular weight 2 000 000) and sulfosalicylic acid (molecular
weight 218), respectively.

In the experiment described in Figure 6, four lignin sulfonate fractions
with known molar masses were eluted.

Figure 6 shows that the proteins used for calibration elute in the same
way as lignin sulfonates, which justifies the use of proteins as calibration
standards. A comparison between Figures 4 and 6 shows that elution with
an electrolyte solution fractionates lignin sulfonates in the range 3 000-
80 000 dalton, but that elution with water fractionates those in the range
20 000-100 000 dalton.

Because of the very high molar masses of enzymically polymerized
lignin sulfonates, Sephacryl S-300 is used as the gel matrix. The fraction-
ation range is 10 000 to 1 000 000 dalton. Even in this case proteins of
known molar mass can be used as calibration standards (Figs. 7 and 8).

One disadvantage of using salt solution as eluent is that the lignin
sulfonates tend to adsorb onto the gel matrix, resulting in a resolution
inferior to that obtained by elution with water. On the other hand, elution
behavior with water is adversely affected by the polyelectrolyte properties of
the lignin sulfonates. Adsorption, which is caused by the phenolic hydroxyl



Publication Date: July 31, 1989 | doi: 10.1021/bk-1989-0397.ch009

128

LIGNIN: PROPERTIES AND MATERIALS

A280nm MOLAR MASS
DISTRIBUTION, %

Il 1 A

0.00 0.20 040 0.60 0.80 1.00 120
RELATIVE RETENTION VOLUME

80000 40000 20000 10000 5000
4 . - — L— MOLARMASS

Figure 5. Fractionation of lignin sulfonates on elution through Sephadex

G-75.

Eluent: 0.5M NaCl, 0.1M Tris-HCI (pH 8).
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Figure 6. Calibration of Sephadex G-75. Eluent: 0.5M NaCl, 0.1M Tris-HCI,

pH 8
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Figure 7. Fractionation of enzymically polymerized lignin sulfonates
through Sephacryl S-300. Eluent: 0.5M NaCl, 0.1M Tris-HCI (pH 8).
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Figure 8. Calibration of Sephacryl S-300. Eluent: 0.5M NaCl, 0.1M Tris-HCI

(pH 8).
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groups of the lignin sulfonates, can be avoided by using a strongly alkaline
eluent to ionize the phenolic hydroxyl groups. However, the Sephadex G-75
used for the fractionation of lignin sulfonates in the molar mass range 3 000~
80 000 dalton is rapidly degraded by strong alkaline solutions. Sephacryl
is stable enough, but the high molar mass calibration proteins cannot be
used in strong alkaline solution.

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

Non-sulfonated lignins such as those from alkaline pulping processes are
insoluble in water but easily soluble in sodium hydroxide solutions. When
dissolved in and eluted with a sodium hydroxide solution, they show poly-
electrolyte properties, i.e., the molecular species interact. As revealed by
Figure 9, the fractionation result is strongly dependent on the sodium hy-
droxide concentration up to a concentration of 0.4M. A 0.5M sodium hy-
droxide solution is thus an appropriate eluent for fractionation on Sephadex
G-50 (3).

With 0.5M sodium hydroxide as eluent, Sephadex G-50 effects frac-
tionation in the molar mass range 1000-15000 dalton and can be used for
a period of 3-4 weeks with a single calibration carried out with proteins
and polypeptides of known molar mass, as revealed by Figure 10. Relative
retention volumes 0.0 and 1.0 are defined with Blue Dextran and phenol,
respectively.

Due to the dark color of alkali lignins, their molar masses cannot be
determined by means of the light-scattering method. However, as shown
by Figure 10, elution with sodium hydroxide also brings about a consistent
elution pattern of lignin sulfonates and polypeptides. It is assumed that
this also applies to the kraft lignins.

Fractionation on Sephadex G-25 using 0.5M sodium hydroxide as elu-
ent causes the low molar mass lignin components in black liquor to elute
in the relative retention volume range 0.3-1.3 with partial separation from
each other, as shown in Figure 11.

It should be noted that in this relative retention volume range elution
does not necessarily take place in order of decreasing molecular size, be-
cause, as seen from Figure 12, functional groups may have a greater effect
on elution behavior than molecular size (Forss, K.; Talka, E., The Finnish
Pulp and Paper Research Institute, unpublished results).

