Abstract

CONTRERAS, IRMA. On the Propensity of Lignin to Associate; Static Light
Scattering Measurements. (Under the direction of Dr. Lucian Lucia and Dr. Dimitris
S. Argyropoulos).

Lignin, the glue that keeps fibers together, is a complex three dimensional network
polymer which has shown association phenomena in solution. Following the molecular
weight of the biopolymer in solution as a function of time allow us to explore their
observable de-association phenomena. These measurements were carried out using
multiple angle light scattering (MALS) photometry in the static mode. EMAL
(Enzymatic Mild Acidolysis Lignin) from hardwood and softwood were isolated and an
additional method for the complete dissolution of such biopolymers in THF was further
developed. Once the challenge of the measurement procedures were worked out, some
rather accurate dn/dC values for lignin solutions were obtained as a function of time. This
effort when coupled to additional work using static light scattering measurements (Zimm
plots) for the same solutions offered an insight into the self-assembly processes operating

within the lignin biopolymer.
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1. Introduction

Lignin, second only to cellulose as a source of fixed carbon in the biosphere, is a complex
three dimensional polymer network; its structure in wood was visualized as branched with
linear chains cross-linked by a variety of interchain covalent bonds.' Lignin content and
composition are important traits in several tree breeding programs, but very little is known
about their natural variation.” In general, between 15 and 35% of wood in trees consist of
lignin. Lignin is required for waterproofing of the vascular system, for mechanical strength

and for resistance to insects and pathogens.’

Recent interest in renewable natural resources has awakened interest in the field. The alkaline
degradation of native lignin commonly referred to as the kraft pulping process produces over
16 million tons dissolved lignin per annum in U.S. alone.* Of this, only a very small fraction
is recovered. The greater part is burned in internal recovery units, contributing to the heat
balance in the operation.” From these applications and uses of lignin and those to come,

emerge the effort of understanding lignin properties and behavior.

Lignin components in solution tend to associate with one another. There have been a lot of
efforts trying to better understand lignin association phenomena. > Association forces are
effective both in aqueous solution and in organic solvents.'' Most of the previous studies
with lignin were carried out using size exclusion chromatography (SEC) and gel permeation
chromatography (GPC). It has been known there can be some problems as ion inclusion and

ion exclusion or adsorption of the lignin components onto the gel matrix with the techniques



just mentioned. Even though, there have been several publications that worked out the
possible artifacts, just mentioned above, in the measurements of lignin solutions with
techniques that required the use of columns 6. 7112 it is a good idea to use a different
technique to corroborate the results and to go further in this investigation. This research is
focused in the study of two kinds of lignins in solution (Spruce lignin, Eucalyptus Globulus
lignin), using organic solvent (THF) and alkaline solution (NaOH) with MALLS (Multi
Angle Laser Light Scattering) in static mode to determine the change in the apparent
molecular weight distributions of lignin solutions for different temperatures and different
incubation times. MALLS is an absolute technique, based in the intensity of the light that is
scattered when a laser passes through a sample. The intensity of the light scattered is directly
proportional to the molar mass thus light scattering represents a powerful technique for
monitoring the presence and formation of aggregates in solution. Therefore, light scattering is

a good technique to study the interaction forces responsible for lignin association

phenomena.



2. Literature review

2.1 Lignin

Crucial to the evolution of land plants, the lignin polymer is increasingly well understood
while at the same time being increasingly misunderstood and misrepresented. 13

The term lignin was introduced in 1819 by de Candolle and is derived from the Latin word
lignum meaning wood. Lignin, second only to cellulose as a source of fixed carbon in the
biosphere, is one of the major components of the plant cell wall (20% by dry weight), along
with cellulose and hemicelluloses.'* This biomaterial is generally considered to be highly
resistant to rapid biological degraldaltion10 and it is a heterogeneous phenolic polymer that
plays crucial roles in the development and physiology of vascular plalnts.3 Their basic units
are linked at least by 10 different linkages.'

Lignins are complex natural polymers resulting from oxidative coupling of, primarily, 4-
hydroxyphenylpropanoids (coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol)."® The
actual structure of the lignin macromolecule is not absolutely defined or determined. The
currently accepted theory is that the lignin polymer is formed by combinatorial-like phenolic
coupling reactions, via radicals generated by peroxidase-H,0O,, under simple chemical control
where monolignols react endwise with the growing polymer.13 Stereochemical studies on
lignins have shown that the arylglycerol-B-aryl ether structure (1) is the predominant
structural element in lignins. " '® Hardwood lignins consist of guaiacyl (2) and syringyl (3)
units in variable proportions, while spruce and other softwood lignins consist almost entirely

of guaiacyl (2) units."” Figure 1.
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Figure 1. (1) arylglycerol-B-aryl ether structure and (2) guaiacyl and (3) syringyl units.

The “randomness” of linkage generation and the number of possible isomers of a simple
polymer structure, lead to a wide polydisperse polymer. The interunit linkages found in
lignin are primarily p-O-4, B-5, B-1, B-B, 4-O-5 and 5-5 couplings.' The B-O-4 linkage is the

most frequent of these and is usually more abundant in hardwoods than in softwoods.

In hardwood lignins there are substantial amounts of guaiacylpropane units in addition to
syringylpropane units. Therefore, four types of arylglycerol B-aryl ethers (1-4) have to be

considered in studies of such lignins Figure 2.18
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Figure 2. The four types of arylglycerol B-aryl ethers found in lignin.

Furthermore, there are two forms, the erythro and threo stereoisomers of the -O-4 linkage

171819 Figure 3.
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Figure 3. The erythro and threo forms of arylglycerol B-aryl ethers.

The structural characteristics of lignins vary according to biological parameters such as plant
species or tissue type, thereby producing a wide range of chemical structures that influence

the final properties of these complexes.” In Figure 4 a model of lignin molecule is shown.
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Figure 4. Model of lignin molecule.



Lignin fills the spaces in the cell wall between cellulose, hemicellulose and pectin
components, especially in tracheids, sclereids and xylem. It is covalently linked to
hemicellulose and thereby crosslinks different plant polysaccharides, conferring mechanical
strength to the cell wall and by extension the plant as a whole.?' It also plays a significant
role in the carbon cycle, sequestering atmospheric carbon into the living tissues of woody
perennial vegetation. Lignin is one of the most slowly decomposing components of dead
vegetation, contributing a major fraction of the material that becomes humus as it
decomposes. The resulting soil humus generally increases the photosynthetic productivity of
plant communities growing on a site as the site transitions from disturbed mineral soil
through the stages of ecological succession, by providing increased cation exchange capacity
in the soil and expanding the capacity of moisture retention between flood and drought

conditions.

2.1.1 Economical significance

Mechanical, or high yield pulp used to make newsprint contains most of the lignin originally
present in the wood. This lignin is responsible for newsprint yellowing with age. Lignin must

be removed from the pulp before high quality bleached paper can be manufactured from it.

Lignin removed via the kraft process is usually burned for its fuel value, since lignin yields
more energy when burned than cellulose, providing more than enough energy to run the mill

and its associated processes.

One of the processes used to remove lignin from wood pulp is called sulfite pulping, where

Lo . 22
lignin is removed as sulphonates. These lignosulfonates have several uses:



e Binders: Lignosulfonates are a very effective and economical adhesive, acting as a
binding agent in pellets or compressed materials. They reduce environmental
concerns from airborne dust particles and stabilize the road surface when used on

unpaved roads.”

e Dispersants: Lignosulfonate prevents the clumping and settling of undissolved
particles in suspensions. By attaching to the particle surface, it keeps the particle from
being attracted to other particles and reduces the amount of water needed to use the
product effectively in high performance cement applications, water treatment
formulations and textile dyes.24’ 2

e Emulsifiers: Lignosulfonate stabilizes emulsions of immiscible liquids, such as oil
and water, making them highly resistant to breaking. They are used in asphalt

. . . 26,27
emulsions, pigments and dye, and wax emulsions. **

o Additives in specialty oil field applications and agricultural chemicals.”® *

e Raw materials for several chemicals, such as vanillin, DMSO, ethanol, torula yeast,

xylitol sugar and humic acid.

e Environmentally sustainable dust suppression agent for roads.

2.2 Association

In order to study lignin behavior in solution it is important to understand how it interacts with
solvents. Related studies started some years ago. Lindberg et al.’ focused the study on

hydrogen bonding in a thiolignin by infrared spectroscopy and measured the molecular



weight of the sample by cryoscopy, concluding that these lignins exist in solution as three-
dimensional aggregates held together by hydrogen bonding and in turn kept in solution by
hydrogen bonds to solvent molecules and that lignin molecule in solution consists of a
strongly immobilized, tight network core and a looser surface region where random coil-like
local motions of the macromolecule chains are possible.

Lignin has shown to be a polydisperse material with high apparent molecular weight.
Therefore, back in 1967, there was an open question: whether the material of apparent
molecular weight greater than that of approximately 1,000 consists of molecularly associated
lignin or if it is made up of covalent macromolecules?’' Later on, lignin studies generated bi-
and multimodal distributions of species with high apparent molecular weight when analyzed
by GPC using nonaqueous and aqueous mixtures. Later, work done by Sarkanen et al."?
concluded that such disparities result from the association of lignin components to well-
defined high apparent molecular weight complexes. They added that these effects should not
be confused with aggregative interactions between associated complexes leading ultimately
to gelation or precipitation.

In additional work, Sarkanen et al.” followed the variations in kraft lignin apparent molecular
weight distributions arising from the method of isolating sample precipitated from black
liquor at pH 2.5. Despite their common origin, these three kraft lignin samples differ
markedly from one another in the contribution that the higher apparent molecular weight
species make to their respective apparent molecular weight distributions as shown in Figure
5. Indeed an appropriately weighted sum of profiles 2 and 3 shows that the kraft lignin as a
whole contained a larger proportion of high apparent molecular weight components after

filtering and air-drying than after centrifuging the precipitate from acidified black liquor.
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Figure 5. Apparent molecular weight distributions of kraft lignin samples from different
isolating method. (Sephadex G75/0.10 M aqueous NaOH, monitored at 254 nm): after (1)
centrifugation and subsequent freeze-drying from aqueous solution at pH 8.5; following
filtration and air-drying, portions (2) soluble in (and freeze-dried from) and (3) insoluble in

aqueous solution at pH 8.5.”

