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ABSTRACT

The separated wood components cellulose, hemicelluloses, and lignin allow

for the production of various materials via chemical modifications. In addition

to modifications, understanding the structural features of these products is

important for enabling tailored processes for commodities.

In this thesis, the introduction covers background information concerning

cellulose chemistry. The dissolution of cellulose in various solvent systems is

compared, and the usability of these solvents in acetylation of polysaccharides

is assessed. Typically, the solvents used in Viscose or Lyocell processes are not

suitable for chemical modifications, mainly due to their reactivity with either

cellulose hydroxyls or used reagents. Furthermore, in current industrial

cellulose acetate (CA) processes, the degree of polymerization (DP) of the

product decreases.

The results and discussion present the possibility of using ionic liquids as a

reaction media for homogeneous acetylation of hemicelluloses and cellulose.

The  aim  is  to  produce  new  methods  in  ionic  liquids,  in  which  tunable

substitution is possible for acetylated hemicelluloses and CAs without

substantial losses in DP. Furthermore, the procedure is upscaled and acetate

fibers are produced with good spinnability and fiber characteristics in

collaboration with Aalto University.

Another issue under study is lignin chemistry, especially the structural

characterization of hydrothermally (HT) treated Kraft lignin. The results

demonstrate that diphenyl methanes are formed during HT treatment of Kraft

lignin.
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1 Introduction

The chemistry of wood and its components have been under intense

investigation during the last two centuries. Scientists and engineers have been

studying cellulose, hemicellulose, and lignin to improve usage of the materials

and increase profits.

This thesis is mainly a combination of cellulose and lignin chemistry, but

hemicelluloses  are  also  examined.  The  main  focus  of  the  study  is  in  the

modification of cellulose with tunable degree of substitution and increase the

commercial usability of wood-based cellulose products such as films and

fibers. The need to replace cotton-based products with biomass-derived ones

(e.g., pulp cellulose) is essential since the demand of cropland needed for

cotton production is growing. Simultaneously, the world population is

increasing, and the cultivated land is needed for food production.1

In the pulping industry, the methods of producing pulp and lignin are well-

established.  Both  pulp  and  cotton  contain  cellulose.  The  use  of  pulp  for

traditional applications like printing paper is declining and concurrently the

usage for packaging is increasing. In addition, other uses have been developed

(e.g., fibers for clothing). Viscose and Lyocell fibre production processes are

being  used  at  present.  Finding  new  applicable  solvents  and  methods  for

environmental and economical use of wood-based materials is also necessary.

Ioncell  is  one  such  method.2-3 In addition to cellulose yarns, the need for

functionalized textiles with different kinds of properties such as water-

repellency or fire-retardancy is increasing.

Lignin chemistry is an endless field of investigation due to its aromatic non-

uniform structure and various applications. The pulping industry produces

large  amounts  of  lignin,  of  which  the  majority  is  burned  for  energy.  As  an

energy-rich  and carboneous  material,  the  use  of  lignin  as  a  raw  material  in

various applications is attractive. At present, separated lignin is used in

composites, thermoplastics, car tires, and more, and novel uses are constantly

being developed.4 Thus, an understanding of the alterations in lignin

substructure under various treatments is essential.
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1.1 Wood and its components

In botany, trees belong to seed plants and are perennials. Trees consists of

a broad variation of species, and occasionally, larger herbaceous plants are

also considered trees. In general, trees consist of roots, stems, and branches

and grow upward so that the leaves or needles are above the ground. Trees are

also  divided  into  soft-  and  hardwoods.  The  majority  of  hardwoods  grow  in

tropical forests, and softwoods mainly grow in borealic forest areas (taiga),

also called coniferous woods.5-6

Wood is used in many ways, and this thesis discusses the materials

obtained from the forest industry, mainly via Kraft processing. In general,

wood pulping produces different raw materials for paper and board industries,

e.g., paper-grade and dissolving pulp to produce chemicals and fibers. The

dissolving pulp has a lower hemicellulose content as a result of pretreatment

processes in which hemicelluloses are separated and used as raw materials for

various applications. The production of paper-grade pulp accounts for 98% of

pulp  production  from  wood.  However,  dissolving  pulp  is  important  for

cellulose-derived commodities. In addition to cellulose and lignin, extractives

and electricity are produced during wood pulping.7

1.1.1 Wood biopolymers

The wood cell walls are dynamic and constantly changing during growth.

This fast wood evolution ends when the cell dies. Along with water, the main

components of plant cell walls are cellulose, hemicelluloses, pectins, proteins,

and lignin. The amount of components in the cell wall depends on the type of

cell wall. A primary cell wall (P) is a thin-growing cell with low cellulose

content (Figure 1

which  the  middle  is  thickest  and  is  the  one  with  importance  in  fibre

production. When secondary cell walls have attained their final shape, the

main component is cellulose. On the surface of the S3 layer, a thin layer called
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the warty layer (W) exists. It mainly contains lignin and can be found in

coniferous trees. The middle lamella (ML) binds the cells together and consists

mainly of lignin and pectins. The composition of these cell macromolecules

varies between plant species and cell wall types.5-6, 8

Figure 1 A simplified structure of a wood cell. 9

1.1.2 Cellulose

Cellulose is the most abundant component in the plant cell wall. In wood

cells,  mainly  in  secondary  cell  walls,  cellulose  comprises  40%  of  the  dry

weight.5 The cellulose primary structure, e.g., covalent pattern, is rather

simple, being a linear homopolysaccharide. It is composed of -D-

glucopyranose  units,  which  are  bonded  together  with  (1 4)-glycosidic

linkages. The -D-glucopyranose units are in 4C1 chair conformation, and the
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free  hydroxyl  (OH)  groups  are  in  the  positions  of  C-2,  C-3,  and  C-6  with

equatorial orientation.10

The conformation and orientation of the glucose units in cellulose chains

cause the cellulose to form both intra- and intermolecular hydrogen bonds

e.g., hydrogen  bonds  within  a  chain  (intramolecular)  and  between  chains

(intermolecular).5, 11-13 In addition, the linearity of cellulose chains requires a

-1,4-glucopyranosyl unit (Figure 2), thus the

repeating unit in a cellulose chain has two anhydroglucose units (AGU) and is

a disaccharide cellobiose.8, 14-15

Figure 2 Molecular structure of cellulose. Modified from 10

The ends  of  cellulose  molecules  differ.  One  end has  a  terminal  aldehyde

(reducing end) at the C-1 position in hemiacetal form, and the other end has a

free hydroxyl group at the C-4 position.10 The secondary structure of cellulose

varies in native and regenerated cellulose. The secondary structure is formed

with hydrogen bonds and interactions between cellulose chains with the aid of

van der Waals forces and hydrophobic interactions.16

In  plant  cell  walls,  cellulose  chains  form  microfibrils,  which  consist  of

approximately 36 -D-glucan chains, forming macrofibrils or bundles and

further  cellulose  fibers  and  chains  (Figure  3).8 The microfibrils are para-

crystalline, meaning that both crystalline and amorphous sites exist in fringed

fibrillar  forms.  The  crystalline  (e.g., highly  ordered)  sites  are  in  majority  of
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cellulose fibers, and amorphous sites are less dominant. The crystalline

structure affects the properties of cellulosic materials and provides, for

example, mechanical strength in wood.15

Figure 3 The fiber morphology of plant cellulose.15 With permission of Wiley

I and II. Cellulose III and IV are less important, manmade structural forms. In

cellulose I, which is the native form of cellulose, the microfibrils are oriented

in the same direction and the chains are parallel to each other. Cellulose II is

formed when native cellulose is dissolved and regenerated (or mercerized by

strong alkali immersion).14 Simultaneously, the original lattice of cellulose I is

destroyed and cellulose II is formed with antiparallel chains. Another

difference between allomorphs I and II is that in cellulose II, hydrogen bonds

are formed in different positions in the chains, changing the lattice. Cellulose

I has intermolecular hydrogen bonds between C-3 hydroxyl oxygen (C-3-O-H)

and C-6 hydroxyl hydrogen (C-6-O-H). Cellulose II has intermolecular

hydrogen bonds that are formed between C-6 hydroxyls hydrogen (C-6-OH)

and C-2 hydroxyls oxygen (C-2-O-H) (Figure  4). Cellulose II is thermo-

dynamically more stable than cellulose I. In addition, both cellulose I and II
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have intramolecular hydrogen bonds between adjacent glucose units. The

intramolecular hydrogen bonds contribute to the linear structure of cellulose

and give stiffness to the chains.5-6, 16

Figure 4 Cellulose I (I)12 and  II  (II)13 and their intermolecular hydrogen bonds between
cellulose chains. Modified from Gardner and Blackwell and Kolpak and Blackwell

The length of the cellulose chains (cellulose polymer) can be defined as the

degree of polymerization (DP), which describes the amount of anhydroglucose

units (AGUs) in the fiber (e.g., chain length in anhydroglucose units). The

chain length varies between the different sources of cellulose. For native wood,

the DPw is approximately 10,000,5, 10 but  in  chemically  produced  pulp

cellulose, for example, the DPw varies greatly, usually between 1000-8000 due

to the different origins of the cellulose and various processing methods.17 In
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this study (I and II), the used cellulose is from eucalyptus prehydrolysis Kraft

1.1.3 Hemicelluloses

Hemicelluloses are one of the three major components of wood cells,

cell wall between the cellulose microfibrils. Hemicelluloses are

heteropolysaccharides i.e. the polymer consists of different monosaccharide

units.5 The backbones of hemicelluloses are comprised of -(1 4)-linked

glucose, mannose, or xylose moieties (Figure 5).  In  addition,  a  variety  of

substituents are attached to the backbone. The composition and structure of

the hemicelluloses vary between different species and between soft- and

hardwoods. In hardwoods, the hemicelluloses consist mainly of

glucuronoxylan (O-acetyl-4-O-methylglucuronoxylan) and glucomannan

(Figure  5). The glucuronoxylans have 4-O-methylglucuronic acids in

approximately every tenth xylan unit, and many C-2 or C-3 hydroxyls in the

xylopyranosyls have acetyl substituents. The glucomannan structure, on the

other hand, is linear and relatively free from substituents.6

Figure 5  Hardwood glucuronoxylan (upper) and hardwood glucomannan (lower) structures5
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Figure 6  Softwood galactoglucomannan (upmost), arabinoglucuronoxylan (middle), and
arabinogalactan (bottom) structures5

In softwoods, most hemicelluloses are galactoglucomannas,

arabinoglucuronoxylans (arabino-4-O-methylglucuronoxylan), and

arabinogalactans (Figure  6).  Figures  2  and  3  are  schematic,  and  the

distribution of the backbone units and substituents differ according to plant

species.

