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Abstract

Cellulose cannot melt and is not soluble in

common organic solvents. The first part of

this chapter is a review of the main aspects

of cellulose dissolution. Research results

obtained in several EPNOE laboratories are

then described. This includes the mechanisms

of the dissolution of native cellulose fibres,

solution properties in sodium hydroxide

water and ionic liquids, stabilisation of cellu-

lose in N-methylmorpholine-N-oxide–water
and mixtures of cellulose with other polysac-

charide or lignin in solution.

5.1 Introduction

Cellulose is a linear, semi-flexible polymer (see

Chap. 2) which arranges itself when condensed

into crystalline and noncrystalline phases. This

is the case when cellulose is biosynthesised

in plants or other organisms or when it is
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regenerated from a solution. As such, it is follow-

ing the general rules that are applicable to long-

chain molecules. Among these rules are the facts

that noncrystalline phase (so-called amorphous

phase) has different degrees of order and organi-

sation, that long chains are more difficult to be

dissolved than short ones for thermodynamic

reasons and that they can entangle at high enough

molar mass and concentration.

Since cellulose cannot melt, dissolution is a

major issue. Many reviews have been devoted to

cellulose dissolution (e.g. Warwicker et al. 1966;

Liebert 2010). Cellulose solutions are used for

processing directly cellulose in the form of fibres,

films, membranes or other not too bulky objects

like sponges or for performing chemical deriva-

tisation (see Chap. 9). Since cellulose chains have

no specific features, dissolving cellulose should

then happen as it is occurring for any other flexi-

ble or semi-flexible polymer, and solutions

should behave as normal polymer solutions.

This is indeed almost the case with one major

difference from most synthetic polymers: Cellu-

lose is “synthesised” by nature in a complex

environment where many other compounds

(lignin, hemicellulose, fats, proteins, pectins,

etc.) are present and interacting more or less

strongly with cellulose chains. In addition and

due to the biosynthesis mechanisms, the organi-

sation of chains is usually complex, like in the

secondary plant cell walls where cellulose chains

are forming a sort of self-composite with many

differently oriented layers. Due to the importance

of the field of polymer dissolution in materials

engineering where dissolution is used in many

industrial areas (drug delivery, pulp and paper,

membranes, recycling, etc.), there is a good

knowledge of the mechanisms at stake when a

solid polymer is placed in contact with a solvent

(Miller-Chou and Koenig 2003). As a general

basis, polymer chains will go into solution

through the interface between the solid polymer

and the solvent and will pass several phases as

shown on Fig. 5.1.

When the solid phase is placed in contact with

the solvent (Fig. 5.1a), the solvent is swelling the

solid phase at the interface which goes above Tg

(Fig. 5.1b), and this swelling is increasing up to

the point of disentanglement (Fig. 5.1c). Chains

can then move out of the swollen phase to the

solvent phase (Fig. 5.1d) and the solubilisation

front can advance inside the solid material

(Fig. 5.1e). Such a scheme is indeed what

is occurring when a regenerated cellulose

fibre is placed in a solvent (Chaudemanche and

Navard 2011). In this case, the swelling and

dissolution mechanisms of dry, never-dried

and rewetted lyocell fibres prepared from

solutions in N-methylmorpholine-N-oxide were

investigated by redissolving these cellulose

fibres in the same solvent varying the contents

of water (from monohydrate to 24 % w/w). As

for any synthetic polymer fibre, a radial dissolu-

tion starting from the outer layers was observed.

It is usually said that cellulose is difficult to be

dissolved and that a rather limited number of

a b c

ed

Fig. 5.1 Basic

mechanisms for a solid

polymer part situated at the

interface between polymer

and solvent
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solvents are available. However, this is the case

for many polymers. Dissolution is favoured since

the entropy will increase in a solution state

through the contributions of several entropic fac-

tors like the entropy of mixing, the entropy of

conformation mobility and, if applicable, the

entropy gain due to counter ions. The major diffi-

culty for dissolving a polymer is well known and

is due to the very large decrease of entropy that is

happening when dissolving of the polymer is com-

pared to its parent monomer, because of its long-

chain character. If considering, for example, very

common polymers like polyethylene or polypro-

pylene, the number of the possible solvents is not

larger than the one for cellulose. Since these poly-

mers are melting, it is also true that efforts placed

in developing their solvents were much smaller

than the efforts for finding solvents for cellulose.

There are solvents for cellulose, but they are not

the simple, common organic solvents we are used

of for the vast majority of polymers. A recent

series of papers (Glasser et al. 2012a, b) discussed

these issues with questions around the reason why

cellulose is not soluble in water, Lindman et al.