Summary

It has been shown that the molar mass distributions of lignin sulfonates
and kraft lignin can be determined by gel permeation chromatography.
Calibration of the columns with lignin sulfonates of known molar mass or,
alternatively, with commercially available proteins and polypeptides has
been shown to give the same result.

Because of the polyelectrolyte properties of lignins, elution is performed
with electrolyte solutions. If the lignins are water soluble and the column
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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.)
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Figure 10. Calibration of Sephadex G-50. Eluent: 0.5M NaOH (4).
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Figure 11. Fractionation of low molar mass lignin components in kraft black
liquor. Column: Sephadex G-25. Eluent: 0.5M NaOH.
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Figure 12. Fractionation of low molar mass model compounds. Column: Sephadex
G-25. Eluent: 0.5M NaOH.
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gel matrix is not stable enough in the presence of an alkaline eluent, the
elution is performed with 0.5M sodium chloride solution adjusted to pH 8
with 0.1M Tris-HCI buffer. If the lignins are soluble only in alkaline solution
the elution is performed with 0.5M sodium hydroxide solution.
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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 Procédes Papetiers Associ€ au Centre National
de la Recherche Scientifique, UA 1100, INPG, Ecole Frangaise
de Papeterie B.P. 65 F—38402 St. Martin d’Héres Cedex, France

Three methods of molecular weight determination were
mvestlgated and their application to lignins is discussed.
VPO gives suitable results for M, if adequate thermis-
tor beads are used. Reliable M, values are obtained
by LALLS 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, M) 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 M,, 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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Sedimentation equilibrium and light scattering are the two absolute
methods that have been used to determine M,, of lignins and lignin deriva-
tives. These methods, together with SEC, 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).

__This paper deals with a detailed analysis concerning the determination
of M,,, M,, and MWD of lignins using respectively VPO, low angle laser
light scattering (LALLS) and SEC. In addition, recent results obtained by
on-line LALLS-SEC are presented.

Results and Discussion

Vapor Pressure Osmometry. VPO is a very practical method for deter-
mining M, 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 K 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 - - 3775 - -
Dioxane - - 2680 4765 -

2-methoxyethanol 435 950 1445 2520 5690

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

Calibrating Molecular

Compound Weight K(ohm.mole~! kg)
Benzil 210 3775

POE 310 3750

POE 420 3790
Polystyrene 1790 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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of a sample of spruce dioxane lignin for eight hours with diethyl ether pro-
duced an increase of M,, from 1200 to 3000, the corresponding weight loss
being about 5%.

Conversely, the presence of macromolecular aggregates are not detected
adequately by VPO. A suitable change of solvent or a temperature increase
can lead to dissociation and a corresponding effect on M,. Tables III and
IV clearly show that this associative phenomenon is not relevant in the case
of two typical samples.

Table ITI1. M,, of Narrow Fractions of Spruce Dioxane Lignin

Fractions Dl D2 D3 D4 D5 D6 D7 D8 D9
M, (THF) 820 970 1250 1650 2250 3100 4000 5000 6050
M, (Dioxane) 800 970 1300 1700 2250 3100 4000 5000 6050

Table IV. M,, of Black Cottonwood Alkali Lignin Fractions in Different
Solvents and at Several Temperatures

Mn

2-methoxyethanol
_ THF
Sample M, 45°C 25°C 37°C 45°C 60°C

F-1 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 solubility limitation typical of lignin fractions,
chemical modifications have been envisaged. Obviously only those methods
giving nearly quantitative recovery are adequate for the purpose of measur-
ing M,. Table V shows results related to the acetylation technique where
only a slight increase in M,, is observed as expected.

Table V. M, of Spruce Alkali Lignin Fractions Before and After Acetylation
(in 2-methoxyethanol at 60°C)

M,
Sample Before Acetylation After Acetylation
SA-1 2000 2350
SA-2 2850 3150

SA-3 3850 4450
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Light Scattering Photometry. We will limit our discussion to LALLS be-
cause it constitutes a net improvement as compared to other methods of
M, determination. It has the advantage of providing absolute values of
the Rayleigh ratio by direct comparison of scattered and transmitted light.

