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Abstract 

Cellulose represents the most abundant renewable and biodegradable polymeric 

material on earth. Due to its low cost and functional versatility, cellulose has been a key 

feedstock for the production of chemicals with various properties and applications over the 

past century. In 2000, the world produces 187 million tons of wood pulp annually. Most of 

it is used as raw material in the production of paper and cardboard products; only ten 

percent is transformed into cellulose derivatives.1, 2 This crystalline and rigid 

homopolymer has not yet reached its full application potential due to its essential 

insolubility in most common solvents. Chemical modification of the hydroxyl groups 

overcomes this obstacle and offers considerable opportunities for preparing cellulose-

based polymeric materials. 

The objective of this research was to investigate new paths for the preparation of 

cellulose derivatives with a variety of structural features to obtain advanced materials 

suitable for different applications. New synthesis methods were proposed for cellulose 

modification and the already existing synthetic approaches were explored using new 

reagents. This study investigated modification of cellulose through reactive dissolution 

approaches (heterogeneous modification) using organic solvents, such as pyridine, N,N-

dimethylacetamide (DMA) and N,N-dimethylformamide (DMF) (I, II & III) and under 

homogeneous conditions, using ionic liquids (ILs) as the reaction medium (IV).  

Esterification of cellulose is among the most versatile modifications leading to a wide 

variety of commercially produced polymers with valuable properties. The acylation can be 

carried out efficiently through a reactive dissolution approach in pyridine (I). This means 

that the reaction is initially heterogeneous, in the absence of costly and toxic direct-

dissolution solvents. As the reaction proceeds, it produces a homogenous mixture. The 

obtained cellulose esters usually show a high degree of substitution (DS) and 

polymerization (DP) and are soluble in organic solvents. Esterification can also be 

conducted in DMF (III). Chloroacetyl cellulose was first obtained via the reaction of 

chloroacetyl chloride with cellulose in DMF and used as starting materials for further 

reactions with amines and thiols. Highly substituted aminoacetyl cellulose and thioacetyl 

cellulose were achieved via this method. In addition, simple distillation can easily recover 



DMF in good yield, which attaches a more recyclable process to this important synthon, 

chloroacetyl cellulose, compared to other reported media.  

Carbamate derivatives of cellulose have also gained industrial significance recently. 

The reactive dissolution approach can also be used for carbamoylation of celluloses (II). 

Reactions with cellulose, or pulp and aromatic isocyanates, were initiated as 

heterogeneous mixtures in hot pyridine. However, attempts to synthesize highly 

substituted cellulose carbamates with aliphatic isocyanates in pyridine failed, as they did 

not achieve homogeneous solutions, even after long reaction times. Consequently, 

aliphatic cellulose carbamates were prepared via reactive dissolution in DMA, with 

dibutyltin dilaurate (DBTL) as catalyst.  

Lately, ionic liquids (ILs) have received much attention in cellulose chemistry because 

of their potential as green solvents in shaping processes, fractionation of lignocellulosic 

biomasses, and homogeneous synthesis of polysaccharide derivatives. Homogeneous 

carbonylation of cellulose can be accomplished by applying dialkylcarbonates in a novel 

solvent system composed of methyl trioctylphosphonium acetate [P8881][OAc] as 

solvent/catalyst and dimethyl sulfoxide as cosolvent (IV). Cellulose dialkylcarbonates 

with moderate degrees of substitution are accessible via this procedure. 

All derivatives prepared in this study were thoroughly characterized with numerous 

techniques for their structure, degree of substitution (DS), molecular weight, thermal 

properties, and other physiochemical properties. Various pulp samples, with different 

hemicellulose contents, provided the sources of starting material, in order to investigate 

both the suitability of cheaper pulp samples and the pulp’s degree of influence on 

reactivity. In short, identical results were obtained with all pulps when compared with 

microcrystalline cellulose (MCC) derivatives.   

The purpose of this study was to provide an alternative look into the use of the well-

known renewable biopolymer ‘cellulose’ to develop highly engineered materials, using 

novel approaches.  
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[PF6] hexafluorophosphate 

HMPT hexamethylphosphoric triamide 
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XRD X-ray diffraction 
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1 Introduction and state of the art  

Cellulose, a linear, partially crystalline 1,4-β-glucan, is the world’s most abundant 

biopolymer available today, representing around 1012 tons of the total annual biomass 

production.3 This environmentally friendly, biocompatible, and inexhaustible source of 

raw material is one of the major components of annual plants (~ 33%), wood (~ 50%), and 

cotton (~ 90%).4, 5 Unlike fossil-derived chemicals, cellulose and its derivatives are 

favourable materials from the environmental point of view, as they are biodegradable and 

return to the natural carbon cycle by simple rotting. They are also not toxic to living 

organisms, including humans. Further, as existing quantities of fossil supplies are limited, 

renewable raw materials, including cellulose, are gaining importance. Cellulose is a good 

candidate for the replacement of non-renewable fossil-based products.   

In as early as 1838, the French scientist Anselme Payen discovered a fibrous 

component in plant cells that remained behind after certain treatments. He named this 

plant constituent “cellulose”.6, 7 The 1937 and 1953 Nobel Prizes in chemistry were 

awarded to Haworth and Staudinger, respectively, for their investigations on 

carbohydrates and the macromolecular chemistry of cellulose.7-10 Thousands of years prior 

to the discovery of cellulose, it was used not only as a polymer construction material but 

also as a form of textile fibre for the manufacturing of cloths and papyrus.7 Later on, the 

application of cellulose as starting material for subsequent chemical modifications aiming 

at the production of cellulose derivatives with various properties was exploited 

extensively. The synthesis of the first cellulose derivative, cellulose nitrate, can be traced 

back to the 19th century.11 Cellulose nitrate was produced for the purpose of preparing an 

artificial silk, as well as the first thermoplastic material. Cellulose acetate, the most widely 

used cellulose derivative, was first synthesized in 1865.12 Carboxymethyl cellulose 

(CMC), the most important cellulose ether, was discovered in 1918.13   

Cellulose in woody plants, the major industrial source of cellulose (90%), is combined 

with lignin and other polysaccharides, so-called ‘hemicelluloses’.14 Either mechanical or 

chemical pulping isolates cellulose from wood. In 2000, world pulp production reached 

334 million tons; projections indicate that this number increased to a level of 400 million 

tons in 2013.15 In 2003, only around 1% (3.6 million tons) of the total wood pulp 

production was in the form of dissolving grade pulp used for the production of fibres and 
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cellulose derivatives. Dissolving grade pulp represents a specialty pulp with high purity (> 

90% cellulose) that is suitable for cellulose shaping and cellulose derivative production.15  

These values show that only a small fraction of cellulose is used as a precursor for 

sustainable chemical production. Enormous efforts have been devoted not only to 

understanding the unique features of this well-known biopolymer but also to developing 

sustainable and efficient routs for the synthesis of advanced cellulose derivatives. This fact 

was an important stimulus to the present study.       

1.1 Structure and morphology of cellulose  

In order to understand the behaviour of cellulose during chemical modification, it is 

imperative to understand the structure and macroscopic properties of the biopolymer.16 

There are three distinguishable structural levels for the description of the complex 

structure of cellulose: 

 The molecular level comprises the chemical constitution, molecular mass, and 

potential intramolecular interactions. At this level, cellulose is a single 

macromolecule.    

 The supramolecular level involves the crystal structure and intermolecular 

hydrogen-bonding system. At this level, cellulose is a large structure composed of 

linear chains that can interact with one another through hydrogen-bonds to form 

fibres.  

 The morphological level consists of the organization of crystals into microfibrils, 

the existence of different cell wall layers in the fibres, and other cellulose 

morphologies.17, 18  

The chemical and mechanical properties of cellulose are determined by these three levels 

and it is extremely important to have a basic knowledge of the structural variations in 

these levels to explain certain properties of cellulose.      

1.1.1 Molecular structure  

Cellulose is a linear homopolymer consisting of D-anhydroglucopyranose units (AGU) 

linked together by so-called β-(14) glycosidic bonds in which oxygen is covalently 

bonded to the C1 of one glucose ring and the C4 of the adjacent ring. The dimer so-called 
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cellobiose is considered as the basic unit (Figure 1).19, 20 Each repeating unit possesses 

three hydroxyl groups at C2, C3, and C6 positions, capable of making hydrogen-bonds, as 

well as undergoing all the typical reactions of primary and secondary alcohols.21 The 

terminal hydroxyl groups behave differently. The terminal C1 hydroxyl group is a 

hemiacetal centre with reducing properties, while the C4 hydroxyl group at the other end 

has non-reducing activity. Analytical tools of infrared spectroscopy (IR), X-ray 

crystallography, and nuclear magnetic resonance (NMR) show that the conformation of 

the anhydroglucose unit (AGU) ring is a chair of the 4C1 type, i.e. the free hydroxyl groups 

are placed equatorially, while the hydrogen atoms are positioned axially.22-25  

 

Figure 1. Structure of cellulose.  

The molecular size of cellulose materials varies widely, depending on the source and 

treatment. Native celluloses, such as cotton, have high degrees of polymerization (DP) in 

the range of 12000, while regenerated celluloses - celluloses obtained from pulp by certain 

treatments - show lower DPs of between 200-3000.17, 26 Isolated cellulose from natural 

sources is always polydisperse, which means it is composed of macromolecules of 

unequal chain lengths. Besides the DP, molecular mass distribution profoundly influences 

the physical, biological, mechanical, and solution properties of the polymer. It can be 

determined by various analytical techniques including gel permeation chromatography 

(GPC) and size exclusion chromatography (SEC).18, 27  

Three hydroxyl groups of cellulose are responsible not only for the chemical reactivity 

and properties of this biopolymer but also for the extensive hydrogen-bonding network, 

either within the same cellulose chain (intramolecular) or between different chains 

(intermolecular).20 The hydrogen-bonding network plays an important role in the 

insolubility of cellulose in common solvents and in water. As Figure 2 shows, 

intramolecular hydrogen-bonding occurs between C2-OH and C6-OH (i), as well as 
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between C3-OH and endocyclic oxygen (ii) of the adjoining AGU units in the same chain. 

On the other hand, intermolecular hydrogen-bonding occurs between C3-OH and C6-OH 

(iii) of different AGU units in different chains. Different techniques, including NMR, IR, 

and X-ray crystallography,28-30 determined the existence of these hydrogen-bonds in 

cellulose. The glucosidic linkage promotes these hydrogen bonds that cause cellulose 

chain to be linear and rigid. The intramolecular hydrogen-bonds stabilize the linkage, 

result in the linear conformation of the cellulose chain, and impart improved mechanical 

properties and thermal stability to the cellulose fibres. The chain stiffness of cellulose is 

the main cause of its high viscosity in solution, its high tendency to crystallize, and its 

ability to form fibrillar strands. Conversely, intermolecular hydrogen-bonds are 

responsible for interchain cohesion, and therefore, introduce order or disorder into the 

system.21, 31, 32  

 

Figure 2. The intramolecular and intermolecular hydrogen-bonding in cellulose (dotted lines).  

