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(ABSTRACT)

Star-like lignin-poly(propylene oxide) copolymers were prepared by chain-extending steam ex-
ploded lignins (tulipifera liriodendron) with propylene oxide and by subsequent endcapping with
ethylene oxide. Epoxidation of these copolymers was carried out with epichlorohydrin at room
temperature, using KOH as oxyanion forming reagent. The epoxidized compounds were
fractionated by solvent precipitation to remove poly(alkylene oxide) homopolymers and to prepare

fractions of narrow molecular weight distributions.

The epoxides were cross-linked with meta phenylene diamine yielding thermosets which were, de-
pending on lignin content, either low modulus elastomers, or high modulus materials with consid-
erable ductility. The modulus of elasticity was a strong and linear function of lignin content,

whereby the highest value was 1100MPa (57% lignin).

The curing reaction was of n*-order type, whereby the reaction order changed from close to one
at the beginning of the curing reaction to 2, once the reaction becomes diffusion controlled. Curing
induced partial demixing of the lignin and poly(propylene oxide) phases which yielded a secondary
structure where lignin rich domains in the order of 10nm were interspersed in a matrix of lignin poor
material. However, from TEM and 3C solid state cross-polarized NMR analyses it was evident that
the domain structure was not that of a classical micro-phase separated copolymer with well defined
phase boundaries, but rather had broad interphases. Additionally, the results of multifrequency

dynamic mechanical thermal analysis showed that the lignin containing thermosets have very broad



glass transition ranges which most likely were due to transitional phase inhomogeneities and pro-

vided these materials with good vibrational damping ability.
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1.0 Introduction

The ever increasing awareness that the raw material base for most human made materials is finite
has spumed an unprecedented effort to take a new look at renewable bio-based resources. Agri-
cultural products including wood are now viewed not only as supply for food, paper and structural
materials but also as feedstock for the chemical industry. But while drugs and other low molecular
weight chemicals are made to a certain extent from plant and agricultural residues, the production
of bio-based, high molecular weight structural polymers has not made significant inroads into the
oil based field. But it is especially in the area of structural biopolymers where one can find many
analogies and adaptation of “modern” polymer science principles. For instance, the two most
abundant organic compounds in the biosphere, cellulose and lignin, are both part of the intricately
designed biocomposite wood. Cellulose, as a semicrystalline rod like macromolecule acts as wood’s
reinforcing phase held together by a matrix of polysaccharide-lignin complexes. Although this is a
very simplified view of the composite wood, it neveﬁheless suggests that these two compounds can
be identified as potential candidates for similar use in human made materials and structures:
cellulose as fibrous, high tensile strength and modulus-possessing, semicrystalline polymer and
lignin as an amorphous network forming precursor. Although cellulose is used extensively for paper
and paper products, it lost its “pioneer” position it held at the dawn of the polymer age to oil based

polymers. The advent of new solvents and the prospect of controllable homogeneous phase re-
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actions might reverse this trend. But it is lignin which, as a by-product of the pulping process, is
severely underutilized albeit its potential as a polyphenolic macromer is great. Nevertheless, the fact
that lignin is produced as a pulping waste product in huge quantities (5*107 tons/yr), its
renewability, and the uncertainty of future availability and price of oil based chemicals has triggered
numerous attempts in recent years to explore its potential as network polymer and its respective

use [1,2,3]

1.1 Lignin as Part of Synthetic Chemical Networks

Although much research has been carried out to pin down the molecular structure of lignin, con-
siderable uncertainty remains about its in vivo conformation. The early picture of a random
polyphenolic network has been partially abandoned in favor of a polysaccharide-lignin copolymer
structure abiding some degree of order [4,36]. The three dimensional random network is still con-
sidered a viable option for middle lamella lignin which accounts for about 20% of wood’s lignin.
By far the most lignin (70%) is found in the secondary wall [5] where it is partially distributed be-
tween the ordered arrays of cellulose microfibrillar structure. Its role there encompasses among
others the protection of the fibrils and to act as stress transfer agent [6]. Goring’s paradigm [4] of
lignin’s dual appearance as either order possessing structure in the secondary wall or as random
three dimensional network in the middle lamella has been supported elegantly by Leclerc on the

basis of percolation theory of lignin degradation [34].