2010 arguing that the main reason is not the exis-

tence of hydrogen bonds but due to hydrophobic

interactions

5.1.1 Derivatising Pathways

Dissolving cellulose has always been a search

since cellulose was isolated in the nineteenth

century. Many compounds have been tested and

several commercial pathways have been imple-

mented to produce regenerated cellulose. Most of

them are in fact going through cellulose deriva-

tives or complexes (Liebert 2010). Many com-

pounds and methods are able to produce

derivatives that are then chemically reverted to

cellulose after processing. After 7 years of

research, one of the first to be industrially imple-

mented in 1890 was the use of nitrocellulose by

Count Hilaire de Chardonnet. Another example

is the Fortisan process, not any more in produc-

tion, which used cellulose acetate–acetone solu-

tions for producing cellulose acetate that were

saponified in caustic soda to obtain cellulose

fibres (Segal and Eggerton 1961). Cellulose car-

bamate, obtained by the reaction of cellulose

with urea, is another example. The first to report

this reaction were Hill and Jacobsen (1938). But

it was only at the beginning of the 1960s that

Sprague and Noether (1961) found that this reac-

tion leads to a cellulose derivative they named

cellulose carbamate. The potential for using this

derivative for producing fibres was explored by

the Finnish company Neste Oy. Cellulose is trea-

ted with urea to produce cellulose carbamate that

is dissolved in NaOH–water. After processing

this solution, cellulose is recovered after an

acidic treatment. Despite its interest and further

developments (Kunze and Finck 2005), there is

no industrial use at the present time.

The only large scale production of cellulose

products through a cellulose derivative is the

viscose process made from cellulose xanthate,

dating from first patent on the use of cellulose

xanthate preparations and subsequent regenera-

tion by Cross et al. (1892). Since that time, after

some first economical and technical difficulties,

the viscose process proved to be a very efficient

and powerful method for producing fibres, films

and sponges, still in use today despite its diffi-

culty for controlling air and water pollution. The

viscose process is based on the treatment of cel-

lulose fibres from wood or cotton with sodium

hydroxide and carbon disulphite, forming a cel-

lulose derivative called cellulose xanthate which

has the interesting property to be soluble in

sodium hydroxide–water mixtures. The solution

can then be shaped, followed by an acid or a

thermal treatment that reverts the cellulose deriv-

ative back to cellulose, with a noticeable change

of cellulose crystal structure (cellulose I to cellu-

lose II transformation). Among the many key

chemical reactions and physical processes that

are characterising this process, the dissolution

step of the cellulose xanthate fibres into the

sodium hydroxide–water mixture is of great

importance since it is controlling the quality of

the subsequent processing. As can be imagined,

there has been numerous scientific works study-

ing, for example, the influence of cellulose ori-

gin, purity, molecular weight, xanthate group

distribution (Russler et al. 2005, 2006) or
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dissolution conditions, temperature (Musatova

et al. 1972), soda concentration, etc., on the effi-

ciency of the process. The way cellulose xanthate

dissolves in NaOH–water (LeMoigne and

Navard 2010a) is a good illustration of the diffi-

culty to go through a gel phase before entering

into the solution phase. Cellulose xanthate with

61 % CS2 placed in NaOH 8 % water is produc-

ing a very viscous, gelly phase that will disperse

only during shear through the extraction of cellu-

lose xanthate viscous solution phase filaments as

can be seen on Fig. 5.2. The dispersion and

complete dissolution of this viscous phase can

only be achieved by a strong flow.

5.1.1.1 Complexing Agents
Many aqueous-based compounds are complex-

ing cellulose. They are not leading to a real

solution, i.e. a dispersion of cellulose chains in

a solvent. The first agent was discovered by

Schweitzer in the middle of 1800s. He found

that it is possible to prepare clear solutions

when cellulose is mixed in a solution of copper

salts and ammonia. This process called now

cuprammonium is leading to good regenerated

cellulose objects (fibres and membranes) but the

cost of solvent and of depollution is very high.

Today, the production is limited to a few tens of

thousands tons per year. However, this class of

compounds is very interesting in the sense that

the cellulose complex can be easily studied. Two

compounds of this class, cuoxen (Cu(NH2(CH2)

2NH2)2[HO]2) and cadoxen (Cd(NH2(CH2)

2NH2)2[HO]2), are still widely used to give an

indication of the cellulose molar mass through

the measurement of the intrinsic viscosity (these

methods being normalised like in ASTM D1795

and ASTM D4243, for example). These metal

complexes dissolve cellulose by deprotonating

and coordinatively binding C2 and C3 hydroxyl

groups (Liebert 2010). Many other inorganic

salt hydrates combined or not with water have

also been found to dissolve cellulose whilst

complexing it. A list of aqueous salts is given in

Liebert (2010). As an example (Hattori et al.

2004), ethylenediamine/thiocyanate salts have

been shown to solubilise cellulose DP210 up to

16 %, leading to the formation of a mesophase

for the highest concentrations.