1.1.2 Supramolecular structure (hydrogen-bond system)  

As described above intermolecular hydrogen-bonding causes the strong tendency of 

cellulose to form highly ordered structures and to organize into arrangements of 

crystallites, the basic elements of supramolecular structures in cellulose. Fundamental 

studies on the supramolecular structure of cellulose started as early as 1913 when 

Nishikawa and Ono, using an X-ray diffraction (XRD) technique, discovered that 

cellulose molecules arranged themselves in a highly organized manner.33, 34 In 1958, 

Hearle proposed a two-phase ‘fringed fibril model’, which assumed two regions for the 

supramolecular structure of cellulose, including low ordered (amorphous) and highly 

ordered (crystalline) regions.35 This model is still the dominant accepted theory of the 

supramolecular structure of cellulose. Figure 3 shows the schematic representation of this 
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structure model. The degree of crystallinity, or the ratio of amorphous cellulose to 

crystalline cellulose, varies according to the species and the pre-treatment of the sample. 

Different techniques, such as XRD, wide-angle X-ray scattering (WAXS) and 13C cross-

polarization magic angle spinning (CP-MAS) solid state NMR,36, 37 determine the degree 

of crystallinity. 

 

 

Figure 3. Fringed fibril model of cellulose representing crystalline and amorphous regions 

(adapted from 35).   

There are several polymorphs of cellulose, such as cellulose I, II and III.38 Native 

crystalline cellulose, cellulose I, is a thermodynamically metastable substance and exists 

in two crystalline phases, a triclinic structure Iα (a rare form found in algae and bacteria) 

and a monoclinic structure Iβ (a dominant form found in higher plants).39, 40 In 1929, 

Meyer, Mark, and Misch developed a unit cell of the crystal lattice for cellulose I, where 

two antiparallel cellobiose chain segments ran in opposite directions along the fibre axis.20 

Years later, Gardner and Blackwell agreed to this unit cell, based on the WAXS technique, 

but stated that two cellobiose units were positioned parallel (Figure 4).41 Significant 

variations exist in the unit cell dimensions depending on the plant source and the type of 

the cellulose polymorph.20 The main difference between the Iα and Iβ polymorph structures 

is the mode of staggering: continuous staggering occurs in cellulose Iα while alternating 

staggering occurs in Iβ.
42

 Cellulose II, obtained by regenerating cellulose from a suitable 

solution, adopts a different crystal structure consisting of a monoclinic unit cell with two 

antiparallel chains. The X-ray study of cellulose II reveals that the hydrogen-bond system 

of this polymorph is more complicated, compared to cellulose I, and results in higher 
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intermolecular hydrogen-bonding density. Cellulose III is formed by treating cellulose I or 

II with ammonia or amine, and subsequently, recrystallizing the sample by evaporation of 

the guest molecule.43-46 It contains an asymmetric, monoclinic unit cell with parallel 

cellulose chains stacked with no stagger in its crystalline structure.47-49 The crystalline 

structure of cellulose and its polymorphs has been comprehensively reviewed.50 However, 

there are few reports on the structure of amorphous cellulose.51, 52  

 

Figure 4. Unit cell of cellulose Iα (left) and b cellulose Iβ (right).20  

1.1.3 Morphological structure  

Electron microscopic techniques, such as scanning (SEM) and transmission (TEM) 

electron microscopy, are used to acquire knowledge about the morphology of cellulose, as 

the properties and numerous applications of cellulose are based on its fibrous structure.53 

An elementary fibril is the smallest morphological entity with non-uniform diameters, 

depending on the cellulose source. The elementary fibrils aggregate and form larger units, 

micro- and macrofibrils, with variable sizes between 10 and 100 nm. Fibrillar entities 

organized in layers with differing fibrillar textures are found in native cellulose (Figure 5). 

However, there are no distinct layers in regenerated cellulose fibres. A skin-core structure 

is typical morphology for these man-made fibres. The present study uses SEM extensively 

to investigate the morphological structures of the synthesized cellulose derivatives.17, 18, 26 

  

a 
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Figure 5. Morphological units of a plant cellulose fibre (adapted from 36).    

1.2 Chemical modification of cellulose  

Although naturally occurring cellulose already has outstanding properties (e.g. 

hydrophilicity, biocompatibility, stereoregularity, multichirality, polyfunctionality and the 

ability to form superstructures), chemical functionalization can improve the properties of 

the macromolecule for different purposes and can even be used to tailor advanced 

materials for a variety of applications. Three main purposes of chemical modification of 

cellulose are (1) to tailor cellulosic derivatives with specific properties for numerous 

applications, (2) to characterize cellulosic materials at laboratory level – for example, for 

determining molecular mass distribution of cellulose using SEC, and (3) to study 

fundamental research subjects of cellulose. Therefore, chemical modification is of central 

interest.26  

The accessibility of the hydroxyl groups in the AGU has a strong effect on the rate and 

final degree of substitution, that is, on the average number of hydroxyl groups replaced by 

the substituent in each AGU (the maximum is three). For instance, the primary hydroxyl 

group (OH-6) is more readily available toward bulky substituents than the other hydroxyl 

groups as they are least sterically hindered.26 In addition, the hydroxyl groups located in 

the amorphous region are readily available, whereas those in the crystalline regions can be 

inaccessible due to strong interchain bonding and close structural packing. Another 

important factor in the reaction of cellulose is the reactivity of the hydroxyl groups. Their 

reactivity differs depending on the reaction medium in which modification occurs. For 

example, when etherification occurs in an alkaline medium, the order of reactivity is OH-2 
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> OH-6 > OH-3, while OH-6 possesses the highest reactivity in esterification reactions.27, 

54, 55  

1.2.1 Homogeneous modification vs. heterogeneous modification  

Functionalization of cellulose can occur either by homogeneous routes in which 

cellulose dissolves in organic solvents prior to modification or by heterogeneous pathways 

where cellulose stays in solid or swollen state during the reaction. However, another 

approach for the modification of cellulose involves reactive dissolution in which the 

reaction is initially heterogeneous but proceeds to a homogeneous mixture.  

In homogeneous paths, dissolution of cellulose, in a solvent, results in degradation of 

the supramolecular structure, and consequently, improves the accessibility of hydroxyl 

groups. Homogeneous paths allow for the control of the substituent distribution within the 

AGU and along the polymer chain. In addition, they provide opportunities to introduce 

bulky and exotic functions to cellulose and to create more options to modify cellulose with 

more than one functional group and with a controlled DS. However, because of the poor 

solubility of cellulose in most common solvents, the problem with homogeneous 

modification is the need to use complicated, expensive, and toxic solvents for cellulose 

dissolution. Heterogeneous modification can be conducted when lower degrees of 

substitution are desired or when expensive and complicated solvent systems are 

unfavourable. In heterogeneous conditions, the structure of cellulose is preserved more 

than in homogeneous modification, and therefore, the reaction occurs mainly on the 

surface of cellulose. They allow a number of advantages, including the ease of the workup 

procedure, limited depolymerization, and most importantly, avoidance of using expensive 

and toxic solvents. However, products with a controlled functionalization pattern and 

controlled DS cannot be obtained via heterogeneous modification. Although the reactive 

dissolution approach combines the advantages of both homogeneous and heterogeneous 

modifications, it suffers from a lack of selectivity or poor homogeneity in the substitution 

pattern. 56-59 

In this study, we investigated modification of cellulose through the reactive dissolution 

approach using organic solvents, such as pyridine, dimethyl acetamide (DMA), and 

dimethyl formamide (DMF) (I, II & III) and under homogeneous conditions using ionic 

liquids (ILs) as reaction media (IV). 
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1.2.2 Swelling of cellulose  

The behaviour of cellulose fibres dipped in a solvent can be described in five modes:  

 Mode 1 (quick dissolution by breaking down into rod-like fragments): when 

contact is made with the solvent, cellulose fibres disintegrate into large rod-like 

pieces of fibres. No visible swelling occurs prior to dissolution. Weak areas, such 

as amorphous regions or voids, are more susceptible to attack by the solvent 

molecules.  

 Mode 2 (large swelling by ballooning, and dissolution): the amorphous region of 

fibres or zones with a system of pores and channels start to swell and increase their 

size. This phenomenon is called “ballooning”. These balloons grow to the 

maximum size and then burst. At this point, the whole fibre dissolves.     

 Mode 3 (large swelling by ballooning, and partial dissolution): similar to mode 2, 

the balloons start to grow, but before they reach the maximum size, the process 

stops; thus, fibre stays in this shape without dissolving.  

 Mode 4 (homogeneous swelling, and no dissolution): a bad solvent swells the 

fibres very slowly but does not dissolve them. Fibres stay in the swollen state in 

this mode.  

 Mode 5 (no swelling, and no dissolution): this occurs in the case of a non-solvent.   

The quality of the solvents decreases from mode 1 to mode 5. Cuissinat et al. studied 

the swelling and dissolution of cellulose structures in different aqueous and non-aqueous 

solvents. They concluded that the swelling and dissolution mechanisms depend entirely on 

the structure of the cellulose fibres, and do not depend on the type of solvent. The quality 

of the solvent contributes to the type of mechanism (Mode 1 to 5).60-65  

A considerable swelling of cellulose fibres is required for cellulose functionalization to 

occur, not only at the surface layer but deeper in the polymer backbone. Many solvents, 

including water, are capable of swelling cellulose without dissolving it completely. 

Cellulose fibres undergo swelling through the transportation of a swelling agent into a 

system of pores and channels; this leads to some splitting of hydrogen-bonds, mostly in 

the amorphous regions. When the penetration of a solvent severely changes the crystal 

structure of cellulose, irreversible swelling ensues; the initial cellulose I converts into a 

non-oriented cellulose II after regeneration. On the other hand, reversible swelling occurs 
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when the crystalline structure of native cellulose (cellulose I) is preserved after 

regeneration.66  

1.2.3 Dissolution of cellulose 

In paper IV, the modification of cellulose occurred under homogeneous conditions 

using ILs as non-derivatizing solvents. Thus, the aim of this chapter is to present a 

systematic description of significant solvent systems for cellulose with the main focus on 

ILs.  

Dissolution of cellulose is an essential prerequisite for both homogeneous 

functionalization of cellulose and fibre spinning. In addition, thorough characterization of 

cellulose requires the application of cellulose solvents.3, 18 Thus, research into cellulose 

solvents is an area of constant development in the cellulose field. As mentioned earlier, 

cellulose is insoluble in most of organic and inorganic solvents, attributed to the strong 

hydrogen-bonding system surrounding the polyglucan chain. In addition, some scientists 

refer to the crystallinity of cellulose as a contributing cause of its insolubility.67 However, 

there is a lack of consensus in the literature. The mechanism behind cellulose solubility in 

both conventional and novel solvent systems has been investigated over the past 

decades.60-64, 68-72 A few papers have argued that the low aqueous solubility of cellulose 

cannot be explained only by the hydrogen-bonding mechanism. Indeed, the amphiphilic 

property of cellulose makes a marked contribution to its low aqueous solubility. 67, 71 A 

suitable solvent for the dissolution of cellulose is one that can effectively break down the 

interchain hydrogen-bonding in cellulose. The supramolecular structure of cellulose must 

be destroyed in order to achieve a one-phase (homogeneous) solution.  