Clearly, then, air-drying of the kraft lignin precipitate significantly affect the degree of
association between the components in the sample; these observations could not have arisen
from covalent chemical changes such as oxidative coupling between phenolic moieties. It is
worth emphasizing that the behavior of Organosolv and kraft lignin components at varying
concentrations in alkaline aqueous solution (pH 13-14) is appropriately interpreted in terms
of intermolecular association and de-association and is not due to covalent chemical changes
such as oxidative coupling of phenols or reactions of the retroaldol type.'?Additional work

showed an increase in apparent molecular weight of kraft lignin solutions over time.””" **
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These authors suggested the presence of "noncovalent" interactions between individual lignin
molecular components, meaning that lignin molecules are not sharing electrons, but rather
electromagnetic interactions are involved. Lindstrom reported the presence of stable lignin
sols in aqueous solution, whose extent of aggregation was followed by gel permeation
chromatography and viscometric measurements, however, no light scattering measurements
were made.” He explained the sol or gel formation by association due to hydrogen bonding
between the carboxylic groups and various ether oxygens and hydroxylic groups. It was
concluded that, the extent of association of kraft lignin sols in the hydrogen form increases
with increasing storage time and temperature. They also concluded that van der Waals forces
contribute strongly to the interactions between the particles and that irreversible nature of the
association process is thus essentially a coagulation process where the particle size is

increased and the shape of the aggregates is changed although the sol is still stable.™

On the other hand, Sarkanen et al.'* made the study with organosolv lignin and kraft lignin
concluding that the intermolecular associative effects are apparently governed by nonbonded
orbital interaction presumably between the aromatic moieties in the components since
exhaustive methylation and acetylation of lignin samples have not appreciably affected the
proportions of high apparent molecular weight species studied by GPC. Therefore, hydrogen
bonding does not appear to play a direct role in the association phenomenon. They explain
the presence of kraft lignin association complexes in alkaline solutions by means of HOMO-
LUMO interactions (interactions of the highest occupied molecular orbital with the lowest
unoccupied molecular orbital). Later, an idea was developed, if the interactions just

mentioned are present in the association phenomenon, then the presence of iodine would

11



reduce the association of lignin dislocating the aromatic rings from each other.>* This
assumption is based on the ability of iodine to form iodine-aromatic hydrocarbon complexes
with different compounds characterized by intense absorption peaks in the 280—400 nm
region.35 It was found that the addition of I, changed the SEC chromatograms and
furthermore, the amount of I, added was also affecting the apparent molecular weight
changes. De-association was faster when I, was present in the lignin solutions. This finding
may indicate that non-bonded intermolecular orbital interactions prevail over entanglements
as far as the operating association forces are concerned. After disrupting such intermolecular
interactions, chain entanglement can be easily dislocated and the de-association process is

completed easier.”

In an effort to go deeper in the understanding of lignin association/de-association
phenomenon, Sarkanen et al.” developed a mechanism to explain the kinetics of this process.
He worked with kraft lignins, adding zwitterion (betaine) which are chemical compunds that
are electrically neutral but carry positive and negative charge in different atoms. Then he
studied the zwitteroin effect in lignin solutions. A particular manner in which betaine
influences the apparent molecular weight distribution of kraft lignin has revealed that the
associative process involves at least two kinetically distinguishable steps. Preincubation of
the kraft lignin sample in aqueous NaOH containing betaine, was followed and the elution
profiles were identical with those observed when prior incubation was carried out under the
same conditions but without the zwitterion. Thus, a sudden reduction in the concentration of
betaine allows a rate of reassociation which is at least 2 orders of magnitude faster in 0.10 M

aqueous NaOH than that observed when the zwitterion had not been initially present. These

12



findings can be rationalized in terms of a slow (rate-controlling) process leading to
component conformations which are compatible with subsequently rapid associated complex

formation.’

conformationally

discrete slow compatible __rapid | associated
components  *———  .ymponents < complexes

Discrete components that can not associate undergo a slow conformational change to
components that can then interact with the complexes. After deriving the equations for the
kinects of the association/de-association process and assuming steady state concentration of
the associated complexes for gymnosperm kraft lignin in aqueous alkaline solution,’ it was
concluded that association is not simply a random process: each kraft lignin complex
possesses a locus or position, which is complementary to only one type of component. Of
course the chemical structures of the components that are compatible with a particular locus
need not be identical in every detail, but they presumably have in common a dominant

molecular feature which serves to distinguish between component types.

Despite the various studies that point to a prevailing consensus that lignin associates in both
aqueous and organic media, the magnitude, and the underlying driving forces behind these
processes are still a matter of discussion.* There is an important issue to point out;
association between lignin components can be further complicated by aggregation between

the resulting associated complexes leading to gelation or precipitation.12

Additional work based on lignin association followed by GPC measurements of lignin of

13



several sources and species, showed the apparent molecular weight distributions in lignin
solutions change according to several factors, the method to isolate the lignin from wood, the
type of lignin (softwood lignin or hardwood lignin), the solvent used to prepare the solutions,

and the age of the solution shows.% 7111234

Some other lignin studies have been carried out with light scattering 32,3640

concluding that
MALLS method that can be used for determination of the apparent molecular weight and the

apparent molecular weight distribution of lignins.

Following the literature, these are the possible driving forces responsible for the lignin

association behavior:

2.3 Possible driving forces

2.3.1 van der Waals forces

Molecules can attract each other at moderate distances and repel each other at close range.
The attractive forces are collectively called "van der Waals forces". van der Waals forces are
much weaker than chemical bonds, and random thermal motion around room temperature
can usually overcome or disrupt them. The attractive component is due to the induction of
dipoles in the electron cloud of neighboring atoms. The dipoles will be coupled, leading to
attractive forces. The repulsive component is due to steric hindrance when neighboring atoms
start to have overlap of the electron clouds. The more electrons a molecule has, the more
distance over which they can move, the bigger the possible temporary dipoles and therefore
the bigger the dispersion forces. The shapes of the molecules also matter. Long thin

molecules can develop bigger temporary dipoles due to electron movement than short fat

14



ones containing the same numbers of electrons.

As shown in Figure 6, the magnitude of the attractive and repulsive forces decreases when
the distance between the molecules increases (dotted lines). The result force (continuous line)
illustrates, there is an attractive force between the molecules when they are far from each
other, usually low magnitude. As the molecules get closer the resultant attractive force
increases until it reaches a maximum and then the molecules repel each other. As the

molecules get even closer the magnitude of the repelling force become higher.

Force Repulsive Forces

Force Response Curve

e ———
T g Distance
e \ Attractive Forces
7
// |’—{
4
4 Inm

Figure 6. van der Waals forces versus distance.

2.3.1.1. Hydrogen bonding

It is a very strong dipole-dipole van der Waals interaction but weaker than covalent, ionic or

metallic bonds. The strength of a hydrogen bond can vary from very weak (1-2 KJ/mol)

15



to very strong (155KJ/mol). In a hydrogen bond the H atom is noncovalently attracted to an
electronegative atom. The H must have a large positive delta and the other atom must have a

source of electrons to be attracted to H, ! Shown in Figure 7.

hydrogen bo nds

Figure 7. Hydrogen bonding between water molecules.

The hydrogen is attached directly to one of the most electronegative elements, causing the
hydrogen to acquire a significant amount of positive charge. Each of the elements to which
the hydrogen is attached is not only significantly negative, but also has at least one "active"
lone pair. The &* hydrogen is so strongly attracted to the lone pair that it is almost as if they
were beginning to form a co-ordinate (dative covalent) bond. It doesn't go that far, but the
attraction is significantly stronger than an ordinary dipole-dipole interaction. Hydrogen
bonds have about a tenth of the strength of an average covalent bond, and are being

constantly broken and reformed in liquid water.**

Several authors attribute lignin association to hydrogen bonding. The hydroxyl and/or the

carbonyl groups present in lignin molecules tend to form hydrogen bonds and thus, form high

16



) . X
apparent molecular weight associate molecules.> 33

2.3.1.2. © - stacking

It is one of the van der Waals forces of the dipersion type, it exists between non polar
molecules and it is a weak attraction of the order of 0.5-0.75 kcal/mol for parallel-displaced
structure and 1 kcal/mol for T-shaped structure. It results from the distortion of two different
n-electron clouds. When the m-electron cloud of one benzene ring becomes attracted to that
of another as illustrated in (Figure 8), the negative dipoles repel each other so the electrons
shift away from the other molecule. A positive dipole is created on the other side of the &-
electron cloud; they become stronger as the number of 7 electrons increases. The negative
dipole movement of a second benzene ring is attracted to this induced positive dipole.*’ The

exact nature of such interactions (electrostatic or nonelectrostatic) is a matter of debates.

Figure 8. Face to face pi stacking interaction.

Aromatic rings can also adapt different arrangement like the one illustrated in Figure 10

called edge- to-face interaction.*
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Figure 9. Edge-to-face pi stacking interaction.

The aromatic interactions can be attraction or repulsion depending on the angle and the offset

between the aromatic rings, as shown in Figure 10.
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Figure 10. Relation between the angle and the offset between the aromatic rings in pi stacking
interactions.

2.3.2 Entanglements

Molecular theories for polymer dynamics are based on the topological constraint known as
chain entanglement. Physically, this means that the random walk polymer chains cannot

move through one another. However, there is no precise definition available for exactly what
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an entanglement is. As such, several models have been proposed to account for how
entanglement spacing changes with polymer structure and concentration. The concept of
molecular entanglement is simple (Figure 11). Although their existence for assemblies for
long chains seems to be reasonable enough, the exact nature of entanglements and its
mechanical properties are not obvious. This is true particularly in a uncross-linked system

where, due to thermal motion, all the entanglements are temporalry.44

The manner in which entanglement spacing depends on concentration is important in many
aspects of polymer melt dynamics. For example, effects of long-chain branching and linear
polymer polydispersity depend strongly on how entanglement spacing changes when part of

the system relaxes.