R(6) = G(6)G(0)~! D(al)~! (1)

where R(0) is the Rayleigh ratio, G(6) and G(0) are respectively the photo-
multiplier readings for scattered and transmitted light, D is the attenuation
used for the measure of the transmitted light, and the product ol is an in-
strumental factor. Another advantage is that, owing to the small angle
between the incident and scattered beam, the form factor P(6) is equal to
unity. The equation relating the Rayleigh ratio to the molecular weight
thus reduces to: -

Kc/AR(0) = 1/M,, + 2Asc 2)

where c is the concentration (g.ml~!), A, is the second virial coefficient,
AR(6) is the difference between the Rayleigh ratios of the solvent and
the solution, and K is the light scattering constant which, for vertically
polarized incident light, is given by:

K = 4n*n®(dn/dc)’A~4N "1 (3)

where n is the solvent refractive index, dn/dc is the refractive index incre-
ment of the solution, A is the wavelength, and N Avogadro’s number. M,
is obtained by extrapolating Kc/AR(6) to zero concentration.

Nevertheless, in order to obtain reliable results with lignins, fluores-
cence, light absorption, and anisotropy must be taken into account. Fluo-
rescence is easily eliminated by the use of an adequate interference filter. It
is well known that lignins exhibit an absorption spectrum with a maximum
in the near ultra-violet tailing all the way into the visible.

The correction of absorption depends on the geometry of the cell and
of the scattering volume. Fortunately, in the KMX-6 instrument, the scat-
tering volume is at the center of the cell and the incident and scattered
beams are equally attenuated. Consequently the correction of absorption
is reduced to the measure of the intensity of the transmitted beam for each
concentration.

The net effect of anisotropy is an enhancement of the scattered light.
This excess scattering can be eliminated by measuring the vertical and
horizontal components of the scattered light with an analyzing polarizer.
These two components are complex functions of sinf and cosf (12). For
small values of @ setting sinf = 0(cosf = 1) results in a negligible er-
ror. The Rayleigh ratio corrected for anisotropy is then given by the usual
expression:

AR(6) = ARv(6) — (4/3)ARh(6) (4)

where AR(6) and A Rh(0) stand respectively for the vertical and horizontal
excess Rayleigh ratios.
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Tables VI and VII give results corresponding to two series of lignin
fractions obtained with a flow-through reactor (3). (The units for dn/dc
and A, are respectively ml.g™! and mole.ml.g~2). These results show that
LALLS allows the determination of low M,, values. The dn/dc values differ
from sample to sample but vary only slightly for a given set of fractions.
The second virial coefficient exhibits no definite trend. Negative values
indicate perhaps some association effects but light scattering alone is not
sufficient to ascertain this point.

Table VI. LALLS Results on Acidic Organosolv Lignin Fractions from Black
Cottonwood

Fraction
Parameter 1 2 3 4 5 6 7 8
M, 1500 2550 4000 9000 19000 29000 59500 74000
dn/dec 0.168 0.159 0.157 0.157 0.156 0.157 0.159 0.157
Ay.102 2.1 1.5 2.8 1.7 0.15 0.11 0.18 0.19

Table VII. LALLS Results on Alkali Lignin Fractions from Black Cotton-
wood

Fraction
Parameter 1 2 3 4 5 6 7 8
M, 4700 10500 11500 17500 24000 36000 43500 55000
dn/dc, 0.187 0.184 0.188 0.190 0.192 0.191 0.189 0.193
Ay.102 0 1.2 21 14 1.3 0.9 1.7 1.1

Size Ezclusion Chromatography. One can define three levels of interpreta-
tion in SEC. The first is a visual inspection of the weight fraction versus
elution volume curve. Knowing that for a pure size exclusion mechanism
the molecular weight decreases when the elution volume increases, this
gives a picture of the distribution and allows a qualitative comparison of
samples. The calibration and subsequent calculation of average molecular
weights constitute the second level. The third level refers to the correction
of column dispersion. Because the aim of this paper is the determination of
molecular weight averages, attention will be focused on the second level, as-
suming that all the problems associated with the first one have been solved.
This is an ambitious assumption but indispensable for proceeding to the
second level.

From the Q factor (13) to Benoit’s universal calibration (14) and the
more recent “southern calibration” (15), a lot of papers have been devoted
to this question. Unfortunately, the application of these procedures to
lignins has been unsuccessful. The best approach is the calibration of the
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columns with well characterized lignin samples of broad or narrow distribu-
tion (16). Another practice is the direct use of the calibration established
with polystyrene samples. When the exponents of the Mark-Houwink equa-
tion for both polystyrene and the sample under study are the same, this
method gives “relative molecular weights.” If the condition above is not
fulfilled, as for lignins, there is no simple relation between the calculated
molecular weights and the real ones.

Figure 1 shows the calibration curves for polystyrene and lignin in the
low molecular weight region. Even in this region where the effects of branch-
ing are reduced, there is no coincidence between lignin and polystyrene.
When the molecular weight increases the two curves diverge.