5.1.2 Non-derivatising Compounds

There are not so many classes of compounds that

are leading to more or less well-dispersed but

non-derivatised cellulose solutions. Aside the

fact that the increase of entropy for long chains

going into solution is low, two other reasons are

also at stake for cellulose. The first reason is

chain rigidity. Degrees of freedom for under-

going chain conformational changes are very

limited for a cellulose chain that can only turn

around its 1,4 links. A lot of work was performed

from 1950s till 1970s for estimating the

Fig. 5.2 Dissolution of cellulose xanthate in NaOH

8 %–water under flow (shear rate about 20 s�1, flow

from right to left) observed with the contra-rotating rhe-

ometer at two successive dissolution times: (a) 150 s and

(b) 190 s. Cellulose xanthate fibres are producing a highly

viscous phase that has difficulties to be dispersed into the

solvent. Dispersion and final dissolution happen through

the production of a thin filament of viscous phase that is

extracted by the solvent friction
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mean conformation parameters. Benoı̂t 1948 cal-

culated the mean-square end-to-end distance of

cellulose chains in the unperturbed state,

showing that it is much larger than chains

with cis or trans free rotations. A large number

of papers were then devoted to the theoretical

approaches needed to measure various confor-

mation parameters of cellulose and cellulose

derivatives by light and neutron scattering

(Gupta et al. 1976), flow birefringence

(Noordermeer et al. 1975) and viscometry (Holt

et al. 1976). Aside debates on chain statistics

theories, all data show that the cellulose back-

bone is semi-rigid. This can be appreciated in

Table 5.1 where the persistence length of cellulose

and cellulose derivatives is markedly larger than

the one of polyolefins. Polymers having a rigid

backbone have a further difficulty in going

into solution since there is a further loss of

conformational entropy increase compared to

flexible polymer, when dissolved. A second

reason is the large amount of intra- and inter-

hydrogen bond connections present in cellulose,

needed solvents able to break them and leading to

a high tendency to self-aggregation in solution.

The last point of interest before detailing the

properties of cellulose solutions is whether

these mixtures of cellulose and a solvent give a

true solution, i.e. if the state is a homogeneous

dispersion of individual cellulose chains in the

solvent. This is a critical issue with all cellulose

solutions where nanoscale cellulose agglomerates

(often called prehump, or micro- or nanogels) are

often present in the solution. The method for

ascertaining the presence of cellulose agglomer-

ates in solution is light scattering (Seger et al.

1996). Many papers are showing that indeed,

aggregates are present in what is usually consid-

ered as good, non-derivatising solutions. Drechs-

ler et al. (2000) showed that cellulose is

molecularly dispersed only in special mixtures

of N-methylmorpholine-N-oxide (NMMO)/water

with diethylenetriamine. The Mw dependence of

the radii of gyration follows a power law beha-

viour with an exponent equal to the theoretical

renormalisation group value for flexible, linear

chains in a good solvent (i.e. 0.6). But solutions

in pure N-methylmorpholine-N-oxide/water are

not showing this. Röder and Morgenstern (1999)

plotted Guiner–Zimm plots that showed that

aggregates of the order of several million g/mol

were observed. Aggregates comprising several

100 chains were present together with small

aggregates, giving a bimodal structure. Activation

of cellulose, i.e. pretreatments like NaOH or

ammonia, was effective for decreasing the size

of aggregates, but did not change the fact that

aggregates were present. The same applies to

solutions in N,N-dimethylacetamide/lithium chlo-

ride where aggregates with sizes above 100 nm

are present (Röder et al. 2000), even if these

results must be taken with care regarding the

very important effect of water on chain aggrega-

tion (Potthast et al. 2002). Cellulose aggregates

with a radius of gyration of 230 nm were found

in solutions of NaOH–urea (Chen et al. 2007).

All these results show that attaining molecularly

dispersed cellulose solutions is very difficult,

probably owing to the ability of cellulose to

build intermolecular hydrogen bonds in water-

based solutions.

5.1.2.1 Phosphoric Acid-Based Solvents
The possibility to dissolve cellulose in phospho-

ric acid has been known from a long time, starting

Table 5.1 Persistence length q and unperturbed dimen-

sion parameter A for cellulose and derivates [adapted from

Kamide and Saito (1983)]

Polymer (DS) Solvent q (nm) A (nm)

Cellulose Cadoxen 4 0.16

Cellulose FeTNa 9 0.19

Cellulose acetate

(2.46)

Acetone 8 0.17

Cellulose nitrate

(2.55)

Acetone 12 0.21

Hydroxyethyl

cellulose

Water 9 0.19

Polyethylene Ethylhexyl

adipate

0.96

Polystyrene Cyclohexane 1

Values of polyethylene and polystyrene are adapted from

Kamide and Saito (1987)
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probably with a patent filled by British Celanese

(1925). It is only in the 1980s that interest for this

solvent emerged again (Turbak et al. 1980). More

recently, Boerstel et al. (2001) and Northolt et al.