OH-6 groups are the main hydroxyls responsible for the formation of intermolecular 

hydrogen-bonds in cellulose, and therefore, the accessibility of this group is the limiting 

factor for the solubility of cellulose. In addition, studies have demonstrated that cellulose 

derivatives whose OH-6 groups are substituted do not form gels upon dissolving.55, 73-75 

An ideal solvent should be safe, inexpensive, and recyclable into the process. It should be 

able to dissolve cellulose with different DPs and without any degradation. In addition, the 

solvent should be able to stabilize the highly polar-activated complexes of the acyl-

transfer reaction involved, but it should not compete with cellulose for the derivatizing 

agent.76  



22 

** 

Investigating cellulose dissolution requires the application of various analytical 

techniques, such as light scattering, rheological measurements, and NMR; these are not 

easy and straightforward tasks. The degradation of cellulose chains can also be 

investigated using GPC or by simple viscosity measurement.18      

Mercer made the first attempt to dissolve cellulose in a patent dated 1850 where he 

described the treatment of cotton fibres with concentrated sodium hydroxide (NaOH) or 

potassium hydroxide (KOH).77 Since then, research on the use of NaOH alone, or in 

combination with Urea as a solvent system for cellulose, remains of interest in many 

investigations.78-80 One solvent that was used widely until the 1950s was cuprammonium 

hydroxide (Cuam). Besides this, aqueous solutions of cupriethylene diamine (Cuen) 

complex and tetraalkylammonium hydroxides were employed for analytical purposes. 

Later, numerous metal-complex solvents were discovered from which the most important 

were ferric sodium tartrate (FeTNa) and Cadoxen. In the following decades, a huge variety 

of new cellulose solvents opened new opportunities for employing cellulose in a wide 

range of industrial applications.18 Today, increased attention focuses on biofriendly 

‘green’ solvents, ILs, and combinations of cellulose with the recyclable ILs make 

significant contributions to environmental protection. 

Cellulose solvents are classified into two main categories, including derivatizing and 

non-derivatizing solvents (Figure 6).81 They can be further subdivided into aqueous and 

non-aqueous systems. Non-derivatizing solvents are those, which dissolve the polymer 

exclusively by breaking intermolecular interactions. They can be single- or multiple- 

component solvents. On the other hand, the term “derivatizing solvents” denotes systems 

in which partial derivatization via covalent bonds occurs, in addition to dissolution.82 The 

derivative formed in a derivatizing solvent system easily decomposes to regenerated 

cellulose when the medium or the pH-value of the system changes.83, 84 
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Figure 6. Main categories of cellulose solvents (DMA: N,N-dimethylacetamide; DMSO: 

dimethylsulfoxide; DMF: N,N-dimethylformamide).57    

1.2.3.1 Derivatizing solvents  

Dissolution of cellulose can be obtained via partial chemical modification to yield unstable 

intermediates, such as esters, ethers, and acetals.85, 86 The formed covalent bond is 

generally cleaved during precipitation of the polymer.81 Although the chemical interaction 

between cellulose and derivatizing solvents is well understood, open questions still remain 

with regard to the effect of the inter- and intramolecular hydrogen-bond system on 

simultaneous dissolution and derivatization and concerning the differences in the 

solubility of unsubstituted and substituted AGU sites in the solvents. One problem with 

derivatizing solvents is poor reproducibility due to side reactions and unidentified 

structures.76 Among these solvents are the following (solvent system-cellulose derivative 

formed):  

 DMF/N2O4-nitrite: Direct dissolution of cellulose can be achieved with DMF/N2O4 

through the introduction of nitrite functions to the polymer. This system has been 

used for further modification of cellulose, such as oxidation, acetylation, and 

sulphation.87-89 

Aqueous media Non-aqueous media  

Cellulose solvents 

Non-derivatizing solvents Derivatizing solvents 

Examples: 

 Aqueous inorganic 

complexes (cuam, 

cuen) 

 Aqueous bases (10% 

NaOH) 

 Mineral acids  

 Melts of inorganic salt 

hydrates  

 

 

Examples: 

 Organic liquid / 

inorganic salt (DMA / 

LiCl) 

 Organic liquid / amine / 

SO2 ( DMSO / 

triethylamine / SO2)  

 Ammonia / ammonium 

salt (NH3 / NH4SCN) 

 

Examples: 

 CF3COOH 

 HCOOH 

 DMF / N2O4 

 



24 

** 

 CS2/NaOH/water-xanthate: Cellulose can be dissolved as cellulose xanthate (Figure 

7) through treatment with aqueous alkali and carbon disulphide (CS2). A viscose 

solution is obtained that can be converted back to pure cellulose using dilute sulphuric 

acid. Functionalization occurs mostly at the C2 position using gaseous CS2, while 

using liquid CS2 moves functionalization to the C6 position.90, 91   

 

Figure 7. Structure of cellulose xanthate. 

 HCO2H/H2SO4-formate: Solutions of cellulose are obtained in formic acid with the 

presence of sulphuric acid as the catalyst. Cellulose formate is the intermediate 

formed in this media (Figure 8). This solvent system suffers extensive degradation of 

the polymer chain. Zinc chloride can also be applied as a catalyst instead of sulphuric 

acid. Depending on the DS, cellulose formates can be soluble in DMF, DMSO, and 

pyridine.92-94  

 

Figure 8. Structure of cellulose formate.     

 F3CCO2H-trifluoroacetate: A fairly unstable intermediate named cellulose 

trifluoroacetate (Figure 9) forms when cellulose dissolves in trifluoroacetic acid 

(TFA). Solutions of cellulose occur at room temperature and NMR studies have 

shown that the primary OH groups are almost completely functionalized. Cellulose 

degrades rather slowly in this solvent system, and therefore, it is mostly used when 

simultaneous dissolving and hydrolysis of cellulose is desired.92, 95-97   
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Figure 9. Structure of cellulose trifluoroacetate.   

 Paraformaldehyde/DMSO-hydroxymethyl: Cellulose can be dissolved rapidly in a 

mixture of paraformaldehyde/DMSO at fairly low temperatures (65-70 oC) via the 

formation of a hydroxymethyl (methylol) derivative (Figure 10) at C6 position. 

DMSO can be replaced by either DMF or DMA.98-100  

 

Figure 10. Structure of methylol derivatives. 

1.2.3.2 Non-derivatizing solvents  

In contrast to derivatizing solvent systems, dissolution of cellulose can be achieved 

without any chemical modification using non-derivatizing solvents. Extensive work has 

been carried out on binary, or ternary, non-derivatizing solvents. However, only a few 

solvents are suitable for cellulose dissolution and subsequent chemical modification. In 

some cases, high reactivity of the solvent leads to side reactions and toxicity. In addition, 

partially functionalized cellulose may aggregate, and thereby, cause inhomogeneity in the 

solution and prevent the reaction from running to completion.57, 101    

Aqueous solvents  

Although water dissolves or swells some polysaccharides, such as starch, amylopectin, 

inulin, and dextran, it is not capable of dissolving cellulose. Instead, a mixture of 

inorganic salts and water can be used as an aqueous solvent for cellulose. Cuprammonium 

hydroxide (Cuam) and cupriethylenediamine hydroxide (Cuen) are the best-known 

examples of this group. These are suitable for both regeneration and analysis of 
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cellulose.102 Today, there are numerous alternatives to metal-containing cellulose solvents, 

namely Cuoxen, Nioxam, Zinkoxen, Cadoxen, Nitren, and Pden.102-104 The dissolution 

mechanism involves deprotonating and coordinatively binding the hydroxyl groups in C2 

and C3. Figure 11 shows the solution structure of cellulose in Pden.103, 105 Cellulose can be 

dissolved very efficiently in ferric sodium tartrate complex ([Fe(III)(C4H3O6)3]Na6, known 

as FeTNa or EWNN), with little degradation and applies as solvent for the modification of 

cellulose by regeneration and for analytical purposes, such as determination of the 

molecular weight.106, 107 

 

Figure 11. The solution structure of cellulose in Pden.103  

Dissolution of cellulose can be achieved in aqueous NaOH below -5 oC at a NaOH 

concentration of 7-10%.108, 109 The cellulose/NaOH/water system has been intensively 

investigated. It is one of the most important technical processes for cellulose activation by 

the formation of alkali cellulose and via the mercerization process, which prepares textile 

fibres.110-113 Other aqueous solutions containing non-alkali bases, such as 

trimethylbenzylammonium, dimethyl dibenzylammonium, or guanidinum hydroxide, are 

also capable of dissolving cellulose.18 The solubility of cellulose can be enhanced by the 

addition of urea or thiourea to the aqueous NaOH or aqueous LiOH.114-117 An aqueous 

solution of 7% NaOH/12% urea can dissolve cellulose at -12 oC within 2 min.118-120    

Scientists observed the swelling and dissolution of cellulose in aqueous solutions of 

inorganic salts, such as zinc chloride, calcium, and lithium thiocyanate decades ago. More 

recently, dissolution of cellulose in such inorganic molten salt hydrates as MgCl2•6H2O, 

LiCl•5H2O, and LiClO4•3H2O have been studied.3, 66, 109 
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Organic solvents  

Organic water-free cellulose solvents have gained attention due to their relevance for 

homogenous organic synthesis and analytical purposes.105, 121 Among the many solvent 

systems falling into this category, N,N-dimethylacetamide/lithium chloride (DMA/LiCl), 

discovered in 1979 by McCormic, is one of the most important solvents for homogeneous 

cellulose modification.122, 123 It is also useful for analytical purposes because dissolution 

succeeds without degradation of the cellulose backbone.124-126 Although a number of 

reasonable structures for the interaction of cellulose with DMAc/LiCl have been proposed, 

the dissolution mechanism is still not fully understood.82, 127 Cellulose dissolution in non-

derivatizing organic solvents can be understood as an electron donor-acceptor interaction 

between the O-atom and the H-atom of the hydroxyl groups of cellulose and the carbonyl 

group of DMA (Figure 12).128 The dissolution process requires an activation step.123, 129 

The mixture of 2.5% (w/v) cellulose and DMA is stirred at 130 oC for almost two hours 

(the temperature is increased if a higher concentration of cellulose is desired). After the 

swelling of cellulose in DMA (activation step), the temperature is decreased to 90 oC, at 

which time, around 8% (w/v) dry LiCl is added. Then the mixture is cooled to room 

temperature to obtain a clear solution after a few hours, depending on the cellulosic 

substrate.130 DMA can be substituted in the solvent mixture with N-methyl-2-pyrrolidone 

(NMP), DMF, DMSO, N-methylpyridine, or hexamethylphosphoric triamide (HMPT) and 

1,3-dimethyl-2-imidazolidinone (DMI).3, 131, 132 The high price and ecological impact of 

these solvents confine their utilization to a laboratory scale.133-135 

 

Figure 12. Interactions between cellulose and DMA/LiCl 82, 127 

Another alternative for two-component, non-derivatizing, organic cellulose solvents is 

a mixture of tetrabutylammonium fluoride trihydrate and DMSO 

(DMSO/TBAF•3H2O).136, 137 This solvent is capable of dissolving even celluloses with a 
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DP as high as 650 within 15 min at room temperature without any activation step. The 

DMSO/TBAF•3H2O can be dewatered by vacuum distillation. However, TBAF•3H2O 

degrades by Hofmann elimination upon water removal, yielding hydrogen difluoride 

(FHF) ions, which are not capable of dissolving cellulose when combined with DMSO 

(Scheme 1).138, 139 The reaction of tetrabutylammonium cyanide and hexafluorobenzene, 

which can dissolve cellulose in combination with DMSO, can produce anhydrous 

TBAF.140, 141 A limitation of this system is that the system loses its ability to dissolve 

cellulose when fluoride is replaced with either chloride or bromide.136  

 

Scheme 1.   Degradation of TBAF upon dewatering (Hofmann elimination).138 

The novel and powerful solvents generally comprising polar organic 

liquid/SO2/primary, secondary, or tertiary aliphatic or secondary alicyclic amine are well 

known as suitable solvents, especially for homogeneous modification of cellulose.142 The 

most versatile solvent in this category is DMSO/SO2/diethylamine (DEA). The dissolution 

takes place through an electron donor-acceptor interaction between cellulose and the 

components of the solvent (Scheme 2). 143, 144 This group of solvents has no chance of 

industrial use due to the aggressiveness of SO2.   