As can be seen in Figures 5 and 6, the structures of hemicelluloses are

often branched. In addition, the variety of substituents in the branches
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(methoxyl, acetyl, and acid groups in example figures) prevents ordered

crystal structure of hemicelluloses. The branching and amorphicity of

hemicelluloses make them usually more easily dissolvable than cellulose, thus

enhancing the reactivity.6 On the other hand, linkages with cell moieties, e.g.,

proteins,  reduce  solubility.  Hemicelluloses  can  be  extracted  with  water  or

alkali from plant tissues;5 pressurized extraction methods are also used.18 In

the case of alkali extractions the acetyl substituents are removed. This occurs

in  the  extraction  process  of  hemicelluloses  from  wood.  The  degree  of

polymerization  (DP)  of  hemicelluloses  is  usually  less  than  200,  which  is

considerably lower than for cellulose (DP 1000-8000) (see 1.1.2).

1.1.4 Lignin

Lignin is the second most abundant macromolecule in wood. The amount

of lignin depends on the wood species, but approximately 20% of hardwood

and 30% of softwood dry matter is lignin. The main structural phenyl propane

precursors, or monolignols, of lignin are p-coumaryl alcohol, coniferyl alcohol,

and sinalpyl alcohol (Figure 7). In the lignin macromolecule, these units are

called p-hydroxyphenyl-, guaiacyl-, and syringyl units (H-, G-, and S- units),

correspondingly. The abundance of the units differs according to the species

and the growing conditions of the plant. In softwood, the majority consists of

guaiacyl units (monolignol coniferyl alcohol). Hardwood lignin has two major

components, guaiacyl and syringyl units (monolignols coniferyl alcohol and

sinapyl alcohol). Grass lignin has all three units but mainly guaiacyl. The

notable  difference  between  grass  and  wood  lignin  is  in  the  amount  of p-

hydroxyphenyl units; in wood, the amount is only a few percent, but in grasses,

it is up to 33%. 5, 19
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Figure 7  The precursors of lignin: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.

The biosynthesis of lignin monolignols and the production of lignin in

different plant parts has been reviewed by Boerjan et al. 20 In this thesis, the

main structural units are handled according to the necessity for background

information connected to publication III.

1.1.5 Native lignin

Native lignin and its structure have been explored widely. Lignin has a

complex structure including both aromatic and aliphatic moieties. The phenyl

propane precursors are connected with randomly distributed carbon-carbon

and ether bonds, forming a kind of three-dimensional web or network.19 An

example of the main structural features of lignin is shown in Figure 8.21 The

method for discovering different lignin components is to analyze native lignin

with NMR. Usually milled wood lignin (MWL) or enzymatically produced

lignin is used. In addition, model compounds are synthesized and also

analysed, and the obtained data is compared.
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Figure 8 An example of lignin bonding patterns.21 With permission of Wiley

models have been suggested.21-26 Major  structural  units  found  in  the  lignin

polymer are products of radical coupling reactions of the phenolic radical of

lignin precursors (Figure 9).

Figure 9  Formation of different radicals in the first step of lignin polymerization. In the figure,
an example of resonance structures for coniferyl alcohol is shown
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The abundance of different dimer structures has been evaluated, and the

most abundant structure in soft- and hardwood has a -aryl ether bond ( -O-

4, A in Figure 10).  Other  common  structures  in  wood  lignin  are

phenylcoumaran ( -5, B), resinol (  C), diarylethers (4-O-5), and 1,2-diaryl

propane ( -1) structures. Biphenyl (5-5, D) structures can be found in

softwood lignins but not in harwoods.6, 27-29 Also, the majority of 5-5 structures

reform  to  an  eight-membered  ring  via  crosscoupling  to  a  dibenzodioxocin

structure (D2), 30-31 found in both hard- and softwood species.

Figure 10  Some common linkages in native lignins6, 32-35



13

1.2 Fractionation of wood biomass

Kraft  lignin  is  obtained  from  the  Kraft  pulping  process,  which  is  the

dominant pulping process in the world. During the pulping process, lignin is

removed from the wood and separated. Currently, the majority of the lignin is

burned for energy. However, new ideas for the usage of lignin are being sought,

and thus the interest to use (Kraft) lignin is increasing.

1.2.1 Kraft process

The Kraft process is highly optimized, and its economic feasibility lies in

the  circulation  of  reagents  and the  obtained  products.  The  main  product  is

chemical pulp that is used in raw materials for paper products and other

important products such as methanol. When using pine wood, tall oil and

turpentine are also obtained as side products.

The  process  is  a  continuous  system.  At  first,  the  wood  (chips)  are

impregnated with cooking liquor, which consists of water, sodium hydroxide,

and sodium sulfide (NaOH and Na2S). The purpose of Na2S is to promote and

fasten the delignification reactions. It also protects carbohydrates from

hydrolysis and dissolution, thus increasing the yield. The mixture is heated at

liberated from the lignin and from each other. The lignin macrostructure is

degraded, and smaller fragments and degradation products of hemicelluloses,

in  addition  to  waxes  and  resins  dissolve  in  the  cooking  liquor.  Due  to  the

alkalinity of the cooking liquor, lignin fragments are in a phenolate form and

thus soluble. The heating is terminated before all the lignin has been removed,

since a cook is a balance of retaining the cellulose chain length and removal of

lignin.36 After  cooking,  the  liquid  mixture,  which  is  called  black  liquor,  is

separated from the pulp. The pulp mass is washed and bleached to remove the

rest of the lignin. Most of the water is evaporated from the black liquor, the

cooking chemicals are recovered for reuse in the recovery boiler, and the lignin
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is used for energy. Alternatively, lignin can be separated from the black liquor

and used in applications including production of hydrocarbons, phenols,

oxidized chemicals, macromolecules, and/or syngas.37 The separation of lignin

from the black liquor is usually obtained by the precipitation with carbon

dioxide, followed by the removal of water and re-dissolution. Then the lignin

slurry  is  acidified  and  washed  to  liberate  pure  Kraft  lignin.  The  amount  of

lignin that can be separated from the black liquor without affecting the
38 At present, most lignin is used

for energy, and only a small percentage is used in the production of isolated

lignin.

In some variations of the Kraft process, a pre-hydrolysis step is utilized

before pulping. In the system, a woody mass is heated with water steam (with

or without mineral acids), removing acetic acid from the wood. This promotes

acid hydrolysis (e.g., cleavage of water-soluble carbohydrates). The aim is to

remove hemicelluloses and improve economy while also affecting the pulp

quality.39

1.2.2 Lignin reactions during Kraft process

During the Kraft process, the lignin structure is changed. Two types of

reactions occur during Kraft pulping: degradation and condensation.40 The

degradation reactions are favorable, since these reactions liberate the lignin

fragments, promoting dissolution of the fragments into the black liquor. On

the  other  hand,  condensation  reactions  can  form  strong  linkages,  which

tolerate alkaline conditions and are thus undesirable.

Originally, the main degradation reactions have been suggested to be the

cleavage of

if phenolic -OH is in para position. Thus, the formation of a quinone methide

structure is possible (Scheme 1 A). However, this reaction path seems unlike

since such Table

1).32, 35, 38 In the case of nonphenolic units, the cleavage involves the attack of

an anionic hydroxyl from - or - carbon. Thus, new phenolic end groups are
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formed (Scheme 1 B). Another similar cleavage of -hydroxyls from

ethers is the formation of vinyl ethers (or styryl ethers) (M in Figure 11); both

reactions  occur  during  Kraft  pulping.  The  sulfide  used  in  the  Kraft  process

promotes the cleavage of -ether  units  in  lignin,  and  the  amount  of -O-4

bonds is reduced during cooking from approximately 40% to 8%.33, 40-41 It has

been suggested that when the

phenylcoumaran (B in Figure 10) units, the formed product has a stilbene

structure  (E in Figure 11) and the side product is formaldehyde. 32, 42 In

addition, demethylation from aryl ether bonds form corresponding catechol

structures.38, 43

Scheme 1 Cleavage of -
carbon in nonphenolic units (B)7, 44
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The condensation reactions occur at position 5- (and 6-) of the aromatic

ring. Dominantly, these take place in the structures, which have a good leaving

group (e.g., OAr) in the -carbon,  and the  formation  of  a  quinone  methide

intermediate is possible. The condensation reaction is a competitive reaction

with either internal or external nucleophiles, e.g., an anionic lignin fragment

or hydrosulfide anion, respectively. In another condensation reaction,

formaldehyde reacts with two phenolates, resulting in diarylmethane.33, 44

1.2.3 Structural differences between native and Kraft lignin

The main structural elements ( ) of lignin are the same within native

and Kraft lignin, but the relative amount of side chain structures varies, and

the amount of coniferyl alcohol end groups increase in Kraft lignin due to the

breakage of -O-4 bonds. The relative amounts of condensed structures with

C-C bonds, such as  and -5 structures, also increase due to their resistance

to alkaline pulping cleavage reactions.33 This  can  be  expected,  as  the  main

reactions occurring during the Kraft process are the ones with ether cleavage.