»

Figure 11. Typical entanglement junction.

2.4 Light Scattering

This technique was selected for this research because light scattering permits the

. . . . 4
measurement of the solution properties of macromolecules in solution. Guerra et al.?
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followed the apparent molecular weight changes for different kinds of lignin in THF using
gel permeation chromatography (GPC). GPC gives a relative value because the
measurements are based in a standard, usually polystyrene and as mentioned before there can
be ion inclusion or ion exclusion and adsorption of the lignin components in the column gel
matrix. The next step was to confirm the behavior found by Guerra et al.** with a different
technique that gives absolute values and without dealing with columns. Therefore, the idea
for this research, where the apparent molecular weight of lignin in solution is determined
using multi angle laser light scattering (MALLS). Light scattering permits measurement of
the solution properties of macromolecules and it gives absolute values of the weight-average

apparent molecular weight.

Light scattering is a non-invasive technique for characterizing macromolecules and a wide
range of particles in solution. In contrast to most methods of characterization, it does not
require external calibration standards. In this sense it is an absolute technique. There are two

different types of light scattering measurements for absolute molecular characterization:

e (lassical light scattering or Static light scattering: the intensity of the scattered light is
measured as a function of angle. For the case of macromolecules, this is often called
Rayleigh scattering and can yield the molar mass, rms radius, and second virial

coefficient (A,).

® Quasi-elastic light scattering (QELS) or dynamic light scattering (DLS): time-
dependent fluctuations in the scattered light signal are measured using a fast photon

counter. QELS measurements can determine the hydrodynamic radius of
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macromolecules or particles.

Light scattering can be either applied in batch or chromatography mode. For this study the
batch mode was used providing weight average apparent molecular weight for the different

kinds of lignin in solution studied.

In the 19" century Lord Rayleigh offered the explanation of why the sky is blue. It was a
simplification of the Maxwell’s electromagnetic theory for small particles compared to the

wavelength of the incident light. This theory was extended to macromolecules in solution.

In a light scattering experiment, a single frequency of a polarized light beam (laser) is used to
illuminate a solution containing a suspension of the macromolecules. The electric field of the
polarized light beam is generally produced perpendicular to the plane in which the intensity
and angular dependence of the subsequently scattered light is to be measured. The intensity
carries information about the molar mass, while the angular dependence carries information

about the size of the macromolecule.*’

2.4.1 Rayleigh theory

The intensity of the scattered light is related to different factors:

e Polarizability of the sample: when laser light impinges on a macromolecule, the
oscillating electric field of the light induces an oscillating dipole within it. This
oscillating dipole will re-radiate light. The intensity of the radiated light depends on
the magnitude of the dipole induced within the macromolecule. The more polarizable
the macromolecule, the larger the induced dipole, and hence, the greater the intensity

of the scattered light. Therefore, in order to characterize the scattering
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from a solution of such macromolecules, it is first necessary to know their
polarizability. This may be determined from a measurement of the change (An) of the
solution's refractive index (n) with the molecular concentration change (AC) by

measuring the dn/dC (=An/AC).*

¢  Concentration: each molecule in solution scatters light thus the intensity of the light

scattered is proportional to the concentration of the solution.

e The intensity of light scattered by a molecule is directly proportional to the molar
mass. The net result is that the scattered light from the dimer is twice as intense as
that from the individual monomers. Simply by doubling the mass, even while keeping

the concentration the same, the intensity of the scattered light doubles.

e Angular Dependence of Scattered Light: For macromolecules smaller than the
wavelength of the incident light, there is no dependence with the scattering angle but
for larger macromolecules there are variations in the phase of the scattered light from
different parts in the macromolecule. Each macromolecule is assumed to be made up
of very small elements, each of which scatters independently of each other. However,
during the time of passage, each element scatters in phase with the scattering of
adjacent elements. Thus the scattered waves will add destructively or constructively

producing constructive or destructive interference in certain directions.*

This theory offers a good support to study the behavior of macromolecules in solution,
which is our case. Gidh et al.'” also states that light scattering technique could offer great

insight into lignin aggregate characterization.
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2.4.2 What values do we get from the light scattering?

e Radius of gyration: It is a measure of the size of a molecule weighted by the mass

distribution about its center of mass as shown in the Figure 12. It is calculated as

the root mean square (rms) distance of the parts from its center of mass, Equation 1.
It is determined with the measurement of the angular dependence of the scattered
light. Since the chain conformations of a polymer sample are infinite and constantly
change over time, the radius of gyration in polymer physics is understood as a mean

over all polymer molecules of the sample and over time.

center of mass

u&r i ?/

Figure 12. Radius of gyration of a polymer.

2
RZ= Zmi X7,
g m Equation 1

i
e Molecular weight: Since the intensity of the scattered light is proportional to the

molar mass, it is possible to determine the molecular weight of the molecules in

solution with the light scattering technique. This relationship can be written as in
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Equation 2.

K'c 1
R(6,c) M P(6)

Equation 2

R(0,c) is the excess Rayleigh ratio of the solution as a function of scattering
angle 0 and concentration c. It is directly proportional to the intensity of the
scattered light in excess of the light scattered by the pure solvent.

c is the solute concentration.

M, is the weight-averaged solute molar mass.

A, is the second virial coefficient in the virial expansion of the osmotic

pressure.
K* is the constant 477(dn/dc)*ny* /N A",

N, is Avogadro's number. This number always appears when concentration is

measured in g/ml and molar mass in g/mol.
ng 18 the refractive index of the solvent.
Ao is the vacuum wavelength of the laser.

P(0) describes the angular dependence of the scattered light, and can be

related to the rms radius.

Second virial coefficient A: The second virial coefficient is a property describing
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the strength of the interaction between the molecule and the solvent. For samples
where A,>0, the molecules tend to stay in solution. When A, = 0, the molecule-
solvent interaction strength is equivalent to the molecule-molecule interaction
strength and the solvent is described as being a theta solvent. When A,<0, the
molecules will tend to crystallize or aggregate. In a study done by Brown with kraft
lignin in different solvents, the second virial coeficient increased as the apparent
molecular weight decreased in the three solvents he was using, DMSO, DMF and
dioxane. As the second virial coefficient is a measure of the thermodynamic
interaction between solute and solvent, this shows that the variation in apparent
molecular weight is a result of lignin association, diminishes as the solvent becomes

¢ 1
‘better”.’

26



3. Experimental Part

3.1 Lignin Isolation by enzymatic mild acidolysis

One of the problems when studying lignin is whether the sample is representative of the
overall material within the wood from which it was isolated and that is because there is no

ideal isolation method that gives unaltered native lignin.*°

Wu and Argyropoulos *° have proposed a novel lignin isolation procedure composed of an
initial mild enzymatic hydrolysis of milled wood, followed by a mild acid hydrolysis stage.
In this procedure, the initial cellulolytic action removes most of the carbohydrates while the
mild acidolysis is designed to cleave the remaining lignin-carbohydrate bonds, liberating

lignin in high yield and purity.

3.1.1 Procedure for Isolation of EMAL from wood
1. Wiley Mill

a. Wood chips were air-dried at room temperature and stored in a desiccator under

vacuum before use;

b. About 200g of air-dried wood chips were grounded to pass a 20-mesh screen in a
Wiley mill;
2. Acetone Extraction

c. The wood powder was then dried in vacuum oven set at 40°C overnight and stored in

a desiccator under vacuum before use.

d. About 150 g of OD wood powder were extracted in a Soxhlet apparatus for 16 hours.

Some inert bumping control granules were necessary in round bottom flask to obtain
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c.

stable acetone vapor;

The extracted wood powder was air dried and stored in a desiccator under vacuum.

3. Ball Milling

f.

g.

About 100 g of OD extracted wood powder were placed into a 5.5-liter porcelain

1,660 kg of balls were added (474 glass balls with 9.4mm in diameter). This amount
of balls should occupy 18% of the active jar volume, allowing for a glass ball/wood

weight ratio of 16.6.

The milling process was conducted in dry conditions at room temperature for up to 28

days with a rotation speed of 60 rpm;

The milled-wood from the jar was removed, dried in a vacuum oven set at 40°C and

stored in a desiccator under vacuum before use.

4. Enzymatic Treatment with cellulase

i.

A solution of 0.1M acetate buffer was prepared as follow: dissolve 9.84 g of NaOAc
(82%0.1x1.2 = 9.84 g) in 500 ml of deionized H,O. About 15ml of AcOH were added
to adjust the NaOAc solution to pH 4.5. The resulting solution was diluted with

deionized water to 1.2L;

10 g of OD milled-wood were placed in an Erlenmeyer flask and add 200mL of

acetate buffer solution in order to reach 5 % consistency;

Cellulase enzyme was added into the flask (40 filter paper units (FPU) per gram of
milled-wood; cellulase activity ~130 FPU), then it was covered and placed in a shaker

set at 40°C for 48h;
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m. The insoluble material was collected after enzymatic hydrolysis by centrifugation
(3500 rpm; 30 min.) and washed twice with acidified deionized water (pH 2) and

freeze-dried.

n. The freeze-dried material was dried in a vacuum oven set at 40°C and stored in a

desiccator under vacuum before using.

. Acidolysis

0. The oil bath was preheated to 80°C;

p. 2 g of OD crude lignin recovered from the enzymatic treatment were suspended in
60mL of aqueous dioxane (dioxane/water 85:15, v/v, containing 0.01 mol 1! HCI).
The resulting suspension was refluxed (azeotrope boiling point 88°C) under Argon

for 2 hrs. Reaction time starts when the temperature of the suspension reaches 85°C;

g- The suspension was cooled down to room temperature under Ar; and centrifugeted

for 2 hours (3,500 rpm);

r. The supernatant was withdrawn carefully and neutralized with sodium bicarbonate to
pH around 7 and finally 1L of acidified deionized water (pH 2) was added, dropwise,

under vigorous stirring

s. The precipitated lignin was allowed to be equilibrated with the aqueous phase

overnight;

t. The precipitated lignin was recovered by centrifugation (3,500 rpm; 1 h), wash (2x)
with deionized water and freeze-dried and oven dried at 40°C, the lignin was ready

for analysis.