On-Line SEC-LALLS. The possibility afforded by on-line SEC-LALLS to
continuously calculate the molecular weight of the molecules eluting from a
set of columns allows one to overcome the calibration problem. In Figure 2
are shown the recorder traces for the vertical (Vv) and horizontal (Hv)
components of the scattered light, the transmitted light (GO) and the con-
centration of the effluent (DRI) corresponding to an acetylated organosolv
hornbeam lignin. Note that these recordings need, at least, three sample
injections. The molecular weight averages are calculated by summing over
the elution volume range spanned by the sample, the expression:

M, (i)e(i) = 1/[K/AR(8,1i) — 2A,) (5)

where M, (i) and c(i) are respectively the weight average molecular weight
and the concentration of the species eluting at v(i). K, A2 and AR(6,1)
have been defined above. The summation leads to:

M, = (Av/p)B{1/[K/AR(6,i) - 24,]} (6)

M, = 2C(’.)/E[C(i)/ﬁw ) (7

where p is the injected weight and Av is the elution volume increment. In
practice A, is neglected (17). Equation (6) shows that M, depends only
on the intensity of the light scattering signals. The value of M,, calculated
according to equation (7) is always higher than that obtained by absolute
methods.

A glance at curve Vv reveals an interesting feature. In the high molec-
ular weight region (small elution volumes) there is a small peak located
near the void volume. The absence of equivalent peaks at the same elu-
tion volume on the concentration detector and the horizontal component
curves indicates the presence of a small amount of high molecular weight
species in the sample. It remains to be ascertained if this high molecular
weight component is a fundamental characteristic of the sample or an ar-
tifact. Some experiments carried out in our laboratory show a tendency
for this peak to become reduced with storage time. Further experiments
are needed to elucidate the exact nature of this phenomenon. Fortunately,
the effect on the calculation of molecular weight averages is modest. For
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the sample studied the M,, value is 15000 instead of 12000 when the high
molecular weight component is neglected. The M, value is 4500 instead of
4000 determined by VPO.

Light scattering is very sensitive to high molecular weight compounds
but, on the other hand, low molecular weight components are not detected
and must be eliminated in order to avoid difficulties and to obtain reliable
number-average molecular weights as stated previously with VPO.

Conclusion

Lignins are polydisperse macromolecules whose average molecular weights
are rather low. Their determination by means of absolute methods becomes
now easy owing to improvements in techniques, and this in spite of many
problems inherent in the polymer itself.

_VPO appears to be the most practical colligative method for determin-
ing M ,,. Nevertheless, care must be taken concerning lignin purification and
drying, the purity of the solvent and instrument calibration. On the other
hand, reliable M, values can be obtained using LALLS if fluorescence, light
absorption and anisotropy are accounted for.

SEC alone allows only comparison between lignin samples. The cal-
ibration of the columns still remains a real problem. The association of
SEC with LALLS, following the procedure described here, is certainly the
best approach to determining molecular weight averages and the MWD of
lignin derivatives. However, there remains to be explained the appearance
of small amounts of high molecular weight fractions. This topic is presently
under investigation.

Experimental

Diozane Lignin. Spruce wood meal was extracted with a boiling solution
composed of 1000 ml dioxane and 10 ml HCI (sp. gr. = 1.19) (18). The
resulting lignin was then Soxhlet-extracted with diethyl ether and fraction-
ated by SEC (4, 18) to obtain narrow fractions.

Alkali Lignin. Black cottonwood platelets were cooked in a flow-through
reactor with 1.0N NaOH at 160°C flowing at a steady rate of about
17.5 ml.min~! (3). The effluent was collected as several successive fractions
from which lignin was precipitated and purified (3). The same procedure
was applied, at 170°C, to spruce matchsticks.

Organosolv Lignins. Acidic organosolv lignin was obtained from black cot-
tonwood using again a flow-through reactor (3). The delignification condi-
tions were methanol/water (70/30 v/v) in the presence of 0.01M H,SO4 at
150°C. The successive lignin fractions were recovered as described in Ref. 3.

Hornbeam chips were cooked in a batch reactor under the following
conditions: ethanol/water (50/50 v/v); catalyst: MgCl, 0.05M on o.d.
wood; liquor-to-wood ratio: 10; maximum temperature: 170°C for 3 hours.
The resulting organosolv lignin was recovered as described elsewhere (19).
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Quantitative Acetylation of Lignins. To avoid fractionation of the lignins
and loss of low molecular weight components, which occur in the usual
acetylation procedures, the quantitative acetylation described by H. Chum
et al. (20,21) was employed.