According  to  the  chemistry  of  Kraft  pulping,  it  is  also  proposed  that  new

structures are formed.40 Stilbene (L in Figure 11) structures are formed via

cleavage of -5 structures occurring via -hydroxyl elimination.45 On the other

hand, clear evidence of some of these new structures such as diphenylmethane

(N in Figure 11)40 in Kraft lignin have not been published.

A structural analysis of lignins is made with nuclear magnetic resonance

(NMR)  techniques.  Typical  two-dimensional  (2D)  or  3D  NMR  analysis

techniques  are  not  quantitative  methods,  but  relative  assessments  of  the

amounts of different structures can be made. 1D NMR techniques often fail in

quantitating high-molecular-weight lignin samples due to poor resolution,

overlapping signals, or low sensitivity.46 In addition, from quantitative 13C,

only relative information from peak clusters of different substituent groups

such as aliphatic, methoxyl, aromatic, and acetate groups is obtained.47 In

Table 1, the amounts of different structures and possible structures in lignin
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have been listed according to 2D HSQC and 3D HSQC-TOCSY spectral

et al.32 and 2D HSQC data from Hu et al. 9 The

corresponding structures ( and E R) are illustrated in Figures 10 and

11.

Figure 11 Other possible side chain structures in lignin32
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Table 1. Lignin side chain structures in pine and spruce MWL and Kraft lignin. Combined
data from 32, 38 n.r. = not reported

Substructure MWLa MWLb Krafta Kraftb

A -O-4 41 ++ 2,2 ++

B -5 9 ++ 1,6 ++

C - 6 ++ 4 ++

D2 Dibenzodioxicin 0,8 + 8 (+)

E -O-4 n.r. (+)c n.r. n.r.

F -O-4-Ar-CHO n.r. + n.r. -

I Coniferyl alcohol 4 + 0,7 ++

J Coniferyl

aldehyde

n.r. + n.r. -

K Dihydroconiferyl

alcohol

n.r. + n.r. ++

L Stilbene 0 - 7,3 +

M -vinyl ether 0 - 2,2 -/(+)*

N Diphenyl-

methane

n.r n.r n.r n.r

O -carbonyl end

group

n.r + n.r -

P -carbonyl with

-O-4

n.r + n.r -

Q -carbonyl with

-OH

n.r + n.r -

R Benzaldehyde n.r + n.r -

a is the substructure amount per 100 Ar unit from Hu et al. b is the strength of the correlation (++

spectra c 35
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1.2.4 Hydrothermal treatment for lignin

Hydrothermal (HT) processes for biomass treatment have been studied

intensively in recent years.48-59 The effect of reaction conditions,55 different

temperatures,60 water-biomass ratios, and possible catalysts such as H2SO4,

FeCl2, NaOH,54 have been investigated. Hydrothermal carbonization (HTC) or

wet torrefaction is a method to alter biomass to a solid, coal-like mass.61 In the

process, the biomass is mixed with water and possibly additives in high

Reaction times vary from 0.5 hours to four days, and the obtained product is

hydrochar.56, 62

liquefaction (HTL), since the product turns to liquid, or bio-oil.49, 52

During the hydrothermal process, the combination of heat and pressure

causes the loss of CO, CO2,  and  H2O, hence decreasing the hydrogen and

oxygen content, especially in the case of whole biomasses. Thus the relative

carbon number of the mass increases. Reactions include dehydration,

condensation polymerization, aromatization, hydrolysis, and decarboxylation.

Due  to  the  decrease  in  hydrogen  and  oxygen  in  the  product,  the  system  is

called carbonization and the product is hydrochar.50, 63-65 For Kraft lignin,

some of the cleavage and condensation reactions have already taken place

during the pulping process, and the increase in carbon number is not as

evident.49 However, the observation that the highest yields of hydrochar can

be produced from lignin promotes the idea of exploring separated lignin

fractions instead of raw biomass.62

Biochar is an alternative for hydrochar and is produced mainly with

pyrolysis techniques i.e., without water, oxygen, or other additives. The

hydrochar, which is produced in HT conditions, has lower ash content and the

surface  has  more  oxygen-containing  groups  (in  phenolic  structures)  than

biochar, thus the usability of HTC lignin is broader than for biochar. It is also

possible to use hydrochar as a replacement for more expensive materials such

as carbon black.66
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The chemical characterization of hydrochar is rather challenging due to its

condensed chemical structure and low solubility. On the other hand, to expand

the usability of HTC lignin, a structural analysis of the products is needed.

Characterization methods have included Py-GC/MS, solid-state NMR, and

FTIR  techniques.  With  pyrolysis,  the  idea  is  to  vaporize  the  degradation

products of the material. Pyrolysis is usually done in high temperatures for a

short time, volatile components are separated with GC, and mass spectra of

different components are obtained.49, 67-69 From solid-state NMR and FTIR

studies,  it  is  possible to determine functional groups in the product such as

double bonds, aromaticity, and ether functionalities as methoxy groups, but

no complete structural analysis can be obtained with these techniques.49



21

1.3 Ionic liquids

Their structure includes an organic component and often a delocalized charge.

In addition, the irregular structure of the cation lowers the melting point of

the salt. 70 ILs have usually low vapor pressure, are non-flammable, and some

principle, the possibilities to pair anions and cations to adjust solvent

properties are countless. For example, melting point, density, and miscibility

with water or organic solvents can be tuned.

Research on new ionic liquids has been growing rapidly during recent

years. A selection of example cations are alkylimidazolium, alkylpyrinidium,

tetraalkylammonium, tetra-alkylphosponium, and more recently, suberbase

cations such as 1,5-diazabicyclo[4.3.0]non-5-enium ([DBNH]+), 7-methyl-

1,5,7-triazabicyclo-[4.4.0]-dec-5-enium ([MTBDH]+), and 1,8-di-

azabicyclo[5.4.0]undec-7-enium ([DBUH]+) (Figure 12).71 Superbase-based

to the multiple nitrogen atoms. The structure enables the distribution of the

resonance forms after protonation, thus creating a stronger base.72

Figure 12 Examples of cations used in ionic liquids. TMGH = 1,1,3,3-tetramethylguanidinium,
DBUH = 1,8-di-azabicyclo[5.4.0]undec-7-enium, and MTBDH = 7-methyl-1,5,7-
triazabicyclo-[4.4.0]-dec-5-enium 71, 73



Introduction

22

The anions of the ionic liquids also have a wide range, including

halogenides (Cl-, Br- and F-), hexafluorophosphate [PF6]-, thiocyanate [SCN]-,

tetrafluoroborate [BF4]-, formate [HCOO]-, acetate [CH3OO]-, propionate

[CH3CH2COO]-, dialkylsulphate [R2SO4]-, and dialkylphosphate [R2PO4]-.70, 74-

76

some properties may change drastically as an ion pair. It needs to be

recognized, that the usability of some ILs at large scale is often hindered or

prohibited due to toxicity or accumulation in the environment.

1.3.1 Ionic liquid subgroups

As  mentioned,  the  structure  of  ionic  liquid  has  an  effect  on  the  physio-

subspecies are clarified here. First, there are room-temperature ionic liquids

(RTILs). These have melting points below room temperature, some even as
77-79 Ethylammonium nitrate [etNH3][NO3] was discovered by

Walden in 1914; an industrially produced RTIL, 1-ethyl-3-methylimidazolium

acetate [emim][OAc], also exists, but so far it is only used in laboratory

applications.80 Secondly, the term "distillable ionic liquid" has been adopted;81

the main importance of these ILs is the possibility to convert ionic liquids back

to their starting compounds. For cellulose dissolution, King et al. studied

1,1,3,3-tetramethylguanidine (TMG) conjugates with several carboxylic acids

and found out that tetramethylguanidium propionate [TMGH][CO2Et] was

able to dissolve cellulose and could also be distilled with high recovery.82 This

work  has  been  continued  in  further  studies,  and  other  superbase-based

distillable ILs such as 1,5-diazabicyclo[4.3.0]non-5-enium acetate

[DBNH][OAc] and propionate [DBNH][OPr] have emerged.71, 83

Switchable ionic liquids (SILs) comprise a third subgroup of ionic liquids.