29



3.2 Acetobromination derivatization procedure

The acetobromination procedure was carried out in order to make the lignin samples soluble
in THF to be analyzed. By dissolving a lignin sample in acetyl bromide diluted with glacial
acetic acid (acetobromination), the primary alcoholic and the phenolic hydroxyl groups are
acetylated, while the benzylic o-hydroxyls are displaced by bromide.*’

Acetobromination was carried out following the procedure described elsewhere.*”™
Specifically, a lignin sample (10 mg) was added into a solution of AcBr:AcOH (2.5 mL, 8:52
v/v); followed by stirring for 2 h at 50°C, the solvent was evaporated in vacuum (using a high

vacuum pump and a cold trap) and the resulting residue was immediately dissolved in THF

(5 mL) ** and subjected to light scattering analyses.

3.3 Procedure for selective blocking of lignin hydroxyl groups
3.3.1 Selective Blocking of Phenolic and COOH groups (Methylation of Lignin with

Diazomethane)

For this reaction the Diazomethane is needed. It was generated by slowly adding a solution of
diazald (2.64g) in diethyl ether (38 mL) into an alkaline (0.75g KOH) solution of carbitol (23
mL) at 65°C (thermostatted water bath); Carbitol:[2-(2-Ethoxyethoxy)Ethanol]; Diazald: [ N-
Methyl N-Nitroso p-Toluensulfonamid ], this reaction is shown in Figure 13. (The procedure
requires the use of specially constructed round bottom flask and distillation equipment with

no ground glass joints to avoid the risks of explosion)
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N-methyl-N-nitroso-p-toluenesulfonamide
Figure 13. Diazomethane generation.

Once diazomethane was produced, 1g of lignin was suspended in 38 mL of diethyl ether and
treated with an excess of diazomethane for 24 hours at room temperature. °° The treatment
was repeated twice. The solid was isolated by centrifation and the methylated lignin was
washed with diethyl ether and centrifuged again. The lignin was finally dried under reduced

pressure at room temperature. Figure 14 illustrates the general reaction.

OH OH

HO
HO oL H,C —N—N HO 0.
O Lignin ngmn
OCH; OCH;
OCH; OCH,
OH

Figure 14. Selective methylation of phenolic hydroxyl groups in Spruce lignin general reaction.
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3.3.2 Acid Catalyzed Methylation of Lignin

Selective Blocking of alpha aliphatic OH groups

Lignin (1g ) was dissolved in a mixture of 67 mL of dry dioxane (distilled from sodium) and
134 mL of dry methanol in a 250 mL round-bottomed flask. p-Toluenesulfonic acid
monohydrate (5.73g) were added and the flask was sealed using a septum and kept at 30°C
(thermostatted water bath) for 5 days in accordance to Alder et al.”' The solution was 0.15 M
with respect to p-toluenesulfonic acid. The reaction was quenched by the addition of 2.798 g
of solid NaHCOs. The resultant mixture was stirred for 2 hours and then the amount of
solvent was reduced to 30 mL by film evaporation. The concentrated mixture was then
precipitated by dropwise slow addition into 500 mL of 1% Na,SO, (pH adjusted to 2.8 by
the addition of 0.1 M HCI). The precipitate was centrifuged, washed in several portions with
200 mL of 1% Na;SO, and dried in a vacuum oven at room temperature. The reaction is

presented in Figure 15.

OH
o H OMe
OH
HO O O\ _ H
Lignin
OMe MeO o O\ .
p-Toluenesulfonic oM ignin
acid monohvdrate e
OMe -
on OMe

OH

Figure 15. Selective methylation of alpha aliphatic hydroxyl groups in Spruce lignin.
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4. Results and discussion

4.1 Light scattering

Lignins can be characterized by light scattering (LS) photometry,52 a very useful method,
although not as widely used as it could be, especially under the static mode. This study is
focused on the usage of this method, exclusively under the static mode, applied to lignin
biopolymers. Mainly, measurements of the weight-averaged molecular mass (M w ) of
lignins in solution were carried out. In some cases, the parameter average root mean squared
(rms) radius of gyration was also measured.

Multiple angle laser light scattering (MALLS) photometry makes use of multiple (in this case
eighteen) different angles to detect the light scattered from the samples. The intensities of the
light scattered correlated with the different concentrations let acquire the weight-averaged
apparent molecular weight of the lignins in solution, among other useful parameters. By
measuring the light scattering signal as a function of angle and concentration, light scattering
(Wyatt Technology) instruments create a global fit that evaluates the data as a whole. The
quality of the fit can be assessed via a Zimm plot. This type of plot is a two-dimensional slice
of a three-dimensional data set. The global fit results are presented as a grid, and the data as
points. In Figure 16 a typical Zimm plot of a Spruce lignin in THF solution is presented. It is
shown that the data points fit nicely in the final global fit grid. The final results are further

presented in the sub-sections below.
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Figure 16. Typical Zimm plot by light scattering photometry from a Spruce lignin solution in
THF.

To better understand light scattering measurements of lignins, several optical phenomena
should be overcome to obtain reproducible and accurate results.’* *® There are attempts in the
literature to correct or minimize the specific optical properties of lignins, i.e., their
anisotropy, absorbance, and fluorescence.’>

The optical anisotropy, that is the dependence of optical properties on a preferred direction,
caused by the depolarization of the incident beam gives rise to an enhancement of the light
scattered, overestimating the final apparent molecular weight measured. One possible
adjustment makes use of an analyzing polarizer inserted between the sample and the detector,
which allows the corrections from the vertical and horizontal excess Rayleigh factors.”

Another method involved the use of the Cabannes factor, in the case the incident light is

vertically polarized.”® More recently, it has been shown that the anisotropy effect exhibited is
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mainly due to the solvent itself rather than by the lignin.38 As far as the anisotropy effect
correction is concerned, the necessary mathematical procedures taking also into account the
anisotropy effect from the solvent were followed by the ASTRA software.

The absorption of near ultraviolet light tailing to the visible light by lignin may attenuate the
incident and scattered light, leading to an underestimated apparent molecular weight. When
the measuring cell is cylindrical and the optical density of the solution is sufficiently weak,
the correction becomes partially independent of the scattering angle. In this case, the
absorption effect can be corrected for simply by dividing the apparent Rayleigh factor by the

transmittance of the solution.>* >

For these experiments, the absorption by lignin solution is
very low, because at the wavelength used (633 nm) the absorption is minor. On the other
hand, the concentration of the lignin solutions analyzed were also low; therefore, even for the
most concentrate solutions the transmittance was negligible, keeping the Rayleigh factor
constant for all the concentrations of the lignin solutions.

The optical fluorescence from lignin solutions results from excited electrons returning to a
lower energy (ground) state after being excited to a higher, thermally unstable state by the
absorption of light. Typically, the higher energy state thermally equilibrates to the lowest,
non-degenerate excited state during the excitation event. Therefore, fluorescent light has
lower energy and hence, greater wavelength than that of the absorbed incident light.
Nevertheless, this fluorescence is more pronounced at lower wawelengths.55 Without
correction, the photomultiplier in the LS photometer will detect both the scattered and
fluorescent light. Even at 633 nm, under the acquisition conditions of the LS, lignin

fluorescence effect leads to an overestimation of the apparent molecular weight. These

findings are clearly demonstrated with the measurements carried out with and without
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interferometric filters (Figure 17). It is clearly observed that the lignin samples analyzed
without the filters show much higher apparent molecular weights than the ones analyzed with
the 1 nm filters (samples A and B in Figure 17 top graph). The overestimation was around
62-111%. On the other hand, the error associated to the measurements without the filters is
much more pronounced than when the 1 nm filters are used. The use of interferometric filters
with a bandwidth of 10 nm was also investigated. Even with the 10 nm filters, the final
measured apparent molecular weights were overestimated by around 62-65% when compared
to the data using of the 1 nm filters (samples A and B in Figure 17 top graph). For each
sample, its specific determined dn/dC was used for the apparent molecular weight
calculations in the cases with and without the use of the filters. Similar findings are observed
with respect to the rms radius measurements (samples A and B in Figure 17 bottom graph).
Surprisingly, even with the use of the a 10 nm bandwidth filters, the optical fluorescence
effect takes place and creates an overestimation of the (rms) by light scattering. In a previous
report,54 it was indicated that dramatic change occurred for kraft lignins at the low angle laser
light scattering (LALLS) signal when a 632.8 nm filter was placed between the sample
solution and the photomultiplier, besides nothing significant was observed on the

fluorescence spectrum at an excitation wavelength of 633 nm.
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Figure 17. Effect of light scattering filters on the weight average apparent molecular weight (a)
and the root mean square radius (b) of fresh EMAL Spruce solutions in THF.
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Taking into account the above mentioned optical effects and their detailed adjustments for
the light scattering measurements, the reproducibility observed for the final results was
excellent. When the weight-averaged apparent molecular weight was measured for several
samples of the same lignin, i.e. for each sample the lignin was acetobrominated, dried,
dissolved in THF and diluted to the proper concentrations for analysis, all the final values
were within the experimental error (Figure 18). The apparent molecular weight calculations
took into account the specific dn/dC values for the fresh Spruce lignin solutions in THF,
analyzed by light scattering photometry. Similar results of good reproducibility were
observed for the rms radius of the lignin (Figure 18). These achievements allowed us then to

confidently continue further investigations shown in the sub-sections presented below.
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Figure 18. Reproducibility of the weight-averaged apparent molecular weight (a) and of the
root mean square radius (b) by light scattering photometry from fresh EMAL Spruce solutions
in THF.