(2001) showed that concentrated solutions are

anisotropic at rest and that their spinning is giving

high modulus (44 GPa) and high strength

(1.7 GPa) cellulose fibres. Despite that this sol-

vent is not used, it may have an industrial poten-

tial to give specialty products.

5.1.2.2 LiCl-Based Solvents
The possibility to dissolve cellulose in a non-

aqueous mixture of N,N-dimethylacetamide

(DMAc) and LiCl was first published in 1979 by

Charles McCormick (1979). It is a widely used

tool to analyse cellulose chains. For example,

McCormick et al. (1985) measured cellulose

chain dimensions and conformation parameters,

showing that this solvent is not degrading cellu-

lose chains and is able to dissolve up to 15 % of

cellulose. These authors proposed that the disso-

lution mechanism involves hydrogen bonding of

the hydroxyl protons of cellulose with the chlo-

ride ions. They showed that concentrated solu-

tions have a lyotropic character, but this must be

taken with care since this liquid crystalline order

is obtained by shearing, and not at equilibrium. In

another paper, Matsumoto et al. (2001) compared

the solution behaviour of plant and bacterial cel-

lulose solution rheology in this solvent.

Strangely, they found that plant cellulose behaves

as a flexible polymer, while bacterial cellulose is

like a rod-like chain. In a similar work, Tamai

et al. (2003) reported that X-ray scattering data

showing that the solutions have the characteristic

of a two-phase system could explain the rod-like

character of bacterial cellulose if it is not well

dissolved and stays in bundles. Ramos et al.

(2005a) found that not all cellulose can be easily

dissolved down to molecular scale in this class of

solvent and that activation is sometimes needed,

as for cotton linters that can only dissolve if

previously mercerised. This solvent is also used

for preparing cellulose derivatives, sometimes in

various ammoniumvariants like dimethylsulfoxide/

tetrabutylammonium fluoride (Ramos et al.

2005b). None of the solvents of this class are

commercially exploited to produce cellulose pro-

ducts.

5.1.2.3 N-Methylmorpholine-N-Oxide/
Water

In 1939, Graenacher and Salman applied for a

patent (Graenacher and Sallman 1939) where

they described the possibility to dissolve cellulose

in amine oxides, with aliphatic and cycloaliphatic

amine oxides giving 7–10 % solutions of cellulose

at 50–90 �C. This discovery was not exploited

until the end of the 1960s when a series of patents

(Johnson 1969; Franks and Varga 1979; McCor-

mick and Lichatowich 1979) disclosed that one

member of this series of compounds, N-methyl-

morpholine-N-oxide (NMMO) mixed with water,

is able to dissolve cellulose (see Chap. 5 for more

details). The most recent phase diagram of the

mixture of NMMO and water is given in Fig. 5.3.

It is only within a rather limited range of

composition and temperature that NMMO–water

can dissolve cellulose. At too low water concen-

tration, below 10 %, the required temperature for

melting the solvent is very high and a very strong

degradation of cellulose and solvent occurs, lead-

ing to very dangerous exothermic transitions.

The instability of the solutions with cellulose

has been studied in depth by the group of Rose-

nau (Rosenau et al. 2001). Above about 25 %, the

mixture is not a solvent anymore (Cuissinat and

Navard 2006a). Spinning cellulose in NMMO

monohydrate is now a commercial process called

lyocell by the Lenzing AG company in Austria or

Alceru by Smart Fiber Company in Germany.

Fibres are mainly used in the textile industry.

Their main drawback is their strong tendency

for fibrillation in the wet state (Fig. 5.4), thought

to be due to their very high chain orientation

(Ducos et al. 2006). More details can be found

in Chap. 5 “Cellulose Products from Solutions:

Film, Fibres and Aerogels”.

Two other classes of solvent have been widely

studied, ionic liquids and NaOH–water. They are

described in details in next paragraphs.
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5.1.2.4 Rheology of Solutions
Rheology of cellulose solutions has been inves-

tigated from a very long time due to its use for

measuring molar masses and to assess the beha-

viour of the cellulose chain in solution. To this

end, the measurement of only the viscosity of

dilute solutions has been performed extensively.

Generally, in the dilute regime, noncharged

polymers present a Newtonian flow behaviour

and absence of viscoelasticity. The viscosity of

polymer solutions depends on the concentration

and size of the dissolved macromolecules, as

well as on the solvent quality and temperature,

supplying information about chain dimensions in

solution, molecular shape, polymer–polymer

interactions, excluded volume effects governed

by polymer–solvent interactions and chain stiff-

ness.