These were first introduced in 2005 by Jessop et al.84

comes from the switchable properties of the solvents; the polarity and viscosity

of the SILs are different from either molecular solvent used for the SIL.85 The
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of two non-ionic compounds such as alcohol and a superbase to induce ionic

liquid. On the other hand, bubbling the IL with inert gas (like nitrogen) breaks

down the ionic form of the SIL consequently, starting solvents can be

separated (Figure 13).84 SILs have been studied for absorbence use in CO2

capture,86 biomass fractionation,87 and cellulose derivatization with DMSO as

a co-solvent.88

Figure 13 Protonation of DBU with alcohol and carbon dioxide84

The fourth subgroup of ionic liquids is phase separable ILs (PSILs). These

can be composed of two ionic liquids89 or, more often, of IL and aprotic organic

solvents such as DMSO and DMF;90-92 even combinations of IL and water exist

in this subgroup.93-94 Some of these PSILs have been used for biomass

separation processing91 and in cellulose dissolution.90, 92
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1.3.2 Toxicity of ILs

One important factor to consider with all chemicals is their impact on the

environment and toxicity, especially in cases of potential usability on a large

industrial scale. For ILs, evaluating toxicity is a major issue. A recent review

discussed four aspects that need to be taken into consideration when judging

the toxicity of IL: i) the nature of anions or cations, ii) the length of an alkyl

chain in the cation, iii) the degree of functionalization in the side chain of the

cation, and iv) the mutual influence of both cations and anions.95

Ruokonen et al. and Witos et al. studied the toxicity of biomass-dissolving

ILs for zebrafish and the biomimetic system of phospholipid layers and found

EC50 (effective concentration) than shorter ones.96-97 The EC50 values specify a

50% reduction of processes such as reproductive activity, for example, of the

i.e. increased

lipophilicity has also been revealed with modeling studies for ILs in general,

not just for biomass-dissolving ILs.98

Anions  have  also  been  demonstrated  to  be  toxic  to  the  environment,
99

Halides, especially the fluoro-anion100 and boron101 or phosphorous anions,

are toxic. Furthermore, sulphates, sulphonates, and phosphates can have toxic

effects. The bis(trifluoromethyl-sulfonyl)imide anion [(CF3SO2)2N]- has

especially shown intrinsic toxicity to different species.102 For carboxylate

anions, less information is available, but some conclusions can be made.

Larger anions, more than six carbons long, are more toxic,103 and with shorter

chains such as formate and acetate,104 the toxicity depends greatly on the

cation of the IL.

As  a  summary  of  toxicity  of  ionic  liquids,  there  are  several  independent

factors, which might cause toxic effects. Therefore, the toxicity of chemicals

(and ILs) needs to be evaluated separately. The role of entire system must also

be taken into account when judging the environmental impact of ILs.
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1.3.3 Ionic liquids as cellulose solvents

In 1934, Graenacher patented a method of cellulose solubilization in which

molten salt N-ethylpyridinium chloride with nitrogen-containing bases was

used to dissolve cellulose.105 The  turning  point  in  the  use  of  ionic  liquids

occurred in 2002 when Swatloski et al. published a study on cellulose

dissolution in imidazolium based ILs.75

For the purpose of cellulose dissolution and modification, many different

cellulose ILs have been studied and developed, but just a few have the potential

to be utilized in controllable and homogenous esterification reactions for

cellulose. Some properties such as viscosity and reusability affect greatly the

usability of IL. For example, when considering imidazolium-based ILs, when

the cation has a long hydrocarbon end (more than six carbons), it increases

viscosity; but on the other hand, branching and double bonds reduce viscosity.

With anions, the most viscous ILs are formed with chlorides, but formates and

acetates form less viscous ILs.73, 79 One method to reduce viscosity is to add a

(typically polar aprotic) co-solvent such as DMSO,91 N,N-dimethylacetamide

(DMA), or 1,3-dimethyl-2-imidazolidinone (DMI).106 Without the use of co-

solvents, examples of effective cellulose-dissolving ILs include 1-butyl-3-

methylimidazolium chloride [bmim]Cl,107 1-ethyl-3-methyl imidazolium

acetate [emim][OAc],108-109 and 1-ethyl-3-methylimidazolium dimethyl-

phosphate [emim][Me2PO4].79 However, Heinze et al. reported the reactivity

of  [emim][OAc]  with  cellulose,  as  it  can  form  cellulose  acetate  and  thus

consume the IL.110 A similar downside is the imidazolium ILs reaction with the

C-1 carbon of the cellulose reducing end, which further emphasizes the

importance of evaluating the inertness of ILs.111 Other  documented  ILs  in

cellulose dissolution and modification are N-ethylpyridinium chloride and 1-

allyl-3-methyl-imidazolium chloride [amim]Cl, among others.73, 112-113 More

recently, superbase-based ionic liquids have been noted to dissolve cellulose,82

although it has high viscosity, the ability to spin that IL-cellulose dope

([TMGH][CO2Et]+cellulose) for textile fiber production was not successful. As

a consequence, an evaluation of possible cellulose-dissolving ILs and

explanations for the dissolution of cellulose was published by Parviainen et
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al.71 In the current thesis (I, II, IV), the IL [DBNH][OAc] has been shown to

have good properties for cellulose dissolution as a homogeneous reaction

media.

The  dissolution  mechanisms  of  ILs  for  cellulose  have  been  studied

extensively, and different suggestions for dissolution mechanisms have been

hydrogen bonding network of cellulose and replace it  with the solvent  ions.

Theoretical studies for cellulose dissolution in [emim][OAc] have suggested

that acetate anions form strong hydrogen bonds, and on the other hand,

cations act with a polysaccharide or cellulose backbone via hydrophobic

interactions.114-115 As mentioned earlier, both anions and cations affect the

dissolution capability. Calculations and experimental studies of the solubility

of cellulose in imidazolium-based ILs with fluoro-, acetate-, and alkyl

phosphate anions have also been conducted, and it was noted that acetate and

phosphonate anions have stronger interactions with cellulose than halides.116

Anions of the ionic liquid act as hydrogen bond acceptors, thus hydrogen bond

basicity affects the dissolution mechanisms.79 In addition, hydrogen bond

acceptability and proton affinities with the basicity of the cation have been

evaluated with Kamlet-Taft parameters.78-79, 117-119 However, these parameters

are measured separately without accounting for the impact of IL and cellulose

interactions. Therefore, the obtained data need to be combined with

experimental results.

Parviainen et al. proposed a simplified model for evaluating cellulose

dissolution in ionic liquids (Figure 14). In this system, the enthalpy of acid-

base conjugates of the ionic liquid has a great effect on dissolving properties.

Cation  acidity  was  found  to  be  an  important  role  in  cellulose  dissolving

capacity, along with viscosity of the ionic liquid.71 More recently, Kuzmina et

al. conducted a detailed study of superbase-derived ILs compared to

[emim][OAc] and [emim] diethylphosphate.119 It  was  noted  that  when  the

acetate anion was replaced with a longer anion chain, the maximum cellulose

solubility decreased, resulting in an unsuitable mixture for processing (e.g.,

spinning of fibers). In the same study, the mixture of two ILs, 1,5-

diazabicyclo[4.3.0]non-5-enium hexanoate [DBNH][Hex] and [DBNH]
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[OAc], showed promising dissolving and processing properties of cellulose

fibers.119

Figure 14  Protic ionic liquids with competitive hydrogen bond donation from cellulose and the
protic cation with the basic anion.71 With permission of Wiley

The dissolution of cellulose in ionic liquids is dependent on various

circumstances.  The  purpose  of  the  end  product  determines  the  selection  of

appropriate IL. The main issues are the dissolution process itself, the required

time and temperature, and the solubility (e.g., the amount of dissolved

cellulose). Other important aspects are the recyclability, robustness, and

chemical stability of the ionic liquid. In addition, toxicity and environmental

impact need to be evaluated, especially if the process is used on an industrial

scale.  The  quality  of  the  obtained  product  might  depend  on  the  IL  as  well.

Finally, the suitability of the IL system for cellulose modifications must be

assessed.
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1.4 Dissolution of cellulose

Cellulose  structure  and  its  tendency  to  form  hydrogen  bonds  makes  the

dissolution of cellulose difficult. Despite having a great deal of hydroxyl

groups, cellulose is not soluble in water or organic solvents. This is due to the

chain length and crystalline structure with hydrogen bonds. The hydroxyl

groups in cellulose are able to react only from the surface of the cellulose fibers

and from the amorphous areas of the cellulose chains. Consequently, the

requirement for cellulose dissolution is to replace the hydrogen bonding

network with more favorable ones. There are non-derivatizing and

derivatizing solvents/solvent mixtures for cellulose dissolution, which can be

aqueous or non-aqueous. More recently, ionic liquids have been added to the

list of non-derivatizing solvents.15, 75, 120 Ideally  a  cellulose  solvent  does  not

cause hydrolysis and is chemically inert.120 In  this  thesis,  the  dissolution  of

cellulose  has  been  achieved  with  an  ionic  liquid  and  with  a  fairly  small

reduction in molecular weight and DP of the material.

In addition to cellulose fiber production, the objective is to prepare

cellulose solutions in which chemical modifications of the cellulose are

possible and plausible. Ideally, a cellulose solvent would accomplish the

dissolution of cellulose, easy regeneration of cellulose, and furthermore should

be an inert solvent to enable conducting chemical reactions with cellulose.

