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Abstract

The cold NaOH(aq) system is a promising process for the production of textile fibres. Al-
though the process has been studied for almost a century, there remain unsolved research
issues, especially regarding the dissolution mechanism. The focus of the thesis is to in-
vestigate the fundamental molecular interactions that govern the behaviour of a pure cel-
lulose/NaOH(aq) system and systems containing selected additives. Nuclear magnetic
resonance (NMR) spectroscopy in combination with complementary methods, such as
infrared spectroscopy and pH, was used as characterisation technique, including sub-

stantial work on method development.

The main findings of the thesis show that magnetisation transfer NMR has great po-
tential for studying the dynamics of water exchange in a cellulose/aqueous alkali system,
which gives valuable insights into the dissolution mechanism of cellulose in NaOH(aq).
Evaluation of 3Jypy and ey couplings of the cellulose model compound methyl 3-D-
glucopyranoside (3-MeO-Glcp) showed that conformational changes occur in NaOH(aq),
but not as a function of temperature. However, upon the addition of urea, temperature-
dependent conformational changes were observed. Steady-state heteronuclear Over-
hauser effect NMR measurements confirmed a non-specific interaction between urea
and cellulose. This non-specific interaction suggests that urea facilitates a chemical en-
vironment that promotes a conformational change in the 3-MeO-Glcp, which is most
likely one of the mechanisms behind the positive effect of urea on the dissolution of
cellulose in NaOH(aq). CO, from the surrounding air was found to dissolve readily in
cellulose/NaOH(aq) solutions, which leads to the formation of a cellulose carbonate in-
termediate and the introduction of substantial C032_ that is capable of interacting with
cellulose. Cellulose-CO4~ interactions were found to be disrupted in the presence of
urea in NaOH(aq). Taken together, it is suggested that the cellulose-CO32’ interactions
are one of the factors that promote gelling. Urea is likely able to delay gelation due to the
disruption of cellulose-CO3™ interactions. The discovery of carbonate chemistry in cellu-
lose/NaOH(aq) solutions reveals a new dimension of these solutions with high relevance
for the stability and implementation of the cold NaOH (aq) process.
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Introduction

In this chapter, the subject of the thesis is described through a brief background
description of the field, its history, and its existing industrial and scientific chal-
lenges. The objective for the thesis, which was the foundation for the scientific

work performed, is presented and framed from scientific controversies of the field.



1.1 Background

While the Earth’s population continues to grow, reaching nearly 7.4 billion
people during 2019, the need for products used in the daily life is also expand-
ing. One of those products is clothes. This is reflected in the consumption of
textile fibre, which increased from 78 million tons to more than 103 million dur-
ing the last decade.! The majority of textile fibres produced today use fossil oil
as a raw material. Fossil oil is a finite resource and, therefore, associated with
environmental issues. For this reason, the raw material for textile fibres needs
to be replaced with renewable resources. However, a renewable resource is not
necessarily a sustainable resource. Cotton, for example, has been used for tex-
tile fibres for thousands of years and originates from a natural and renewable
resource, but its production has been questioned from a sustainability point of
view due to its use of arable land, massive demand for water, and use of pesti-

cides during cultivation.??

As an alternative to cotton, cellulose derived from wood is an interesting
feedstock, but it entails additional processing to reach a textile fibre product.
Unlike cotton, cellulose fibres derived from wood are short and wide with rather
stiff morphology and, therefore, demand re-shaping into long and thin fibres
that are possible to spin into a yarn. The re-shaping is typically done through the
dissolution of the cellulose in a solvent, followed by precipitation and then wash-
ing in a spin bath containing an anti-solvent. Only a few such processes, with
the most common ones being the viscose and the lyocell processes, have been
commercialised mainly because of difficulties with finding suitable solvents for
the dissolution step. The reason for this is the complexity of the cellulose mor-
phology and supramolecular organisation, which inhibit dissolution in common
solvents. The fibre properties in combination with the environmental footprint
from the viscose process is one of the reasons why the development of appropri-

ate and sustainable dissolution processes continues to be an important issue.

One of the most attractive solvent systems, both in terms of sustainability
and commercial implementation, is the cold NaOH(aq) system. The system is
considered to have a low environmental burden due to the fact that it is water-
based and that there is already an existing infrastructure for the recycling and
handling of NaOH, which is currently used as a process chemical in pulp and
paper mills. A simple integration of a dissolution process that utilises NaOH (aq)
as a solvent into an existing pulp mill to convert cellulose fibres to textile fibres



is, therefore, feasible. Nevertheless, this solvent system has its peculiarities. Cel-
lulose only dissolves at low temperature and within a narrow concentration of
NaOH. Moreover, the obtained solutions are not stable during both dissolution
and subsequent handling, which is an obstacle for large scale implementation
of the process. In order to overcome these obstacles and reach industrial imple-
mentation, that is economically and environmentally viable, it is essential to un-
derstand the true dissolution mechanism for cellulose in this particular solvent
system.

A lot of effort has been put into addressing these issues, which has resulted
in a number of theories on the driving forces behind the dissolution of cellulose
in NaOH(aq).4 In addition to this, additives used to improve the dissolution ca-
pacity of the solvent, such as urea, are described in various ways to act either on
the solvent system or on the cellulose, but no definite explanation for their role
in the dissolution mechanism has been concretised.

1.2 Objective

The objective of this thesis is to increase knowledge on overlooked features of
the NaOH(aq) solvent system important to the understanding of cellulose dis-
solution. These overlooked features include the inherent ability of NaOH(aq) to
dissolve and convert CO, to CO32‘, the conformational changes that occur in
a cellulose molecule due to the addition of urea and variation in temperature
when dissolved in NaOH(aq), and the variation in cellulose swelling and water
dynamics in different aqueous alkali hydroxides.

The aim, using a variety of NMR spectroscopic methods, is to elucidate on
the particular molecular interactions that occur in a system of NaOH(aq) and
dissolved cellulose or a cellulose model compound in the presence of selected
additives and upon temperature variations. The reason for this aim is to gain
valuable insight into the interactions of a system that could be implemented in
a process on a commercial scale.






Cellulose

Cellulose is the most abundant polymer in nature, and is together with hemicel-
lulose and lignin one of the main components of wood. The three constituents
coexist in a complex matrix but can be separated by specific chemicals, which al-
lows them to be used more effectively in different types of applications. This is
the concept of a wood-based biorefinery, where all building blocks are utilised for
their best purpose before energy recovery is considered. Cellulose, as such, can be
re-shaped into a variety of products such as textile fibres, membranes and bar-
riers. This chapter describes the structure and morphology of cellulose, and the
challenges that are faced in dissolving cellulose.



2.1 Cellulose structure and morphology

The cellulose polymer is a carbohydrate that consists of D-glucopyranose units,
also called anhydroglucosidic units (AGU), linked together through a [3-1,4-
glycosidic bond, as shown in Figure 2.1.5 The polymer is synthesised through
a six-lobed rosette cellulose synthesis complex (CSC) located at, or outside,
the plasma membrane from which the cellulose chains are extracted.® Each
lob of the CSC is suggested to contain three sites that extrude one chain each,
which results in 18 chains synthesised from one CSC.”® The three equatori-
ally positioned hydroxyl groups of each AGU enable hydrogen bonding both
intramolecularly between hydroxyl groups within the same chain and inter-
molecularly between hydroxyl groups on neighbouring chains. The former sta-
bilises a flat chain conformation, while the latter leads to the alignment of the
cellulose chains next to each other, forming a sheet-like structure. Stacking then
occurs due to additional forces between the sheets, which gives cellulose a crys-
talline and, subsequently, a microfibrillar structure.

OH
OH ,© 5 _OH
go 0 2 O1 gO o--
-- O HO 0]
32 OH ‘6
OH \ ) OH
repeating unit AGU

Figure 2.1: The molecular structure of cellulose. Each position is numbered in the repeating

AGU unit.

The sheet stacking is suggested to occur due to several reasons. One
being that the *C; chair conformation (which describes the C4 position being
located above the C1 position in the ring), and the equatorial position of
the hydroxyl groups provides an optimal configuration for a multiplicity of
C-H---O hydrogen bonds from one sheet to the next.® Another suggestion is
that hydrophobic interactions between the glucose ring surfaces, which gives
cellulose an amphiphilic character, cause association between the sheets.!® The
cellulose structure is, however, not fully crystalline but contains less ordered
regions said to originate from a kink occurring every 6-7 AGU, which results
in both ordered and less ordered regions in the structure. The kink, which
occurs on the molecular level, develops into a twist that emerges throughout



the macromolecular structure and contributes to the final geometry of the
microfibril. Lastly, semicrystalline microfibrils are aggregated into macrofibrils,
which in turn, are deposited in different layers of the cell walls, thus forming
the cellulose part of a fibre. The cellulose is embedded in a matrix with lignin,
which is regarded as the glue between the fibres, and hemicelluloses, which
provides interactions between the cellulose and lignin, and together forms the
wood material (Figure 2.2).

fibril aggregate microfibril

elementary fibril

8, v
cellulose chain

Figure 2.2: The morphology of cellulose derived from wood. Adapted with permission from
A. Idstrém.

The length of a cellulose chain is defined by the number of AGUs, which
means the degree of polymerisation (DP). The DP of cellulose originating
from wood is estimated to be between 9,000 and 10,000. During pulping,
hemicelluloses and lignin are largely removed, while the cellulose is preserved
as much as possible. The DP of the cellulose will, however, decrease to 300-1,700
depending on the type of pulping process used. Cellulose in wood fibres to be
used for the production of textile fibres has a typical DP of 250 to 600 and is
termed dissolving pulp.!!

It is evident that the conformation of the cellulose monomeric unit plays a
crucial role in the preferred association that takes place between the chains on
a macromolecular level and affects the resulting properties of the cellulose fibre.
This is a feature also observable for the different allomorphs of cellulose that
are present naturally and obtained upon treatment. The crystalline structure of
cellulose is, in general, highly influenced by the conformation of the hydroxy-
methyl group (primary alcohol) on the cellulose, which can be seen as a change
in the hydrogen bonding pattern. Depicted in Figure 2.3 are the three staggered
conformations suggested for the hydroxymethyl group: gauche-gauche (gg, w=
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-60°), gauche-trans (gf, w= 60°) and trans-gauche (zg, w= 180°). The first letter
refers to the torsional relationship between 06 and 05, and the second letter
refers to the relationship between O6 and C4. All three conformations exist in
solution as different populations depending on the properties of the solutions

such as type of solvent, temperature or other molecules present.'?-14

06 HER H6S
05 c4 05 c4 05 c4
H6S H6R 06 H6S H6R 06
H5 H5 H5
99 gt tg

Figure 2.3: The three staggered conformations of the hydroxymethyl group on cellulose

with the torsion relationships marked in red.

In nature, cellulose is found with two types of crystalline structures, namely,
cellulose I and cellulose I3, which are found as a mixture of both structures
in most plants.'® The difference between the two forms is the size of the unit
cell, i.e. how the chains hydrogen bond and prefer to associate with each other.
However, synonymous for both cellulose I allomorphs is that the chains are
arranged parallel to each other and that the hydroxymethyl group is found to be
in the tg conformation.

Upon both thermal and chemical treatments, cellulose can adopt other crys-
talline structures. The most common ones are called cellulose II, III, and IV.!6
Cellulose I treated with alkali or dissolved and regenerated rearranges its crystal-
line structure to form cellulose II, and the hydroxymethyl group is then found in
the gt conformation. The gg conformation is often represented in less ordered,
i.e. amorphous, regions.!” The cellulose II structure is thermodynamically more
stable!8 and is characterised by the chains being arranged anti-parallel to each
other. The change from a parallel into an anti-parallel arrangement is an in-
teresting phenomenon still being discussed.'® Cellulose III and IV are obtained
through treatment at varying temperatures in liquid ammonia or other amines
and glycerol, respectively.