Vapor Pressure Osmometry. Number-average molecular weights were eval-
uated with a vapor pressure osmometer (Knauer) following a previously
described method (18).

Low Angle Laser Light Scattering Photometry. Weight-average molecular
weights were determined with a KMX-6 photometer (LDC/Milton Roy).
The light source was a 2 mW vertically polarized helium-neon laser (A =
632.8 nm). The instrument was equipped with an analyzing polarizer to
measure both vertical and horizontal components of the scattered light.
Fluorescence was eliminated by the use of an interference filter centered at
632.8 nm and with a band with of 4 nm. The solvent was 2-methoxyethanol
at room temperature. Solvent and solutions were clarified by filtration
through a 0.2 pm pore size teflon filter. The refractive index increments
were evaluated at 2040.01°C and A = 632.8 nm with a BP 2000 differential
refractometer (Brice Phoenix). The refractive index of the solvent was
determined under the same conditions with an Abbe refractometer. For
on-line SEC-LALLS, a flow-through cell was used.

High Performance Size Exclusion Chromatography. SEC was carried out on
polystyrene-divinylbenzene gels with porosites ranging from 100 to 104A.
The solvent, THF, had a flow rate of 1 ml/min. The detector was a differ-
ential 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.

Utilization of kraft lignins has been stymied by several factors: the diffi-
culty in producing purified material, inability to separate the kraft lignin
by molecular weight, and a general lack of understanding of kraft lignin.
In general, the phenomenon of association has greatly retarded the un-
derstanding and utilization of kraft lignins. Disagreement on the molec-
ular weights and molecular weight distributions of lignin preparations is
widespread, undoubtedly due to different degrees of association under many
different conditions (1). When the underlying mechanism and the condi-
tions affecting association are well understood, many of the difficulties in
characterization and utilization may be overcome. The viscosity of kraft
lignin solutions can be modeled as colloidal phenomena. The origin of the
colloidal particles may be association.

Association of kraft lignin is mainly based on internal and external
factors. The composition and the functional groups within the kraft lignin
structure are important internal factors in determining the thermodynamic
behavior of kraft lignin. The major groups are the aromatic ring (1/C9),
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carboxyl groups (1/C9), phenolic hydroxyl groups (0.6/C9), aliphatic hy-
droxyl groups (0.48/C9), and ether groups (1/C9). The extent of associ-
ation in kraft lignin solution will also change with external factors such
as solvent, alkalinity, concentration, ionic composition, organic additives,
time, and temperature.

There are four different mechanisms of molecular association: hydrogen
bonding (H-bonding), stereoregular association, lyophobic bonding, and
charge transfer bonding. H-bonding is a dipole-dipole interaction between
two electronegative atoms on which one has a hydrogen atom covalently
bonded. The high strength of these bonds (20 kJ) arises because the dipoles
are only separated by the very small hydrogen atom. Stereoregular associ-
ation occurs between two highly ordered polymers which share many van
der Waals interactions along the polymer chains. Many biological polymers
demonstrate stereoregular bonding, the most notable being the DNA dou-
ble helix. Lyophobic bonding is a misnomer for the exclusion of solutes
from solution because of the strong intermolecular attraction between the
solvent molecules. The major requirement for lyophobic bonding is the
development of a structure of the solvent molecules such as water and ben-
zene show. Charge transfer bonding is the sharing of positive and negative
charges as exhibited between cationic and anionic polymers.

A long history of association of kraft lignins in solution exists in the
literature, almost all of it based on the determination of molecular weight.
In 1958 Gross et al. (2) discussed H-bonding with respect to irreproducibil-
ity of MW measurements by cryoscopy. Benko in 1964 (3) suggested that
H-bonding or hydrophobic bonding was responsible for the changes in dif-
fusivity and viscosity of kraft lignins. In 1967 Brown (4) suggested that
H-bonding was responsible for molecular association in vapor pressure os-
mometry experiments for the determination of molecular weight. Lindstrom
in 1979 and 1980 (5) and Yaropolov and Tishchenko in 1970 (7,8) researched
the changes in viscosity of kraft lignin solutions and ascribed the increas-
ing viscosity with decreasing alkalinity to be due to intermolecular bond-
ing. Milled wood lignins have been shown to have intramolecular hydrogen
bonding primarily between the phenolic, aliphatic and ether groups. Some
intermolecular hydrogen bonding was observed with the gamma aliphatic
hydroxy groups (9).