These properties would allow for the production of cellulose derivatives in one

process. There are numerous applications for cellulose commodities, not only

in replacing fossil fuel usage, but also in producing biodegradable materials.14
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1.4.1.1 Derivatizing cellulose solvents

A derivatizing cellulose solvent is one in which the cellulose dissolution is

obtained via chemical modification. Cellulose hydroxyl groups react in the

system  and  form  a  derivative,  which  is  dissolved  in  the  solvent  due  to

disruption of the hydrogen bonds in the cellulose.121 The Viscose process is the

most important process for the production of manmade cellulose materials

more than 3,000,000 tons per year.10 Viscose process was discovered by

Cross, Bevan, and Beadle in 1891 and has been used in industrial production

since 1910.122 In the Viscose process, after mercerization and aging (in which

the DP of the cellulose chains is lowered from ~800 to ~300), the cellulose is

converted to xanthogenate with the aid of carbon disulfide (CS2) and sodium

hydroxide in a water mixture (Figure 15). The product dissolves and is further

ripened for re-distribution of the chains and loss of CS2 groups with the aid of

sulfuric acid; thus, Viscose fibers are formed after filtering and spinning.123

Similar derivative forming systems include dinitrogen tetraoxide (N2O4) in

dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO), formic acid with

sulphuric acid HCOOH/H2SO4, trifluoroacetic acid (CF3COOH), and

dichloroacetic acid (Cl2CHCOOH). These form corresponding derivatives,

including cellulose nitrite, -formate, -trifluoroacetate, and -dichloroacetate.124-

125

Figure 15 Cellulose xanthogenate used in Viscose process, R is H or xanthogenate
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1.4.1.2 Non-derivatizing solvents

Methods for dissolving cellulose in non-derivatizing solvents include

aqueous inorganic complexes, organic solvents with salts, aqueous alkali

solutions, organic amine-containing solvents, and ionic liquids. In contrast

with derivatizing systems, these dissolve cellulose directly and form a

homogeneous solution; they are also called direct solvents. The disadvantage

of many of these solvent systems lies in the difficulties in upgrading

production to an industrial scale e.g., narrow dissolution window or

challenging recyclability of the solvents. Consecutively, they are mainly used

for analytical or laboratory purposes.120, 126 However, there are exceptions such

as the N-methylmorpholine-N-oxide (NMMO) process, which is used to

produce textile fibers industrially. Other drawbacks to non-derivatizing

solvent systems are the possibility of side reactions, as some systems include

toxic chemicals and must be used in strictly controlled conditions.

hydroxide solution, which is one example of an aqueous inorganic complex.

The complexing systems dissolve cellulose with the aid of deprotonation of

cellulose hydroxyl groups and coordinative binding of copper complex to C-2

and C-3 hydroxyl groups, simultaneously reducing the amount of hydrogen

bonds within and between cellulose chains (Figure 16).127

Figure 16  Copper complex formation in cuprammonium hydroxide solutions127
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The dissolution of cellulose can be conducted in organic solvents with salts

such as lithium chloride in N,N-dimethylacetamide (LiCl/DMA)128 and

tetrabutylammonium fluoride in dimethylsulfoxide (TBAF/DMSO).129 Of

these,  DMA  with  LiCl  are  more  commonly  used  despite  the  need  for  an

activation step of either heating or solvent exchange.130 The  general  use  of

DMA/LiCl over DMSO/TBAF is due to the simplicity of performing chemical

reactions in a laboratory. In addition, with DMSO/TBAF, the DMSO can

mediate oxidation reactions for alcohols.

In the dissolution of cellulose with DMA/LiCl, cellulose hydroxyl hydrogen

is believed to have an intermediate with Cl- ions along with macrocation (+Li-

ionic  bond  (Figure 17). There, the solvent causes charge repulsion and

bonds and solvent ions. The macromolecular structure of cellulose is broken

down and cellulose is dissolved. Several mechanisms for dissolution in

LiCl/DMA have been suggested.128, 131-133

Figure 17 Cellulose dissolution in DMA/LiCl system120, 128



Introduction

32

Merceration  is  a  method  in  which  cellulose  is  soaked  in  strong  alkali  to

produce cellulose II. Other alkaline systems with aqueous alkali hydroxides,

such as sodium hydroxide and lithium hydroxide water solutions, are able to

dissolve cellulose with low DP values (under 200).124 Cotton linters with DP of

NaOH water solutions,134 but for wood pulps, such systems are not effective.135

In addition, in solvent systems with thiourea- or urea-NaOH, the urea

stabilizes the swollen cellulose molecules and helps the alkali to reach
136-137

In the Lyocell process, cellulose is dissolved in N-methylmorpholine-N-

oxide (NMMO), which has been proven to be a successful alternative to the

Viscose process for producing synthetic cellulose fibers. With NMMO (Figure

18), the dissolution of cellulose is obtained without derivatization and

significant change in DP.138 In the Lyocell process, the dissolution of cellulose

relies  on  the  dipolar  character  of  amine  oxide,  and  the NMMO is said to

rupture the ionic forces of cellulose.10, 139 The amount of water in the NMMO

is crucial as only the monohydrate is able to dissolve cellulose. Larger water

amounts lead to regeneration, and precipitation of cellulose occurs.125 One

major problem with the Lyocell process is the instability of NMMO, as it is a

labile compound and an oxidant that can result in thermal runaway

reactions.140 Despite limitations of the NMMO and Lyocell processes, such as

thermal instability and small dissolution windows, the industrial production

of Lyocell fibers is at approximately 100,000 tons per year.14, 125, 139

Figure 18 Structure of N-methylmorpholine-N-oxide (NMMO)
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1.5 Acetylation of wood polymers

1.5.1 Acetylation of polysaccharides

Acetylation  changes  the  chemical  moiety  of  polysaccharides  from  free

hydroxyls to more hydrophobic acetyl groups. Hemicelluloses have different

amounts of hydroxyl groups depending on the backbone sugar units due to the

variation in their structures. On the other hand, polysaccharide structures

have two main reaction sites for reactions to occur. These reactions are either

primary or secondary hydroxyl group reactions. In general, the primary groups

are more prone to react. In addition, the cellulose and hemicellulose chains

have glycosidic bonds between monomer units. These are prone to hydrolytic

cleavage reactions, especially under acidic conditions, resulting in chain

degradation and lowering the degree of polymerization.10 Usually, lowering of

DP  is  avoided  and  can  be  solved  with  the  selection  of  a  solvent  system,

reagents, and reaction conditions.

Polysaccharide modifications and especially acetylation have been studied

widely in common cellulose solvents and ionic liquids. Acetylation can be

performed with acetic anhydride (I) and acetyl chloride (IV), but isopropenyl

acetate and vinyl acetate have also been used (I, II). The most common route

for cellulose acetate (CA) production has been patented by Eastman

Company.141 This system produces CA in a heterogenous system using acetic

anhydride, acetic acid as reagents, and sulfuric acid as a catalyst. The process

itself produces cellulose triacetate, which is then hydrolyzed with aqueous

alkali to the desired degree of acetylation. The disadvantage is that the DP of

the cellulose chain is reduced due to acid hydrolysis.

From the organic solvents, an important route for preparing cellulose

acetate in laboratory is the DMA/LiCl system in which the reaction is usually

performed with acetic anhydride. Mixed cellulose esters can also be obtained,

such as acetate-butyrate with corresponding butyric anhydride.142 The solvent

DMA, unreacted acetic anhydride, and side product acetic acid are usually

removed by distillation or washing. McCormic and Callais conducted similar

reactions of cellulose esterification with anhydrides (or acyl chlorides) with an
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amine catalyst.143 In DMA/LiCl, the cellulose has been activated by either heat

or a solvent exchange to enhance the reactivity of the cellulose hydroxyl

groups.  The  role  of  activation  is  to  further  break  down the  hydrogen  bonds

between the cellulose chains and improve the reactivity of the hydroxyl groups.

Ionic liquids have been used in cellulose esterifications and acetylations for

almost two decades now. In this application, the ionic liquid acts (usually) as

a base catalyst in the reactions, enabling the reactions to proceed without

additional catalysts. The first study was published by Wu et al. (2004), in

which the homogeneous acetylation of cellulose was accomplished with acetic

anhydride in [amim]Cl.144 Other imidazolium-based ILs such as [emim]Cl,110

[bmim]Cl,145 1-allyl-2,3-dimethylimidazolium bromide [admim]Br, and 1-N-

butyl-2,3-dimethyl-imidazolium chloride [bdmim]Cl107 have also been applied

et al.146 proposed the use of an additional

base with anhydrides for enhancing reactivity and trapping the formed acid,

hence reducing the chain degradation of the cellulose.146 More  recently,  co-

solvents such as DMSO, DMA, DMI, acetone, and acetonitrile have also been

applied with [DBNH][OAc],147 [bmim][OAc],148 [bmim]Cl,149 and [amim]Cl150

in cellulose acetylation. In addition, SILs with a co-solvent have been applied,
88

Another reagent, isopropenyl acetate, is usually used in esterification

reactions of tertiary alcohols, hydroxy esters, and nitriles, which have the

tendency to dehydrate with acetic anhydride.151 It  has  also  been  used  in

cellulose acetylations in [emim]Ac152 and other imidazolium-based ILs with

and without co-solvents.153 In addition, DMSO as a co-solvent and [amim]Cl

with a DBU base catalyst have been reported.154 In the current thesis (I, II),

isopropenyl acetate was used in cellulose acetylations in [DBNH][OAc]

without additional solvents or bases.
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1.5.2 Pros and cons of solvents in cellulose modifications

One could presume that the Viscose and Lyocell processes, which are the

main  processes  for  producing  cellulose  fibers,  would  be  feasible  routes  for

cellulose functionalization, especially acetylation. In the Viscose process, the

hydroxyls are already substituted by xanthogenate esters. In addition, the

amounts of water and base (sodium hydroxide) would prevent acetylation

reaction due to hydrolysis of the acetic anhydride to acetic acid. The Lyocell

process, on the other hand, has NMMO monohydrate as a solvent and includes

water. In addition, the chemical stability of NMMO is limited (runaway

accidents with explosions have occurred).140 While some experiments of

acetylation with vinyl acetate have been conducted in NMMO, the degree of

substitution of the product has been low.155 This could be expected due to the

probable hydrolysis of vinyl acetate to acetic acid and acetaldehyde in

dissolution conditions (water solutions). The NMMO monohydrate is also

used as a catalyst and oxidant in organic reactions, thus the use of NMMO in

chemical modifications, especially at industrial scale, is questionable.