2.2 Cellulose solubility

Dissolution of cellulose is an important process for many applications but is,
however, challenging and, once again, brings the complex structure of cellulose
to the fore. As mentioned in Section 2.1, a cellulose fibre is built up of several
cell wall layers. Each cell wall layer has a certain composition and organisation
that contributes to the properties of the wood. To obtain complete dissolution
of a cellulose fibre, the solvent needs not only to be able to penetrate into the
different cell walls but also to break all attractive forces between the cellulose
chains. These forces involve both intra- and intermolecular hydrogen bonds
and the interaction that leads to sheet stacking. Common solvents, such as
water or dimethyl sulfoxide (DMSO), can only overcome the first stage, i.e.
penetrate into the different cell walls, which in turn, causes swelling of the fibre.
The second stage is more perplex, which is why the search for suitable cellulose

solvents has become a relatively large scientific research area.!620-29

Figure 2.4: Schematic representation of the dissolution and reshaping process of cellulosic

wood fibres. Adapted with permission from J. Bengtsson.

Although pulping processes can be used to purify wood fibres up to a cellu-
lose content of more than 92%, so-called dissolving pulp grade, the native mor-
phology of the fibres is not suitable for yarn spinning. Unlike cotton, which has
long and thin fibres, wood fibres are short and thick, which gives them an as-



pect ratio (length to width ratio) that is too low for conversion directly into tex-
tile fibres. To overcome this obstacle, the native structure must be dissolved to
obtain dissociated cellulose chains in a solution called a spin dope. Through
spinning of the spin dope into an anti-solvent, the cellulose can be re-shaped
into thinner and longer fibres (Figure 2.4).

There are, however, a number of solvents capable of a simultaneous break-
age of all inherent forces in a cellulose fibre structure. A clear distinction is
made between derivatising and non-derivatising solvents. A non-derivatising
solvent is able of overcoming cellulose-cellulose interactions, whereas deriv-
atising solvents accomplish derivatisation of the cellulose prior to dissolution.
From a manufacturing perspective, direct solvents are preferred because they
require one less processing step.

Derivatising solvents

A derivatising solvent performs a substitution reaction on the cellulose hydroxyl
groups to promote solubility in a certain solvent. One of the oldest systems
based on this is the viscose process, which still today, is the major method used
for the production of textile fibres from wood. Alkali-treated cellulose is reacted
with carbon disulfide to give the non-stable ester cellulose xanthate, which is sol-
uble in dilute NaOH(aq) (Figure 2.5). A degree of substitution (DS) as low as 0.5
is enough to achieve efficient dissolution in dilute NaOH(aq). During the regen-
eration step, the viscose solution is spun into an acid solution, which hydrolyses
the xanthate esters while the pure cellulose is regenerated into fibres. The substi-
tution agent carbon disulfide is hazardous, which is why many old viscose mills
are considered non-sustainable, but the implementation of closed-loop systems

leads to great improvement in the environmental impact of the process.3°

However, the low mechanical properties of the viscose fibres, especially
during wet conditions, challenge the effort to find alternative processes to
produce cellulose fibres with higher quality properties. An example of this is
the cellulose carbamate process which uses urea instead in the substitution
reaction on the cellulose fibres to obtain solubility in dilute NaOH(aq) (Figure
2.5). Unlike cellulose xanthate, cellulose carbamate is a stable ester, which
means that the ester remains intact upon regeneration and can be removed in a
subsequent processing step if wanted. The cellulose carbamate process is not
yet commercially available but has recently reached pilot-scale production.3!

10



The process uses fewer chemicals, and the fibres attain qualities equal to
modified viscose fibres with improved wet strength.

S Na NH,

s:<0 o#o

Figure 2.5: The molecular structure of cellulose xanthate (left) and cellulose carbamate
(right).

Other derivatising solvents are formed by, for example, a reaction between
the cellulose and formic acid to form cellulose formate, which is soluble in
DMSO; dimethylformamide (DMF) and pyridine. Another example is the re-
action between cellulose and trifluoroacetic acid or paraformaldehyde, which
forms cellulose trifluoroacetate and methylol cellulose, respectively, and are
both solubilised in DMSO during the derivatisation.3? More recently, it was also
found that cellulose dispersed in DMSO together with a so-called superbase,
such as 1,8-Diazabicyclo[5.4.0lundec-7-ene (DBU), can be solubilised by the
addition of CO, under pressure. The superbase is suggested to depronate the
hydroxyl groups on cellulose, which initiates a nucleophilic attack on the CO,
and the formation of a cellulose carbonate with the protonated superbase as a

counterion.33

Non-derivatising solvents

A non-derivatising solvent possesses properties that can disrupt both a hydro-
gen bonding network and the stacking association that occur between the cel-
lulose chains. In addition to this, the solvent must possess the driving force
to penetrate the fibre structure. The dissolution process for a non-derivatising
solvent has been identified to occur in different steps, depending on the quality
of the solvent.3* A high quality solvent, such as N-methylmorpholine N-oxide
(NMMO), dissolves the cellulose fast via disintegration into rod-like fragments.
A low quality solvent, such as cold NaOH(aq), dissolves the cellulose through
initial swelling, followed by ballooning and then dissolution.

11



Although there are a number of direct solvent systems suitable for cellulose
dissolution, only one is currently employed in a commercialised process, namely
the lyocell process, which utilises NMMO as a direct solvent for cellulose. The
dissolving mechanism of NMMO is reported to be the formation of one or two
hydrogen bonds between the cellulose hydroxyl groups and the NO group in
NMMO, which gives a stable complex due to the strong dipole moment of the NO
group. The lyocell fibre is characterised by its high mechanical strength due to
the superior orientation of the cellulose chain during spinning and subsequent
drawing of the produced textile fibres. However, one drawback of the lyocell
process is the thermal instability of the solvent, which can lead to an explosion
but is nowadays controlled by the addition of stabilising agents in the spin dope.
Further, the solvent must be recycled up to 99%, in order to maintain process

sustainability, both environmentally and economically.

0]

/:\ /:\
NNNN o NN N o

Figure 2.6: The molecular structure of 1-butyl-3-methylimidazolium chloride (BMIMCI)
and 1-ethyl-3-methylimidazolium acetate (EMIMAc).

An alternative lyocell fibre could also be produced from so-called ionic li-
quids (IL), which, as indicated by their names, are liquid organic salts that
possess intriguing properties. The first IL for the dissolution of cellulose was
patented for liquefied quaternary ammonium salt as early as 1934.3% In 2002,
Swatloski et al. suggested that ILs synthesised from imidazolium, such as 1-
butyl-3-methylimidazolium chloride (BMIMCI), would be promising for indus-
trial applications that require cellulose dissolution.?® By alternating the chem-
ical structure of the cation or the anion, or both, there is no limit for the number
of ILs that can be synthesised. Interestingly, all ILs are not solvents for cellu-
lose which, again, describes the complexity of cellulose dissolution. Two of the
most common ILs employed in cellulose research, both for developing applica-
tions and cellulose derivatives, are the aforementioned BMIMCI and 1-ethyl-3-
methylimidazolium acetate (EMIMACc) (Figure 2.6). Like NMMO, ILs are repor-
ted capable of breaking the hydrogen bonds between the cellulose chains, thus
causing cellulose to dissolve. In addition, it has been argued that the interac-

tion between the cellulose and the anion plays the most important role in the

12



dissolution process but it has also been shown that the cation must fulfil certain
structural requirements in order for the cellulose to dissolve in the IL.37 However,
the use of ILs on an industrial scale for textile fibre production is, at present, lim-
ited by the recyclability of the solvents, which is a demand from environmental

and economical perspectives.

A non-derivatising solvent is attractive when looking at the reduced amount
of processing steps it entails, but the need for specially developed solvents is an
obstacle both to the production and regeneration of solvent. A solvent already
familiar to an industry closely related to the production of textile fibres, such
as the pulp and paper industry, is therefore an interesting option. This is also
the reason why the water-based cold NaOH(aq) system once again has gained

increased attention from both researchers and industry.
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The cold NaOH(aq) solvent system

From an environmental point of view, an aqueous-based system for the dissolu-
tion of cellulose is of great interest. This is especially true for the NaOH(aq) system,
since the chemical is used in several other process steps during pulp and paper
production. For this reason, there is a well-developed infrastructure for handling
of waste residues. The NaOH(aq) system is a promising solvent for cellulose, but
it also possesses certain peculiarities, such as a narrow dissolution window and
unstable solutions. New light has, therefore, been shed on the system over the last
years to develop further insight on the dissolution mechanism and the interac-
tions taking place between the solvent and the cellulose. This chapter describes
the properties of the NaOH (aq) solvent and how its cellulose dissolution capacity
can be modified with the addition of certain additives. In addition to the char-
acteristics of the solvent, challenges to the investigation of molecular interactions

that occur in the system are presented and briefly discussed in the chapter.
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3.1 Fundamentals of the NaOH(aq) cellulose dissolution system

The affinity between NaOH(aq) and cellulose has been known since the middle
of the 19™ century when John Mercer patented the mercerisation process to im-
prove the properties of cotton fabric.3® The invention describes the use of con-
centrated NaOH(aq) through the immersion of cotton fabric into the solution
to improve lustre and dye uptake as well as mechanical properties and dimen-
sion stability. Later during the 19™" century, the viscose process was developed
where NaOH(aq) was used as an activating step towards reaction with a substi-
tuting agent.3¥ The affinity between NaOH(aq) and cellulose is characterised by,
first, the formation of different types of Na-cellulose intermediates, depending
on the concentration of NaOH and the temperature of the solution and, second,
the conversion from the cellulose I to cellulose II in crystalline structure. This
process is not due to the dissolution of the cellulose fibre but to a change in mor-
phology and crystalline structure that occurs in a highly swollen state during the
formation of the different Na-cellulose complexes.*

100
l .
‘ s il
80 }
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Figure 3.1: The NaOH (aq)/cellulose phase diagram adapted from Sobue et al. (1939)

The discovery of NaOH(aq) as a solvent for cellulose was patented as early
as 1924 by Lilienfeld*® and was later studied more in detail by Davidson,*! who
used partly hydrolysed cellulose to ease the dissolution process and found that a
decrease in temperature improves dissolution in NaOH(aq). In 1939, Sobue et al.

developed the ternary phase diagram for ramie cellulose, NaOH and water that

16



describes the regions for different Na-cellulose complexes as a function of NaOH
concentration and temperature (Figure 3.1).#? The region marked between -5
to +1°C and 7 to 10 wt% NaOH is referred to as the Q-state (Quellung, which
means swelling in German) and is characterised by the phenomenon of cellulose
dissolution occurring within this narrow window.

Structure of cellulose/NaOH(aq) solutions

The phenomenon of NaOH(aq) working as cellulose solvent only at a certain
concentration range and low temperature has been a puzzling research ques-
tion over a long period of time, and great effort has been invested in identifying
the structure of the solvent at different conditions and in the presence of cel-
lulose. It is evident that the structure of the solvent, including both hydrated
NaOH structures and the hydrogen bonding of water itself, are highly influenced
by both the concentration of NaOH and the temperature of the solution. NaOH
dissolves in water, giving two ions surrounded by water, i.e. hydrated ions. At
a NaOH concentration below 20 wt%, water forms a primary and a secondary
hydration shell around the ions. In the primary shell, the water is strongly bon-
ded, which means that the ion and water move together. In the secondary shell,
the water is less bonded, which suggests that these water molecules move freely
around within this shell. At 10 wt% NaOH(aq) and +4°C, the primary and sec-
ondary shell is reported to consist of 8 and 23 water molecules, respectively.*3

The narrow dissolution conditions for cellulose in NaOH(aq) must clearly be
correlated to the structure of the ions as well as the bounded and freely mov-
ing water in the solvent. This has also been the explanation for the swelling
behaviour of cotton caused by various aqueous alkali. The maximum swell-
ing of cotton at a specific concentration has been found to be in the order
Li>Na>K>Rb>Cs** and explained with the argument that the larger the ion the
more difficult it is to penetrate into a cellulose fibre. Important to remember,
though, is that this swelling behaviour occurs in diluted solutions where the
ions are assumed to be maximum hydrated. Interestingly, although all afore-
mentioned alkalis can swell cellulose, not all can dissolve it. The dissolution
capacities decline according to their swelling capacity, once again suggested to

1.4 Li* and Na* can form two hy-

be dependent on their type of hydration shel
dration shells, while K* only forms one hydration shell with less strongly bonded

water and, therefore, loses its dissolution capacity for cellulose. Thorough in-
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vestigations by Roy et al.*6 and Egal et al.,*” found that NaOH in water forms an
eutectic structure, and in the presence of cellulose, the amount of this eutectic
structure decreases. From this finding, the number of NaOH associated to the
cellulose is calculated, which results in 4 moles NaOH per mole AGU. Consider-
ing the narrow dissolution window, the maximum dissolution capacity of an 8
wt% NaOH(aq) solution would then corresponds to 8 wt% cellulose.