Lignin as it is isolated during pulping processes is chemically altered and does not reflect its in vivo
molecular weight and conformation characteristics. As a structure of inter linked phenylpropane
units it has, depending on the pulping method, number molecular weight averages ranging from
1 000 to several ten thousands [7,8,9] and very broad molecular weight distributions. Figure 1

depicts an example of an in vitro lignin structure. Most of the phenyl propane (C9) units are con-
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nected by ether or carbon-carbon inter-unit bonds with a probability of occurrence depending on
the = electron spin density of the biological lignin precursors coniferyl alcohol, sinapyl alcohol, and
p-coumaryl alcohol (see. Figure 2). But although there exist plant specific differences among the
lignins of which the most important is the differentiation between syringyl and guaiacyl lignin, these
variations are of lesser importance than those resulting from the various isolation methods once

lignin becomes incorporated into networks [10].

Except for lignosulfonates which are water soluble, lignins are insoluble in most organic solvents
and are therefore difficult to react with functionalizing agents. Thus, in order for them to be reacted
in homogeneous phase and to be made part of a covalent network, lignins must be physically or

chemically modified.

Numerous attempts have been reported to change lignins from a rather inert and insoluble com-
pound to a molecule which can be covalently incorporated into network structures. Some of them
like alkoxylation [11], phenolation [12,13], enzymatic modification by phenoloxidases from white
rot fungi [14], methylolation [15], ozonation [16], and the removal of low molecular weight species

by ultrafiltration [17] gained limited importance.

Many potential routes to lignin based thermosetting resins have been discussed in a recent review
[1]. By far the most important aspect of lignin concerning network formation is its phenolic char-
acter which permits crosslinking with formaldehyde or co-reacting with phenol-formaldehyde sys-
tems. Its use as replacement for traditional wood adhesives shows considerable promise [18].
Another very important class of polymeric networks where lignin has a potential role to play are
polyurethanes. Especially when the phenolic hydroxyls are replaced by one or more units of
alkylene oxide, lignin becomes a highly reactive polyol which can be crosslinked with di-isocyanates
[19]. By adjusting the NCO : OH ratio to about 1:4, full crosslinking of the lignins takes place [20].
The polyols can be tailored to form flexible or rigid materials by adjusting the aliphatic ether chain
length [21], or by co-reacting with glycols whereby the morphology can be controlled to range from

totally phase separated, rubber toughened thermosets [22] to complete homogeneous systems [23].
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Functionalization of lignins with vinyl groups by reacting them with isocyanatoethyl metacrylate
or meta-TMI and subsequent co-polymerization with styrene or MMA yield chemical networks
with a low sol fraction [24,37]. Epoxy functionalized compounds react with a variety of crosslinking
agents such as amines and anhydrides, and show very good mechanical and chemical properties.
Early reports of epoxidation of underivatized lignins appeared in the mid sixties [25,26]. These
epoxies showed good gluability to wood but were difficult to use due to their relative insolubility.
Epoxidation of lignin in DMSO was patented by d’Alelio [27]. Again, solubility is the problem and
using a high boiling solvent like DMSO is not a particular practical solution. In order to be able
to control the solubility of the epoxy functionalized lignins in low boiling solvents, Nieh et al.
[28,31] and Glasser et al. [35] epoxidized hydroxypropyl and hydroxybutyl lignin with
epichlorohydrin and crosslinked it successfully with ethylene diamine. Shiraishi [29] phenolated
lignin with bisphenol A prior to epoxydation and was able to use it as plywood glue with satisfac-
tory wet strength. It was also noted that purification of lignin did not have an effect on the me-

chanical properties of the resin; rather the unpurified lignin formulations exhibits better gluability.

This brief summary supports the notion that lignin could play a significant part in the future of
thermosetting resins, especially wood adhesives, if properly modified, characterized, and standard-
ized. Much work is still needed to show that well characterized and defined lignins can be practical

and economical choices for thermosetting pre-polymers.

1.2 Aim and Scope of this Study

It has been established by now that lignin, especially if derivatized by converting the phenolic
hydroxyls into mono or polyether side chains, behaves like any other complex star like macromer
[30] and its properties and behavior can be predicted if one resorts to the tools of modern theoretical