In DMA/LiCl, various reactions have been conducted, although its

recyclability is challenging and DMA is a toxic, carcinogenic, and mutagenic

solvent. With DMSO/TBAF, even small amounts of water increase viscosity

and swell the cellulose, complicating the dissolution process.131 Side reactions

are also plausible, especially oxidation reactions with DMSO since it is an

oxidant. In addition, the purification and recyclability of such solvent systems

is quite tedious.

When  comparing  ILs,  the  commonly  used  [emim][OAc]  is  a  good

comparison for [DBNH][OAc]. The lower melting point and viscosity of

[emim][OAc] are good characteristics, but it has poorer thermal stability with

chain degradation of cellulose (especially when stored at elevated

temperatures).156 Moreover, with [emim][OAc], a side reaction with acetate

anions and cellulose hydroxyl groups limits its use.157 A  less  important  side

reaction occurs between the C-1 carbon of the reducing end of the cellulose

chain and the imidazolium part of the IL.111 On the other hand, the tolerance

for impurities such as water is moderate with [DBNH][OAc], although some
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hydrolysis of the IL occurs.158 The need for catalysts and co-solvents depends

on the used reagents and solvent systems. The use of a catalyst can be

important to promote reactivity. On the other hand, addition of a base as an

acid scavenger is often used for preventing hydrolysis of cellulose. However,

one should determine whether is it possible to select the base in such a way

that no side products nor impurities accumulate to the solvent. With

[DBNH][OAc], the solution is quite easy: add DBN. The need for a co-solvent,

on the other hand, is usually related to reducing viscosity, which

concomitantly increases the reactivity. However, the recovery (and

recyclability) of the reagents and solvent usability can be hindered, especially

on a large scale. In addition, difficulties purifying ionic liquids may occur with

the use of co-solvents.

1.5.3 Acetylation of lignin

Acetylation of lignin is a method to modify lignin to become more soluble

in organic solvents. One important reason is the use of lignin in manufacturing

processes. For example, partially acetylated Kraft lignin has been used in

lignin-based synthetic polymers159-160 and carbon fibers.161 In addition,

acetylated alkaline lignin from wheat has been used to prepare colloidal

spheres.162 Acetylation of lignin is also used in solvent state NMR studies, since

acetylated lignin is usually soluble in common deuterated NMR solvents such
163

does not necessarily need to be acetylated to be analyzed in DMSO-d6 or in

dioxan-water solutions, although the resolution of the plain 13C NMR spectra

is limited.164 Nowadays, more efficient two-dimensional NMR techniques are

used for structural identification.46 Via acetylation, the product is soluble and

the possibility of obtaining clear signals in NMR spectra increases. On the

other hand, residual (or thermally processed, see 1.2.4) Kraft lignin is more

condensed and thus requires chemical modification to obtain soluble

products.32, 165
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2 Aims of the study

The aims of this work is to discover new possible routes to modify wood-

based  cellulose.  The  original  idea  started  during  the  laboratory  work  for

Article IV with Agnes Stepan in which hemicelluloses were acylated in ionic

liquids  to  form  transparent  films.  As  a  continuum,  the  idea  was  to  test  the

novel  ionic  liquid,  which  has  been  developed  and  tested  in  our  research

group71, 158 to  cellulose  modifications.  The  aims  were  to  develop  a

homogeneous reaction route in an ionic liquid, [DBNH][OAc], to produce

cellulose  acetates  and  develop  a  method,  in  which  different  degree  of

substitutions were obtained. Furthermore, the objective was to produce

spinnable cellulose acetate with diverse degree of substitutions.The formation

of cellulose acetates (Article I)  in  the  IL  was  successful.  Therefore,  the

collaboration  with  Aalto  University  and  Shirin  Asaadi  began,  and  the  most

promising reaction route for cellulose acetate was adopted and modified for

fiber spinning, hence Article II was published.

During the cellulose work, lignin was also studied and the reaction routes

of Article I were tested for lignin. Some unpublished data is included to this

thesis, and while working with lignin, some special notifications of the

structure of hydrothermally treated lignin were made, leading to the Article

III as a natural continuation.



Results and discussion

38

3 Results and discussion

3.1 Experimental notes

Experimental  procedures  and  analytical  methods  can  be  found  in  the

original publications . Other unpublished lignin studies included in this

thesis  were  prepared  for  Protobind  1000  wheat  straw  lignin,  Lignoboost

lignin, and milled wood lignin from birch, spruce, pine, and eucalyptus, which

were prepared by ball milling.166

3.2 Esterification of cellulose in [DBNH][OAc]

The most important cellulose derivative with a wide range of industrial

products is cellulose acetate.112 In current industrial processes, the preparation

of cellulose acetates is based on heterogenous processes, which were first

Mallabar167 and later by Eastman company in 1956.141 The acetylation reaction

itself produces cellulose triacetate, with acetic acid and acetic anhydride as

reagents and sulfuric acid as a catalyst. To achieve a lower substitution level to

the cellulose, the product needs to be hydrolyzed, hence the process involves

several steps.10 More recently, homogeneous systems have been developed,

providing a method to obtaining uniform distribution of substituents. The

most common media for homogeneous reactions include ionic liquids,88, 107,

144, 147, 152 non-aqueous organic solvents with salts (LiCl/DMA) and

(DMSO/TBAF)168 or NMMO.169

In study I, tunable esterification of cellulose was obtained in [DBNH][OAc]

with both acetic anhydride (Ac2O) and isopropenyl acetate (IpeAc). A lower,

but tunable, degree of substitution (DS) was obtained using vinyl acetate

(VinAc) or vinyl propionate (VinPr). The reagents were chosen in such a way

that  the  byproduct  would  be  easily  removable,  or  at  least  would  not

contaminate the used ionic liquid. Further, with acetic acid, excess base (DBN)
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of the IL was used to bind the formed side product acetic acid (C) in Scheme

2.
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Scheme 2 Acylation of cellulose in [DBNH][OAc]. The forming side products are acetone for
IpeAc (A) and acetaldehyde for VinAc and VinPr (B). With Ac2O, excess DBN is used
(C), and thus the released acetic acid is bound to the base and [DBNH][OAc] is
formed. R= CH3 3CH2CO (Pr) (Article
I)

When  comparing  the  reaction  with  isopropenyl  acetate  (route  A  in

Scheme 2) with the literature, acetylation in [DBNH][OAc] does not require

a remarkable excess of reagents or activation for the reaction to occur.152-153

Also, the [DBNH][OAc] has other advantages. First, the superbase salts are

recyclable.82 Secondly, the dissolution and reaction times are shorter with

[DBNH][OAc] than with e.g. imidazolium based ILs. Furthermore, catalysts

and co-solvents are not needed, as is the case with imidazolium-based ILs. 145,

147-149, 170-171 Typically, with imidazolium ILs the co-solvents are needed when

the formed cellulose ester is not soluble to the IL media.

Acetylation was also performed with acetic anhydride in [DBNH][OAc], as

this is still the main industrial method to produce cellulose acetates.172 With
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acetic anhydride, an additional base is usually required to prevent possible

cellulose chain hydrolysis, especially if water is present, leading to lower DP of

the polymer. Previously, Abe173 used  both  acid  chlorides  and  Ac2O in

imidazolium-based ionic liquids, Wu144 and Cao174 used Ac2O in [Amim]Cl

without the addition of a base. However, no GPC data were reported, and some

hydrolysis of the cellulose is likely to occur. Also, the recycling of these ILs is

difficult, and the formed side product, acetic acid, might be difficult to separate

from  the  used  ILs.  In  this  study,  these  problems  were  overcome  with  the

equimolar addition of DBN (vs. Ac2O), which in practice forms new IL in the

system, simultaneously reducing viscosity.

Vinyl esters with long carbon chains (C8 to C16) have previously been used

in cellulose esterification in [emim][OAc] with successful esterification but

had undesirable side reactions with the IL.175 Other studies have been

conducted but only in organic solvents with the use of activation or

catalysts.168, 176-179 Chen et al. obtained high DS values (2.5) when using NaOH

activation in their reactions, but the DP of the product decreased

significantly.179 In our case with vinyl acetate, the maximum obtainable DS was

1.5, but the decrease of DP was not substantial (Figure 20).

The  reaction  of  IpeAc and Ac2O in [DBNH][OAc] was almost

instantaneous. For example, with higher loadings of IpeAc, the reaction side

product, acetone, could be seen from the formation of vapors in the flask. Short

eAc

and Ac2O. In the case of vinylic reagents, the reaction was also fast but did not

form high DS products, although the reaction time and (or) amount of reagent

was increased to 24 h and 9 eq/AGU.