Stabilising interactions in a cellulose/NaOH(aq) solution

At specific conditions, NaOH(aq) is reported to break the hydrogen bonding net-
work, and more specifically, the intermolecular 03-H~--H5' and O,-H-- -Hé hy-
drogen bonds leading to dissolution.*® Recently, the role of NaOH(aq) also act-

ing as a deprotonating agent*?

was revisited and, again, it was suggested to
be one of the driving forces for dissolution.® Deprotonation of the hydroxyl
groups not only leads to breakage of the hydrogen bonding network but also
to the formation of a polyelectrolyte and the introduction of repulsive forces
between the cellulose chains. A close association between the cellulose chain
and Na* acting as a counterion for the deprotonated hydroxyl group has, though,
not been possible to prove yet. The argument for hydrogen bonding break-
age being the only force needed to achieve the dissolution of cellulose has,
in recent years, been debated since the water-water, water-carbohydrate, and
carbohydrate-carbohydrate hydrogen bonds are of the same bond strength,
namely 5 kcal/mol.!? There are evidently other forces that provide stability to
the cohesive structure of the cellulose chains, which is why hydrophobic inter-
actions have been suggested as an additional force to overcome when aiming
for dissolution. The fact that additives, such as urea, which are known to break
hydrophobic interactions and improve the dissolution of cellulose in NaOH(aq),
supports this hypothesis.

The narrow process window of NaOH(aq) is a challenging factor for the in-
dustrial implementation of the system. Cellulose dissolved in NaOH(aq) must be
kept between the temperatures of -10 and +10°C to remain in solution. As soon
as the solution approaches the limits of this temperature interval, the cellulose
chains start to associate to each other and precipitate as regenerated cellulose
II. This temperature dependency clearly demonstrates that the chemical envir-
onment for the cellulose chains is optimal between -10 and +10°C, and must be
maintained for the chains to remain in solution. If this dependency is solely at-
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tributed to the properties of the solvent, or if the temperature also could have
an affect on the conformation of the cellulose chains, which makes them more
prone to dissolve in NaOH(aq), is still not fully understood. However, cellu-
lose/NaOH(aq) solutions not only gel due to temperature changes, but exhibit
another, more peculiar, feature of spontaneous gelation after dissolution, al-
though the dissolution conditions remain, i.e. the same NaOH concentration
and low temperature. Several theories for this behaviour have been framed.
They point to the conversion from cellulose I to cellulose II during dissolution
and a subsequent regeneration, and the fact that the cellulose 1II is less soluble

in NaOH(aq) than cellulose P!

or that external factors, such as the CO, in the
surrounding air, could disrupt the quality of the solvent or interact with the dis-

solved cellulose and, thus, disturb the system.%?

3.2 Impact of additives on dissolution in NaOH(aq)

In efforts to improve and optimise the dissolution of cellulose in NaOH(aq) sev-
eral studies have evaluated different additives, both with the aim of increasing
the dissolution rate and improving the stability of the solutions to ease hand-
ling of them prior to a regeneration step. The choice of additive can be determ-
ined based on the specific interaction desired to disrupt. In the beginning of
the 1990’s, Laszkiewicz et al. discovered that urea aids the dissolution of cellu-
lose in NaOH(aq)®? and that the dissolution rate of bacterial cellulose could be
improved from 17% to 48.6% by the addition of 1 wt% urea.>* As previously men-
tioned, urea is known to act as a denaturation agent for proteins by breaking the
hydrophobic interactions that keep the crystal structure together.> It is, there-
fore, not surprising that urea has an effect on the dissolution of cellulose since it
also belongs to the category of amphiphilic polymers. Moreover, urea has earlier
been used in a way similar to NaOH(aq) to improve the qualities of cotton tex-
tile fabrics.’® However, urea alone cannot dissolve cellulose but must be used
in combination with another solvent in order to achieve dissolution. The true
mechanism of urea in NaOH(aq) has not been fully proven yet, but its role in the
dissolution process of cellulose has been studied by many research groups.* In
summary, two theories have been proposed, namely, that urea impacts the qual-

ity of the solvent,®>"~5?

or that urea interacts with the cellulose through some type
of binding.s&eo’63 A similar additive, thiourea, has also been found to promote

dissolution in NaOH (aq) (Figure 3.2).%4
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HoN™ "NH, HoN NH,

Figure 3.2: The molecular structure of urea (left) and thiourea (right).

Another category of dissolution- and stability-improving additives is metal
oxides. Studies by Davidson show that metal oxides, such as zinc oxide, beryl-
lium and aluminium oxides either improve or deteriorate dissolution of cellulose
in aqueous alkali.5® Interestingly, the hypothesis of using metal oxides for modi-
fying the interaction between cellulose and NaOH (aq) was formulated based on
the observation made by John Mercer that the swelling action of cotton caused
by NaOH(aq) increased in the presences of zinc oxide. In NaOH(aq), zinc ox-
ide (ZnO) converts to Na,Zn(OH),, (also known as sodium zincate) and has
been reported to form stronger hydrogen bonds to cellulose than hydrates of
NaOH.56 ZnO has also been suggested as a binder for water, thereby decreasing
the amount of free water surrounding the cellulose chains that otherwise pro-

motes chain aggregation.

An unintentional additive in NaOH(aq) originates from the surrounding air
as CO, dissolves readily in NaOH(aq). When CO,(g) dissolves in NaOH(aq), it
forms CO,(aq), which instantly reacts with the OH™ to give HCO5 (aq). If the
pH of the solution is above 10, the HCO4 (aq) proceeds in a reaction with an-
other OH™ and form COSZ_(aq). If the NaOH(aq) is let to stand in contact with the
surrounding air, the pH of the solution will decrease, i.e. the OH™ will be con-
sumed, which has a negative effect on the quality of the solvent. Interestingly, in
1927, Faurholt demonstrated that the presence of an alcohol, namely methanol,
in NaOH(aq) increased the uptake of CO, in NaOH(aq).67 The mechanism was
described as a deprotonation of the alcohol by the OH™ ions, which leads to a
nucleophilic attack by the alkoxide on the CO,(aq) and results in the formation
of an organic carbonate (Figure 3.3).

MeOH + NaOH(aq) ——— MeO-Na* +CO,(ag) ——> MeOCO,” Na*

Figure 3.3: The reaction mechanism between methanol (MeOH) dissolved in NaOH(aq)
and CO,(aq).
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In a more recent study on glycerol in NaOH(aq) it was found that the re-
action between a glyceroxide, i.e. a deprotonated glycerol, and CO,(aq) is 6-7
times faster than the reaction between OH™ and CO,(aq).®® The former reaction
is thereby favoured, even though the two reactions will occur in parallel in the
solution. The actual impact of this reaction on cellulose dissolution in NaOH(aq)
has not yet been thoroughly evaluated.

3.3 Analytical challenges of the cellulose/NaOH(aq) system

Analysis of the molecular interactions that occur in a cellulose/NaOH(aq) solu-
tion, with and without additives, demands analytical techniques that measure
and report on the molecular level. This is, however, challenging in the NaOH(aq)
for several reasons. Characterisation techniques that provide information on the
size of the cellulose chains or the occurrence of aggregates in a solution, such as
light scattering, demand purification of the solutions, i.e. filtration of a cellu-
lose/NaOH(aq) solution, to remove other scattering particles, which is trouble-
some due to high viscosity of cellulose solutions and associated with substan-
tial loss of dissolved material. Spectroscopic methods, such as infrared spectro-
scopy, can be used on both liquid and solid materials, but the large amount of
water in the NaOH(aq) will saturate the spectrum and hide interesting features
that occur between the cellulose, the additive, and the solvent. Analysis of a solid
material, e.g. regenerated cellulose, can be of interest when evaluating the effect
of different dissolution conditions and the addition of varying additives but will,
again, not show how the solutes relate to each other.

The interaction between the different solutes can be analysed non-
destructively on a molecular level with the use of nuclear magnetic resonance
(NMR) spectroscopy. However, this procedure is limited by the dissolution ca-
pacity of the solvent. In other words, NMR spectroscopy demands high sample
concentration, and the fact that the regular dissolving pulp cannot dissolve com-
pletely in the NaOH (aq) solvent results in low resolution of the obtained spectra
and becomes an obstacle to such a type of molecular investigations. In addition
to this, investigation of the true action of the NaOH(aq) during the dissolution
of cellulose is difficult due to the lack of an appropriate reference solvent. Com-
parison of the structure of a cellulose analogue in a reference solvent such as
water with equal ionic strength as the NaOH(aq), but neutral pH, can provide
useful information on the NaOH(aq) dissolution mechanism. Taken together,
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with a model compound, such as cellulose with lower DP or a monomer com-
pound representing the repeating unit of cellulose, high resolution would be
maintained owing to increased dissolution capacity.
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Methodology for understanding the
molecular dimension of the
cellulose/NaOH(aq) system and its

controversies

The dissolution mechanism for cellulose in NaOH(aq) has not yet been fully
defined, but several theories on the driving forces have been developed and de-
scribed. In order to investigate these theories on a molecular level, a represent-
ative model system is needed. This chapter describes the methodology for how to
investigate certain controversies over the dissolution of cellulose in NaOH(aq).
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4.1 Investigating and understanding controversies of the cellu-
lose/NaOH(aq) system

The focus of the thesis is on investigating existing hypotheses, which to some ex-
tent are controversial to each other, on the dissolution of cellulose in NaOH(aq)
by elucidating the molecular interactions that occur in a pure system of
NaOH(aq) and dissolved cellulose, and upon the addition of certain additives.
The research issues of interest are:

¢ How to monitor the course of swelling and dissolution of cellulose in dif-
ferent aqueous alkalis at varying temperatures without affecting the ori-
ginal state of the sample (i.e. through disruptive sample preparation)

* The occurrence of conformational changes in a cellulose molecule in-
duced by temperature changes and the addition of urea in NaOH(aq)

* The association of urea on certain surfaces, e.g. hydrophobic surfaces, of
cellulose dissolved in NaOH(aq)

¢ Molecular interactions in NaOH(aq) containing CO, and dissolved cellu-
lose with and without the presence of urea

4.2 Analytical tools and experimental setups

NMR spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is an invaluable tool for the
characterisation of molecular structures and their interactions and can be used
to study all atoms (hereafter referred to as nuclei) with a nuclear spin quantum
number greater than zero. Some of the most common nuclei used are 1y, 13¢
and '°N. The wealth of methods provides information on the chemical structure
of amolecule where each nucleus within the molecule is seen as a peak in a spec-
trum. Each peak is reported in terms of its chemical shift, which describes the
chemical surrounding for each nucleus. Integration of the peaks also provides
the opportunity of making a quantitative evaluation in relation to a reference
peak. In addition to the chemical shift values, NMR also provides the possibility
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of extracting data on the relationship between the different nuclei in the mo-
lecule, termed as the J coupling. Both homo and heteronuclear J couplings can
be obtained, e.g. "H-'H or 'H-'3C, and be used further to evaluate and describe
the conformation of a molecule and how this conformation is affected by vari-
ations in a certain system. Both the chemical shifts and the J coupling values are
sensitive to alterations in the chemical surrounding of the molecules induced
by, for example, the type of solvent used, temperature, or the presences of and
interaction with other solutes.