4.2 Specific refractive index increment

In order to calculate the weight-averaged apparent molecular weight by light scattering
photometry, the specific refractive index increment (dn/dC) of the material in solution needs

to be known. Therefore, the dn/dC values for each lignin being characterized were
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determined and the reproducibility was validated. For both fresh Spruce lignin and fresh
Eucalyptus Globulus lignin solutions in THF, it was observed that the reproducibility of the
dn/dC values was within the experimental error (Figure 19). Thus, the consistency of the
measured dn/dC values was reliable. The dn/dC values were 0.140 + 0.011 cm’g™" and 0.160
+0.008 cm’ g for the Spruce and the Eucalyptus Globulus lignin, respectively, both freshly

dissolved in THF.
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Figure 19. Reproducibility of the specific refractive index increment (dn/dC) of fresh EMAL
Spruce solutions (a) and fresh EMAL Eucalyptus solutions (b), both in THF.
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As the idea was to follow the behavior of lignins solutions with time, the dependability of the
dn/dC values with the aging of the lignin solutions was investigated. The results are
presented in Figure 20. In the case of Spruce lignin in THF, it was observed that from a
freshly prepared solution to an older solution, there were changes in the dn/dC values. There
was an increase of the dn/dC from 0.140 + 0.011 cm3g'1 (fresh solution) to 0.28 + 0.011
cm’g” after two days of aging of Spruce lignin solution in THF. For longer times, the dn/dC
values have been found steady. The dn/dC values used for calculations of the weight-
averaged apparent molecular weight have been 0.140, 0.149, 0.250 and 0.284 for fresh, 0.5, 1
and older than two days inclusive aged solutions, respectively. In the case of Eucalyptus
Globulus lignin in THF, it resulted in dn/dC values with insignificant changes along the
aging of the solution. The dn/dC value was considered 0.165 + 0.008 cm’g’ for any
incubation time. The dn/dC values of the Spruce lignin dissolved in 0.01 N NaOH were also
investigated in time (Figure 20). It was observed that the dn/dC values are very similar along
the solution incubation time. The dn/dC of the lignin in 0.01 N NaOH was 0.182 + 0.002

3 -1
cm'g.
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Figure 20. Incubation effect on the specific refractive index increment (dn/dc) of the spruce and
eucalypt lignin in THF and spruce lignin in 0.01 N NaOH.

One remarkable observation regarding the associated errors of the dn/dC measurements is
that accuracy of the lignin in NaOH solution determinations was much higher than in the
case of the lignins in THF. The error associated to the dn/dC of the lignin in NaOH solution
was about 1%, while the dn/dC of the lignins in THF was in the range of 4-8%. This
corroborates the idea of the difficulties associated with the use of THF as a solvent for
refractive index measurements, since THF is more compressible than water. Compressibility
of THF is higher than for water, there are difficulties when pumping THF throughout the

system and this fact generates error in the experiment.
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The dn/dC of polymers has been shown to change with the charge density of the polymer,
degree of substitution, degree of de-association, chain scission, conformational changes,
chemical changes and molar mass, where only some previous studies are cited to recognize
these features.’®> But, there is no systematic study on the changes of dn/dC with incubation
or aggregation of polymers in solution. As shown in Figure 20, an unexpected result was
obtained regarding the change of the dn/dC with the incubation for the case of the Spruce
lignin in THF solution. Nothing in the literature was found to show changes of the dn/dC
with the aging of a polymer in solution. It is generally accepted that the dn/dC value for a
homopolymer is almost entirely dependent on the monomer and weakly dependent on (or
independent of) apparent molecular weight.60 Copolymers may be very different, however,
because apparent molecular weight and composition can be closely linked.®" In almost all the
cases typically the dn/dC that is once determined for a polymer is assumed for the rest of the
developed investigation. However, changes of the dn/dC due to chemical modifications were
reported once.”® It was shown that the dn/dC of chitosans in 0.1 mol/L KCIOy is dependent
upon the degree of acetylation and the degree of de-association. These changes induce
adjustments in the ionic/hydrophobic environment of the polymers. In the case of the Spruce
lignin in THF, the lignin chemical environment may display a similar role as demonstrated
by the chitosan ionic/hydrophobic environment. In the incubation time of the Spruce lignin in
THF, showing de-association phenomena as it is described in the next sub-chapter and by
Guerra et al.** there may be a strong dependence between dn/dC and the charge density of
the polymer, in relation to the modification of the dielectric properties of the polymer chains
in dilute solution. Since the behavior of lignin is that of a typical polyelectrolyte controlled

by the charge density and the interactions are mainly of electrostatic nature. Then, when the
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degree of association increases, the weakening of the charge density induces the progressive
replacement of the electrostatic interactions by both hydrophobic interactions and H bonds.
This is the consequence of the increase of hydrophobicity in the polymer structure, which
modifies the dielectric environment of the residual charges that can explain the change in the
dn/dC observed for the EMAL Spruce in THF varying the age of the solution. This is not the
case for EMAL E. Globulus solutions in THF, neither for EMAL Spruce in NaOH, since
their dn/dC was found to be constant upon incubation time of the solution. Maybe the
behavior of the refractive index increments is affected by the extent of dissociation; at high
extent of de-association there is an important change in the hydrophobicity of the polymer in
solution due to de-association and thus, an increase in the refractive index increments. It
seems that for EMAL E. Globulus solutions in THF and EMAL Spruce in NaOH the extent
of de-association was not high enough to cause a change in the hydrophobicity of the lignin
in the solution. A better knowledge of the dependency of the dn/dC of polymers is still

required and further investigations should be carried out.

4.3 De-association of the lignins in solution

In order to explore the propensity of lignin to associate, the weight-averaged apparent
molecular weight of lignins in solution along the incubation time was investigated by light
scattering photometry. The lignins studied were Spruce and Eucalyptus Globulus EMALS,
acetobrominated and dissolved in THF, and the Spruce EMAL dissolved in an aqueous 0.1 N
NaOH solution and the study for E. Globulus in alkaline solutions is is not included because
of time issues. The incubation of lignin samples was carried out at 25 £ 3°C (room

temperature) or at 4 + 1°C without stirring and at a concentration of 2.0 gL', The weight-
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averaged apparent molecular weights were calculated taking into account the above indicated
dn/dC measured values.

In an effort to ensure that the mentioned effects on the apparent molecular weight distribution
of acetobrominated EMALSs were not due to degradation of covalent linkages within lignin,
the incubation of such EMALSs derivatives was also monitored by quantitative *'P NMR* in
a parallel work in our laboratory because it has been reported *'P NMR is an accurate
technique to quantify the amount of hydroxyl groups in lignin molecule.®” ® The *'P NMR
analyses were done for fresh solutions and right after the measurement with GPC. After the
hydroxyl groups in lignin were acetylated, they were not detectable by 3P NMR
spectroscopic analysis because they can no longer be phosphitylated. As a result, no signals
due to phenolic or aliphatic hydroxyl groups were detected in the 3P NMR spectra of the
freshly prepared lignin solutions. If aryl ether linkage cleavage or oxidative reactions are
taking place within these lignin preparations, they would be promptly recognized by the
appearance of the corresponding signal in the 3P NMR of such samples after incubation.
When the aryl ether linkages are cleaved, the corresponding phenolic hydroxyls released can
be quantified by 3P NMR spectroscopy, while oxidation reactions may result in oxidative
fragmentation of the lignin macromolecule with simultaneous creation of carboxylic acid
groups, which are also detectable by 3P NMR®. Nevertheless, there was no evidence of an
increase in the hydroxyl groups signal of the samples analyzed after incubation.* Thus, there
are no cleavages in covalent bonds between lignin molecules, and the decrease in the weight-
average apparent molecular weight of lignin samples must be due to disruption of physical

association and the nature of that physical association is the aim of this research.
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4.3.1 Effect of temperature in the de-association of lignin

The incubated acetobrominated Spruce EMAL in THF showed a decrease of the apparent
M w with time, with a different profile as their incubation at room temperature or at 4°C is
concerned (Figure 21). It is observed that the apparent molecular weight rapidly decreases
from the freshly prepared solutions until 24 hours of incubation, in both cases at room
temperature and 4°C. It is also observed that the initial rates of the apparent M w decrease
are very similar. From 24 until 48 hours, only a slight reduction is seen. After 48 hours of
incubation, steady final values are achieved. In the case of the acetobrominated Spruce
EMAL in THF solution incubated at 4°C, the apparent M w has dropped from 3.15x10° to an
averaged steady value of 5.0x10° gmol'l, equivalent to an 84% reduction in apparent M w .
When the acetobrominated Spruce EMAL in THF solution was incubated at room
temperature, the apparent A w fell from 3.15x10° to the averaged final value 1.5x10° gmol ™,
corresponding to a 95% decrease. The steady apparent molecular weights achieved by the
lignin in THF kept at 4°C was more than 3 times compared to the lignin solution kept at
room temperature. This singular behavior of the apparent molecular weight dropping is an
indication of the de-association phenomena taking place in lignin that is thermally controlled.
The relationship between of energy levels of molecules with temperature is expressed in
equation 3 (Boltzmann equation), where we can determine the fraction of particles that are
in high energy level when changing the temperature. As temperature increases the ratio of
particles in a higher energy level increases, which means that at high temperature there is

more energy for molecules motion.
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n equation 3

Where n; and nj are the number of particles in energy level i and j respectively. Ei and Ej are
the energy levels i and j respectively, being Ei higher than Ej. K is Boltzmann constant,
which value is 1.380 6504 x 107> J/K and T is the temperature in K. The relationship
between the number of molecules in high energy levels and the temperature is shown in
Figure 21. Where the number of molecules in the ground energy level (blue AE=0 Kcal/mol)
is decreasing as the temperature increases. Meanwhile the number of molecules in higher
energy levels (pink (AE=1 Kcal/mol) and yellow (AE=2.5 Kcal/mol)) increases with the
temperature because there is more energy for molecular motion. When comparing the idea
shown in Figure 21 with the de-association phenomena it can be concluded that for
associated complexes the energy level is higher than when those associated complexes de-
associate and tend to form discrete components, since all systems tend to go to lower energy
levels that are thermodynamically better. In lignin as associated complexes form the high
energy level is related to the possible driving forces for the association phenomena energy,
which are: hydrogen bonding, entanglement and 7t-7 stacking, which specific strength value
in lignin association is not known. When de-association phenomenon takes place, lignin
associated complexes molecules in solution fall to lower energy levels as they get apart
becoming discrete components in which the interaction forces responsible for association are

not longer present or present in a lower extent.
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Figure 21. Relationship between the number of molecules in different energy levels with
temperature.