and applied polymer science. The recently developed procedure of epoxidation of hydroxy alkylated
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lignin [28] opened the door to study the formation of thermosets containing lignin with methods
developed for synthetic polymers. Furthermore, by comparing properties and characteristics in
multiphase lignin epoxy networks with those found of lignin polyurethane systems, a more general
picture of lignin in covalent networks can be drawn. It was therefore the goal of this study to
modify lignins by controlled chain extension prior to epoxidation and to study the cure and the
properties of the crosslinked material as a function of the degree of chain extension and lignin
content. Lignin-poly(propylene oxide) has been shown to form homogenous polyurethane net-
works, and that it is possible to control the composition of the copolymer by adjusting the
propylene oxide-lignin feed ratio during synthesis, which in turn allows to predict mechanical and
viscoelastic properties vof the networks [21]. It was also shown that fractionation of lignin has a
significant influence on the glass transition temperature and mechanical performance of the network
materials [32]. Also a clear trend of broadening the temperature range of energy dissipation with
increasing lignin molecular weight was observed. It was expected that similar results will be ob-
tained from the study of epoxy networks. Therefore, in order to study the dependance of mechanical
and viscoelastic parameters on lignin content and molecular weight, lignin-poly(propylene oxide)
copolymers with a range of lignin contents and molecular weights were prepared. These adjustments
of compositional and size parameters were achieved by controlling the lignin-propylene oxide feed
ratio during chain extension and by solvent precipitation fractionation of the chain extended lignin
copolymers. Furthermore, it was expected that, as has been pointed out briefly by Kelley [32] for
polyurethanes, epoxy networks show a lignin content and molecular weight dependent widening
of the viscoelastic damping transition. Studies were carried out to investigate whether this is caused
by an increase of undefined general molecular heterogeneity [32] or by micro-phase separation [33].
Additionally, since it is of considerable interest for the application of lignin containing epoxy
thermosets to have knowledge about the cure reactions, the kinetics of the curing reaction at lower

. . . . J
and higher extents of conversion were investigated.~
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Thus, to enhance the fundamental understanding of lignin’s role in covalent networks and to in-
vestigate the potential of multifunctional lignin-poly ether epoxy copolymers for the use as struc-

tural materials, this study was carried out and is described in three sections which deal with

1. the derivatization, epoxidation, and fractionation of lignin, and the analysis with respect to
- molecular weights, lignin content, polyether chain length, and epoxy content;
2. the cure kinetics and the network formation of the lignin based epoxides during cure with an
aromatic diamine; and
3. the properties and morphology of the lignin-poly(propylene oxide) copolymer networks, in-

cluding their mechanical and viscoelastic characteristics.
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2.0 Synthesis of Epoxidized Lignin-Poly(propylene

Oxide) Copolymers

2.1 Introduction

Epoxy compounds are molecules bearing a three membered heterocyclic, oxygen containing ring
which is correctly classified as oxirane. Although such molecules have been synthesized and de-
scribed as early as 1858 [1], it was not until 1947 that epoxy resins, as we know them today obtained
commercial significance [2]. Since then consumption has steadily risen by 20%/yr. Despite their
relative high price ($1.25-$1.50 [3]), epoxy resins were able to venture into diverse applications such
as adhesives, coatings, structural materials, appliances, matrices of composites, etc., where the re-
quired performance justifies the higher material costs. The price of epoxy resins reflects the costs
of the precursors such as bisphenols and the contribution of the epoxidation reaction. By using a
cheaper but qualitatively satisfying alternative raw material base, such as natural prepolymers, it
would be possible to arrive at a more cost effective, alternative source for epoxy resins. Indeed,

early on plant oils were used and are still in use to formulate reactive diluents and additives [2].
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However, other biobased materials, such as lignins show promise to be converted into epoxides for

adhesive and structural applications [4].

Epoxidation methods are as numerous as there are commercial epoxy resins. Many functional
groups can be converted as has been reviewed by, among others, Rosowsky [5], Pruckmayr [6], and
Tanaka [7]. The conversion of unsaturated hydrocarbons with peroxy acids, and of substituted
hydroxy! groups with halohydrins are the two most commonly performed epoxidation reactions.
The latter is predominately employed to prepare phenolic type epoxy resins such as the many
members of the bisphenol A family. The most useful halohydrin is 1-chloro-2,3 epoxy propanc
or epichlorohydrin (I), which reacts with oxyanions (II) to forms, upon dechlorination with a

suitable base, an epoxy functionalized compound (III):

RO + CI-CH,CH-CH, ——— RO-CH,.CH-CH,CI

0 OH
In @
KOH
_ RO-CH,CH-CH,
-KcCl \ 7/
din

Attempts to epoxidize natural monomers or polymers which bear hydroxyl groups were reported
several times. Hollinger et al. [8], and Lelievre [9] epoxidized potato starch with epichlorohydrin to
study its swelling mechanism. Epoxidations of other carbohydrate derivatives were carried out by
Lee and Perlin [10], Wing et al. [11], and McKelvey et al. [12]. Lindstrém et al. [32] reacted Kraft
lignin (Indulin) with epichlorohydrin to form gelled beads suitable for gel permeation
| chromatography. But none of the above were geared towards the production of epoxy resins for

structural or adhesive end use nor were the epoxides characterized with this aim in mind. On the
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other hand, a few scattered reports can be found since the mid 1950’s where lignin epoxidations
were described with the eyes on the prize of lignin epoxy resins as potential alternative for com-

mercial engineering thermosets.