NMR spectroscopy can be used both qualitatively and quantitatively, but the
latter requires careful consideration of the experimental settings. Certain para-
meters are important to consider in order to obtain a quantitative spectrum. Two
of those parameters are T; and T, which correspond to the spin-lattice and the
spin-spin relaxation times, respectively. The former describes how long it takes
for a nucleus to relax back to its initial state after being subjected to a radio-
frequency (rf) pulse, and the latter describes how fast the signal generated by a
90°pulse decays during the acquisition of the signal. Large molecules, such as
cellulose, have low T, values, which is a highly limiting factor in obtaining an
NMR measurement with high resolution since a low T, value results in a spec-

trum with broad peaks of low resolution and intensity.

The aforementioned insufficient dissolution capacity of cellulose fibres
in NaOH(aq) will also lead to a solution containing both a dissolved and an
undissolved fraction, which is an obstacle for quantitative measurements. This
obstacle is commonly overcome by solving for some type of separation of the
two fractions, such as filtration, but will unfortunately also lead to a disruption
of the original structure of the solution. To avoid this, representative model
compounds withholding good dissolution capacity in NaOH(aq) were instead
chosen as the cellulose substrate for the measurements in this thesis. Cellulose
with a DP of 260, namely microcrystalline cellulose (MCC), obtained upon
hydrolytical treatment, was chosen as the polymeric cellulose analogue, and
methyl D-glucopyranoside (MeO-Glcp) with the protective methoxy group
positioned in two different conformations (o-MeO-Glcp and [3-MeO-Glcp)
was chosen as the monomeric cellulose analogue (Figure 4.1). The protective
methoxy group at position C1 not only prevents ring opening in the NaOH(aq)
and, thus, maintains chemical structure of the model substrate, but also gives a
different acidity to the hydroxyl groups due to the difference in conformations.5®
Although the use of model substrates can reveal relevant molecular information
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on the dissolution mechanism for cellulose in NaOH(aq), it is important to
keep in mind that several contributing factors have been removed, such as
the macromolecular structure, which of course will influence the dissolution

mechanism.

Figure 4.1: The molecular structure of the model compounds MCC (top), 3-MeO-Glcp (bot-
tom left) and o.-MeO-Glcp (bottom right).

For the NMR investigations, samples were prepared by either dissolving MCC
or the o-/3-MeO-Glcp in NaOH(aq) at -5°C with or without the addition of an
additive (the preparation is described in detail in the appended papers). Samples
were then characterised using several NMR methods in combination with the
complementary methods presented in the following section. Figure 4.2a) shows
a schematic illustration of a typical 'H measurement where the flat line in the
beginning represents a delay, typically in the order of a couple of seconds. A
delay of 5xT'; is needed to obtain a quantitative information. The vertical box
represents the rf pulse that is applied to obtain a signal from the nucleus. This is
followed by a wave, which represents the free induction decay (FID). The decay
of the FID is of the same order of magnitude as the molecule’s T, value. The
recorded FID is, thereafter, Fourier transformed into the spectrum.

'H and '¥C measurement were performed as illustrated in Figure 4.2a) and
b), where 'H decoupling was used during the acquisition of the '3C to eliminate
the J couplings, which results in one peak for each carbon in the molecule.
From these experiments, the chemical shift values for MCC and o-/3-MeO-Glcp
could be extracted and evaluated in terms of the molecular interactions that
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occur in NaOH(aq) containing CO, and dissolved cellulose with and without
urea (paper I-V). The same experiments, but without the 'H decoupling during
the acquisition of the '3C, were used to obtain the 'H-'H and 'H-'3C J coupling
values to investigate the occurrence of conformational changes in 3-MeO-Glcp
induced by temperature and the addition of urea in NaOH(aq) (Paper V).

a) c)
H H
b) d)
13C 1H
H o 13C/15N

N-times

Figure 4.2: Schematic representations of the experimental setups for a a) 1H, b) 13C, ¢)
magnetisation transfer (MT) and d) heteronuclear Overhauser effect (HOE) NMR measure-

ment.

An additional feature of NMR spectroscopy is the presence of the so-called
nuclear Overhauser effect (NOE), which is the ability of a nucleus to transfer
magnetisation through space when nuclei are close enough to each other. By
measuring the NOE, it is possible to elucidate whether or not two molecules
are close to each other and, consequently, interact with each other as the
signal intensity increases or decreases for the detected nucleus due to the
transferred magnetisation. Figure 4.2c) illustrates an experiment referred to
as magnetisation transfer (MT) where a nucleus that resonates at a certain
frequency, denoted frequency offset, is irradiated in the beginning to transfer its
magnetisation to other molecules close in space after which a 'H spectrum is
recorded (Figure 4.2a)). This method was used to monitor the course of swelling
and dissolution of cellulose in different aqueous alkalis at varying temperatures
without affecting the original state of the sample (i.e. through disruptive sample
preparation). A schematic representation of the method is shown in Figure 4.3
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where the water dynamics based on ko, (bound water) and kg (free water) are
evaluated to describe the degree of cellulose swelling (Paper VI).

semi-solid
MccC

offset frequency
irradiation

Figure 4.3: Schematic representation of a magnetisation transfer experiment where H,0
molecules exchange with "bound and immobile H,O" on the kop and koff time scale mon-

itored by the use of an offset frequency irradiation.

NOE also exists heteronuclearly and is then called heteronuclear Overhauser
effect (HOE). The HOE was used to evaluate molecular interactions in NaOH(aq)
containing CO, and dissolved cellulose with and without the presence of urea.
The HOE was also used to evaluate the association of urea on certain surfaces,
e.g. hydrophobic surfaces, of cellulose dissolved in NaOH(aq) (Figure 4.2d)). The
evaluation was done through a comparison of a spectrum with irradiation of
either '3COZ~ or urea-'°N with a regular 'H spectrum without the irradiation.
The low abundance of some nuclei requires labelled compounds to achieve suf-
ficient transfer of the magnetisation from e.g. '*CO#~ or urea to the nuclei detec-
ted, in this case ' H. This was why 13C032_ and urea-'°N were used in the samples
(Papers II1-V).

Through the use of the same experimental setup on both the systems of
interest and a reference system, a comparable analysis can be performed of
how the different parameters affect the chemical features of the molecule at
different conditions. A reference solvent for the 3-MeO-Glcp and o-MeO-Glcp,
D,0/NaCl, was used at the same concentration as the actual solvent D,0/NaOH.
The sample preparation is described in detail in the appended papers.
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Complementary methods

In addition to the NMR measurements, complementary methods were used to
obtain more insight into the properties of the investigated system. Attenuated
total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was used
on precipitated MCC subjected to CO, during dissolution. The precipitated
MCC was then evaluate in terms of molecular alterations had by CO, sorption
in NaOH(aq) or NaOH(aq) with addition of urea. Static and dynamic light scat-
tering were used to investigate the macromolecular structure of MCC dissolved
in NaOH(aq), both without additives and in the presence of CO, or/and urea.
The pH of all systems was measured prior to the NMR measurements to estab-
lish the difference in activity of the ions in the system and to clarify the need
to keep this property in mind when comparing and evaluating different systems
against each other.
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Driving forces for dissolution of

cellulose in aqueous alkalis

The course of swelling and dissolution of cellulose in aqueous alkali is key in order
to gain a mechanistic understanding of the driving forces for cellulose dissolution
in NaOH(aq). Nonetheless, characterisation of swelling and dissolution of cel-
lulose without disrupting the original state of the sample is challenging. In this
chapter, based on Paper VI, the use of an NMR method denoted MT is investig-
ated and evaluated for monitoring the swelling and dissolution of MCC in three

different aqueous alkalis.
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5.1 Cellulose dissolution capacity of different aqueous alkalis as a
function of temperature

The intriguing observation that only a few aqueous alkalis possess the ability to
dissolve cellulose disclose that the role of the cation is of importance. The role
of the anion as an enabler of breaking hydrogen bonds cannot solely be decisive
for efficient dissolution. pH measurements of the three different aqueous alkalis,
namely, LiOH, NaOH, and KOH, usually studied for the dissolution of cellulose
reveal that the discussed deprotonation of cellulose as the driving force for dis-
solution cannot be the sole mechanism. This is because KOH(aq) was found to
have the highest pH of the three solvents at the same concentration and temper-
ature (Table 5.1). In other words, if deprotonation was the determining driving
force for dissolution, KOH(aq) would possess the highest dissolution rate of all

three solvents, which has been reported not to be the case.*!

Table 5.1: The pH of aqueous alkali solutions at 0.5 M and +10°C

Sample pH

LiOH 13.67
NaOH 13.96
KOH > 14

By following the dissolution process in different aqueous alkalis, valuable in-
formation can be obtained on the dissolution mechanism and on the roles of
the different ions. NMR spectroscopy provides the opportunity of quantitatively
determining the dissolution capacity of the different solvents and elucidating on
the relaxometry of both the solvent and the cellulose without interfering the ori-
ginal state of the sample, which is often the case in other characterisation tech-
niques such as light scattering. NMR-analysis of the dispersion of MCC (0.4 M)
in the three above mentioned aqueous alkalis (2.0 M) transferred to NMR tubes,
which were pre-frozen and thawed at -10, -5, and +5°C while the NMR exper-
iments were performed, was found to be a non-disruptive method to monitor

the dissolution process.

A quantitative determination of the cellulose dissolution capacity in the dif-
ferent solvents was performed by integrating the ' H spectrum of MCC in all three
solvents and temperatures to calculate the amount of dissolved MCC and eval-
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uate it against the maximum amount added to the samples. An example of a 'H
spectrum is shown in Figure 5.1a). This example corresponds to the MCC dis-
solved in LiOH(aq) at -5°C. The H,O peak was set to 0 ppm due to subsequent
evaluation of this peak in the MT measurements presented in Section 5.3.

a) Hﬂ MCC

10 5 0 -5 -10
b)
LiOH NaOH KOH
Il I\ A
10017
McC
951
= 901
X
©
5
£ 85-
H.0
80+

75+

10 5 5 -10 -5 5 -10 -5 5
Temperature (°C)

Figure 5.1: The measured amount of dissolved MCC in 2.0 M LiOH(aq), NaOH(aq) and
KOH(aq) from the integration of the corresponding ' H spectra at various temperatures in
relation to the amount of H,O present in the solution. The maximum amount of MCC

added to the solution is marked in orange.

Interestingly, as shown in Figure 5.1b), all three solvents were able to dissolve
cellulose but to different extents. This is in agreement with earlier results repor-
ted by Davidson®® but is not in agreement with those reported by Xiong et al.*>
and Cai et al.,’® who have stated that KOH(aq) cannot dissolve cellulose fibres.
The MCC, however, appears to be a different case as roughly 25% was found to
be dissolved at +5°C in KOH(aq). In LiOH(aq) and NaOH(aq), 70% of the ad-
ded MCC was dissolved at +5°C, which is in agreement with the observations

made earlier by Alves et al..?” Intriguingly, at the lower temperatures -10 and -5°,
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LiOH(aq) was found to dissolve more than the maximum amount of MCC ad-
ded. Observable 'H signals arise from NMR-detectable (i.e. non-frozen) water
and MCC, which is why this finding is suggested to be due to a lower amount
of NMR-detectable H,0, i.e. a lower amount of H,0 was non-frozen at -10 and
-5°C. LiOH(aq) has, however, a lower freezing point than both NaOH(aq) and
KOH(aq),”! which indicates that the addition of MCC impacts the freezing be-
haviour of water. This is further strengthened by the detected amount of dis-
solved MCC found to decrease with temperature and at +5°C, thus, passing the
maximum amount mark. The same phenomenon of a decreasing amount of dis-
solved MCC at increased temperature was also found in KOH(aq), which, how-
ever, was more likely due to a decrease in dissolution capacity of the solvent with
increasing temperature since KOH(aq) exhibits the lowest freezing-point depres-
sion of the three solvents. Interestingly, this was not the case for NaOH(aq) as the
amount of dissolved MCC measured only changed slightly with increasing tem-
perature, which could be an indication that the amount of dissolved MCC and
non-frozen H,0 changed simultaneously and that NaOH(aq) is a more effective
solvent for cellulose than KOH (aq) within this temperature range.