Dried reaction products were analyzed with ATR-IR, 31P NMR, and GPC.

The DS of the reaction products were analyzed with 31P NMR with a slightly

modified method from King et al.180 The determined DS values were between

0.23  and  3,  which  corresponded  with  the  amount  of  used  reagent.

according to the calculated DS in all cases (Table 2).
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Table 2. Values of DS for different reagents where variable amounts of reagent were used.
The results have been calculated from 1 h reaction samples made from eucalypt-
tus pulp cellulose, which were analyzed using 31P NMR

Reagent 0.25 eq/AGU 1 eq/AGU 3 eq/AGU

DS Yield % DS Yield % DS Yield %

Ac2O 0.23 95 0.85 88 2.80 88

VinAc 0.24 98 0.84 88 1.58 90

VinPr 0.23 94 0.85 86 1.34 85

IpeAc 0.23 92 0.89 82 2.97 95

The  functional  group  analysis  for  the  reaction  products  was  done  with

ATR-IR. The reactions and reactivity were followed with the reduction of

hydroxyl signal intensity with the simultaneous increase of the carbonyl signal

intensity. It was noticed quite quickly during the syntheses and screening of

the products that there seemed to be a clear correlation between the amount

of reagents used and carbonyl signal intensity in the IR spectra. This led to the

idea of comparing the results of the two analysis methods, 31P NMR and ATR-

IR. When the results of two separate methods are plotted against each other

and a good (over 80 %) linear correlation is obtained, the two methods can be

used separately with the use of the linear equation. On the other hand, to

evaluate and quantify IR data, there must be some signals that stay stagnant

during the process. The cellulose chain has C-O-C signals, which belong to the

glucopyranose ring and are in the cellulose backbone. These are unaltered in

the acetylation reactions. Thus, a correlation between the 31P NMR results and

ATR-IR signal intensity was found (Figure 19). This is a good observation,

since in principle IR can be used as a screening method for cellulose acetate

samples. In the cases in which the method can be taken into operation, there

would not be a need for routine 31P NMR analysis. Only an occasional update

to the linear correlation of data points might be necessary.
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Figure 19 The correlations of the 31P NMR and ATR-IR results for determination of degree of
substitution. Reactions from: Ac2O (orange), IpeAc (yellow), VinAc (gray), and
VinPr (blue). The correlation of all data points is represented as a black line (Article
I)

The degree of polymerization of the products was analyzed by GPC with an

RI detector, which means that the obtained values are relative and not exact.

In addition, pullulan standards were utilized. Pullulan is a polymer with -(1-

4) glycosidic  linkages between glucopyranose units  and thus has a different

hydrodynamic volume than cellulose. Berggren et al. proposed a method in

which correction factors are used to calculate pullulan standards to represent

cellulose.181 This  method  is  reasonable,  but  the  fact  that  analytical  systems

differ from each other greatly prohibited the use of the correction method in

Article I.  The  hydrodynamic  volume  of  cellulose  derivatives  might  also

change  due  to  differences  in  molecular  structure.  A  multi-angle  laser  light

scattering (MALLS) technique would give more precise results, especially

when the samples are functionalized cellulose products and not pure cellulose

with free OH groups.17
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Figure 20 Weight average degree of polymerization DPw of the cellulose acetates obtained
with different reagents and used equivalents of the corresponding reagent. DPw is
calculated with DS obtained with 31P NMR from the corresponding MW

The weight average degree of polymerization (DPw)  results  from  the

reaction samples are represented in Figure 20.  It  can  be  seen  that  the

molecular weight drops in almost all cases, although the drop is smallest with

acetic anhydride. Unfortunately, an appropriate explanation for the apparent

chain degradation has not been found. Evidence of a uniform structure is

proven by the GPC graphs, which show a nice Gaussian curve and only a small

shoulder in the smaller mass range area. This can also be seen in the blank

sample (Figure 21).
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Figure 21 GPC graphs of the reaction products from the reactions made with acetic anhydride
(Ac2O) in green and vinyl acetate (VinAc) in purple; for reference, the blank sample
(Euca_blank) of eucalyptus pulp is shown in red

In Article I, it was found that both acetic anhydride and isopropenyl

acetate produce cellulose acetates in [DBNH][OAc] with variable substitutions

according to the amount of acetylation reagent. Because IpeAc does not need

any additional base, as is the case with Ac2O, the reaction was chosen to be

upscaled for production of cellulose acetate fibers.
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3.3 Cellulose acetate fibers

The IpeAc was found most suitable for acetylation of cellulose, thus a

collaboration with Aalto University was initiated to produce cellulose acetate

fibers. For fiber spinning, the reaction mass balances, reaction times, and

reagent additions (obtained DS) with IpeAc were optimized. Fiber spinning

and fiber characteristics were performed and determined by Asaadi et al.

(Aalto University).

Large scale reactions with 13m-% of cellulose in [DBNH][OAc] were

performed with successful reactivity and spinnability of all the dopes. The

conversion of the acetylation reaction with Ipe

100%. This is excellent, since the added amount of reactant (0.05, 0.25, 0.5,

and 0.75 eq) in the syntheses was small in volume compared to the reaction

dope (mass). Additionally, uniform distribution of substituents in all reaction

products was successful. Furthermore, all the dopes were spinnable using dry-

jet wet spinning. Spinnability means that aligning cellulose molecules along

the  chain  and  stretching  the  filament  are  done  with  a  reduction  of  linear

density but without breaking the cellulose structure. The maximum draw

ratios  (DR)  (e.g., the  ratio  of  the  take-up  velocity  to  the  extrusion  velocity)

were good, being over eight (DR>8), for all samples.182 As expected, the

hydrophobicity of the fibers increased with DS > 0.5 because the acetyl group

is less hydrophilic than hydroxyl groups.

The  regenerated  fibers  were  analyzed  with  ATR-IR  (Figure 22). The

signal (1725 cm-1). However, with the analysis of very low DS values ATR-IR is

inaccurate  without  a  software.  When  comparing  fiber  with  DS  0.05  to

unmodified fiber, there is no visible change in the spectra at the carbonyl

region. The first spectrum in which changes in the carbonyl region can be seen

is  the  DS  0.21  sample.  The  situation  could  be  different  with  the  use  of  a

screening software that compares whole spectra with each other, and not only

selected signals with various wavenumbers.
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Figure 22 ATR-IR spectra of fibrillated cellulose acetates with various DSs. The reactions

3.4 Acetylation of xylans

In publication IV,  rye  arabinoxylan  (AX)  and  spruce

arabinoglucuronoxylan (AGX) were acetylated in [DBNH][OAc] and

[emim][Me2PO4]. The study was done in collaboration with Agnes Stepan

from the Chalmers University of Technology. Acetylation reactions for

galactoglucomannans have been reported with a traditional acetic anhydride

route with pyridine catalyst,183 but for xylan acetylations in ILs had not been

published.

The reactions were performed with acetic anhydride in both [DBNH][OAc]

and [emim][Me2PO4], and with acetyl chloride in [emim][Me2PO4]. With the

latter IL, the use of a co-solvent improved the results. The idea was to achieve

full acetylation to produce transparent films for further processing.
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The xylans were solubilized for 2 h to obtain a homogenous solution, but

the reaction itself was fast. Full acetylation was achieved in [DBNH][OAc] in

only five minutes. The reaction products were analyzed with FTIR (Figure

23) and NMR, which confirmed the degree of acetylation. The reactions for

AGX made in [emim][Me2PO4] produced more condensed products, probably

due to crosslinking of AGX carboxyl functionalities. Zoia et al. have studied

possible crosslinking reactions of wood biopolymers during acetylation.184

With [emim][Me2PO4], the addition of chloroform as a co-solvent promoted

the acetylation reaction, presumably via solubilizing the partially acetylated

product and thus producing a more homogenous product. This behavior has

also been demonstrated by King et al., who used ionic liquids to analyze

cellulose phosphite esters.185 The reaction products made in [emim][Me2PO4]

with a co-solvent were insoluble in GPC and/or film casting solvents.

Figure 23 ATR-IR spectra of a) blank rye AX and acetylated in [emim][Me2PO4], b) blank rye
AX and acetylated in [DBNH][OAc], c) blank spruce AGX and acetylated in
[emim][Me2PO4], d) blank spruce AGX and acetylated in [DBNH][OAc] (Article IV)
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The GPC analysis of the produced acetylated xylans showed no reduction

in DP between the starting material and acetylated products. In addition, the

film formation from chloroform and dimethyl carbonate solutions was

successful  for  the  acetylated  rye  AX  samples  and  spruce  AGX  made  in

[DBNH][OAc].

More recently, new studies concerning hemicellulose acetylation in ionic

liquids  have  been  reported.  These  include  acetylation  of  switchgrass

hemicelluloses in [amim][Cl], but full acetylation was not achieved.186 Another

group  used  soy  sauce  residue  as  a  hemicellulose  resource.  The  acetylations

were made in [amim]Cl and [bmim]Cl with acetic anhydride, and the DS

results were satisfactory,187 but no MW (GPC) data were reported.

3.5 Acetylation of lignin

The acetylation method in Article I was  found  to  be  very  suitable  for

cellulosic samples. The idea for widening the usability of that system for lignin

was reasonable, since lignin is acetylated to enhance the solubility of the

product(s). Traditionally, acetylation of lignin is performed with acetic

anhydride and pyridine for 24 h, but isopropenyl acetate reacts faster at least

for cellulose in [DBNH][OAc].