Generally, the relationship between the intrin-

sic viscosity [�] and dilute solution viscosity �

takes the form of a power series in concentration c:

�sp
c

¼ ½�� þ k1 � ½��2 � cþ k2 � ½��3 � c2

þ k3 � ½��4 � c3 þ . . . (5.1)

where k1, k2, k3, etc., are dimensionless con-

stants. In order to evaluate the intrinsic viscosity,

the theoretical analysis of the hydrodynamics of

macromolecules with different flexibilities led to

different relationships (Lovell 1989). The most

frequently used one is the Huggins equation:

�sp=c ¼ ½��H þ kH � ½��2H � c (5.2)

kH is referred as the Huggins dimensionless con-

stant and is correlated to the size and shape of
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Fig. 5.3 NMMO–water phase diagram (adapted from Biganska O, Navard P (2003) Phase diagram of a cellulose

solvent: N-methylmorpholine-N-oxide – water mixtures, Polymer 44: 1035-1039)

Fig. 5.4 Fibrillated cellulose fibres prepared from

NMMO–water solution [adapted from Ducos et al.

(2006)]
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polymer segments, as well as to hydrodynamic

interactions between different segments of the

same polymer chain. kH equals to 0.5 means

that solvent is theta solvent (no excluded volume

expansion, polymer coils like ideal chains and

excess chemical potential of mixing between a

polymer and a theta solvent being zero); below

0.5 the solvent is thermodynamically good and

above the solvent is bad.

Equation (5.2) is an approximation of (5.1),

and it is applicable only for ½�� � c<1. At higher

concentrations, the experimental data show an

upward curvature when plotted according to (5.2).

The Kraemer equation is an approximation of

the Huggins equation, from which it may be

derived assuming �sp<<1:

lnð�relÞ
c

¼ ½��K � kK � ½��2K � c (5.3)

Usually, the experimental data are plotted

according to both Huggins and Kraemer equa-

tions, and the correct evaluation of ½�� is made by

double extrapolation to infinite dilution. Theory

predicts that kH þ kK ffi 0:5 when the approxima-

tion is satisfactory valid. From a practical point

of view, the determination of molar masses is

performed in cadoxen, cuoxam or cupriethylene-

diamine according to norms (Kasaai 2002). The

analysis of the viscosity is also giving indications

on the rigidity and hydrodynamic behaviour of

cellulose (Danilov et al. 1970; Kasaai 2002;

Zhou et al. 2004).

Rheology of more concentrated solutions

requires good solvents like N-methylmorpho-

line-N-oxide or ionic liquids (Blachot et al.

1998; Gericke et al. 2009b). It shows that cellu-

lose is behaving as a normal semi-flexible poly-

mer with a Newtonian region at low shear rate

followed by a shear-thinning, non-linear region

at high shear rates.

5.2 Macroscopic Mechanisms
of the Dissolution of Native
Cellulose Fibres

When placed in a swelling agent or a solvent,

natural cellulose fibres show a nonhomogeneous

swelling. The most spectacular effect of this

nonhomogeneous swelling is the ballooning

phenomenon where swelling takes place in

some selected zones along the fibres (Fig. 5.5).

This heterogeneous swelling has been observed

and discussed long ago by Nägeli (1864),

Pennetier (1883), Flemming and Thaysen

(1919), Marsh (1941), Hock (1950) or Tripp

and Rollins (1952). One explanation for this

phenomenon is that the swelling of the cellulose

present in the secondary wall is causing the

primary wall to extend and burst. According to

this view, the expanding swollen cellulose

pushes its way through the tears in the primary

wall, the latter rolls up in such a way as to form

collars, rings or spirals which restrict the uniform

expansion of the fibre and forms balloons as

described by Ott et al. (1954). This explanation

assumes that cellulose is in a swollen state in

each of the balloons.

Further studies of Chanzy et al. (1983), Cuissi-

nat and Navard (2006a, b, 2008a) and Cuissinat

et al. (2008b, c) have shown that the dissolution

mechanism is strongly dependent on the solvent

quality. Cuissinat and Navard performed observa-

tions by optical microscopy of free-floating fibres

between two glass plates for a wide range of sol-

vent quality (as an example,N-methylmorpholine-

N-oxide (NMMO) with various amounts of water,

w/w). They identified four main dissolution modes

for wood and cotton fibres as a function of the

quality of the solvent (the quality of the solvent

decreases from mode 1 to mode 4):

Mode 1: Fast dissolution by fragmentation,

occurring in good solvent (e.g. in NMMO

with <17 % of water, 90 �C)
Mode 2: Swelling by ballooning and full dis-

solution, occurring in moderately good solvent

(e.g. in NMMO with 19–24 % water, 90 �C)

50 µm

Fig. 5.5 Gossypium hirsutum cotton fibre swollen by

ballooning in N-methylmorpholine-N-oxide with 20 %

of water w/w
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Mode 3: Swelling by ballooning and no

complete dissolution, occurring in bad solvent

(e.g. in NMMO with 25–35 % water, 90 �C)
Mode 4: Low homogeneous swelling and no

dissolution, occurring in very bad solvent (e.g. in

NMMO with more than 35 % water, 90 �C)
These mechanisms also have been observed

with NaOH–water with or without additives

(Cuissinat and Navard 2006a), ionic liquids

(Cuissinat and Navard 2006b) and for a wide

range of plant fibres (Cuissinat and Navard

2008a) and some cellulose derivatives that had

been prepared without dissolution (Cuissinat and

Navard 2008, 2008b). From all these studies, it is

shown that the key parameter in the dissolution

mechanism is the morphology of the fibre.