5.2 Relaxation rates of H,O and MCC in different aqueous alkalis
at increasing temperature

The difference found in the dissolution capacity of the three solvents could be
manifested further when the mean T; value for the non-frozen H,O and MCC
is evaluated at the different temperatures. The T, value is converted into the
mean spin-relaxation rates R; through the relationship 1/7T, and plotted in an
Arrhenius plot against the inverse temperature to investigate the effect of the
temperature changes (Figure 5.2). The R; for non-frozen H,0O was found to be
a straight line for all three solvents, where LiOH(aq) had the steepest slope and
KOH(aq) had the lowest. Upon the addition of MCC, the R; for the non-frozen
H,O appeared to be unaffected. However, the R; for MCC was found to exhibit
a different relation against temperature as the temperature plateaued at -5°C
in all solvents. This is interesting since the optimal dissolution temperature of
cellulose in aqueous alkali is reported to be around -5°C. In addition to this, it
was found that, in the presence of urea in the NaOH(aq), the plateau moved to a

temperature below -15°C, which suggests different prerequisites for this solvent.
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Figure 5.2: The mean spin-relaxation rates as a function of temperature in an Arrhenius
plot for non-frozen H,0 a) and MCC b). In a), the straight lines represent the data points

fitted to pseudo-Arrhenius behaviour, and in b), the lines are guides for the eye.

An interesting feature of the different solvents was also observed when the
mean T, value for the non-frozen H,O in relation to temperature in an Arrhe-
nius plot (Figure 5.3) was evaluated. In LiOH(aq), the mean T, of H,O remained
constant with temperature, while in NaOH(aq) and KOH(aq), the mean T, of
H,0 increased with temperature.
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Figure 5.3: The mean T 2 of H,0 in LiOH(aq) (blue), NaOH(aq) (black) and KOH(aq) (red)
containing MCC at different temperatures normalised against the mean T » of H,0 in the

reference solvents.

The addition of MCC was found to influence the mean T, of H,O the most
in KOH(aq). The T,s are most likely affected by exchange of water molecules
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with the hydroxyl groups on the dissolved MCC and with the water that is asso-
ciated with the semi-rigid MCC. This will be discussed in the evaluation of using
magnetisation transfer for the purpose of monitoring cellulose swelling in the
Section 5.3.

5.3 Magnetisation transfer as a tool for monitoring swelling of cel-
lulose

Magnetisation transfer as an NMR method has been used in other research fields
to measure the exchange rate of H,O with mobile/exchangeable protons present
in OH- or NH,-groups that resonate close to the water peak in an 'H NMR spec-
trum. This is only visible when the exchange rate is slower than approximately
100 Hz. In addition to this, magnetisation transfer NMR is able to monitor pro-
tons associated to semi-rigid polymers or tissues, which are invisible with con-
ventional '"H NMR due to their short T5s.”? As illustrated in Figure 4.3, bulk H,O
exchanges with "bound and immobile" H,O on a semi-rigid cellulose, which re-
mains associated for timescales shorter than the exchange rate k. The associ-
ation results in an invisible signal that possibly covers a range between 10-150
ppm, which is too broad to be detected because of short T?s and homonuclear
couplings, which might be up to 70 kHz.

However, when this signal is irradiated at an offset frequency, the "bound and
immobile" water molecules will transfer their magnetisation to the bulk water
molecules if there is an exchange not faster than 102 Hz.”® Hence, an MT spec-
trum, or a so-called Z-spectrum, displays the intensity of the water peak as a
function of the irradiation frequency. If an exchange process between water mo-
lecules and the dissolved MCC, whose H1-H6 peaks in this representation res-
onate at negative ppm values while its hydroxyl groups appear at positive ppm
values, would occur at a rate slower than 10° Hz, the Z -spectrum would show a
dip at the position where the exchange happens. The exchange rate at this high
pH in aqueous alkali is, however, expected to be much faster,’* which explains
why the Z-spectra shown in Figure 5.4 lack these features.

Interestingly, the Z spectra was instead able to display different shapes at the
varying temperatures of the three solvents with MCC. The width is suggested to
be attributed to the swollen state of semi-rigid MCC, which mainly depends on
the 1/ T of the protons associated to the semi-solid fraction.”
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At -10°C, NaOH(aq) and KOH were found to have a similar broad width, and
LiOH(aq) had a more narrow width, which suggests that the semi-solid MCC was
more swollen for LIOH. In other words, the broadening of the curve for LiOH(aq)
started first above 0.2 of the normalised intensity, which indicates that the frac-
tion of semi-rigid MCC was lower than the fractions in KOH(aq) and NaOH(aq).
Instead of the width changing with temperature, as for NaOH(aq) and KOH(aq),
the fraction changed with temperature for LiOH(aq). At +5°C, all solvents re-
vealed a broad feature, which is in line with the results from the 'Hs integrals
that showed a fraction of non-dissolved MCC, with the largest fraction found for
KOH(aq). In NaOH(aq), both the normalised intensity and the width changed
from -5 to +5°C, which could be because of a greater swelling within this tem-
perature range. Plausibly, this result could be related to the reported decrease in

the intrinsic viscosity of cellulose in NaOH(aq) with increasing temperature.”%7”

The use of magnetisation transfer for monitoring the swelling of cellulose
is, however, largely dependent on many parameters. Some of those paramet-
ers are the exchange rate of ko, and kg, the 77 and T, of water and the semi-
rigid MCC fractions, the saturation duration and the B field of the saturation RF
pulse. Upon optimisation, the method is, therefore, believed to have potential to
contribute to valuable information on the cellulose/NaOH(aq) system. Inform-
ation from a more optimised MT experiment can, in conjunction with recent
reported modelling results, be useful to elucidate if the concentration of water
is higher around the hydroxyl groups’® or if there is a more tightly coordinated

water structure close to the microfibrillar cellulose chains.”®

In summary, the evaluation of quantitative ' H integrals of MCC dispersed in
a solvent upon thawing at different temperatures in combination with relaxa-
tion evaluation and measurements of a Z-spectrum was found to have potential
for elucidating the swelling and dissolution process of cellulose in aqueous al-
kali. The method, however, requires further optimisation in terms of influencing
parameters, which should be done with respect to reported modelling results to
confirm important properties of the system. Interestingly, the clear distinction in
dissolution capacity between NaOH(aq) and KOH(aq) falls in line with the phe-
nomenon of a so-called reversed Hofmeister series.?? In a normal Hofmeister
series, ions of a certain bare ionic radius are considered as hydrophilic or hy-
drophobic. Li* and Na* are considered hydrophilic and strongly hydrated, and
K* is considered as hydrophobic and weakly hydrated. This means that when
a hydrophobic surface, such as a hydrophobic surface of the amphiphilic cellu-
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lose, is introduced in the solvent, the more hydrophobic K* ion will accumulate
on the surface to minimize its free energy, while Li* and Na* remains associated
with the solvent, which is energetically the most favourable state for a hydro-
philic ion. However, in the case of a reversed Hofmeister series, the hydrophobic
surface is considered to be deprotonated due to an increase in pH, e.g. the hy-
droxyl groups on cellulose become deprotonated. Deprotonation of the surface
increases its hydrogen bonding with H,0, which in turn leads to an expulsion of
the K* ion from the surface as H,0 and strongly hydrated ions, such as Li* and
Na*, minimize their free energy when binding to the surface. In other words,
deprotonation in combination with sufficient binding of water, both by the cel-
lulose and the ions present, could be an explanation for the difference in the
dissolution capacity of cold aqueous alkalis.
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Conformational changes promoting

dissolution

The peculiar behaviour of cellulose to only dissolve in NaOH (aq) at low temperat-
ure has been suggested to be the result of conformational changes in the cellulose
induced by the low temperature.8! Consequently, this promotes a conformation
of the cellulose that is more prone to dissolve in polar solvent. Conformational
changes have also been indicated as the driving force for the increase in the dissol-
ution capacity of cellulose in NaOH (aq) upon the addition of urea, where the urea
is suggested to accumulate on the hydrophobic surfaces of cellulose and, thus, pro-
mote dissolution. In this chapter, based on Paper V, the conformational changes of
the cellulose model compound 3-MeO-Glcp are evaluated as a function of temper-
ature and the addition of urea to the NaOH (aq) solvent. The proposed association

between cellulose and urea is also elucidated on a molecular level.
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6.1 Solvent effects on Jyy coupling values

The fact that NaOH(aq) is a better solvent for cellulose than KOH(aq) points out
a certain ability of the former solvent to provide a more beneficial chemical en-
vironment for the polymer to dissolve in. The amphiphilic nature of cellulose
suggests that the NaOH(aq), as a solvent, has specific properties in which the
cellulose is more willing to expose not only its polar sides but also the non-
polar surfaces of the glucose ring. The exposure results in dissolution promoted
by conformational changes and the disruption of stabilisation forces. The im-
proved dissolution of cellulose in the presence of urea would then be assumed
to be promoted by an even more beneficial conformational change where the
urea is assumed to e.g. accumulate on the non-polar surface.

Table 6.1: Difference in 3Jyy couplings (Hz) of B-MeO-Glcp when dissolved in NaOH(aq)
or NaOH(aq) with urea in comparison to NaCl(aq) or NaCl(aq) with urea, respectively, at

+5°C. The significant changes are marked in red.

H position 0(Hz) NaOH(aq) 0(Hz) NaOH(aq) with urea
H1 -0.2 -0.1
H2 -0.5 -0.5
H2 -0.3 0.2
H3 -0.4 -0.4
H3 -0.4 -0.4
H4 -0.4 -0.2
H4 -0.2 -0.2
H5 0.2 0.5
H5 1.1 1.0
H5 -0.6 -0.3

Ho6gr 1.0 0.8
aH6R -0.2 -0.3
Hé6s 0.2 0.2
4H6g -0.2 -0.2

2y couplings

To evaluate this on a molecular level with high resolution, 2/ coupling
values, which reflect the conformational configuration, were measured using
'H-1H J-resolved NMR spectroscopy for the cellulose model compound -MeO-
Glcp dissolved in NaOH(aq) (2.0 M) or NaOH(aq) (2.0 M) with urea (2.5 M) and

42



evaluated in comparison to NaCl(aq) or NaCl(aq) with urea as the reference
solvent.

The Jyu couplings obtained from the measurements correspond to the dis-
tance between both protons sitting on the same carbon (two bonds away) and
neighbouring protons (three bonds away), denoted as ?Jy and 3/ couplings,
respectively. These couplings are on the order of 2-12 Hz, which is challenging
to measure with an accuracy of more than 1 Hz. Evaluation of the coupling val-
ues showed that, for most of the protons, only minor differences occurred in the
comparison between NaOH (aq) and NaCl(aq) and in the presence of urea (Table
6.1). However, the neighbouring protons H5 and H6 R showed a more significant
change of about 1 Hz when going from NaCl(aq) to NaOH(aq). The same was
true in the presence of urea, which suggests the change to occur owing to the
change in pH.

To obtain conformational information from this change, different types of
equations have been developed to describe the change in the torsional angle
from the coupling values as shown in Figure 2.3. Equation 6.1 describes the tor-
sion angles for H5,H6R, developed by Stenutz et al.'® Figure 6.1 shows that the
torsion angle decreases slightly when going from NaCl(aq) to NaOH(aq), which
corresponds to an increase in the population of the gf rotamer since all rotamers
exist to different extent in the solution. The gt rotamer is the most stable rotamer,
owing to the hydrogen bonding between the hydroxyl group and the ring oxygen,
and the fact that different hydroxymethyl rotamers possess different solvation
shells, depending on the surrounding solvent.'?