 

Scheme 2.   Dissolution mechanism of cellulose in DMSO/SO2/DEA.144 
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Over the past few years, monohydrated N-methylmorpholine-N-oxide (NMMO) has 

demonstrated that it effectively dissolves cellulose and that it is very useful in the 

manufacturing of man-made fibres.145, 146 NMMO belongs to the group of tertiary 

amineoxides reported as a cellulose solvent for the first time in 1939 (Figure 13).147 The 

amineoxides have to be diluted with either water or organic solvents (DMSO or DMF) due 

to their explosive nature at room temperature.148 NMMO monohydrate can dissolve high 

DP celluloses rather quickly and produce solutions with cellulose content of up to 23%.149 

However, it loses its capability to dissolve cellulose when diluted by two or more water 

molecules.150  

 

Figure 13. Examples of one-component amine-N-oxides solvents for cellulose dissolution 

(NMMO 1; N-methylpiperdine-N-oxide 2; cyclohexyl-N-diethylamine-N-oxide 3; 

triethylamine-N-oxide 4). 

Hydrogen-bonding between the oxygen of the N-O bond in NMMO and hydroxyl 

groups of cellulose causes cellulose dissolution (Figure 14). Similar hydrogen-bonding 

can occur with water, which is evidently preferred, compared to hydrogen-bonding with 

cellulose. This explains why NMMO with two or more water molecules are not capable of 

dissolving cellulose as the positions available for hydrogen-bonding are already blocked 

with water.151, 152 Disadvantages of the cellulose/NMMO/water system include side 

reactions and by-product formation, which can cause decomposition of NMMO, 

degradation of cellulose, decreased product performance, and increased consumption of 

stabilizers.149, 151  



30 

** 

 

Figure 14. Intermolecular interaction between cellulose and NMMO during dissolution.    

Ionic liquids 

Ionic liquids (ILs) are a group of low-melting (<100 oC) salts with many outstanding 

properties, such as chemical and thermal stability, non-flammability, and low vapour 

pressure.153 These properties of ILs, described as designer solvents, can be tuned 

depending on cation and anion selection. They are also green solvents due to their very 

low vapour pressure and recyclability. However, the use of the term “green solvents” has 

been questioned for many ILs because of the toxicity of the starting organic solvents used 

for synthesizing ILs and the toxicity of the IL itself.154, 155  

In carbohydrate research, molten organic salts first attracted interest in 1934 in a published 

patent in which N-alkylpyridinium salts in the presence of nitrogen-containing bases were 

applied as media for the dissolution of cellulose and for homogeneous modification.156 

However, the potential of ILs as solvents for biomass processing was not truly recognized 

until the discovery of imidazolium-based ILs by Swatlowski et al. in 2002.157 They 

demonstrated that 1-methyl-3-butyl-imidazolium chloride was capable of dissolving up to 

25% (w/w) concentration of cellulose. They also found that the anions in ILs affected the 

solubility of cellulose. Anions, such as halides, seems to be the most effective as strong 

hydrogen-bond acceptors, whereas BF4
- and PF6

- based ILs are not capable of dissolving 

cellulose. In addition, the solubility of cellulose decreased with the alkyl substituent of 

cation and with increasing lengths of the cation alkyl chain from butyl through octyl.157-160 

A huge variety of ILs with various combinations of anions and cations are known today 

(Figure 15). However, not all of them are suitable for the dissolution of cellulose and 

chemical modification.161-163 ILs with ammonium, pyridinium, and imidazolium cations 

have proved to dissolve cellulose (Figure 16).164, 165 Among these, imidazolium-based ILs 

present the best performance.166, 167   
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Figure 15. Selection of anions and cations used in ionic liquids (1-alkyl-3-

methylimidazolium:[CnC1im]; 1-alkyl-2,3-dimethylimidazolium: [CnC1C1im]; 1-

alkylpyridinium: [Cnpyr]; 1-alkyl-1-methylpyrrolidinium: [CnC1pyrr]; 1-alkyl-1-piperidinium: 

[CnC1pip]; tetraalkylphosphonium: [CmCnCoCpP]; tetraalkylammonium; [CmCnCoCpN]; 

trialkylsulfonium: [CnCmCoS];hexafluorophosphate: [PF6]; Bis(trifluoromethylsulfonyl)imide: 

[NTf2]; tetrafluoroborate: [BF4]; trifluoromethanesulfonate: [OTf]; dicyanamide: [N(CN)2]; 

chloride: Cl; bromide: Br; iodide: I; methyl sulfate: [MeSO4]; dimethyl phosphate: [Me2PO4]; 

acetate: [MeCO2])168 
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Figure 16. ILs suitable for the dissolution of cellulose 3   
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Phosphonium-based ILs have not proved suitable for cellulose dissolution so far. 

However, recent studies have reported these ILs, along with dipolar aprotic solvents such 

as DMI, DMSO, and DMPU, as efficient solvent systems for the dissolution of 

cellulose.169 Holding and co-authors tested the solubility of MCC in a variety of phase-

separable ionic liquids (PSILs) with different anions and cations (Figure 17). They 

demonstrated that MCC was insoluble in [P8881][OAc], [P14666]Cl, and [P14666][OAc], even 

after heating at 100 oC for up to 48 h. However, utilization of 40% DMSO cosolvent with 

the IL resulted in the dissolution of cellulose after 1 h. Compared with nitrogen-based ILs, 

phosphonium-based ILs have shown higher thermal stability, do not contain acidic 

protons, are inert in most systems, and form aqueous biphasic systems with the addition of 

water, which facilitates the recovery of ILs.170 In addition, they are excellent 

organocatalysts for transesterification reactions of organic carbonates with alcohols.171, 172 

This study utilized the mixture of [P8881][OAc] and DMSO as the solvent for the 

homogeneous functionalization of cellulose (IV).  

Although, to date, ILs are well known as highly effective solvents for the dissolution of 

cellulose, there is no well-accepted theory for the mechanism of this dissolution process. 

13C NMR studies have proved the non-derivatizing nature of this group of solvents.173, 174 

The commonly accepted hypothesis behind the solubility of cellulose in ILs is that the 

hydrogen basicity of anions can destruct the hydrogen-bonding network among cellulose, 

and therefore, lead to the dissolution.168, 175-177 Figure 18 shows the proposed dissolution 

mechanism of cellulose in ILs.178 NMR studies have shown that, regardless of the IL 

anion, the solvation of cellulose is mainly due to the formation of new hydrogen-bonds 

between the hydroxyl protons of the cellulose and the anion of the IL.179, 180 However, this 

finding does not explain why only nitrogen cation-based ILs are capable of dissolving 

cellulose.     
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Figure 17. Tetraalkylphosphonium ILs capable of dissolving cellulose along with a cosolvent. 

(adapted from 169)  

 

Figure 18. Possible dissolution mechanism of cellulose in ILs.178 

1.3  Cellulose derivatives   

Cellulose, with its unique properties, has the potential of becoming an important 

biomaterial with many different applications in various sectors. Chemical modification of 

cellulose improves its chemical and physical properties and this greatly expands its 

utilization in various applications, such as biomedicals, personal care, composites, and the 

food industry.  

Cellulose possesses three hydroxyl groups in each AGU where chemical reactions can be 

conducted. Figure 19 shows the various reported chemical modifications of cellulose, such 

as esterification, etherification, carbamoylation, and carbonation. However, the cellulose 

derivatives industrially produced at present are limited to some esters with C2 to C4 

carboxylic acids, including mixed esters and phthalic acid half esters, and some ethers 

with methyl-, hydroxyalkyl-, and carboxymethyl functions (Table1). Discoveries of novel 
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solvents and novel synthesis pathways have created opportunities for the utilization of this 

biomaterial in more diverse applications. Research increasingly focuses on the 

modification of cellulose because of the increasing potential applications of cellulose in 

different industrial sectors.  

 

 

Figure 19. Various types of chemical modification on cellulose. 

As a result of its insolubility in water and in most common solvents, cellulose is 

commercially functionalized through heterogeneous reactions.18 In heterogeneous 

reactions, increased accessibility and reactivity of the OH groups require hydrogen-bond 

breaking activation steps, through alkaline compounds, for example, or interaction with 

the reaction media (swelling). The present chapter deals with a brief account of various 

types of cellulose derivatives, mostly focused on cellulose esters (I & II), carbamates 

(III), and carbonates (IV). The first three papers are focused on the heterogeneous 

functionalization of cellulose (I, II & III), while paper IV deals with the homogeneous 

modification of cellulose in ionic liquids. Most of the research has focused purely on the 

synthesis of cellulose derivatives in new and economically feasible solvent systems, but it 

also has general relevance for the material properties of the obtained derivatives. Also, the 

potential application of synthesized cellulose derivatives as barrier films for packaging 

was investigated.   
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1.3.1 Cellulose esters  

This chapter provides an overview of general techniques for esterification of cellulose 

under heterogeneous reaction conditions, as all commercial processes are exclusively 

carried out heterogeneously, applying carboxylic acid anhydrides or chlorides as 

esterifying reagents. As mentioned earlier, heterogeneous functionalization provides a 

number of advantages, including ease of work up, avoidance of toxic solvents, and 

production of highly substituted derivatives. However, certain inherent disadvantages 

include a lack of selectivity or poor homogeneity in the substitution pattern. A 

comprehensive review has been provided by Heinze and coauthors about the esterification 

of polysaccharides.181 Modern coatings, controlled release materials, biodegradable 

polymers, composites, optical films, and membranes constitute the main applications of 

cellulose esters.182  

Cellulose esters of inorganic and organic acids represent the first modified cellulose 

derivatives to be produced in the laboratory and to become commercially important. 

Among the numerous organic acid esters of cellulose known today, cellulose acetate is the 

most versatile commercial ester (900 000 t per year).181 They are conventionally produced 

in large quantities based on a heterogeneous phase reaction that includes the reaction of 

cellulose with 10-40% excess of acetic anhydride in the presence of sulphuric acid or 

perchloric acid as catalysts (15% w/w).183 Today, acetylation is mostly carried out in 

methylene chloride in order to control the reaction temperature and to decrease the amount 

of the catalyst (1% w/w sulphuric acid). This procedure is combined with the dissolution 

of the esterified products formed during the reaction. Fully esterified products are obtained 

via this method.59, 181 Deacetylation by hydrolysis produces partially substituted 

derivatives. The products obtained in this stage are acetone soluble with DS ~ 2.5. 