Indeed, as long as the original wall structure of

the native fibre is preserved, the dissolution

mechanisms are similar for wood, cotton, other

plant fibres and some cellulose derivatives. Bal-

looning, often observed when cellulose native

fibres are dissolving, originated from the specific

cut followed by the rolling of the primary wall

(LeMoigne et al. 2010a).

5.2.1 Gradient of Solubility in the
Various Locations of the Cell
Wall

In order to investigate in more depth the influence

of the primary wall on the dissolution mechanism,

cotton fibres with different maturity were studied

(LeMoigne 2008). The cotton fruit is a capsule

(commonly called cotton boll) composed of 4 or 5

carpels, each of them bearing about 10 seeds.

Each cotton fibre is produced by the outgrowth

of a single epidermal cell of the seed coat. A

cotton fibre is a single cell, mainly made of cellu-

lose microfibrils arranged in concentric walls.

Fibre development can be divided in five main

growth stages: initiation, elongation, transition,

development and maturation (Figs. 5.6 and 5.7):

• The initiation stage corresponds to the differ-

entiation of epidermal cells into fibre cells and

takes place around 2 or 3 days preanthesis.

• The elongation stage corresponds to the syn-

thesis of the primary wall and takes place

between 1 and 15 days postanthesis (DPA)

• The transition stage corresponds to the end

of the primary wall synthesis and to the

beginning of the secondary wall deposition

(S1 wall) and takes place between 15 and 25

DPA. At this stage, secondary wall deposition

is initiated while the cell is still elongating.

• The development stage corresponds to the

massive deposition (without elongation) of

cellulose forming the main body of the sec-

ondary wall (S2 wall) and takes place between

25 and 50 DPA.

• After about 50 days, the cotton bolls are

mature, and it opens. After opening, the cotton

fibres dry out. This stage is called maturation.

The dissolution of fibres taken at the elonga-

tion stage turned out to be impossible in both

good and moderately good solvents. In NMMO

with 16 and 20 % water, the reaction is very slow

and leads to a uniform gel-like material with no

measurable swelling. The elongation stage fibres

dissolve only in the very good solvent like

NMMO monohydrate (13.3 % of water). The

reaction leads to a uniform gel-like material. A

subsequent regeneration in water shows that this

material was partially dissolved. These results

show that the primary wall of cotton fibres is

very resistant to dissolution in solvents that, as

will be seen below, are dissolving the secondary

wall. Another important observation is that the

ballooning phenomenon is not present with these

fibres. This is fully in agreement with the com-

mon explanation which attributes the balloons to

the swelling of the secondary wall causing the

extension and the bursting of the primary wall.

Without secondary wall, there are no balloons

Fig. 5.6 Cotton bolls at elongation stage in days post-

anthesis (DPA). (1) 7 DPA, (2) 11 DPA and (3) 14 DPA.

Reproduced with permission by Wiley from LeMoigne

et al. (2008), Fig. 5.5.2
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(note that mature fibres without primary walls are

also not showing balloons). At the transition

stage, ballooning starts due to the presence of

the secondary cellulose-based walls and a small

number of balloons can be observed. These bal-

loons are much smaller (swelling ratio around

200–300 %) than those observed for mature cot-

ton fibres (swelling ratio around 450–600 %). At

the mature stages, swelling and dissolution pro-

ceeds like described above.

These dissolution experiments on cotton fibres

at different growth stages show that there is a

gradient of dissolution capacity from the inside

to the outside of the fibre. For fibres with enough

cellulose inside the secondary wall, the inside of

the fibre is the easiest part to dissolve. The disso-

lution mechanism is fragmentation where weak

parts of the wall are quickly dissolved, leaving

rod-like fragments floating, which completely

dissolve later. Ballooning appears in fibres hav-

ing a secondary wall, at least being at the transi-

tion stage. Balloons are formed by the expansion

of the secondary wall due to the dissolution.

When the secondary wall is swelling by balloon-

ing, the primary wall breaks in localised places

and rolls up to form helices and surrounds fibre

sections that cannot be swollen. The primary wall

does not dissolve easily and even sometimes does

not dissolve at all as it is occurring in bad solvents

like NaOH–water. The study of well-

characterised cotton fibres in terms of growth

stage has shown that most recent deposited cell

wall layers (S2 wall) are most easily dissolved.

The absence of non-cellulosic polysaccharide

networks in younger wall layers may explain

their higher dissolution capacity.