3]H5’H6R =5.08+0.47cos(w) +0.90sin(w) —0.12cosQw) +4.86sin(2w) (6.1)

In addition to this, the change in solvent was found to decrease the 1H chem-
ical shifts because of the increase in pH, which leads to partial deprotonation of
the hydroxyl groups.’® However, as the change in temperature did neither im-
pacted the chemical shift values nor the Jyy couplings, which is in accordance
with the result from Bergenstrahle-Wohlert et al.,2? the conformational change
in the hydroxymethyl group cannot be the solely driving force for the dissolution
of cellulose in NaOH(aq).
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Figure 6.1: The experimental ® JHs,H6R coupling constants in NaCl(aq) or NaOH(aq) plot-
ted against the torsion angles calculated from 6.1. The torsion angles in NaCl(aq) and
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6.2 Temperature effects on chemical shifts and *Jcy coupling val-
ues

Similar to the measurement of the iy couplings, a '3C spectrum can be recor-
ded without 'H decoupling during acquisition to obtain both the !3C chemical
shifts and the ! Jcy coupling values. These couplings are on the order of 130-150
Hz and describe the distance of between the carbon and its attached proton. In
contrast to the results from the 'H spectra, both the 13¢ chemical shifts and the
!Jch couplings appeared to be influenced by both variation in temperature and
the addition of urea in the NaOH(aq) solvent.

The chemical shift values for the different carbons in 3-MeO-Glcp were
found to decrease by the increase in temperature from -10 to +5°C (Figure
6.2). Interestingly, the decrease was different for the different carbons where
positions C1, C3, and C5 experienced the largest decrease in chemical shift.
Upon the addition of urea, positions C3 and C5 were the most affected, which
suggests that these positions are the most sensitive to changes in the chemical
environment. The changes of chemical shifts induced by the temperature
alteration and addition of urea were absent in the NaCl(aq) solvent, which
suggests that the observed changes could be attributed to the properties of the
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NaOH(aq) solvent in combination with partial deprotonation of the hydroxyl

groups.
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Figure 6.2: Chemical shift change for each carbon in 3-MeO-Glcp dissolved in NaOH(aq)
(blue) or NaOH(aq) with urea (red) in comparison to NaCl(aq) or NaCl(aq) with urea, re-

spectively, and as a function of temperature. All measurements were recorded in D,0.

Further, the ey couplings of the different carbons were also found to be
affected differently as a function of temperature (Figure 6.3). A comparison of
the 'Jcp couplings in NaOH(aq) with NaCl(aq) showed that all positions experi-
enced a decrease in coupling value except for position C3, which showed an in-
crease. The increase at position C3 was also found to be further promoted with
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increased temperature. Interestingly, this phenomenon was found to be even
more distinct with the addition of urea. The largest decrease in 'Jcy coupling
was found for position C2. This is not surprising owing to the fact that this posi-
tion is the most acidic one and, therefore, is the one most prone to deprotonation
in NaOH(aq).
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Figure 6.3: Difference in 1 Jcyy couplings of B-MeO-Glcp when dissolved in NaOH (aq) (blue)
or NaOH(aq) with urea (red) in comparison to NaCl(aq) or NaCl(aq) with urea, respectively,

for each temperature. All measurements were recorded in D,0.

The difference in 'Jcyy coupling was found to be equal for positions C1 and

C6 at all temperatures and in the presence of urea, which might be an effect of
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the solvent change from NaCl(aq) to NaOH(aq). Both positions C4 and C5 exper-
ienced a significant negative change in !Jcy couplings in NaOH(aq), however,
showing a different trend upon temperature increase: 17cy for C4 decreased fur-
ther, while the trend was reversed for C5. Interestingly the addition of urea sig-
nificantly affected these values, for C4 the 'Jcy observed upon dissolution in
NaOH(aq) was dramatically reduced (only slight changes at -10 and +5°C could
be observed), while for C5 the strong negative A!Jcy observed in NaOH(aq)
turned into a positive value at -10°C.

Taken together, these results suggest that the ' Jcy couplings for -MeO-Glcp
are highly influenced by dissolution in NaOH(aq), but not strongly affected by a
temperature variation. This indicates a conformational change or a possible ex-
change phenomenon, probably due to deprotonation. However, in the presence
of urea in the NaOH(aq), the opposite was observed as conformational changes
were induced by temperature, which affected positions C4 and C5.

6.3 Association of urea with a cellulose model compound

To further investigate the effect of urea in relation to the temperature depend-
ency, a comparison of the ! Jcy coupling values +5°C with the values at -10°C in
each of the solvents NaCl(aq) and NaOH (aq) upon the addition of urea was made
(Figure 6.4).

In NaCl(aq), a significant temperature dependence was found for all posi-
tions except for C2 and the methyl group. Interestingly, upon the addition of
urea to the NaCl(aq), the trend was reverted for positions C1, C3, and C5, which
again suggests that urea itself is able to induce conformational changes in the
-MeO-Glcp. Position C5 exhibited the largest difference induced by the urea
in NaCl(aq), which was -1.2 Hz. However, a different behaviour was observed
in NaOH(aq), namely, positions C1, C2, and C6 revealed a more pronounced
temperature dependence. Surprisingly, the effect of the temperature in NaCl(aq)
on position C5 was reversed in NaOH(aq), going from an increase to a decrease
in !Jcp coupling. Even more remarkably, the effect on C5 was again reversed
upon the addition of urea to the NaOH(aq), which clearly demonstrates the
influence of urea on the chemical environment around position C5 and suggests

an interaction between the 3-MeO-Glcp and the urea.
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methyl group on position CI.

To further examine this indicated interaction, a HOE experiment was per-
formed on MCC dissolved in NaOH(aq) with the addition of I5N-labelled urea to
monitor if magnetisation is transferred from the urea to the MCC, which would
confirm a close and specific association between the two molecules. Indeed,
the HOE experiment was able to confirm a close association as the intensity of
the 'H spectrum of MCC increased upon the irradiation of the °N-labelled urea
(Figure 6.5). However, the increase was observed for all protons in the MCC,
which, therefore, suggests the association to be non-specific. In other words,
the urea appears to associate to all surfaces of the MCC and, hence, likely not
accumulate on the more non-polar surfaces, which is in agreement with other

studies.*”80

In conclusion, conformational changes in 3-MeO-Glcp were induced by dis-
solution in NaOH(aq) but were not significantly affected by a variation in tem-
perature in this solvent. However, a strong temperature dependence for the
conformational changes of 3-MeO-Glcp occurred in the presence of urea in the
NaOH(aq). The non-specific association between urea and MCC suggests that
the urea facilitates a more favourable chemical environment around the cellu-
lose, inducing conformational changes, which can be one of the driving force
for the improved dissolution of cellulose in NaOH(aq) upon the addition of urea.

l.,57

This is consistent with the work by Zhao et a who reported on a change in

the entropy of the system brought about by urea. Further, MD simulations re-
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Figure 6.5: The steady-state HOE spectra of MCC dissolved in NaOH (aq) with urea-1>N. All

measurements were recorded at +5°C in D,0.

ported by Wernersson et al.>® show that urea itself, i.e. without the presence of
NaOH, improves the solvent quality and favours interaction with the cellulose in
solution. The addition of urea decreases the polarity of the solvent slightly, turn-
ing it into a more favourable solvent for a hydrophobic molecule to dissolve in.
Hypothetically, the role of urea in NaOH(aq) could be to facilitate a more ther-
modynamically stable conformation of the amphiphilic polymer for the polar
solvent to interact with, which aids dissolution. The thermodynamically stable
conformation seems to be rather caused by the C-O rotation of the hydroxyl
groups instead of a ring conformation because not all carbons revealed changes.
Chen et al.23 have studied the impact on dissolution of cellulose polymorphs in
the presence of urea and concluded that the different conformations play an im-
portant role, which is in line with the results in the present thesis. Additionally,
as our findings indicated an interaction, however a non-specific one, the urea is
plausibly not very close and does not remain close to the cellulose for a longer
period of time. Concerning the potential of urea to break hydrophobic inter-
actions, close association of the urea to the hydrophobic patch does not agree
with the results obtained from the HOESY experiment, but the theory cannot be
ruled out as the association will be dependent on how the urea disrupts the hy-
drophobic interactions. Lastly, the results presented here do not agree with Egal

1_84

et al.°* who reported on the lack of difference in interactions between cellulose

and NaOH(aq) in the presence or absence of urea.
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Molecular interactions in relation to
CO, uptake in NaOH(aq)

The sorption of CO, from air in NaOH(aq) leads to an unintentional addition of
another solute in the solvent intended for the dissolution of cellulose, which im-
pacts both the quality of the solvent and the molecular interactions in the system.
Based on Papers I-1V, this chapter investigates and evaluates the effect of the ad-
dition of CO, to NaOH (aq), both prior to and after the dissolution of MCC or the
cellulose model compounds o.-MeO-Glcp and [3-MeO-Glcp.
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7.1 Influence on the chemical environment in NaOH(aq) by the
addition of CO,

The inherent ability of NaOH(aq) to absorb CO, from the surrounding air is an
overlooked feature of the dissolution of cellulose in NaOH(aq). The absorption
of CO, consumes OH™ ions in the conversion to COs<", which affects the quality
of the solvent due to the drop in pH. Studies on the reaction between deproton-
ated methanol in NaOH(aq) and added CO,(g)% suggest an additional feature
of the cellulose/NaOH(aq) system as a possible reaction between deprotonated
hydroxyl groups on cellulose and absorbed CO, from air that leads to the form-
ation a cellulose carbonate. If this is true, the cellulose carbonate would then
exist as a salt with Na* as a counterion. Upon regeneration of the cellulose solu-
tion, an anti-solvent is used to cause precipitation of the cellulose. This step is
often performed through the addition of a neutralising agent, such as water or
acid, causing hydrolysis of the carbonate. Ethanol, however, is known to pre-
serve organic carbonates when used during the work-up of reactions in organic
synthesis.?

— Reference
—— Regenerated MCC
—— Pre-treated regenerated MCC

T T T T T
b) 1064 ~ , ,— 1028
1052 —1024
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Figure 7.1: ATR-FTIR spectra from 4000-400 cm™! a) and zoomed in at 1800-400 cm™ b) for
the reference MCC (black), MCC dissolved in NaOH (aq) and regenerated in ethanol (blue),
and pre-treated MCC dissolved in NaOH(aq) and regenerated in ethanol (red).

Ethanol was, therefore, the choice of regenerating agent for the study of the
proposed reaction between cellulose and CO,. To evaluate this, MCC (0.6 M)
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dissolved in NaOH(aq) (2.0 M) was let to stand in contact with surrounding air
for a fixed time before being regenerated and washed with ethanol. This step
was followed by drying and analysis using ATR-IR spectroscopy. ATR-FTIR spec-
troscopy showed that the regenerated MCC had a new signature at 1592 cm™ in
the spectrum when it was regenerated using ethanol (Figure 7.1 blue spectrum).
This peak is known to correspond to an organic carbonate salt.?® When using
water as the regenerating agent, no peak at 1592 cm ! could be observed and
hydrolysis plausibly occurred (see Fig. 4b) in the appended Paper I), which is
commonly found for alkyl carbonate salts. The CO, reaction was proven to be
equally effective for untreated MCC as for MCC pre-treated with an organic su-
perbase (see Paper I), which was expected to promote the interactions between
MCC and CO, (Figure 7.1 red spectrum). This result confirms that the reaction
between MCC and CO, occurs spontaneously in the NaOH(aq) solution.