The most recent work in this field has been performed by Sarkanen
and co-workers. A series of papers (10-13) propose that kraft lignin under-
goes stereoregular association between highly ordered fragments of the na-
tive lignin which remain after pulping. Bonding is predominantly HOMO-
LUMO interactions of the pi-orbitals of the benzene rings between large
polymers and small oligomers and is stoichiometrically constrained. The
major tool used in this work is size exclusion chromatography of precipi-
tated lignins, with a variety of supporting evidence. The major findings of
this work are: (1) complexes in a variety of solvents can be broken down
with ionic additives; (2) the molecular weight distribution of precipitated
kraft lignins is very similar below 4000 daltons; (3) dissociation is favored
by working at high alkalinity and low solute concentration.

In Lignin; Glasser, W., e a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1989.



Publication Date: July 31, 1989 | doi: 10.1021/bk-1989-0397.ch011

146 LIGNIN: PROPERTIES AND MATERIALS

A simple model of the degree of association has been presented (Wo-
erner, D.L.; McCarthy, J. L. Macromolecules, in press) in which the degree
of association is related to the solubility of the protonated lignin in neutral
water and the degree of ionization of the phenolic groups. The assumptions
are: (1) all ionized phenolic ions are in solution; (2) a certain fraction of the
protonated phenolic groups is soluble; (3) a single K, and solubility limit,
S, are applicable to all lignin species of all molecular weights. The funda-
mental reaction was ionization (Equation 1) and the degree of association
is given in Equation 2.

LOH = LO~ + H* (1)

K,
jom

Here S is the solubility of the lignin in neutral water, X is the fraction of
phenolic groups that have been ionized, and K, is the dissociation constant
of the phenolic groups. The pK, was determined to be approximately 11.4
from light scattering results and the solubility limit was measured to be
about 0.16 mass fraction. A reasonable fit of the permeate concentration
from ultrafilter experiments with a 10,000 molecular weight cutoff (MWCO)
was obtained.

1—%ass=S4+(1—S5)x X where 1/X =1+

Experimental Procedures

Two lignin preparations were used in this work. The primary kraft lignin
was isolated from a northern softwood mill liquor by precipitation and
washing following the procedures developed by Kim (14). The precipitated
lignins were separated into three groups: FAM (fully associated molecules)
were the as-precipitated molecules, SAM (small associating molecules) were
molecules from FAM which were able to pass a 10,000 MWCO mem-
brane, and LAM (large associating molecules) were the FAM molecules not
able to pass the 10,000 MWCO membrane. The LAM solution contained
some low molecular weight material. A fourth lignin sample was obtained
from the non-precipitated lignins and called NASM (non-associating small
molecules). The second kraft lignin was Indulin AT obtained from Westvaco
Corp., Charleston, S.C., and was used as obtained.

The lignin was analyzed for concentration and molecular weight dis-
tribution. The concentration was obtained by UV absorption at 280 nm
assuming the validity of Beer’s law with an absorption coefficient of 20 cm
mL/g. The molecular weight distributions were obtained following Sarka-
nen (10) using Sephadex G-100 in a 25 mm by 70 em column (Pharmacia).
All data were collected and analyzed by Fortran computer programs written
at the University of Maine following Yau (15).

The membrane sampling technique was used extensively to get samples
which were representative of the solution in equilibrium with the associated
complexes. Briefly, the sample is equilibriated in a sealed polyethylene
container under nitrogen at least overnight. A 200 mL portion of the sample
is placed in the ultrafilter cell (Amicon 8200) with an XM300 membrane
(Amicon 300,000 MWCO). Earlier studies (Woerner, D. L.; McCarthy, J.
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L., Macromolecules, in press) had shown that this membrane did not allow
associated complexes to pass through the membrane. The cell is pressurized
with nitrogen. The first 5 mL of permeate are discarded, and then a 2 mL
sample is taken for analysis. The ultrafilter conditions were adjusted to
minimize concentration polarization, CP (16), by using a stirrer rate of
390 rpm and 60 kPa pressure drop across the membrane. At high lignin
concentrations CP could not be avoided and many different stirrer rates
and pressures were used to provide a correction for CP.

The results are often presented in terms of the rejection coefficient
which is a dimensionless number defined as

R=1-C,/Cy 3)

which allows direct comparison of results at different parent solution con-
centrations. The rejection coefficient is primarily a function of the mem-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>