Cellulose acetates with a comparable DS but synthesized directly from cellulose are not 

soluble in acetone.181 Many investigations have focused on the reasons for this behaviour 

but it remains an unresolved question. An alternative lab-scale method for esterification of 

cellulose is the impeller method. Carboxylic acids are converted to reactive mixed 

anhydrides using impeller reagents, such as chloroacetyl, methoxyacetyl, and 

trifluoroacetyl moieties.184 Interesting new catalysts appear promising for the esterification 

of cellulose: titanium-(IV)-alkoxide compounds, such as titanium-(IV)-isopropoxide.185  
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Simple and mixed cellulose esters of short-chain carboxylic acids (C2 to C4) are 

produced to an industrial extent from the corresponding carboxylic acids and their 

anhydrides. However, the preparation of cellulose esters of more complex carboxylic acid 

moieties, such as long-chain aliphatic or aromatic acids via the anhydride strategy, are not 

feasible due to the lack of anhydride reactivity and their insolubility in organic media. The 

preparation of fatty and aromatic cellulose esters requires more drastic methods than the 

lower series, which is why they have not yet had a large industrial impact. These cellulose 

esters, which are useful as thermoplastic materials, can be derived from the reaction of 

cellulose with acid chlorides in the DMA/LiCl solvent system or in ILs. However, ionic 

liquids or DMA/LiCl are not yet feasible solvents for large-scale production due to their 

high cost and the difficulty and expense of recycling, which has made the higher esters of 

cellulose largely unattainable.2, 58, 185, 186 Acylation is also possible with anhydrides or 

chlorides under basic catalysis. In contrast to acidic conditions, no chain degradation of 

cellulose occurs in the presence of a tertiary base, commonly pyridine or TEA. The base 

acts as a slurry medium and induces the swelling of cellulose; it also plays a catalytic role 

via nucleophilic-mediated catalysis. Cellulose fatty and aromatic esters can be prepared 

from the reaction of cellulose with corresponding acid chlorides in the presence of a 

tertiary base, such as pyridine or TEA.187, 188 Hydrochloric acid which is formed as a by-

product during the reaction can be neutralized by the base to limit the acid degradation of 

cellulose. Also, the formation of acylium salt plays an important role in the catalytic cycle 

(Figure 20).2 Highly functionalized cellulose esters that are soluble in non-polar solvents 

such as chloroform are accessible via this method. The DS can be controlled by varying 

the reaction conditions, such as reaction temperature, time, molar ratio of the reagent per 

AGU, and substrate-base ratio. For example, Malm et. al. found that the DS is decreased 

by an excess of base used in the reaction when cellulose acylation occurs in pyridine using 

propionyl chloride. They have also shown that acylation is more efficient if a diluting 

solvent, such as dioxane, toluene, or chlorobenzene, is used in combination with the base 

(Table 2). Furthermore, preparations of a number of fully substituted cellulose fatty acid 

esters using propionyl chloride through palmitoyl chloride were investigated in a mixture 

of pyridine and dioxane.187, 189 Fully esterified cellulose derivatives were obtained using 

3.6 equivalents of acid chlorides at 100 oC for 20 h. The resulting esterified products are 

mostly brown because of side reactions like polycondensation. 
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Figure 20. Acylation mechanism of alcohols with acid chlorides in pyridine. 

The products can be purified by washing with alcohols or water, Soxhlet extraction, or 

reprecipitation from chloroform in alcohols or water.190  

The majority of the literature is focused on aliphatic esters of cellulose; examples of 

obtaining aromatic esters are few. 191, 192 Cellulose tribenzoates and mixed cellulose 

benzoates are attainable via the acid chloride-pyridine method.193 They have application in 

liquid chromatography as the chiral stationary phase for the separation of enantiomers. 

Cinnamic acid esters of cellulose have been prepared either homogeneously in DMA/LiCl 

or heterogeneously in pyridine with cinnamoyl chloride as the esterifying reagent.194 Other 

aromatic esters of cellulose have elicited no pronounced interest and they are rarely 

presented in the literature. 

Although acylation of cellulose is a well-established and commercially available 

process, conversion of cellulose with long-chain aliphatic and aromatic acid chlorides is 

still limited. The preparation of these kinds of esters in pyridine and their properties has 

not been thoroughly studied. Therefore, searches for new synthesis pathways for more 

effective acylation and introductions of new functional groups into cellulose continue 

today. 

The esterification of cellulose with acid chlorides has less side reactions if performed 

in DMF as the slurry medium. The polar aprotic nature of DMF allows for the preparation 

of cellulose derivatives without the addition of any catalyst.195, 196 
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Table 2 Esterification of cellulose with propionyl chloride using different diluents and 

tertiary amine (1.5 mol propionyl chloride/mol AGU at 100 oC).181, 187 

Diluent  Base Time (h) DS 

Dioxane Pyridine 4 2.81 

Dioxane  β-picoline  4 2.70 

Dioxane Quinoline  4 2.18 

Dioxane Dimethylaniline 48 1.57 

Dioxane γ-picoline  24 Negligible  

Chlorobenzene Pyridine 4 2.86 

Toluene Pyridine 4 2.30 

Tetrachloroethane Pyridine 24 2.23 

Ethyl propionate  Pyridine 5 2.16 

Isophorone  Pyridine 4 1.89 

Ethylene formal  Pyridine 22 0.34 

Propionic acid  Pyridine 5 0.20 

Dibutyl ether  Pyridine 22 Negligible  

 

Chloroacetyl chloride is a bifunctional compound capable of forming linkages with 

alcohols, amines, and thiols, for example.197 Thus, chloroacetyl cellulose could be used as 

starting material for further reactions with amines and thiols or as a macro-initiator for 

synthesizing cellulose graft copolymers.198 Chloroacetyl cellulose can be obtained via the 

reaction of cellulose with chloroacetyl chloride in DMA/LiCl.196, 198 However, the 

DMA/LiCl solvent system is difficult to recycle, limiting its further development for 

commercial applications. In addition, dioxane, methyl ethyl ketone, and acetone were 

reported as reaction media for the preparation of chloroacetyl cellulose.199, 200 Pure 

chloroacetyl cellulose can also be obtained from DMF, which should allow for a more 

recyclable process in comparison to DMA/LiCl, for example. Among the many 

modifications of cellulose, there have been some attempts to introduce amine and thiol 

functionalities into the molecular structure. They are useful in applications such as films, 

filaments, sizing agents, protective colloids, water resistant coatings for medicines, and 

removable coatings on photographic films.199-202 The synthesis of chloroacetyl cellulose, 

followed by amination with a variety of secondary or tertiary amines, has been conducted 

in dioxane. First, cellulose acetate chloroacetate was prepared via the reaction of cellulose 
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acetate with chloroacetic acid in the presence of anhydrous sodium acetate and acetic 

anhydride at 80 oC for 5 h. Cellulose acetate diethylaminoacetate (CADA) was further 

synthesized using dioxane as medium. The maximum nitrogen content is accessible in 

about 1 hour. However, the minimum residual chlorine content is attained in 4 hours. 

Table 3 shows the results of the solubility tests of CADA in different solvents. Cellulose 

acetate chloroacetate was also aminated with different secondary amines using dioxane at 

steam bath temperature for 4 h (Table 4).201  

Table 3 Solubility of cellulose acetate diethylaminoacetate.201 

Solvents  Borderline solvents Non solvents  

Acetone  Ethanol  2-Propanol  

1,4-Dioxane Methyl ethyl ketone 1-Butanol 

Methanol Isopropyl acetate Diethyl ether  

Diacetone alcohol Methylene chloride Carbon tetrachloride 

p-Methoxyethanol Ethylene chloride Cyclohexane  

Cyclohexanone  Water  

Methyl acetate   

Ethyl acetate    

6-Methoxyethyl acetate    

Chloroform    

Pyridine    

Formamide    

Dimethylformamide    

Nitromethane    

Formic acid    

Acetic acid    
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Table 4 Amination of cellulose acetate chloroacetate with different secondary amines 

(21.7 % chloroacetyl group, 4h and steam bath temperature).201  

Amines  Nitrogen content 

(%) 

Residual chlorine 

content (%) 

Theoretical nitrogen 

(%) 

Dimethyl amine  2.1 < 0.5 3.85 

Diethyl amine  2.9 < 0.5 3.57 

Diisopropyl amine  0.6 7.9 3.44 

Di-n-butyl amine  2.8 < 0.5 3.12 

Dibenzyl amine  2.5 < 0.5 2.71 

Morpholine  2.5 < 0.5 3.45 

1.3.2 Cellulose carbamates  

Heating of cellulose with urea above its melting point (133 oC) yields cellulose carbamate. 

The carbamoylation process and the possible side reactions have been shown in Scheme 3. 

Cellulose carbamate is synthesized by its reaction with urea in an alkaline medium and 

organic solvents, such as xylene or toluene, in the presence of a catalyst like zinc 

sulphate.203, 204 Urea is decomposed to isocyanic acid and ammonia at this temperature. 

The conditions of the reaction should be selected to assure the elimination of the ammonia 

and the reduction of the isomerization of isocyanic acid to cyanic acid. The isocyanic acid 

can be converted to biuret by condensation reactions leading to crosslinking between the 

polymer chains.205 Crosslinking is enhanced by increasing the temperature and reaction 

time. Cellulose carbamate with DS of between 0.2 and 0.3 decomposes to carbonate and 

ammonia in an alkaline medium (aqueous NaOH with 10 % concentration).206 The 

resulting unsubstituted cellulose can be used eventually for artificial fibre spinning. This 

process, called the “CarbaCell” process, is an environmentally friendly alternative for the 

traditional viscose process. However, the CarbaCell process has not yet been established 

in industry due to the rigorous conditions used in conventional synthetic methods, like 

high temperature, long reaction times, and use of a catalyst. Thus, development of novel 

solvent systems and innovative methods for preparation of cellulose carbamates is still 

required. Microwave heating as a source of heat is one promising alternative, and studies 

have investigated microwave-assisted synthesis of cellulose carbamate under catalyst-free 

and solvent-free conditions.207 Cellulose carbamates with a nitrogen content of 0.651% to 
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2.427% are obtained by microwave heating at 255 W for 2 to 5 min. In addition, an 

increase of the urea content, as well as the pulsed times of microwave irradiation enhanced 

the nitrogen content of the cellulose carbamates. It is a fast and pollution-free method. 

Moreover, there is no loss of raw materials because there is no harmful solvent.207, 208 

Another study showed that the use of supercritical CO2 offered a promising way to prepare 

cellulose carbamate and to improve the CarbaCell process for the production of 

regenerated cellulose fibres.209 An alternative method is the activation of cellulose with 

electron radiation.210  

The reaction of cellulose with isocyanates can also produce cellulose carbamates, 

applicable as membrane materials,211, 212 chiral stationary phases for liquid 

chromatography,213, 214 derivatives used to characterize the molar mass distribution of 

cellulose by SEC,215, 216 carpet cleaners, and sponges; additionally, it is useful in the 

formation of lyotropic liquid crystals.217 Cellulose samples can be submitted to 

homogeneous phase carbanilation in DMA/LiCl or ionic liquids,58, 218-220 or functionalized 

heterogeneously with isocyanates in organic solvents, such as pyridine and DMA. Many 

published papers deal with the preparation of cellulose carbamates via an isocyanate-

pyridine procedure, with different aromatic and aliphatic isocyanates, and report on 

studies of polysaccharide substrates, such as cellulose, amylase, chitosan, and xylan, 

focusing mostly on the chiral and membrane properties of the resulting products.221-224 The 

treatment of cellulose with isocyanates in the presence of pyridine does not require a 

catalyst. Highly substituted and highly soluble products are accessible. Carbamoylation 

can also be performed in organic solvents, such as DMA, NMP, DMSO, ketone, or ether. 

When DMA is used, it is essential to utilize a catalyst to expedite the reaction. Reports 

indicate that dibutyltin dilaurate (DBTL) is an efficient catalyst for isocyanate-

alcohol/water reactions,225-227 and that this medium is more efficient than the pyridine 

method for production of cellulose phenyl- and butylcarabamates.228   

One of the major problems in the synthesis of cellulose carbamates is the formation of 

undesired low-molecular-weight (MW) by-products, along with the main product. 

Isocyanates, present in both cellulose and in the solvent, react with water yielding 

symmetrical urea from the isocyanate through decarboxylation of the carbamic acid and 

subsequent carbamoylation of the primary amine (Scheme 4).228 However, a careful 

drying of both the cellulose sample and the solvent can minimize the formation of these 

ureas. Moreover, low MW carbamates are formed when alcohols are used as non-solvents 
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for the precipitation of cellulose carbamate, through reaction with excess isocyanate. 