When epoxidizing lignin, one has to overcome problems intrinsic to most lignins. Not only are
many lignins insoluble in most organic solvents, they also bear a range of hydroxyls with an uneven
reactivity distribution. Thus suitable pretreatment or modification becomes a necessity. In 1955,
Forster [13] obtained a patent claiming that it is possible to epoxidize a polynuclear phenol (lignin)
with epichlorohydrin which was previously etherified with haloacetic acid. Mikhailov and
Budevska [14] were able to epoxidize sulfate lignin with epichlorohydrin in NaOH solution but
could not avoid cross-linking upon distilling off the reagent. By mixing the lignin with phenol, the
same authors [15] obtained liquids with high epoxy content which upon curing with diethylamine
could be used as adhesives or coatings. In 1966, Tai et al. [16,17] reported the successful epoxidation
of thiolignin with epichlorohydrin yielding a maximum epoxy content of 0.19
eq.(epoxy group)/100g(material) (526g/eq.). This was achieved by carrying out the reaction at 97°C
and 117°C with 40% (of lignin) sodium hydroxide. Prior phenolation of lignin led to an increase
to 0.28eq./100g (357eq./100g). Also, phenolated lignin epoxy was soluble in a series of solvents
such as DMF, DMSO, acetone, and others, while their unmodified counterparts were not or only
slightly soluble in these solvents. Cured with phthalic anhydride, the phenolated lignins showed
good adhesive strength performance. In 1975, D’Alelio [18] patented the epoxidation of alkali lignin
with epichlorohydrin whereby the aliphatic hydroxyl groups were esterified with carboxylic acid to
improve solubility and reactivity. Although reactive solvents such as phenol and cresol were named
as possible reaction media, the solvents of choice were DMSO and dioxane. 5-9 moles of NaOH
per one mol of lignin was used and the reaction was carried out at 90-100°C, for 14Ars.
Epichlorohydrin was distilled off and the resin was recovered by precipitation in water. The yield
was 0.26eq./100g (385g/eq.). The epoxide was cross-linked with various amines and anhydrides.
Holsopple et al. [19] filed a patent in 1981 for making epoxidized lignin from soluble black liquor

extracts. These very low molecular weight lignins were further reacted with mesityl oxide and
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formaldehyde to form a reactive carbonyl intermediate which was epoxidized with peroxides. Nieh
et al. [20,21,33] were able to epoxidize hydroxy alkylated lignin model compounds and hydroxyalkyl
lignin with excess epichlorohydrin at room temperature in methylene chloride. Potassium
hydroxide was added stepwise in 1.25m0//(eq.OH) quantities over a period of several days without
experiencing premature cross-linking reactions, whereby a yield 0.15eq./100g (667g/eq.) was
achieved. Elevated temperatures, however, decreased the maximum yield due to internal side re-
actions. A phase transfer agent (Aliquat™) was used as additional catalyst. Five fold excess of

epichlorohydrin was necessary to keep inter and intra molecular side reactions at a minimum.

2.2 Materials and Methods

2.2.1 Outline

This chapter deals with the synthetic aspects of lignin-poly(alkylene oxide) epoxy preparation and
their characterization. The lignins used throughout this study were, with one exception, extracted
from steam-exploded yellow poplar (liriodendron tulipifera) wood with alkali [22]. One lignin was
a low molec;lar ‘commerrcial organosolv product (Allcell™) used as received. All lignins were in-
sufficiently soluble in organic solvents and were modified prior to epoxidation by replacing the
phenolic hydroxyls with poly(propylene-oxide) (PPO) segments (Figure 3, 1), and by subsequent
capping of the secondary hydroxyls with ethylene oxide (EO) (Figure 3, 2) (Ch. 2.2.1.1). This
procedure not only had the effect of making the lignins soluble and provide them with evenly re-
active primary hydroxyls, it also yielded products with a range of viscoelastic properties depending
on the amount of propylene oxide (PO) used. The next step was the epoxidation of the copolymer
with epichlorohydrin (Figure 4, 3) (Ch. 2.2.1.2). The lignin polyols were thereby converted into

an oxirane bearing star-like copolymer with a rigid polyphenolic core and flexible polyether arms
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