The prevention of the further de-association at 4°C than to room temperature may be
understandable taking into account that is related to the average internal energy of the
molecular motions in the system (temperature). At higher temperature than 4°C the further
lignin de-association may be only promoted by slightly upper level of the average internal
energy of the motions of the lignin molecules. Raman et al ® made some ultrasonic and
computational study of intermolecular association through hydrogen bonding in aqueous
solutions of D-mannitol at different temperatures and they found a weakening of
intermolecular forces due to thermal agitation of the molecules at higher temperatures. They
calculated the internal pressure of the liquid system that can be used to study the molecular

interactions in liquids. When temperature increases, the hydrogen bonds break up due to
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thermal vibrations in solvent and also the thermal vibrations between solute and solvent
molecules. As a result, the weakened intermolecular forces lead to a decrease in internal
pressure.

Likely, the strength of the interactions that promote the association of lignin molecules is
reduced due to the increase in molecular motion in solution caused by higher temperatures in
the system. This idea was confirmed in our study with the drop of the weight-averaged
apparent molecular weight of the lignin, once the solution kept at 4°C was then left at room
temperature. After 14 days of the solution being kept at 4°C, it was then allowed to warm to
room temperature and at the 16 days incubation (14 days at 4°C plus 2 days at room
temperature) the apparent M y measured was 1.4x10° gmol'1 (point at 16 days in Figure
22); this being the same value the same as the one reached for the lignin solution incubated
continiusly at room temperature. Brown et al. *' reported an increase in the solvent-solute
interactions with the increase in the temperature meaning that higher temperatures promote
lignin molecules movement favoring de-association phenomenon.

Similar results were obtained by Guerra et al. * they followed the apparent molecular weight
of EMAL from different species (Spruce, Eucalyptus Globlulus, White Fir, Straw and
Redwood) at the two temperatures that are used in this investigation, 4 and 25°C, using GPC.
It was found that incubation in THF at 4°C induces some association between components of
lignins from all evaluated woody species with the exception of lignins from Spruce and Corn.
This may indicate that for the lignin from this species the initial sample was already fully
associated under the conditions evaluated in their work>. However, here the effect of
temperature was studied just with Spruce lignin but by comparing these results it can be

concluded that Spruce lignin does not show a reversible association/de-association behavior
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as observed in the other species Guerra studied®® and the kraft and organosolv lignins
Sarkanen analyzedlz. Further work should be done in this area in order to determine the

behavior of different kinds of lignin in solution at different temperatures.
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Figure 22. Incubation effect on the weight-averaged apparent molecular weight of the EMAL
Spruce solution in THF kept at room temperature and at 4°C.

The data was fitted in a math function using a kinetics program. The function that fitted
nicely the experimental points was one phase exponential decay, which is applicable when
the decrease of a variable is at a rate proportional to its value, the general equation is as

shown in equation 4.

—-Kxt
M, = AXexp “+B equation 4

50



Where M w is the weight-average apparent molecular weight of lignin, A is related to the
extend of de-association and the A units are g/mol, K (day™) is related with the velocity of
the de-association process and B is the final weight-average apparent molecular weight of the
sample in g/mol or when it is completely de-associated.

After regression of the points for Spruce lignin at 4°C and at room temperature the equations

are 5 and 6 respectively.
MW =2.625x10° x exp(—2.784xt) + 522903 equation 5

The corresponding halflife, referring to half of the time needed to complete de-association,
for Spruce lignin at 4°C was 0.2490 and the R*=0.9980, showing good fit between the

experimental data and the equation.

Mw =3.033x10° X exp(—1.623x 1) + 147897 equation 6

The halflife for Spruce lignin incubated at room temperature was 0.4271, almost twice as for
incubation at 25°C, meaning that as the extent of the de-association phenomenon is lower for
lower temperature it takes shorter time to complete half de-association, this can be also seen
when comparing the coefficient A (extent of de-association) for the equations S and 6, since
they are 2.625x10° and 3.033x10° respectively. The R*=0.9750 for fitted points at 25°C was
also good correlation of the points with exponential decay. It is also important to notice that
the rate of de-association is higher at 4°C than at 25°C since the K values are 2.784 and
1.623, respectively. This was not expected, but maybe the temperature influences the extent

of de-association but not the rate of de-association.
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4.3.2 De-association behavior of lignins from different species

Softwood Spruce lignin and a hardwood EMAL Eucalyptus Globulus were also investigated
to study their de-association phenomena. The weight-averaged apparent molecular weight of
acetobrominated Eucalyptus Globulus lignin in THF was followed along the incubation time
at room temperature by light scattering photometry and compared to what observed with the
Spruce lignin (Figure 23). Interestingly, the apparent M w incubation profile of the
Eucalyptus Globulus lignin is very similar with the one observed by Guerra et al.** measured
by gel permeation chromatography (GPC). While for the case of the Spruce lignin compared
to the results measured by GPC,** the values obtained by LS are much higher. The apparent
M w of the fresh Spruce lignin solutions are around 30 times higher measured by LS than by
GPC. An explanation for this difference may be attributed to the fact that the light scattering
photometry has a much higher sensitivity to the high apparent molecular weight fractions
than gel permeation chromatography and because the values obtained from light scattering
are absolute, this technique does not use any reference as GPC where usually polystyrene is

used as reference for this kind of measurements as mentioned before.
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Figure 23. Incubation effect on the weight-averaged apparent molecular weight of the Spruce
and Eucalyptus Globulus lignin in THF solution kept at room temperature.

The weight-averaged apparent molecular weight of the fresh acetobrominated Eucalyptus
Globulus lignin in THF was 3.2x10* gmol™. There is a decrease in the weight-average
apparent molecular weight of E. Globulus and after 4 days a plateau was achieved at 1.0x10*
gmol™ with a reduction of 68% compared to the fresh solution. Previously, it was shown that
the apparent M w reduction for the Spruce lignin was 95%. The de-association phenomena
of the hardwood lignin took place with a contrasting profile and different degree to the
softwood Spruce lignin. These profiles can be seen in equations 6 and 7 which are the

kinetic equation for Spruce and E. Globulus lignin respectively at room temperature.
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M,, =21314xexp(—0.8247xt) +10735 equation 7

Halflife for de-association of hardwood E. Globulus was 0.8405 and the R* was 0.9003. It
can be deduced that de-association of E. Globulus takes longer time than de-association of
Spruce in THF when comparing the respective halflifes, 0.8405 and 0.4271 respectively. De-
association for E. Globulus is slower than for Spruce lignin as concluded when observing the
K value for equations 5 and 6 the K value for Spruce is higher than the K value for E.
Globulus, which are 1.623 and 0.8247 respectively. Therefore, we can conclude that

softwood lignin de-associates faster than hardwood lignin.

Hardwood lignins consist of guaiacyl and syringyl units in variable proportions, while Spruce
and other softwood lignins consist almost entirely of guaiacyl units."” Since hardwood lignin
has syringyl units which have one methoxy group more than guaiacyl units, there are more
electron donating groups in the aromatic ring what can make the 7-7 stacking stronger;
however, there is another factor to take into account, the steric hindrance. If an aromatic ring
has more substituted groups there is less capability to get together and form a 7-7 interaction
because of the steric hindrance. Therefore, there would be easier for softwood lignin, which
guaiacyl units are less substituted than syringyl units, to form -7 stacking since there are
more possible conformations favoring the 7-7 stacking. The difference in the behavior in the
de-association phenomena for hardwood and softwood lignin can be due to their different
structure and the different linkages. The relative proportion of each linkage is related to the
ratio of the mesomeric forms of the radicals which are influenced by the physico-chemical

. . . . 16
environment and kinetics parameters of the reaction.
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Such differences in the behavior between Spruce and Eucalyptus Globulus lignin upon
incubation time were observed in a previous study in our laboratory,’ the measurements
were carried out using GPC and a bimodal elution curve was observed for Spruce lignin,
meanwhile Eucalyptus Globulus lignin displayed an almost unimodal elution profile for
freshly prepared samples. Meaning that E. Globulus did not have the fraction of higher
apparent molecular weight but it did show de-association behavior with aging of the solution.
Thus, they concluded that the extent and pattern of the associative process appears to depend
upon the woody species; furthermore, there are different propensities to associate even
among lignins from different species of softwood.

In an additional study, hydrogen bonding in lignin with Fourier transform infrared, it was
found that aliphatic hydroxyl groups appear to form stronger and more extensive multiple-
hydrogen-bonding complexes as compared to the phenolic groups. In fact, the relative
intensity of these bands in softwood kraft lignin is greater than that of the bands in the
hardwood kraft lignin, consistent with the higher aliphatic hydroxyl group content of the
softwood lignin.®> This fact can explain the higher weight average apparent apparent
molecular weight values observed in our experiments for softwood lignin than for hardwood
lignin, since softwood lignins with higher content of hydroxyl groups can form more and
stronger hydrogen bonding complexes. On the other hand, Guerra et al.** tried to correlate
the presence of different functional groups in lignin with the change in the apparent apparent
molecular weight; the data indicates that there is no clear correlation between the extent of
de-association and total amount of hydroxyl groups, carboxylic acids and condensed phenolic
groups within lignin. This means that ionization and conjugation of various functional groups

cannot explain the large differences observed in de-association behavior of lignins from
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different woody species in THF. But there was a correlation found, E. globulus contains
much more uncondensed B-aryl-ether structures than any of the softwoods evaluated. These
corroborates that hardwood lignin is more linear than softwood lignin. As a result, there is a
correlation between the amounts of uncondensed B-aryl-ether in lignin molecules with their
extent of association. This finding is indicative that the observed effects may have their
origin, at least in part, in chain entanglements operating within different macromolecules.**
In order to develop this entanglement idea even further, the apparent molecular weight of
Redwood and Eucalyptus Globulus sample was followed with stirring and without stirring.
The extent of de-association was found not to be dependent on the stirring but the rate of the
de-association showed to be higher when the mechanical energy was applied to the system.
With all this in mind Guerra et al.** concluded, that chain entanglements, may also operate in
the underlying mechanisms of lignin association and that another possibility may also operate
during the stirring experiments; stirring can perturb any possible equilibrium that may occur
between various lignin components enhancing their effective rate of diffusion away from one
another and/or reducing the probability of re-association. Further studies need to be

completed to clarify these effects are currently in progress.