These carbamates are often insoluble in alcohols and precipitate along with the desired 

product (Scheme 4). A few attempts have been made to limit or eliminate these by-

products.216 Wood et al. found that the undesired carbamates could be isolated from 

cellulose carbamate with the use of methanol as precipitation solvent but only 80% of the 

carbamates were recovered.229 In continuation of Wood’s study, Evans et al. stated that 7:3 

methanol/water solution as the non-solvent achieved optimum precipitation.216 This ratio 

minimized the formation of low MW by-products and maximized the recovery of cellulose 

carbamate.  

 

 

Scheme 3.  Carbamoylation process of cellulose with urea.206 
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Scheme 4.   By-products formation during carbamoylation of cellulose with isocyanates.   

1.3.3 Cellulose carbonates  

Cellulose carbonates have been a source of interest and importance over many years. They 

have applications as intermediates in the synthesis of aminopolysaccharides via 

aminolysis, as support for delivery of therapeutics and imaging agents, and as precursors 

for the production of regenerated cellulose fibres.230-234 First attempts to synthesize 

cellulose carbonates employed the reaction of cellulose with ethyl chloroformate in the 

presence of triethylamine as catalyst and dimethyl sulfoxide (DMSO) as solvent.235 

Besides the formation of acyclic carbonyl groups, they demonstrated that trans-2,3-cyclic 

carbonates formations were also possible in the presence of triethylamine. Cyclic 

carbonate was further utilized for reactions with amino and thiol compounds.236 More 

recently, a number of innovative approaches have been developed for synthesizing the 

carbonic acid esters of cellulose. Reports have indicated that N,N-dimethylacetamide 

(DMA)/LiCl, dimethylformamide (DMF)/LiCl, and 1-butyl-3-methylimidazolium chloride 

(BMIMCl) are suitable solvents to introduce carbonate linkages to cellulose, applying 

either chloroformates or fluoroformates as carbonylating agents.230-232, 237, 238 Cellulose 

phenyl carbonates with high degrees of substitution were obtained via the reaction of 

cellulose with phenyl chloroformate, applying BMIMCl/pyridine as the reaction 

medium.239 The DS increases with increasing molar ratio of chloroformate to AGU.  

Furthermore, reaction time in the range of 1 to 24 h has no influence on the DS and DP of 

the products. Compared to the synthesis of cellulose phenyl carbonates in DMA/LiCl, the 

IL medium creates products with higher DS values, which could result from the fact that 

phenyl chloroformate is inert in the BMIMCl/pyridine. When DMA is the reaction 

medium, Vilsmeier-like intermediates form.232, 240 In DMA/LiCl, cellulose carbonates with 
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low and moderate DS values form.230 Chloroformates decompose in the presence of 

chloride ions at high temperatures. They also lead to the formation of a number of 

unexpected species arising from their high reactivity.232 When fluoroformates are used, 

however, the side reactions are minimal and the workup is simple, mainly due to the 

stability of fluoroformates in DMSO and tertiary amide solvents.232, 240 An eco-friendly 

alternative reagent to get carbonylated derivatives are aryl and alkyl carbonates. Dimethyl 

carbonate (DMC), for example, is known as the reagent used for methylation and 

carbonylation reactions.241, 242 DMC can be commercially produced through an 

environmentally friendly rout using O2 as the oxidant in the presence of CO and methanol. 

It possesses properties of nontoxicity and biodegradability.243, 244  
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2 Aims of the study  

Worldwide research is focused on the development of renewable raw materials due to the 

limited existing quantities of fossil supplies and the environmental degradation caused by 

global warming. Cellulose represents an abundant renewable resource for the production 

of biomaterials applicable in various industry sections. The chemical modification of 

cellulose could adjust the properties of the macromolecule for different purposes and meet 

the environmental legislation requirements by using green reagents and recyclable solvent 

systems. Synthesis of new cellulose derivatives and their thorough characterization and 

increasing the usefulness of cellulose by altering its properties have been of growing 

research interest for the past few years. Furthermore, the insolubility of this versatile 

biomaterial in common solvents confines its use as a raw material. Thus, many 

investigations still focus on the development of novel media for efficient and 

economically feasible functionalization of cellulose.  

The aim of the present study was to create new pathways towards the production of 

highly-engineered materials from cellulose and pulp. The research strategy in this study 

covered the following points:  

I. To synthesize and characterize cellulose-based materials (I-IV). 

II. To carry out the modification of cellulose through a reactive dissolution approach 

(I-III). 

III. To develop new synthetic pathways and produce novel cellulose derivatives (II & 

IV). 

IV. To determine thoroughly the physicochemical and thermal properties of the 

synthesized derivatives (I-IV). 

V. To investigate the potential of the derivatives for packaging films (II & IV).  

VI. To examine the recyclability of the reaction media (II & IV).  
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3 Results and discussion  

The aim of this chapter is to discuss the results achieved in this study, beginning with the 

starting materials used and moving to a discussion of the different cellulose derivatives 

created in the research, their characteristics, and the synthetic methods used. 

3.1 Raw materials  

Different sources of cellulose, containing different amounts of hemicelluloses, comprised 

the starting material. Microcrystalline cellulose (MCC), pre-hydrolysis hardwood kraft 

pulp (PHK), hardwood kraft pulp (HKP), and hemicellulose-poor hardwood kraft pulp 

(HPHKP) were applied for derivatization. The study investigated both the suitability of 

cheap pulp samples as starting materials and the influential significance to reactivity of the 

hemicelluloses present in the pulp. 

Microcrystalline cellulose (MCC, I-IV) 

Microcrystalline cellulose is classically prepared from partial hydrolysis of wood and 

cotton cellulose with 2.5 M HCl. It has the most ordered microcrystalline structure among 

the cellulosic materials with a low polydispersity and a DP of 150-250.245 MCC is widely 

used in food, cosmetic, and pharmaceutical industries as a water-retainer, a suspension 

stabilizer, a bulking agent in food production, and a tablet excipient.246 It also finds 

growing use in the preparation of cellulose derivatives as starting material. This study 

used Avicel® PH-101 as the MCC sample.  

Pre-hydrolysis hardwood kraft pulp (PHK) 

Dissolving pulp represents chemically bleached pulp of high cellulose content (>90%). 

There are two basic processes to produce dissolving pulp. The sulfite process uses high 

temperature and acidity, with prolonged cooking, to remove hemicelluloses. The regular 

kraft pulping process is not capable of removing hemicelluloses completely. The pre-
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hydrolysis kraft (PHK) process produces pulps with higher cellulose content. In this 

process, the wood chips are treated either at temperatures around 170 °C for between 30 

min and 3 h with direct steaming, or at temperatures around 130 °C in dilute mineral acid 

(0.3–0.5% H2SO4). The advantage of the PHK process is that it can be applied to most 

wood species while sulfite pulping is applicable to a few hardwoods and spruce.15 

This study used two dissolving pulps. Softwood dissolving pulp (SWDP, I & II) was 

provided by Domsjö (Sweden). It contained 3.5% hemicelluloses (xylan: 1.4% & 

glucomannan: 2.1%), with a viscosity of 520 ml/g. PHK (III & IV) from eucalyptus, 

containing 2.5% hemicelluloses (mostly xylan), with a viscosity of 468 ml/g, was supplied 

by Bahia (Brazil). 

Hardwood kraft pulp (HKP, I-III) 

HKP was an elemental, chlorine free, (ECF)-bleached birch kraft pulp; it was provided by 

Kaskinen (Finland). It contained almost 25% hemicelluloses (xylan: 23.6% & 

glucomannan: 1.1%). The HKP viscosity was 770 ml/g.  

Hemicellulose-poor hardwood kraft pulp (HPHKP, I-III)  

HPHKP was a xylan-poor birch kraft pulp, which was obtained by alkaline extraction of 

the HKP using the KCl extraction method (1 M NaOH, 25 oC, 2 h, and consistency 5.5%). 

It included almost 14% hemicelluloses (xylan: 12.5% & glucomannan: 1.1%). The xylan 

content of HKP was reduced to 12.5% by alkaline extraction, while the small 

glucomannan content stayed unaffected by the alkaline extraction. HPHKP had viscosity 

of 870 ml/g.   

 

3.2 Methods of characterization  

FTIR were recorded with a Bruker Alpha ATR-FT-IR spectrometer.  

1H-, 13C-, HSQC-, HMBC- and DOSY NMR spectra were acquired on a Varian Unity 

INOVA 500 MHz and 600 MHz at room temperature.  
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Degree of substitution (DS) was determined by 31P NMR method according to a procedure 

described in the papers. In paper II, quantitative 13C NMR and ATR-IR were used for the 

DS determination.  

Gel permeation chromatography (GPC) was used to determine molecular weight 

distributions (MWDs) of derivatives, with respect to polystyrene standards for paper I and 

to pullulan standards for papers II-IV. GPC measurements were performed using an 

Agilent system including degasser, pump, autosampler, column oven (1100 series), diode 

array UV detector (1050 series) and refractive index detector (1200 series). THF was used 

as the mobile phase in paper I, while DMA/0.5% (w/v) LiCl was used in papers II-IV at a 

flow rate of 0.5 ml/min at room temperature.  

Thermogravimetric analysis (TGA) was recorded by a Mettler TGA/SDTA 851e using a 

temperature range from 5 to 60 oC with a heating rate of 10 oC/min in 50 ml/min N2. The 

thermal decomposition temperature (Td) was taken at 0.5 wt% significant weight loss. 

Differential scanning calorimetry (DSC) was carried out by DSC Q200. All the 

experiments were conducted at a heating rate of 10 oC/min and cooling rate of 5 oC/min in 

an atmosphere of nitrogen. The heating/cooling/heating method was used and after cooling 

the data from second run were recorded.  

Scanning electron microscopy (SEM) of synthesized carbonates was carried out using a 

Hitachi S-4800 FESEM instrument.  

In paper II & IV, the products were cast as a film for further analyses. The cellulose esters 

(II) and carbonates (IV) were dissolved in THF and pyridine respectively, were poured 

onto a flat-bottomed petri dish, and the solvent was allowed to evaporate in air at room 

temperature. Water vapour transmission rate (WVTR) was determined gravimetrically at 

23 oC and the relative humidity (RH) of 54%. The samples were placed between 

aluminium masks sealing the sample cups containing 43 g of CaCl2 as a desiccant. The 

cups were weighed at intervals of 12-48 h. water vapour transmission rate (WVTR) and 

water vapour permeability (WVP) were calculated according to the method described 

elsewhere.247  

The tensile strength, elongation value and Youngs modulus of the films were determined 

using an Instron 33R4465 universal testing machine (Instron Corp., High Wycombe, 

England). The specimen width was 5 mm and the length was approximately 7 mm. The 

thickness of the specimens was measured with a micrometer at four points and an average 

was calculated. 10 replicates from three films were measured. An oxygen permeation 
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analyzer (Systech M8001) with a coulometric sensor was used to study the transmission 

rate of oxygen through the films. The measurements were carried out at 22 oC and at 

normal atmospheric pressure. The film was exposed to 10% oxygen on one side and to 

10% nitrogen on the other side. 

3.3 Cellulose esters 

The first two publications (I & II) studied the direct acylation of cellulose and different 

pulps through a reactive dissolution approach using pyridine (I) and DMF (II) as reaction 

medium. 