5.2.2 Overall Dissolution Mechanism

As was shown (LeMoigne 2008), the secondary

S2 wall is the easiest to dissolve as compared to

the external walls which contain larger amount of

non-cellulosic components. The solvent goes

inside the fibre through the primary wall which

is permeable to the solvent but not easy to dis-

solve and not extensible. Optical observations

show that the primary wall breaks (Fig. 5.8) in

one or more places under the pressure of the S1

wall swelling and then rolls up. Finally, balloons

are formed due to the large swelling of the S1

wall. The primary wall that is cut and rolled up

forms threads (seen as thin lines along the bal-

loon surface) and collars (regroupment of the

rolled primary wall around the fibre diameter,

preventing fibres to swell and form collars).

Fig. 5.7 Cotton bolls at transition stage in days postanthesis (DPA). (1) 20 DPA, (2) 23 DPA ; development stage,

(3) 26 DPA, (4) 29 DPA, (5) 30 DPA, (6) just before opening and (7) mature fibres. Reproduced with permission by

Wiley from LeMoigne et al. (2008), Fig. 5.3

Fig. 5.8 Left side: initiation of the breakage of the pri-

mary wall leading to its rolling. Right side: rolling of the

two sides of the primary wall leading to a double helical

thread surrounding the balloon
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The selection between threads and collars is

depending on the way the primary wall is broken,

i.e. depends on the shape of the initial cut. When

cut occurs on the whole circumference of the

fibre, the primary wall rolls up along the fibre

direction in the two opposite directions and

forms only collars. If cut is more local and

directed along the fibre axis, the primary wall

rolls up perpendicularly to the fibre axis and

forms one or more threads attached to two col-

lars. The collars block the swelling of the fibre,

forming what has been called the unswollen sec-

tions (actually a region between two balloons) by

Cuissinat and Navard (2006a). When the S2 wall

is fully dissolved, the swelling of the balloons

reaches its maximum size. The balloon is thus

formed of the dissolved S2 wall cellulose inside

an undissolved membrane composed of the

swollen S1 wall, surrounded by one or more

threads of the primary wall and delimited by

two collars.

5.3 Cellulose–Sodium
Hydroxide–Water Solutions

To prepare solutions of cellulose in a NaOH–-

water mixture is very attractive. It is simple, with

reagents that are easy to recycle and cheap. It is

thus not surprising that it attracted attention.

Already in the 1930s, it was found that cellulose

is soluble in NaOH–water mixtures in a certain

range of rather low NaOH concentrations and

low temperatures, but that this dissolution was

difficult, with only partial dissolution of most

untreated cellulose samples. Due to these diffi-

culties, effects of other chemicals in NaOH–-

water were tested. It was found at that time that

addition of compounds like ZnO or urea was

helping dissolution (Davidson 1937).

The history of the relations between cellulose

and sodium hydroxide dates back in the nine-

teenth century. It is the discoveries of the vis-

cose process where a cellulose derivative is

dissolved in NaOH–water and of mercerisation

that were the real starts of the use of NaOH in

the cellulose industry. In three instances, groups

of researchers tried later to use NaOH–water for

processing cellulose fibres. The first group in

Japan worked in the 1980s and found that

steam-exploded cellulose was more readily sol-

uble. More recently, two processes based on

enzymatically treated pulps for one and addi-

tives for the second were developed, but with no

industrial development up to now. Difficulties

of mixing (use of low temperatures), low stabil-

ity of the mixtures, low maximum concentration

of cellulose and moderate mechanical properties

of the regenerated fibres are the main factors

that explain why this dissolution method is

not used. Other methods where cellulose is

molecularly dispersed like N-methylmorpholine-

N-oxide or ionic liquids are favoured over

NaOH–water at the present time.

5.3.1 Mercerisation

Mercerisation is a process named after its inven-

tor, John Mercer (The Editors 1903). Patented

between 1844 and 1850, mercerisation is the

treatment of native cellulose by concentrated

(18–20 wt%) caustic alkaline solution. After

immersion in the NaOH solution and then wash-

ing, the initial cotton fabric has improved proper-

ties like better lustre and smoothness, improved

dye intake, improved mechanical properties and

improved dimension stability. Mercerisation has

been an industrial process from the beginning of

the twentieth century up to now. Mercerisation is

strongly acting on the cell wall cotton morphol-

ogy, changing, for example, the crystalline struc-

ture from the native cellulose I to cellulose II

(Okano and Sarko 1985a, b). Mercerisation is

not a dissolution but a complex change of mor-

phology and crystalline structure that occurs in a

derivatised (production of various alkali–cellu-

lose complexes) and highly swollen state. The

accessibility of –OH groups depends on the crys-

tallinity of cellulose (Tasker et al. 1994), the

highly crystalline cellulose being more difficult

to mercerise (Chanzy and Roche 1976).
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5.3.2 Dissolution in NaOH–Water

In the 1930s, Davidson (1934, 1936) studied cel-

lulose dissolution, and he is to our knowledge the

first to report dissolution, not swelling as in the

mercerisation process. He looked for optimal con-

ditions to dissolve modified cotton, termed hydro-

cellulose, which was cellulose hydrolysed in

strong acid conditions, which is decreasing its

molar mass. Such a product would be called

microcrystalline cellulose now. Davidson showed

that a decrease of temperature improves cellulose

dissolution, as illustrated in Fig. 5.9.