4.3.3 De-association behavior of lignins in different solvents

The apparent molecular weight of EMAL Spruce was followed in alkaline solution of NaOH
0.1N. It is important to mention that EMALSs in NaOH were not acetobrominated; therefore
we have native lignin in an alkaline solution, pH 13, where we monitored the changes in the
apparent molecular weight with the static light scattering technique. There was a decrease in

the apparent molecular weight value, from 3.77x10° to an average final value of

56



6.22x10’ that represents 84% of reduction. The trend of lignin de-association phenomenon in
NaOH is similar to THF as is shown in Figure 24.

The initial molecular weights for the Spruce lignin in the two different solvents are different
and also the values when the plateaus are reached. Furthermore, there is a difference between
the lignins that are dissolved in the two solvents. The lignin in THF was acetobrominated and
the lignin in NaOH was not. This means that lignin in the THF solutions do not have
hydrogen bond interactions because all the hydroxyl groups are acetylated. Meanwhile, in the
NaOH solutions lignin was not pretreated and therefore it has hydroxyl groups. The fact that
the two lignins (the one that was acetobrominated and the one that was not) show the same
behavior in solution demonstrating that the acetobromination procedure is a good method to
use in the study of lignin in organic solutions.

For the measurements, lignin solutions in NaOH 0,1N with a corresponding pH of 13 were
prepared, and the apparent molecular weight was measured right after preparation. Those
were called fresh solutions. Then, part of the solution was kept at room temperature in order
to follow the change in the apparent molecular weight with the age of the solution (the same
procedure used in THF solutions). There was a decrease in the apparent molecular weight
values of lignin with time. This shows a de-association behavior of lignin in aqueous solvent.
It is important to point out that there is no oxidation of lignin when incubated in alkaline
solutions with air contact; since, comparative studies indicated that exposure to air did not
have a detectable effect upon the form of the kraft lignin apparent molecular weight

distributions which were developed during incubation under identical solution conditions.”
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Figure 24. Incubation effect on the weight-averaged apparent molecular weight of the Spruce
lignin in THF and in 0.01 N NaOH solutions kept at room temperature.

The curves from Figure 23 can be fitted in an exponential decay equation as it was done for
the de-association data at different temperatures and different lignins (hardwood and
softwood); in equation 8, where the plateau or the final molecular weight reached is
538082g/mol and the time required to achieve the plateau value is twice its halflife, 4.132.

The R* for this fit was 0.9319, thus the correlation of the experimental data with the equation

is quite acceptable.

58



Mw =1.466x10° xexp(-0.167x 1) + 538082 equation 8

When comparing halflifes for Spruce in THF and NaOH, which were 0.4271 and 4.132, it
can be concluded that de-association in THF is much faster than in NaOH, around ten times
faster and this can be seen in the K values for in equations 6 and 8 corresponding to de-
association kinetics of Spruce in THF and NaOH respectively. The K value for Spruce in
THF is 1.623, higher than the K value for Spruce in NaOH, 0.1677. The extent of de-
association is higher when lignin is in THF solutions, A values are 3.033X106g/m01 for

Spruce lignin in THF, higher than 1.466x10°g/mol for Spruce lignin in alkaline solution.

Similar work was done by Lindstrom et al. with kraft lignins gels concluding that at high
additions of sodium hydroxide, the increased ionic strength shields the charged groups in the
network, thus decreasing the electrostatic repulsion between the charged groups and the
degree of swelling is lowered.”® Although the ion-exchange capacity of the network increases
at higher pH , the effect of the higher ionic strength is more important.*®> They said that the
increased ion-exchange capacity at higher pH-values (higher than 12) is presumably due to
de-association of catecholic, phenolic and aliphatic hydroxyl groups.”> In our EMALs
samples, analyzed in aqueous alkaline solutions, there are no cathecolic groups but we do
have phenolic and aliphatic hydroxyl groups; thus, the de-association of these groups maybe
present in our solutions. In additional work with kraft lignin in alkaline media,’ it was
observed that the ionization of various lignin functional groups is followed by the formation
of the corresponding intermediates and its oxidation; leading to the conclusion that ionization

and conjugation govern both elution behaviour and the apparent molecular weight
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distribution patterns of kraft lignins in aqueous media is in contrast with the findings of

Guerra et al.>*

that, as mentioned before, concluded that the ionization of hydroxyl and
carboxylic groups can not explain the de-association phenomena as there was no correlation

between their amount and the change in the weight-average apparent molecular weight when

working with EMAL.

Benko® measured, by a diffusion technique, the relative apparent molecular weights of kraft
lignins and lignosulfonates. He found very large differences in the apparent molecular
weights measured in aqueous and organic solvents. For example, a polymerized hardwood
lignosulfonate gave an apparent molecular weight of 50,000g/mol in 0.IN aqueous KCl1
which decreased to about 2000g/mol when measured in DMSO. We can observe a similar
tend in our results; the final molecular weight, when the plateau is reached, of Spruce lignin
is higher in NaOH than in THF indicating that, the molecular weight value may depend on
the solvent used to prepare the solutions because of the solvent-solute interactions. This is in
contrast with another study,”’ in which the molecular weight of lignosulfonates in two
different solvents, 0.1M aqueous NaCl and DMSO, was measured. There was not significant
difference in the Mw values for the lignin prepared in the two solvents and there was no
further association with storage time or with temperature. The authors state that the small
change was within the experimental error.

In previous studies it was concluded that a prime cause of the lignin apparent molecular
weight variation lies in molecular association which, is to a large extent responsible for the
actual molecular weight measured under any given set of conditions, for example, in

different solvents.®® ®® Consequently, in order to form a more soundly based picture of lignin
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structure, the nature of the interactions of lignin with its solvents needs to be clarified.”'

In table 1 we can see the rate of de-association of Spruce EMAL in the two different solvents
being used in our experiments. We can observe these values are different, which means
lignin de-associates faster in THF than in NaOH 0.1N. Probably the interactions present
between lignin and THF promote de-association process to occur faster or maybe, since
lignin in THF was acetobrominated before preparing the solutions, one of the interactions
among associated lignin molecules (hydrogen bonding) is not present anymore, allowing de-
association phenomena to take shorter time. It is experimentally evident that kraft lignin have
a pronounced tendency to associate and form more complex structures to a degree dependent
on the extent of interaction with the solvent.”’ The actual disparity in the de-association of
lignin between the different solvents may also indicate that the association forces that operate
in aqueous and organic media are not essentially the same.*

The de-association phenomenon takes 10 days until the apparent molecular weight reaches a
constant value.

Table 1. Kinetic factors for EMALs incubated in different solvents and different

temperatures. (See equation 4)

EMAL Tempe:mre Solvent | Rate (days™) | A (gmol™) | B (g mol™)
(°C)
Spruce 25 1.623 3.033x10° | 1.48x10°
Spruce 4 THF 2.784 2.625x10° | 5.23x10°
E. Globulus 25 0.8247 2.13x10° 1.07x10°
Spruce 25 NaOH (0.01 N) 0.1677 1.466x10° | 5.38x10°
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In trying to compare these results, we came across a study carried out many years ago where
kraft lignin association was studied in three different solvents; dimethyl sulfoxide (DMSO),
dimethyl formamide and dioxane.”’ One point taken to make a comparison is the
electronegativity of the solvents. DMSO is the most electronegative one having a dielectric
constant of 45.0 and dioxane is the least electronegative having a dielectric constant of 2.2.
In our study the solvents used are water with a dielectric constant of 78.4% and THF with a
dielectric constant of 7.58.” Brown et al.’' found the best solvent for kraft lignins was
DMSO because the corresponding mixing free energy was the lowest one compared to the
other two solvents. The better the solvent the more negative the mixing free energy is”".

In order to determine the mixing free energy it was required to estimate the enthalpy and the

entropy of the solutions, following the equation 9

AF = AH + TAS equation 9

Where A is the value of the solution minus the values for the pure components. AF
correspond to the mixing free energy, AH is the enthalpy, T is temperature and AS is the
entropy of the solution. If solvent-solute interactions are greater than solute-solute and
solvent-solvent interactions, heat is evolved on the solution and the value of AH will be
negative. This occurs when there is solvation and orientation of solvent molecules in the
vicinity of the solute molecules. Brown °' found that all the values of AH for his solutions
were large and positive and increase with the polar nature of the solvent. He said that those
values are probably due to lignin forming hydrogen-bonded complexes with these highly
polar solvents. This is because very strong solute-solvent interactions are necessary to

overcome the attractive forces between lignin molecules which are the root cause of the
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observed association. One would consequently expect that the AH values would be negative
or at least show small positive values. This is not the case here, however, because the above
reasoning ignores an important feature of polar organic solvents which is their considerable
degree of internal structure. This means solvent molecules can be associated and
consequently the solvent-solvent interactions are quite strong and there is less capability to
form lignin-solvent bonds. The internal structure of solvents limits the hydrogen bonds
between lignin and solvent. These effects dominate the picture and overshadow the
thermodynamic effects arising from the conventional interaction of the lignin with the
solvent. In the present study the solvents used were polar (H,O) and the other moderately-
polar (THF). THF has a molecular shape of an envelope. Water is a tiny V-shaped molecule
with the molecular formula H,O. Its molecular diameter is about 2.75 A. In the liquid state,
in spite of 80% of the electrons being concerned with bonding, the three atoms do not stay
together as the hydrogen atoms are constantly exchanging between water molecules due to
protonation/deprotonation processes. Following Brown’s conclusions,’’ perhaps the change
in the shape of the solvents molecules plays a role in the solvation and de-association
behavior of lignins in solution. Further work in this area needs to be carried out in order to
elucidate this idea.

Brown conclusions were that good solvents for kraft lignin (referring to those in which lignin
is little associated) are highly polar and thus possess varying degrees of internal structure.
Consequently, it is the change in solvent structure, rather than the nature of the lignin-solvent

interactions, which govern the magnitudes of the estimated thermodynamic parameters.>'
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4.4 Selective methylation of hydroxyl groups in EMAL Spruce.