3.3.1 Esterification of cellulose in pyridine (I)  

The esterification started in a heterogeneous solid–liquid reaction medium in hot pyridine 

with aliphatic and aromatic acid chlorides. After a few hours, depending on the reagent 

used, a homogenous solution was obtained (Scheme 5). Here, pyridine acted as a 

cellulose-swelling organic compound that could partially break the intermolecular 

hydrogen-bonds, and consequently, increase the reactivity of cellulose, while acid 

chlorides would have acted both as reagent and as solvent. The initial heterogeneous 

reaction condition could be clearly seen as a non-linear increase of DS when the reaction 

between decanoyl chloride (1) and MCC was studied, varying the equivalence of 1 (Figure 

21). The SEM micrographs of modified MCC with 1, presented in Figure 22, illustrated a 

decrease in the fibrous structure of the polymer when the equivalence of 1 was increased. 

 

Scheme 5.    Acylation of cellulose in pyridine 
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Figure 21. Degree of substitution versus n(decanoyl chloride)/n(AGU). 

 

Figure 22. SEM images of decanoyl chloride modified Avicel with different n(decanoyl 

chloride)/n (AGU) a Unmodified Avicell b 1 equiv. c 2 equiv. d 3 equiv. e 4 equiv. f 5 equiv. 

Cellulose esters with high DS-values were obtained through this approach (Table 5). 

Limiting DS for the solubility of the products in reaction media varies greatly depending 

on the reagent used. For instance, long-chain cellulose esters, such as decanoyl ester, are 

soluble in hot pyridine at low DS while even highly substituted esters of polar reagents, 

such as p-nitrobenzoyl chloride, are not soluble. GPC analysis of the cellulose derivatives 

showed that no hydrolysis of cellulose backbone occurred under optimized reaction 

conditions (see paper I). Thermogravimetric analysis (TGA) of the products revealed that 

acylation of cellulose induced an increase in thermal stability. Intact MCC and pulp have 

b 

e f 

c a 

d 
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decomposition temperatures of around 320 and 328 oC, respectively. DSC thermograms of 

the cellulose esters showed a phase change, possibly attributable to the glass transition 

temperature (Tg), while unmodified MCC and pulp, as expected, did not show any 

transition (Table 5 & paper I). Surface morphological investigation of the cellulose esters 

showed dramatic morphology changes for treated pulps. The fibrous morphology in 

treated pulps was destructured and considerably porous, and more uniform materials were 

obtained (see paper I). This method also worked very well with various types of pulp and 

could make pulps practical starting materials when highly reactive reactants, such as acid 

chlorides, are used. 

Attempts to obtain shorter chain derivatives (propionyl (C3), valeryl (C5), and hexanoyl 

chloride (C6)) were unsuccessful and led to the formation of a black precipitate, which 

could not be purified. Obviously, the higher reactivity of short-chain acid chlorides leads   

to saccharification, which jeopardizes these reactions. Additionally, esterification of 

cellulose with tall oil fatty acid chloride (TOFA-Cl) resulted in a heterogeneous solution 

even after a 72 h reaction time. However, the IR spectra of the TOFA cellulose esters 

indicated that the esterification reaction had occurred (see paper I). Quite surprisingly, the 

products were not soluble in any organic solvents, and hence, their structures could not be 

verified by NMR. A probable explanation for this behaviour is the existence of multiple 

double bonds in the TOFA chains, which may lead to cross-linking via Diels–Alder type 

cycloaddition reactions.  

3.3.2 Amination and thiolation of chloroacetyl cellulose (II) 

Following paper I, paper II investigated the synthesis and characterization of 

aminoacetyl cellulose and thioacetyl cellulose using DMF as reaction medium. Cellulose 

was first chemically modified with chloroacetyl chloride (2). In the next step, chloroacetyl 

cellulose reacted with either secondary amines or thiols (Scheme 6). The reactions were 

initially heterogeneous in hot DMF. As the reactions proceeded, homogenous mixtures 

were obtained.  
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Table 5  Synthesized cellulose esters. 

Entry Substrate Acid chloride 
Reaction 

time (h) 

Yield 

(%) 
DSe Tg (oC) 

Td(onset) 

(oC) 

1 MCC Acetyl  3 83 2.7 175 313 

2 MCC Decanoyl  3 63 2.9 39 353 

3 MCC Palmitoyl  3 60 2.9 45 358 

4 MCC Pivaloyl  3 - d 0.5 182 305 

5 MCC Pivaloyl  22 - d 2.0 174 345 

6 MCC Pivaloyl  72 - d 2.5 157 354 

7 MCC Biphenyl-4-carbonyl  3 91 2.8 96 290 

8 MCC Methoxybenzoyl  3 79 2.7 148 333 

9 MCC p-nitrobenzoyl  3 98 2.6 f 209 332 

10 MCC 4-tert-Butylbenzyl  3 92 2.9 181 355 

11 MCC Toluoyl  3 81 2.9 159 354 

12 SWDP a Toluoyl  3 82 2.9 162 343 

13 HKP b Toluoyl  3 99 2.4 f 165 345 

14 HPHKP c Toluoyl  3 93 2.5 f 164 354 

a Softwood dissolving pulp, b Hardwood kraft pulp, c Hemicellulose-poor hardwood kraft pulp, d Great 

majority of the product was lost using the purification procedure described above, e DS were determined 

using 31aP NMR, f Products are insoluble in DS determination media using 31P NMR. Consequently, DS 

was determined by elemental analysis for insoluble samples.  

 

Scheme 6.    The reaction scheme of the preparation of aminoacetyl and thioacetyl cellulose. 

The polar aprotic nature of DMF, as reaction medium, allowed for the preparation of 

cellulose derivatives, through reactive dissolution and for a more recyclable process in 
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comparison to other solvents, such as DMA/LiCl or ionic liquids. Acylation of different 

sources of cellulose with 2, containing different amount of hemicelluloses, revealed that 

the amount of hemicelluloses present in the pulps did not significantly interfere with the 

efficiency of the reaction as consistent DS values resulted for different sources of cellulose 

(Table 6). ATR-IR and NMR spectroscopy confirmed the efficiency of acylation and the 

preparation of highly substituted cellulose esters (DS 2.4). The overlapping signals in the 

1H NMR spectra limit the use of this technique for the DS determination (see paper II). 

31P NMR could not be applied as the samples were not soluble in the phosphitylating 

mixture.248 Consequently, quantitative 13C NMR determined the DS values.  

Table 6 Chloroacetyl cellulose yield, DS and onset decomposition temperature, prepared 

at 60 oC, 6 mole of chloroacetyl chloride per AGU and 2.5% concentration of 

cellulose in DMF for 24 h. 

Substrate  DS Yield (%) Td(onset) (oC) 

MCC 2.4 98 302 

SWDPa 2.4 94 301 

HPHKPb 2.4d 92 297 

HKPc 2.4d 86 298 

a softwood dissolving pulp b hemicellulose-poor hardwood kraft pulp c hardwood kraft pulp d the DS value is 

stated as the DS, based on the assumption that there is no hemicellulose in the sample.  

The next step was the reaction of secondary amines (morpholine and piperidine) or 

thiols (thiophenol), with chloroacetyl cellulose esters (Table 7). ATR-IR and NMR 

spectroscopies confirmed the structure and purity of the resulting aminated and thiolated 

celluloses (see paper II). 

DS measurement of aminated and thiolated cellulose derivatives using quantitative 13C 

NMR was virtually impossible due to the poor quality spectra. Thus, DS was roughly 

estimated using ATR-IR by comparing the carbonyl peaks of all derivatives. TGA studies 

revealed that chloroacetylation, amination, and thiolation of cellulose do not improve its 

thermal stability. However, the amination and thiolation process induced a reverse phase 

transition, which could be attributed to the glass transition temperature (Tg) (Table 7). 
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GPC analysis showed that polymer chain degradation occurred during derivatization (see 

paper II).  

Table 7 Amination and thiolation of chloroacetyl cellulose.  

Substrate  Reactant Yield a (%) Tg (oC) Td(onset) (oC) 

MCC Piperidine 90 124 265 

SWDP Piperidine 81 119 279 

HPHKP Piperidine 78 120 285 

HKP Piperidine 75 120 273 

MCC Morpholine 89 131 275 

MCC Thiophenol 74 119 315 

a Yields were calculated by taking into account that the DS is 2.4 for all derivatives.  

The recyclability of all reaction components in the preparation of chloroacetyl 

cellulose was also demonstrated. In the pure DMF reaction, water could be used to quench 

the reaction, without altering the product DS. DMF and water could be fractionally 

distilled from the mixture, after the precipitation step. The residual chloroacetyl chloride 

reagent converted to chloroacetic acid and HCl. This could then be converted back to 

chloroacetyl chloride using standard purification and conversion chemistries. DMF was 

recovered by vacuum distillation, using a water aspirator, with an unoptimised yield of 91 

%. 1H and 13C NMR spectra of the distilled DMF are shown in Figure 23 and confirm the 

purity of DMF.  

The study also investigated the suitability of cellulose derivatives as barrier films in 

the packaging industry. The prepared cellulose derivatives were converted into films, by 

dissolution in THF, casting onto a flat-bottomed petri dish, and evaporation of the solvent. 

Piperidonoacetyl cellulose film was extremely brittle; hence, its mechanical properties 

could not be determined. The film also possessed poor oxygen-barrier properties. The 

WVTR value was lower than that for microfibrillated cellulose acetate. However, it was 

higher than the value obtained for low-density polyethylene (see paper II).  
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Figure 23. 1H (left) and 13C NMR (right) spectra of recovered DMF in CDCl3.  

3.4 Cellulose carbamates (III) 

In paper III, carbamoylation of various cellulosic materials was systematically studied, 

using a reactive dissolution approach. Reactions with cellulose or pulp and aromatic 

isocyanates, were initiated as heterogeneous mixtures in hot pyridine. As the reaction 

proceeded, homogeneous solutions were obtained. However, attempts to synthesize highly 

substituted cellulose carbamates, with aliphatic isocyanates in pyridine, failed; 

homogeneous solutions were not achieved, even after long reaction times. Consequently, 

aliphatic cellulose carbamates were prepared via reactive dissolution in dimethylacetamide 

(DMA), with dibutyltin dilaurate (DBTL) as catalyst. Reactions of cellulose with aliphatic 

isocyanates in DMA/DBTL at elevated temperatures also ended up as homogeneous 

solutions (Scheme 7). Highly substituted carbamates were obtained with all derivatives 

(Table 8).  

 

Scheme 7.    Carbamoylation of cellulose using a reactive dissolution approach. 
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Table 8 Yields, DS, and decomposition temperatures (Td) of cellulose carbamates, 

prepared under given conditions from different technical pulps. 