In an attempt to investigate the observed incorporation of CO, into dissolved
cellulose in-situ, the model compound a-MeO-Glcp (0.4 M) was chosen to ob-
tain efficient dissolution in both a reference solvent (NaCl(aq)) and in the solvent
of interest (NaOH(aq)). CO,(g) was then added at a fixed rate before or after
the dissolution of the a-MeO-Glcp (pre or post-dissolution addition). The solu-
tions were then analysed using 'H and '3C NMR spectroscopy. This experi-
ment was expected to elucidate if the cellulose interacts with the CO,(aq) or the
CO4 formed in the NaOH(aq). The formation of an organic carbonate would
result in a new peak in the 3C NMR spectrum around 150 ppm but, surpris-
ingly, such a peak was absent. Interestingly, the chemical shifts were affected
differently depending on if the CO, was added before or after the dissolution of
a-MeO-Glcp (see Fig. 4b) in the appended Paper II). The change in chemical shift
is not surprising due to the known pH effect on the chemical shifts and the fact
that the addition of CO, decreases the pH of the solution. However, the addition
of an equally large amount of CO, should result in an equal change in chemical

shifts if the change solely occurs due to the change in pH.

Similar results were found for the cellulose analogue (3-MeO-Glcp upon
the addition of CO, before or after the dissolution in NaOH(aq) (Figure 7.2a)).
It seems that, although a new peak corresponding to the formation of a new
organic carbonate in the '3C NMR spectrum is absent, the time for the addition
of the CO, leads to a difference in the chemical environment for the cellulose
model compound.
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Figure 7.2: The change in chemical shift for all carbons in 3-MeO-Glcp when dissolved in
NaOH(aq) a) and NaOH (aq) with urea b) with pre or post-dissolution addition of CO,.

Further investigations of solutions containing urea (the most common
additive in these systems) could provide additional valuable insights in the CO,
chemistry of these solutions. Interestingly, in the presence of urea (2.5 M), the
chemical shift change for the 3-MeO-Glcp upon pre or post-dissolution addition
of CO, vanished (Figure 7.2b)). In both cases, it was found that the change in
chemical shift was equal, which suggests that when urea also is present, the
same chemical environment is obtained for the 3-MeO-Glcp regardless of when
the CO, was added. In addition to this, a similar effect was found for the 3C
chemical shift value of the COZ~, which is generated in the reaction between
CO, and OH" in the solvent (Table 7.1). The pre-dissolution addition of CO,
resulted in the same chemical shift value for the CO32_ as in pure NaOH(aq),
i.e. the chemical environment for the COSZ_ was not affected by the presence
of B-MeO-Glcp. However, the post-dissolution addition of CO, resulted in a
decrease in chemical shift for the COZ~, which could indicate an interaction
between the 3-MeO-Glcp and CO5™. The same result was observed in system
also containing urea. An analysis of the Jyy coupling values for the 3-MeO-Glcp
in NaOH(aq) was also found to be in accordance. A conformational change
occurred of the hydroxymethyl group upon post-dissolution addition of CO,,
but was absent in the case of pre-dissolution addition. It appears that there is a
difference in interaction between the two solutes if the 3-MeO-Glcp is allowed to
dissolve and, to a certain degree, become deprotonated prior to the addition of
CO,. However, in the presence of urea, the conformational change was found to

be equal both upon pre and post-dissolution addition of CO,. This equal change
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in conformation is in line with finding of the chemical shift changes and that
the presence of urea provides the same chemical environment for the 3-MeO-
Glcp regardless of when the CO, is added. Interestingly, the chemical shift for
the urea appeared to be unaffected by the addition of both 3-MeO-Glcp and CO,.

Table 7.1: The '3C NMR chemical shifts in ppm of CO32‘ and urea

Sample COgz™ urea
NaOH + CO, 171.1 -
NaOH + CO, + 3-MeO-Glcp 171.1 -
NaOH + 3-MeO-Glcp + CO, 169.2 -
NaOH + urea + CO, 171.1 165.6
NaOH + urea + CO, + 3-MeO-Glcp 170.9 165.5
NaOH + urea + 3-MeO-Glcp + CO, 169.4 165.5

7.2 pH variation of NaOH(aq) induced by addition of different
solutes

As pointed out in Section 7.1, the chemical shift values are sensitive to pH vari-
ations, which is why the pH of all the solutions was measured to understand on
the origin of the difference in chemical shift values upon pre or post-dissolution
addition of CO, (Table 7.2). To compensate for the concentration and temper-
ature dependency of the pH electrode, which only allows measurements up to
pH 14, the solutions had to be diluted from 2.0 M to 0.5 M NaOH(aq) concen-
tration. The results, however, show a relative comparison, which could provide
valuable knowledge on the system. Information about the dynamics of the sys-
tem containing NaOH(aq) or NaOH(aq) with urea can by obtained by comparing
the change in pH that occurs depending on the order of the addition CO, and [3-
MeO-Glcp.

From the pH measurements, both a-MeO-Glcp and 3-MeO-Glcp were found
to be deprotonated in NaOH(aq) as the pH decreased by 0.09 and 0.18, respect-
ively, upon dissolution in the NaOH(aq). It was found that the decrease in pH
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occurred differently upon the pre or post-dissolution addition of CO,. Pre and
post-dissolution addition of CO, to a-MeO-Glcp solutions resulted in the same
decrease in pH, which confirms that the difference in chemical shifts observed
in Section 7.1 did not originate from a difference in the final pH of the two solu-
tions. However, the pre or post-dissolution of CO, with 3-MeO-Glcp resulted in
the same total decrease in pH, but the order of the addition of the 3-MeO-Glcp
and CO, affected their individual decrease in pH differently. When CO, was ad-
ded to the solution before the 3-MeO-Glcp, the decrease obtained was 0.44. In
comparison, when CO, instead was added after the dissolution of 3-MeO-Glcp,
the decrease in pH was 0.52. Due to the fact the total decrease in pH was equal for
both pre and post-dissolution addition of CO,, it is obvious that the 3-MeO-Glcp
also experienced different degree of deprotonation, depending on if COZ~ was
present in the NaOH(aq) or not. The decrease in pH obtained with the dissol-
ution of the 3-MeO-Glcp in the presence of CO32_ (i.e. pre-dissolution addition
of CO,) was found to be 0.31, while it was 0.18 when the 3-MeO-Glcp was dis-
solved in the absence of COZ™ (i.e. post-dissolution addition of CO,). The same
phenomenon was also observed upon the introduction of urea to the NaOH(aq).
From this examination it is suggested that the deprotonation of 3-MeO-Glcp is
promoted by the presence of CO#~ while the conversion of CO, to CO{~ appears
to be promoted by the presence of 3-MeO-Glcp.

Table 7.2: The difference in pH compared to the pH of NaOH (aq) (0.5 M) before the addition
of CO, (120 s) and MeO-Glcp. All measurements were made at +10°C

ApH after ApH after

. . Total
Sample addition of addition of Apk

CO, MeO-Glcp P
NaOH + CO, 0.37 - 0.37
NaOH + CO, + a-MeO-Glcp 0.37 0.09 0.46
NaOH + a-MeO-Glcp + CO, 0.36 0.08 0.44
NaOH + CO, 0.44 - 0.44
NaOH + CO, + 3-MeO-Glcp 0.44 0.31 0.75
NaOH + 3-MeO-Glcp + CO, 0.52 0.18 0.80
NaOH + urea + CO, 0.15 - 0.15
NaOH + urea + CO, + 3-MeO-Glcp 0.15 0.23 0.38
NaOH + urea + 3-MeO-Glcp + CO, 0.31 0.10 0.41
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The presence of urea in the NaOH (aq) was found to result in an overall lower
decrease in pH with the addition of CO,, which indicates that the urea acts as
a buffering agent in the solution. In addition to this, a surprising observation
was made initially when the urea was added to the pure NaOH(aq) and the pH
increased from 13.90 to 14.00. The activity of the protons in the solution, which
were measured with the pH electrode, seems to be restricted by the presence of
urea. This phenomenon has been observed earlier by others.8”-8% In relation to
the effect of urea on the conformational changes presented earlier, this recon-
firmed finding clearly demonstrates that the NaOH(aq) as a solvent exhibits new
features in the presence of urea, and that comparisons between the two solvents
should be done with this in mind.

7.3 Catalytical capture of CO, in NaOH(aq) by MeO-Glcp and urea

The results reported by Faurholt®” suggest that the addition of CO, to a solution
of NaOH(aq) that contains an alcohol results in the formation of two products:
an organic carbonate, from the reaction between the deprotonated alcohol and
CO,; and CO{", from the OH™ and CO,. While the '*C NMR measurements
presented here showed a lack of an organic carbonate, an additional interest-
ing feature of the CO32_ peak was instead discovered. Upon integration of the
COZ~ peak, the post-dissolution addition of CO, to the solution containing dis-
solved a-MeO-Glcp was found to be equal to more than twice the amount of
CO4~ in comparison to the CO{~ peak in the pure NaOH(aq) solvent (Figure
7.3). The pre-dissolution addition of CO, was found to increase the uptake of
CO, slightly more than the pure NaOH(aq) system.

Capturing of more than twice as much CO, with the post-dissolution addi-
tion of CO, should result in a much larger decrease in pH if the conversion to
CO4 solely proceeds via the reaction with OH™. However, since the pH measure-
ments revealed an equal reduction by pre and post-dissolution addition of CO,,
the role of the o-MeO-Glcp was again revised. Based on the fact that changes in
the chemical shift appeared different with the post-dissolution addition of CO,,
a reaction for the conversion of CO, into CO{~ via the a-MeO-Glcp, which works
in a catalytical cycle, is suggested (Figure 7.4). The deprotonated o-MeO-Glcp
reacts with the CO, and forms an intermediate, which is readily hydrolysed by
the water present, thus, resulting in the lean conversion of CO, to COSZ_ and the
a-MeO-Glcp proceeding in the catalytical cycle.
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Figure 7.3: The uptake of CO, in NaOH(aq) (3.0 M) before or after the dissolution of -
MeO-Glcp as a function of time.
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Figure 7.4: A proposed mechanism for the uptake of CO, in NaOH(aq) catalysed by o.-MeO-
Glep.



While the in-situ study of the proposed reaction between a-MeO-Glcp and
CO, was performed in NaOH(aq) at 3.0 M to ensure deprotonation, the succeed-
ing study of the cellulose analogue 3-MeO-Glcp was performed in the accurate
conditions for cellulose dissolution in NaOH(aq), namely, 2.0 M. The integration
of the CO{™ peak in the system of 2.0 M NaOH(aq) and -MeO-Glcp revealed
the same phenomenon of an increased uptake of CO, upon post-dissolution
addition of CO,. However, it also showed that even more CO, was captured
than in the 3.0 M system, which is probably due to a lower viscosity and, hence,
increased reaction rates (Figure 7.5).

0.8

-

0.7

Mol *CO,#/mol NaOH

Figure 7.5: The uptake of CO, in NaOH(aq) (2.0 M) and NaOH(aq) (2.0 M) with urea (2.5
M) before or after dissolution of 3-MeO-Glcp.

Nonetheless, the opposite result was observed with the pre-dissolution ad-
dition of CO,, as the uptake of CO, appeared to be lower than for the pure
NaOH(ag). In contrast to the o-analogue, the addition of 3-MeO-Glcp to
NaOH(aq) already containing C032‘ apparently decreases the amount of measur-
able CO{", which could indicate the precipitation of Na,COs. The precipitation
is then expected to be caused by the addition of the 3-MeO-Glcp, although this
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was not visible to the eye. Relating this phenomenon back to the observed drop
in pH, depending on the order of addition of the different solutes, it appears that
different chemical environments are generated if the CO, is allowed to react into
CO3~ via the cellulose model compounds or the OH™, which is reflected in the
changes in chemical shift for both the cellulose model compounds and CO3 .

The introduction of urea in the solutions with pre or post-dissolution addi-
tion of CO, in the presence of B-MeO-Glcp was also evaluated in terms of CO,
capture. In this study, it was found that the urea itself increased the amount of
captured CO, in the pure NaOH(aq), which means that the urea contributes to
the conversion of CO, to CO32_ plausibly in a catalytical way since the 1C NMR
spectroscopy did not reveal formation of new products in the system. However,
the mechanism for this has not yet been investigated in this system. Again, the
pre-dissolution addition of CO, revealed a decrease in the amount of converted
CO,, while the post-dissolution addition of CO, resulted in even higher capture
of CO, by the presence of both urea and 3-MeO-Glcp. Thus, the catalytical role of
both the urea and the 3-MeO-Glcp did not seem to be disrupted by the presence
of either solute.