A. with the traditional pyridine-acetic anhydride method

B. with a similar system as in Article I using acetic anhydride, DBN,

and the ionic liquid [DBNH][OAc]

C. with a similar system as in Article I using isopropenyl acetate and

the ionic liquid [DBNH][OAc]

D. in isopropenyl acetate with and without a catalyst
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The results showed (data unpublished) that for lignin, the used ionic liquid

[DBNH][OAc] is not an ideal media, since the work-up of reaction products is

tedious. However, the reaction itself is completed in 2 h and no hydroxyls can

be detected in the IR spectra of several products. For comparison, method A

with acetic anhydride and pyridine results  in a 24 h reaction at  RT,  but the

evaporation  of  solvents  with  the  aid  of  toluene  and  ethanol  is  the  only

purification needed. On the other hand, method D with isopropenyl acetate as

p-toluenesulfonic acid monohydrate

(p-TsOH)  as  a  catalyst  improved  the  reactivity.  This  requires  washing  and

drying of the product, hence the work-up is again more tedious than in A.

In Figure 24, the ATR-IR spectra of both the unmodified and acetylated

MWL  from  eucalyptus  and  pine  are  shown.  In  the  spectra,  a  clear

disappearance of hydroxyl group signals from unmodified samples (gray lines)

at ~3440 cm-1 can be seen. Furthermore, in both acetylated samples (pine and

eucalyptus), new signals are formed to 1732 cm-1 and 1370 cm-1, corresponding

to carbonyl and methyl group signals. Thus, full acetylation of both pine MWL

and eucalyptus MWL can be achieved with pure IpeAc.

Figure 24 ATR-IR spectra of MWL lignin samples. On the left, acetylated pine (AcP) and
unmodified pine (P blank); on the right, acetylated eucalyptus (AcE) and unmodified
eucalyptus (E blank)
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3.6 Heat treated lignin

Several kinds of starting materials such as agricultural residues, forest

product leftovers, grass biomass, or lignin can be used in hydrothermal

carbonization (HTC). The majority of the literature concerning hydrothermal

carbonization of biomass have studied physical changes of the material such

as  particle  size  and  porosity,  which  are  of  course  important  for  product

applicability.55, 62 However, HTC causes structural changes to biomass and

lignin, but the molecular and structural changes that occur during HTC are not

understood  in  detail.  This  structural  information  is  needed  to  tailor  the

properties of the product.

For Kraft lignin, many alterations in the structure have already taken place

during cooking. Wikberg et al.49 explored both structural and morphological

changes  for  lignin  and  reported  that  in  HTC,  cleavage  of -O-4 bonds and

demethylation  occurs  with  a  concomitant  (slight)  increase  of  C=C  bonds

according to solid state NMR and FTIR studies.49

The objective in Article III was to discover the primary reactions in Kraft

lignin during the HTC process. Consequently, the reactions were made for

softwood Kraft lignin in a mild alkaline solution (aqueous 1.5% NaOH) for a

short reaction time (0.5 and 1 h) in three different temperatures (170, 200, and

was not examined.
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Figure 25 Expansion (side chain region) of the 1H-13C HSQC spectra of (A) Kraft lignin and (B)

An analysis of the reaction products was done with 2D solution-state NMR,

since the products were soluble in DMSO-d6. For comparison, the starting

material was also analyzed. In Figure 25, the 2D 1H-13C HSQC NMR spectra

of both unmodified Kraft  lignin and HTC Kraft  lignin are  shown. There are

clear  differences  in  the  spectra.  In  the  Kraft  lignin  HSQC spectrum,  typical

lignin side chain structures can be identified (e.g., -O-4, - , and -5, in Fig.

25 A, structures , correspondingly).28, 32, 38, 42 However, in the HTC lignin

(B), all -O-4  bonding  patterns  have  vanished.  The  resinol  ( - ) and

phenylcoumaran (

in the 1 13C field have appeared. Similar signals were
42 but

not in Kraft nor in HTC-processed Kraft lignins.

The NMR results for HTC lignin revealed the formation of o-o-, o-p-, and

p-p- diarylmethane  structures  (relative  to  phenolic  OH-  groups  in  lignin

subunits), which denotes that the formation of diphenyl methane structures in

the  HTC  process  form  via  a  quinone  methide  route  (Scheme 3).42, 44 One

would presume that only o-o-diphenyl methane structures would occur due to

steric reasons, as in the softwood Kraft lignin, position 5 in the aromatic ring
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is already occupied with the lignin side-chain. On the other hand, the

fragmentation of lignin is known to produce 2-methoxyphenol i.e., quaiacol,

where the ortho- and para- positions are free for condensation reactions and

hence the occurrence of o-p and p-p structure signals is explained.

Scheme 3  An example of the formation of diphenylmethane structures in alkaline reaction
conditions L=lignin42, 44

Ekman (1965), and later Gierer (1985), suggested that formaldehyde can be

-O-4 and -5

structures, yielding styryl ethers (vinyl ethers) and stilbenes, respectively.42, 44,

188 In addition, the typical condensation reactions of phenols with

formaldehyde forms polymerization products, which consist of diarylmethane

structures. Thus, in this study, a model compound (e.g., a guaiacol resin) was

prepared with formaldehyde to verify the formation of different

diphenylmethane structures. The structural analysis of the formed products

show a clear correlation with the diarylmethane signals in both HTC lignin and

model  resin  (Figure 26). In addition, the hydroxymethyl corresponding

signals  are  clear  in  the  guaiacol-formaldehyde  resin  but  absent  in  the  HTC

lignin. It can be concluded that formaldehyde is formed in situ during the HT

process and subsequent condensation reactions are immediate, as no signals

for hydroxymethyl intermediate can be found in HTC lignin.
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Figure 26 Superimposed 1H-13C HSQC spectra of the guaiacol formaldehyde resin (red) and

circled in red, and the hydroxyl methane (D) side group signals are circled in blue

To  confirm  the  role  of  formaldehyde  in  the  condensation  reactions,  the

thermal liberation of formaldehyde was studied with Py-GC/MS. Previously,

thermogravimetric  (TG)  analysis  techniques  have  been  used  in  analyzing

volatiles from lignins. Faix et al. studied the evolution of formaldehyde in TG-

MS  studies  to  study  the  carbonization  of  lignins,  but  the  degradation

temperatures were quite high.189 Zhang et al. and Ohra-aho et al. studied

lignin with Py-GC/MS for analyzing the structural elements in lignin.69, 190 In

the  current  study,  the  idea  was  to  ensure  the  thermal  liberation  of

formaldehyde in mild pyrolysis conditions. Thus, low temperatures (170, 200,

The  study  was  done  with  the  aid  of  a  reference  compound,  thus  a

chromatogram  with  the  corresponding  mass  spectra  for  formaldehyde  was

obtained. The liberation of formaldehyde was found in all Kraft lignin samples.

The retention time (tR)  of  formaldehyde  was  ~2.44  mins  in  the  pyrolysis

chromatogram, and m/z 30 as a base  peak was found in the corresponding

mass spectrum. The ion with m/z 29 was the second highest intensity signal,
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which could correspond to aldehyde (m/z 29) (e.g., formaldehyde with the loss

of hydrogen).

Both alkaline and thermal reactions of Kraft lignin produce formaldehyde.

In alkaline conditions, condensation reactions occur and diphenylmethane

structures are formed. In thermal conditions, the liberation of formaldehyde

contributes to the carbonization of lignin.
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4 Conclusions

In the current work, a new homogenous acetylation method for cellulose

was developed. The reactions allow for adjusting the DS of cellulose acetates

from very  low to  a  maximum DS of  3.  The  reactions  were  successful  for  all

reagents (IpeAc, Ac2O, VinAc, and VinPr), although IpeAc  and  Ac2O were

found to be the most suitable. In addition, a method for analyzing the DS of

the products using a linear correlation method between 31P NMR and ATR-IR

analytics was established.

The  best  option  for  acetylation  in  the  used  IL,  [DBNH][OAc],  was

isopropenyl acetate. The main advantage of IpeAc over acetic anhydride (with

DBN) was because its side product, acetone, can be evaporated from the

system during or after synthesis. The approach of adding only one reagent is

also cost-effective. On the other hand, the cellulose acetates obtained with

Ac2O retain their DP better than with IpeAc. The fibers obtained from large-

batch acetylation showed good spinnability and fiber characteristics. The

method can be scaled up to produce textiles of non-woven material with

tailored properties.

In the future, the IL method could be expanded to other cellulose

derivatives,  as  new  IL  are  invented  and  produced  all  the  time  and  the

development of new products is never-ending. The possibility of finding and

developing more sustainable ILs and applications for products would be

rewarding.

The acetylation of hemicelluloses, especially xylans in ionic liquids, was

also conducted successfully. The main future challenge lies in combining the

modification of xylans into a refinery concept without additional processing

steps.

The acetylation of lignin has shown potential, but more work is needed to

be able to combine the obtained results. The main issue lies with the

heterogeneity of lignin samples and finding a general modification pathway

for variable lignin preparates.
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The demonstration of diphenylmethane structures with the aid of NMR

studies has proven the occurrence of the elimination of formaldehyde during

the alkaline process. Understanding the structural changes during various

modifications is essential for the controlling of materials to be used in tailored,

high-value products.
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