No. Substrate Isocyanate Solvent 
Reaction 

time (h) 

Yield 

(%) 

DS (% 

functionalized 

OH)e 

Td(onset) 

(oC) 

1 MCC 3-(trifluoromethyl)phenyl   Pyridine 3 50 2.9 (99) 278 

2 MCC 4-(trifluoromethyl)phenyl Pyridine 3 50 3 (100) 300 

3 MCC 2,4-dimethylphenyl  Pyridine 24 65 3 (100) 243 

4 MCC 3,5-dichlorophenyl  Pyridine 3 54 2.9 (99.6) 325 

5 MCC 4-methoxyphenyl  Pyridine 24 80 3 (100) 289 

6 MCC phenyl isocyanate  Pyridine 24 95 2.9 (99.4) 304 

7 PHK a  phenyl isocyanate Pyridine 24 87 -e (99.4) 
277 

8 HPHKP c phenyl isocyanate Pyridine 24 88 -e (99.6) 302 

9 HKP b phenyl isocyanate Pyridine 24 93 -e (99.2) 263 

10 MCC cyclohexyl isocyanate  DMA/DBTL 72d 71 2.6 (96.1) 256 

11 PHK cyclohexyl isocyanate DMA/DBTL 144d 68 -e (95.4) 253 

12 MCC hexyl isocyanate DMA/DBTL 24 67 3 (100) 233 

13 MCC octyl isocyanate  DMA/DBTL 24 96 3 (100) 240 

14 MCC undecyl isocyanate DMA/DBTL 24 84 3 (100) 258 

a Pre-hydrolysis hardwood kraft pulp b Hardwood kraft pulp c Hemicellulose-poor hardwood kraft pulp d 

Addition of isocyanate was repeated two and four times in intervals of 24 h for MCC and pulps, respectively 

e DS were determined using 31P NMR procedure. The percentage of the functionalized hydroxyls in the 

sample, given as % and not as a fraction of 3 (3 OH groups per AGU). 

 

One of the major problems in the synthesis of cellulose carbamates is the formation of 

undesired low molecular weight (MW) by-products, along with the main product. When a 

homogenous solution was achieved, the resulting products were regenerated with a 

mixture of methanol/water (v/v= 7:3 for aromatic and 5:1 for aliphatic). Some samples 

required further purification with a dissolution/precipitation process, using 

dioxane/methanol for aromatic samples and chloroform/methanol for aliphatic samples. 

These impurities are often impossible to distinguish from the functionalized biopolymer 

using conventional 1H and 13C NMR spectroscopy. Therefore, the current study used 

diffusion-ordered spectroscopy (DOSY) NMR to resolve any small molecules formed 
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during the reaction or precipitation. DOSY measures molecular mobilities, i.e. diffusion 

rates in an NMR tube. The diffusion coefficient (D) of a molecule is proportional to its 

hydrodynamic radius. Therefore, DOSY offers a way to resolve different compounds in a 

mixture based on differences in the size and shape of the molecule. The DOSY spectrum 

of PHK cyclohexylcarbamate (Figure 24) shows a small peak at 2.4 ppm, which might 

correspond to impurities, although diffusion is slower than for methanol (signal appearing 

at 3.5 ppm) indicating the absence of further low MW species. 

GPC results illustrated that carbamoylation of MCC, with aromatic isocyanates in 

pyridine, did not influence the MWD significantly, from the starting MCC. Similarly, 

aliphatic carbamoylation of cellulose with hexyl isocyanate in DMA/DBTL did not 

significantly change the MWDs of the starting cellulose. The derivatization of MCC with 

either octyl or cyclohexyl isocyanates, however, resulted in a shift of the MWDs to lower 

molecular weight (see paper III).  

 
 

Figure 24. DOSY NMR spectrum of PHK cyclohexyl carbamate 11 in chloroform-d. 

TGA study showed that carbamoylation of cellulose did not improve the thermal stability 

of cellulose. In TGA curves of the derivatives, in addition to an initial loss of moisture at 

around 100 oC, a major weight loss, attributed to decomposition of cellulose, occurred. 

This might have included a mechanism that involved elimination of the starting 

isocyanate, as carbamate groups are thermally labile. The study confirmed this hypothesis 

using simultaneous differential thermal analysis (SDTA) results along with IR (see paper 

III). 
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3.5 Cellulose carbonates (IV) 

Homogeneous alkoxycarbonylation of cellulose was accomplished by applying 

dialkycarbonates (dimethyl- and diethyl carbonate) in the ionic liquid-electrolyte 

trioctylphosphonium acetate ([P8881][OAc]):DMSO or 1-ethyl-3-methylimidazolium 

acetate ([emim][OAc]) (Scheme 8). Dialkylcarbonates are known as ‘green’ reagents for 

chemical modifications. Dimethyl carbonate (DMC), for example, is known as a reagent 

used for methylation and methoxycarbonylation reactions.241, 242  

 
Scheme 8.    The synthesis of cellulose alkylcarbonates.  

 

Reaction conditions for methoxycarbonylation of cellulose were roughly optimized to 

maximize DS and obtain high yields. According to ATR-IR analysis of the regenerated 

products, the maximum DS values occurred when 5% of MCC was dissolved in a mixture 

of [P8881][OAc]:DMSO (90:10 wt%) and the reaction was carried out in the presence of 6 

eq of DMC per AGU for 6 h, at 60 oC. Partially substituted cellulose alkylcarbonates were 

prepared (Table 9). Methoxycarbonylation also took place in the presence of a variety of 

catalysts, including InBr3, In(OAc)3, AlCl3, triazabicyclodecene (TBD), and pyridine in 

order to attempt to improve the DS. However, no enhancement of the DS occurred 

applying these catalysts according to IR, suggesting some thermodynamically stable 

mixture had already been reached under these reaction conditions, in the absence of a 

catalyst. Different ILs were also tested. 1-Ethyl-3-methylimidazolium acetate 

([emim][OAc]), a highly effective IL for cellulose dissolution, was tested to investigate 

whether the potential catalytic nature of the phosphonium cation influenced carbonylation. 

By comparing the carbonyl peak intensity of the IR spectra, one can interpret that the 

reaction in phosphonium IL was only slightly more effective than the reaction in 

[emim][OAc].  
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Table 9 Cellulose alkylcarbonates prepared under optimum conditions (5 wt% cellulose in 

[P8881][OAc]:DMSO (90:10 wt%) and 6 eq of DMC per AGU).   

Product Temp. (oC) Time (h) DSa Yield (%)b Td (oC)c 

MCC Methylcarbonate  60 6 1.0 87 290 

MCC Ethylcarbonate  80 20 1.0 82 290 

PHK Methylcarbonate  60 6 0.9 89 270 

a DS were determined using a 31P NMR-based method,248 b Yields were calculated based on the DS, c 

The onset of thermal decomposition.  

2D NMR spectroscopy and ATR-IR were used to confirm the formation of cellulose 

alkylcarbonates. Figure 25 shows the 1H-13C HSQC spectrum for MCC methylcarbonate. 

The HMBC spectra show that the main correlation is between a carbonyl peak in the 13C 

dimension (154.59 ppm) and a main peak (3.72 ppm) in the 1H dimension (see paper IV). 

In the HSQC, this peak at 3.7 does not correlate with any known cellulose peaks, when 

compared to the resonances for MCC dissolved in [P8881][OAc]:DMSO (60:40 wt%), 

taken from a previous publication.169 The relative abundances of the resonances in the 

HSQC spectra for DS 1 corresponds quite nicely to typical regioselectivities observed for 

cellulose esterification under homogeneous conditions C6 > C2 > C3.181 The main 

substituted resonance in the HSQC spectra is for the C6 geminal protons (66.34:4.30 and 

66.34:4.50 ppm). 
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Figure 25. 1H-13C HSQC NMR spectrum of DS 1 MCC methylcarbonate, spectra collected at 

90 oC in d6-DMSO. 

SEM images revealed changes in the surface morphology of the derivatives compared to 

unmodified cellulose (Figure 26 a-b). In contrast to unmodified cellulose, a seemingly 

fibrous or laminar structure exists. The study also examined the potential of the MCC 

methyl carbonate films as packaging materials. The products demonstrated the highest 

solubility in pyridine. The film was prepared by casting the carbonate solution on Teflon 

plates. The films were semi-transparent and flexible. The methyl carbonates were not fully 

soluble in pyridine and the insoluble particles were observed in SEM micrographs of the 

film (Figure 26 c-d). Otherwise, they displayed a relatively smooth and uniform 

morphology. The films are poor barriers against oxygen and water vapour (see paper IV). 

However, these properties are strongly dependent on the quality of the prepared films. The 

presence of pinholes or other flaws and the inhomogeneity of the films can result in poor 

barrier properties. 
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Figure 26. SEM images of a regenerated MCC methylcarbonate and b regenerated PHK 

methylcarbonate c-d MCC methylcarbonate film solvent cast from pyridine.  

Due to the volatility of the reaction by-product methanol and the starting materials DMC 

and co-solvent DMSO, all components should be recyclable in high purity. The ionic 

liquid [P8881][OAc] is also immiscible in water allowing for water washing,169 to extract 

water-soluble compounds, like saccharide oligomers. However, the study revealed a side 

reaction between acetate ionic liquids and DMC under the reaction conditions and during 

recovery of methanol and DMC. It was apparent from the 1H and 13C NMR spectra of the 

reaction mixture after the DMC modification step that, under certain conditions, the 

acetate anion would react with DMC to give methyl acetate. At the moment with 

[P8881][OAc], this instability prevents a fully sustainable reaction where all components 

are easily recycled. However, the study demonstrated that this reaction also occurred with 

[emim][OAc] and not just with the phosphonium-based structure. 
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4 Conclusion  

This thesis aimed at the development of new high-performance polymers based on 

cellulose and pulp. The paper gives information on alternative routes to cellulose 

derivatives, on the structure and chemical properties of the products, and on the 

applications of the synthesized derivatives. The derivatization of cellulose through 

reactive dissolution approaches (I, II & III) received special consideration. The reaction is 

initially heterogeneous, in the absence of costly and toxic direct-dissolution solvents (e.g. 

DMA/LiCl). As the reaction proceeds, a homogenous mixture develops. Highly 

substituted cellulose esters and carbamates were achieved without any prior dissolution of 

cellulose. The reactive dissolution approach affords a number of additional advantages, 

including ease of work up and production of highly substituted derivatives. However, it 

suffers from a lack of selectivity, or poor homogeneity, in the substitution pattern, which 

is typically observed with other heterogeneous cellulose modification reactions.  

This study also used ILs as the reaction media (IV). It showed that phosphoinum-based 

ILs provide homogenous reaction media for the functionalization of cellulose. Cellulose 

alkylcarbonates with moderate DS values (DS 1.0) are accessible in [P8881][OAc]/DMSO 

and [emim][OAc] as reaction media. Dialkylcarbonates, such as dimethyl- and diethyl 

carbonate, were applied as alkoxycarbonylating reagents. This synthesis method employs 

cheap and eco-friendly reagents. There is minimal degradation of the cellulose backbone 

during modification. Moreover, the functionalization did not significantly reduce the 

decomposition temperature of cellulose, although at this DS value there was no observable 

glass-transition or melting point.  

The cellulose derivatives can be converted into films, which have interesting 

mechanical and barrier properties suitable for packaging applications (II & IV). 

Biomaterials with the potential for use in the packaging sector should provide high 

mechanical properties, in addition to good barrier properties for oxygen and water vapour. 

Piperidonoacetyl cellulose film was extremely brittle; hence, its mechanical properties 

could not be determined. The study also found that the film possessed poor oxygen-barrier 

properties. The WVTR value for piperidinoacetyl cellulose film was lower than that for 

microfibrillated cellulose acetate. However, it was higher than the value obtained for low-

density polyethylene (II). In addition, it was found that cellulose methylcarbonate films do 
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not show encouraging barrier properties. However, the mechanical properties were similar 

to cellulose acetate films (IV). 

Cellulose-based materials exhibit properties that make them attractive in many 

applications. They represent an environmentally friendly alternative to conventional 

materials. The efforts to develop materials will advance the fundamental understanding of 

the structure-property relationships of these novel materials. Furthermore, combining the 

bio-based cellulose with ecological production methods, by utilising recyclable reaction 

media, for example, make a wide range of products accessible.  
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