Having the behavior of lignins in solution, we observed a de-association trend. In THF we
could study the possible 7-m stacking interaction responsible for the de-association
phenomena, since lignin was acetobrominated; but in NaOH we may have the hydrogen
bonding effects as well. Then, next step was to determine how each interaction (hydrogen
bonding), if it is present, contributes to the observed phenomenon. Therefore the new
approach was the selective blocking of the hydroxyl groups of lignin (Spruce) as described in
the experimental part. After methylation the sample was analyzed using *'P NMR.

In Figure 25 the *'P NMR spectrum for EMAL Spruce is shown. The experiment was done
using phosphytilation Reagent II (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane). The
reaction of Reagent II with hydroxyl groups in lignin is shown in Figure 25 (a). In (b) the
spectrum before methylation is presented. (c) shows the *'P NMR after two treatments of
methylation. It can be deduced from the Figures b and c that almost all the phenolic hydroxyl

groups were methylated because their corresponding signal almost disappear in c.
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Figure 25. Selective methylation of phenolic hydroxyl groups (a) general reaction (b) *'P NMR

spectra for EMAL Spruce before methylation. (c) *'P NMR spectra for EMAL Spruce after
methylation.
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After methylation of the phenolic units of EMAL Spruce, the solubility in the solvents used
in this study was verified. Phenolic methylated Spruce lignin was not soluble in THF, neither
in NaOH 0.1N alkaline solution. Therefore, the measurements of the corresponding weight-
average apparent molecular weight in light scattering for those samples could not be

determined.

Next step was to try selective methylation of alpha aliphatic hydroxyl groups of EMAL
Spruce lignin. Figure 26 the P NMR spectrum for EMAL Spruce is shown. The experiment
was done using phosphytilation Reagent I (1,3,2-dioxaphopholanyl chloride) .”' The reaction
of Reagent I with hydroxyl groups in lignin is shown in Figure 26 (a). In (b) the spectrum
before methylation is presented. (c) shows the >'P NMR after methylation treatment. It can be
observed in the Figures b and c that almost all the alpha aliphatic hydroxyl groups were
methylated because their corresponding signal almost disappear in c.

FTIR analysis in lignin model compounds revealed aliphatic hydroxyl groups form stronger
hydrogen bonds than phenolic hydroxyl groups.65 Hence, it was interesting to test the EMAL
Spruce with the alpha aliphatic hydroxyl groups blocked in order to determine if they play a
role in the association phenomenon of lignin in solution. These samples showed good

solubility in THF and in NaOH 0.1N.
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Figure 26. Selective methylation of alpha aliphatic hydroxyl groups (a) general reaction (b) *'P
NMR spectra for EMAL Spruce before methylation. (c) *'P NMR spectra for EMAL Spruce
after methylation.
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4.5 Radius of gyration (rms)

Another parameter obtained with static light scattering measurements is the root mean square
(rms) or radius of gyration of the lignin molecules in solution. Radius of gyration is referred
to the root mean square distance of the subunits of a molecule from its center of mass. As
observed in Figure 27 there is not as extensive dependence variation trend between the
radius of gyration of lignin samples and the age of the solution. The behavior is not the
expected because as lignin weight-average apparent molecular weight decreases the radius of
gyration is not decreasing in the same way, showing an exponential decay with time. Even
though, there is not a define relationship, a reduction in the rms of the molecules with time

can be observed.

The change in the radius of gyration of lignin samples in THF with aging of the solution is
random. It has been determined that discrete kraft lignin components in alkaline solutions
behave as expanded random coil molecules.® A random coil is a polymer conformation where
the monomer subunits are oriented randomly while still being bonded to adjacent units. It is
not one specific shape, but a statistical distribution of shapes for all the chains in a population
of macromolecules. Discrete lignin components exhibit a range of conformations in solution
that will be distinct from the configuration of the complexes formed through association
between them and the associated complexes showed a flexible lamellar configuration.® The
lamellar configuration of lignin was described elsewhere’* after preparing films of
lignosulfonates and taking photomicrographs of the samples. It was shown that lignin tends
to adopt flat configuration similar to the lamellae structure in the wood. Moreover, such

molecules in solution would be expected to be flexible and disk-like having various
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shapes and sizes and their hydrodynamic behavior will lie between that of a sphere and a
random coil.”” Gidh et al.” studied kraft lignin in aqueous solutions with multi angle laser
light scattering technique in the static and dynamic mode and found that the distribution in
the radius of gyration (rg) became narrower with time. At the same time the hydrodynamic
radius (rh) and apparent molecular weight distribution did not vary, indicating that molecular
conformation (which can be deduced from the log (rg)/log(MW) and (rg/rh ratio) changed to
a more uniform molecular shape. Since the cumulative radius of gyration is decreasing the
molecules become more compact. Our results can support the just mentioned conclusion,
perhaps the high polydispersity of the fresh samples make the reproducibility of the
measurements poor and therefore, there is no a clear behavior for 5 days incubation solution,
but after 5 days the rms of the molecule has decreased due to de-association of lignin

complexes that become more compact and possess a more define shape.
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Figure 27. Root mean square of EMAL Spruce in THF (a) and EMAL E. Globulus in THF (b).
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4.6 Second virial coeficcient (A;)

Light scattering can be used to measure the second virial coefficient (A;) of a
macromolecule. A, is a measure of macromolecular self association, and is one of the few
parameters that can be used to predict the crystallization properties of a sample. Moreover,
light scattering techniques used to measure A, can be extended to characterize hetero-
association between two different proteins.*’ Quantitatively, the theta state is defined through
the second virial coefficient (A;), which measures the excess chemical potential (excess
Gibbs free energy of dilution) between polymer and solvent molecules in solution. Theta
conditions are defined as those at which A, = 0. Conversely, A, > 0 signifies that the polymer
is dissolved in a thermodynamically ‘good’ solvent at the given temperature, while A, < 0
signifies that the solvent/temperature conditions are thermodynamically ‘poor.” At ‘good’
conditions, the chemical potential between the analyte and solvent is minimized, the
molecule is more extensively solvated, the chain assumes a more extended configuration due
to the strengthening effect of the solvent, and the excluded volume is positive. The opposite

.. .. 74
of this is true at ‘poor’ conditions.

As shown in Figure 28, the second virial coefficient for EMAL Spruce solutions, in THF and
in NaOH (0.01N), decreases as the weight-average apparent molecular weight increases.
Indicating that, for associated complexes having high apparent molecular weight, the second
virial coefficient is low and for discrete components with low apparent molecular weight,
after de-association takes place, the second virial coefficient increases, representing better
solvation. This is in agreement to what Brown®' observed. This autor found that the second

virial coeficient A, increases as the apparent molecular weight decreases. Since, A, is a
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measure of the thermodynamic interaction between solute and solvent, this indicates that the
variation in apparent molecular weight is a result of lignin association.’’ In the case of
EMAL Spruce dissolved in THF there are no negative values, as shown in Figure 27 a, in
contrast to what is exposed in Figure 27 b, where EMAL Spruce is dissolved in NaOH 0.01N
having several negative values of second virial coefficient. This indicates there is better
interaction between lignin molecules and THF than between lignin and aqueous alkaline

solution.

The errors associated to the second virial coefficient measurements were much higher for
lower apparent molecular weight samples, when de-association was taking place. This effect
can be due to the fact that light scattering technique is more sensitive to high apparent
molecular weight samples. Consequently it gives high errors when determining the

parameters for low apparent molecular weight samples.
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Figure 28. Second virial coefficient (A,) of EMAL Spruce in THF (a) and EMAL Spruce in
NaOH (b).
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5. Conclusions

After this study it can be concluded that:

e Static light scattering measurements are revealing as far as the propensity of lignin

to associate is concerned.

e Static light scattering studies may reveal more details as to the hydrophobic and

hydrophilic forces operating in defining lignin association in the cell wall.

® The change in the dn/dC of Spruce lignin in THF can be due to a change in the
hydrophobicity of the molecules when changing from associated complexes to

discrete components.

e Lignin de-association can be described as an exponential decay of the apparent

molecular weight with the age of the solution.

e Lignin de-association phenomena are temperature dependent.

e However, the rate of lignin de-association phenomena may not be temperature

dependent

e Hardwoods and softwoods have different propensities to associate with different

extents and rate of de-association.

¢ The rate and extent of de-association of Spruce lignin vary with the solvent used to

prepare the solutions.

e Lignin association forces may be governed amongst others by hydrophobic
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interactions non-bonded orbital (7-7 stacking)

The radius of gyration of lignin solutions decreases with time but does not show the

same trend as the weight-average apparent molecular weight.

Second virial coefficient (A,) values increase when de-association takes place.
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6. Future work

As far as the tendency of lignin molecules in solution to associate/de-associate is concerned,
there are more experiments that could help in the understanding of this complex and still

unknown phenomenon:

e Study of the change in weigh-average apparent molecular weight of E. Globulus
lignin in NaOH in order to compare the behavior of softwood and hardwood lignin in

aqueous alkaline solutions.

e Follow the apparent molecular weight with time of the previously described
selectively blocked lignin to determine the role, if present, of the phenolic hydroxyl
group and aliphatic alpha hydroxyl groups interactions in the association/de-

association phenomenon.

® Viscosity or dynamic light scattering measurements can help to determine the
hydrodynamic radius with the aim of studying the change in conformation of lignin

molecules during the association/de-association phenomenon.

e Track the change in the apparent molecular weight of both softwood and hardwood
lignin at different temperatures of incubation and try to establish relationships with

the energy of activation needed for this phenomenon to occur.

e Molecular dynamics simulation of softwood and hardwood lignin model compounds
in order to determine the energy associated to each interaction force present in

associated complexes.
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Create lignin films and study their interaction with lignin or other polymers using
quartz crystal microbalance (QCM-D) and also get images of those films using

scanning electron microscopy (SEM) in order to study the shape of lignin aggregates.

As mentioned previously, lignin can be used as emulsifier. The study of lignin
behavior in emulsions is an interesting field. How the apparent molecular weight, the
different functional groups of lignin and the different sizes of lignin molecules

influence emulsion when using lignin as a surfactant.
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