7.4 s there association between CO32_ and cellulose?

To further examine the indicated interaction between the cellulose model com-
pound (3-MeO-Glcp and CO4 in the absence and presence of urea, a HOE ex-
periment was performed on the system of MCC and 13C032‘ when dissolved in
NaOH(aq) or NaOH(aq) with urea. A close association between the MCC and
13CO4 results in a change in the 'H spectrum of the MCC due to MT from the
13CO4". The MT occurs when the '3COZ" is irradiated prior to the recording of
the 'H spectrum of the MCC and is evaluated by the comparison with a non-
irradiated 'H spectrum.

In the system of NaOH(aq) with MCC and 13CO32_, a decrease in signal
intensity was found for all 'H’s in MCC, which demonstrates a non-specific
interaction between the MCC and '*CO4~ (Figure 7.6). Important to mention,
though, is that this experimental setup corresponds to the pre-dissolution
addition of CO, because '*CO4~ was dissolved together with the MCC and not
added after the dissolution of MCC. The observed interaction between MCC and
13CO32* is, however, an important sign of the preferred association between the
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two solutes and supports the hypothesis of the formation of different chemical
environments, depending on the order of addition of the two solutes. Inter-
estingly, in the presence of urea, the previously observed interaction between
the MCC and '3 CO32_ was absent, which suggests that the urea either associate
with the 13CO32_ or with the MCC, hence, disrupting and breaking the previously
observed interaction. In other words, the association between C032’ and urea is
plausibly stronger than the interaction between CO<~ and MCC.

H3, H4, H5
MCC + urea + *CO*>

— H
— steady-state HOE

H3, H4, H5

MCC + *CO >
— 'H
— steady-state HOE

H6S
H1

40 35 3.0 25 2.0
S (ppm)
Figure 7.6: The steady-state HOE spectra of MCC dissolved in NaOH(aq) with 3CO 32* (bot-

tom) and MCC dissolved in NaOH(aq) with urea and '3 CO4™. All measurements were re-
corded at +5°C.

While an association between urea and CO£~ was not possible to observe
in the '3C chemical shift values, ATR-FTIR spectroscopy on MCC dissolved in
NaOH(aq) with urea and the addition of CO, followed by precipitation in eth-
anol was able to indicate differently. The addition of CO, both before and after
the dissolution of cellulose in NaOH(aq) with urea gave rise to a new feature in
the spectra. A peak appeared around 1655 cm™, while the peak at 1590 cm’!,
previously assigned to the cellulose carbonate, decreased (Figure 7.7). The fact

61



that neat urea has a strong signature at 1590 cm™! that is suppressed by the
addition of CO, suggests that there is a preferred association between the urea
and the CO3". The observation of the counteracted interaction between MCC
and CO3™ by urea (HOESY) falls in line with this. Formation of urea complexes
has previously been reported as a change of the urea peaks at 1677 cm™! and
1625 cm™! to lower and higher wavenumber, respectively.%! The peak at 1655
cm! in the spectra at the top of Figure 7.7 could, therefore, be the result of the
same change of the original urea peaks due to interaction with CO3; in the
system.

McC

NaOH + urea + MCC

NaOH + urea + CO, (120 s) + MCC
NaOH + urea + MCC + CO, (120 s)

CO,?* out-of phase
— streatching

CO,* out-of-plane

/ bending

I

/ OH - stretching

C=0 stretching/
CO, out-of-phase stretching

Absorbance [a.u.]

C=0 stretching

e urea P : ’r'/ C=0 stretching

NH-stretching

Absorbance [a.u.]

1660 1620 1580

4000 3600 3000 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
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Figure 7.7: ATR-IR spectra from 4000-400 cm™, at the top, of untreated MCC (blue)
and MCC dissolved in NaOH(aq) + urea (red), MCC dissolved in NaOH(aq) + urea +
pre-dissolution addition of CO, (green) and MCC dissolved in NaOH(aq) + urea + post-
dissolution addition of CO, (purple). All solutions were precipitated in ethanol, washed
until neutral and dried. ATR-IR spectrum from 4000-400 cm™!, at the bottom, of neat urea

(brown) for comparison.
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The effect of CO,, both with and without urea, on the dissolved cellulose in
NaOH(aq) was further evaluated with the use of both static and dynamic light
scattering in order to gain additional insight into the macromolecular features
of the system. Samples were prepared by dissolving MCC (0.006 M) in NaOH(aq)
(2.0 M) at -5°C, with or without the addition of urea (2.5 M), and with the pre or
post-dissolution addition of CO, at a fixed rate. The method, as such, requires
purification of the samples to remove dust and other scattering particle, and for
this reason, the samples were filtered prior to the analysis. Unfortunately, the
measurements were not to be repeatable, plausibly due to heavily varying filtra-

tion results.

In summary, the uptake of CO, in NaOH(aq) and its implication for molecu-
lar interactions in the solution occurs differently in the absence and presence
of both a cellulose model compound/MCC and urea. From a cellulose dissol-
ution point of view, it is apparent that the absorption of CO, in NaOH(aq) not
only interferes with the quality of the solvent through the consumption of OH™
and, hence, a decrease in pH, but also interferes with the molecular interac-
tions between the solvent and the cellulose. The association between cellulose
and CO3™ occurs differently, depending on which solute is added first to the
NaOH(aq). If a cellulose model compound is added first, more than twice as
much CO, is captured than with a pure NaOH(aq) solution. This incorporation
of CO, into the system occurs likely through the formation of a transient cellu-
lose carbonate intermediate, which is readily hydrolysed to CO4~ and water. The
ability of a cellulose model compound to aid the capture of CO, could explain
the spontaneous gelation of a cellulose/NaOH(aq) solution, where the increas-
ing amount of CO£~ could eventually lead to a significant decrease in pH or the
formation of precipitated Na,COj3, which could work as precipitation nodes and
cause to aggregation of the cellulose chains. In the presence of urea, the up-
take of CO, is even larger, but the preferred interaction between CO32_ and urea,
compared to the interaction between CO32’ and MCC, could be the reason for
the prevented gelation of cellulose/NaOH(aq) in the presence of urea.

Taken together, the accessibility of a NaOH(aq) solution to the CO, present
in the surrounding air could be an important parameter to control in the imple-
mentation of a NaOH(aq) process for the dissolution and regeneration of cellu-
lose, e.g. for textile fibres. This is because the formation of CO32‘ could cause
both interference in the molecular interactions during the dissolution as well as
instability in the solution after dissolution has been achieved.
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Conclusions

The studies included in this thesis have resulted in several findings that provide
new insight into the process of dissolving cellulose in NaOH(aq). In this chapter,
the findings are summarised and discussed in relation to each other. How these
findings impact the dissolution of cellulose in NaOH(aq) is also discussed.
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Scientific impact of the results

The results obtained from the experimental studies of this thesis show that cel-
lulose dissolved in NaOH(aq) captures CO, from the ambient air in a catalytical
route, which leads to a saturation of the system that, with time, will likely cause
cellulose to gel and precipitate. This is possibly due to a close, but non-specific,
association between the C032‘ formed and the cellulose. Even more CO, is cap-
tured when urea is present in the system, but the formed CO32’ possibly prefers
to associate with the urea instead of the cellulose. Urea associates close, but
in a non-specific manner, to cellulose, most likely to provide a more favourable
chemical environment for the cellulose to dissolve in. The water dynamics in dif-
ferent aqueous alkali hydroxides and with the addition of urea, monitored with
MT, were different and could be a contributing factor to the difference in the
dissolution capacity of the different aqueous alkali solvents.

Industrial impact of the results

From an industrial perspective the results obtained from the experiments in
the thesis stress the importance of controlling the access of cellulose/NaOH (aq)
solutions to air, CO,(g) in particular, during processing, as this will decrease the
quality of the solution prior to regeneration. The cellulose not only exhibits alter-
ations in its chemical environment when reacting with CO, but also catalyses the
conversion of CO, to CO<". In other words, the presence of CO4~ in the system
not only interferes with the cellulose chains but also creates in-balance in the
chemistry of the system, which is possibly important control in the subsequent
precipitation step.
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In detail, the conclusions from each study can be summarised accordingly:

* MT provides a non-destructive tool for monitoring and investigating the

swelling and dissolution of cellulose in different solvents.

* Conformational changes in 3-MeO-Glcp occur in NaOH(aq), but are not
strongly influenced by temperature variations.

» Urea associates to cellulose in a non-specific manner, which suggests that
it interacts with cellulose indirectly by inducing changes in the chemical
environment, which, in turn, induces conformational changes that make
the polymer more prone to dissolve in NaOH(aq).

* CO, dissolves readily in NaOH(aq) and, in parallel with the OH™ mediated
conversion to COsz‘, reacts with deprotonated cellulose, which forms an
intermediate cellulose carbonate that is readily hydrolysed by water yield-
ing COBZ‘.

e The CO32‘ formed in NaOH(aq) solutions containing a cellulose analogue
shows different interactions with the carbohydrate depending on when
(relative to the carbohydrate) it is introduced. When the COsz‘ is present
in the solution prior to the addition of the carbohydrate it seems to fa-
cilitate deprotonation of the incoming carbohydrate. Oppositely, when
the CO32’ is formed through the addition of CO, to a system containing
already dissolved carbohydrate, the C032‘ seems to be stabilised by the
very presence of the carbohydrate. This stabilisation is most likely pro-
moted by a specific reaction between CO, (aq) and carbohydrate alkoxides,
which leads to a significantly higher incorporation of CO32’ into the solu-
tions.

* In a NaOH(aq) solution containing cellulose and CO32‘, the C032‘ is as-
sociated non-specifically to the cellulose. The association between CO32‘
and cellulose is counteracted by urea, which suggests that the CO32‘ is

more prone to associate to urea.

67



68



Outlook

From the findings in this thesis, additional research questions have arisen, which,
in this chapter, are presented and formulated in terms of how specific investiga-
tions and methods can contribute to the knowledge on the dissolution mechanism
for cellulose in NaOH(aq) and its peculiarities.
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To further evaluate and complement the findings of this thesis, a couple of future
studies have been identified accordingly:

¢ To monitor the water dynamics that occur during the dissolution of cellu-
lose, the parameters in the MT experiments need to be adjusted. The B,
frequency has to be tuned, and the T, T3, and T;p parameters are im-
portant to re-evaluate in order to calculate the exchange between k,, and
kot for the water.

e MT should be recorded without cellulose in the solvent to control that the
change or shape of the spectrum does not occur due to melting of the wa-
ter or that hydrates are being formed.

¢ To be able to make a comparison with already published simulation data,
the conformational changes induced by urea should be measured for the
-MeO-Glcp in a system only containing D,0 and urea, i.e. without addi-
tion of salt.

* The conformational changes in 3-MeO-Glcp should be investigated also
for other aqueous alkalis, with and without urea, and with varying temper-
ature to examine and establish more information about the mechanism.

* J couplings, using solid state NMR, could be interesting to measure on 3C-
labelled sugar/cellulose or a >C bred plant to evaluate if the change is true
also for cellulose and compared with the values for 3-MeO-Glcp in solu-
tion.

e The cellulose carbonate intermediate could possibly be observed with
NMR spectroscopy using addition of '3C-labelled CO, in the NaOH(aq)
solutions.

* The conversion of CO, to CO{"~, which is suggested to occur via the urea,
should be examined and studied in detail without the 3-MeO-Glcp in the
NaOH(aq) system.

¢ The capture of CO, in the NaOH(aq)/cellulose system should also be eval-
uated with the addition of other known dissolution aiding additives, e.g.
ZnO and thiourea to investigate how they influence the formation of COZ".
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