Davidson found amaximum solubility at a very

large value, 80 %, probably due to the low molar

mass of his hydrolysed cellulose, that solubility

occurred in a narrow range of NaOH–water con-

centration (he reported 10 % of NaOH) and that

dissolution was possible at the low temperature of

–5 �C. He noticed that solubility increases when

the chain length decreases, leading Davidson to

deduce that it will not be possible to dissolve

unmodified (i.e. high molar mass) cellulose.

With these results, we must consider that David-

son is the real inventor of cellulose dissolution in

NaOH–water mixtures. However, it is often Sobue

(Sobue et al. 1939) who is cited when cellulose

dissolution in NaOH–water is concerned. The rea-

son is that Sobue explored the whole ramie cellu-

lose–NaOH–water ternary phase diagram, based

on the work of his group and previously published

data on cellulose–alkali mixtures by Saito (1939).

He noticed that in a narrow range of NaOH, water

and temperature, cellulose can be dissolved. The

dissolution range was NaOH concentrations of

7–10 % and in low temperature range (�5 to

+1 �C). They refer to this region and cellulose

state by the term “Q-state”. This phase diagram,

reported in all reviews, is plotted on Fig. 5.10.

Apparently, the discovery of cellulose disso-

lution was not a major event and not many scien-

tific papers reported its study. A revival of an
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interest in cellulose dissolution in NaOH–water

came from Japan in the middle of 1980s. A team

of Japanese researchers from Asahi Chemical

Industry Co. made a breakthrough in the dissolu-

tion of cellulose in dilute aqueous solutions of

sodium hydroxide. In a series of papers, Kamide

et al. (1984, 1987, 1990, 1992), Yamashiki et al.

(1988, 1990a, b, c, 1992), Yamada et al. (1992),

Matsui et al. (1995), Yamane et al. (1996a, b, c,

d) extensively studied cellulose dissolution

mechanisms using different approaches, focusing

on methods able to lead to produce materials,

mainly fibres and films. The first paper by

Kamide et al. (1984) reported that regenerated

cellulose from a cuprammonium solution and

ball-milled amorphous cellulose where intramo-

lecular hydrogen bonds are completely broken or

weakened dissolves in aqueous alkali and that the

solution is stable over a long period of time. They

identified the hydrogen bond intramolecular

(O3–H. . .O5
0) as the one needing to be weakened.

The authors found that if crystallinity has a role,

the more crystalline cellulose being the more

difficult to dissolve, as found already by Davidson

in 1934, it is not by far the only factor governing

dissolution. The authors conclude that “in other

words, the solubility behaviour cannot be

explained by only the concepts of ‘crystal-amor-

phous’ or ‘accessible-inaccessible’”. The lack of

a strong correlation between the amount of amor-

phous phase and solubility was confirmed later

(Kamide et al. 1992). The authors deduced that

these solutions were molecularly dispersed. The

solution was found to be a theta solvent at 40 �C.
Cellulose has the behaviour of a semi-rigid chain

(flexibility in NaOH–water lying between those

in cadoxen and iron–sodium tartrate) having a

partially free draining behaviour. The unper-

turbed dimensions decreased with temperature

increase. A detailed study of cellobiose–NaOH

interactions was conducted by Yamashiki et al.

(1988). Based on 1H and 23Na NMR results, they

proposed a model for explaining NaOH–cellu-

lose interactions. The number of water molecules

solvated to a NaOH molecule is maximum at

4 �C in the range 0–15 % of NaOH, decreasing

at this temperature from 11 water molecules at

very low concentration to 8 water molecules at
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15 % of NaOH. The authors concluded that

provided that the proper intermolecular hydrogen

bonds have been broken, the factor that controls

dissolution is the structure of the alkali. If, as

hypothesised, weakening intermolecular hydro-

gen bonds is a prerequisite for good solubility in

NaOH–water, the same group turned towards

steam explosion in order to avoid having to use

regenerated cellulose. The solubility of steam-

exploded pulp was found to be very high, always

with a maximum solubility in the temperature–-

NaOH concentration window found by the first

investigators (Davidson and Sobue), as shown in

Fig. 5.11.

X-ray studies showed that dissolution occurs

in this 8–9 % of NaOH in water at low tempera-

ture without any conversion of cellulose into Na-

cell I, and that dissolution may occur first in the

amorphous parts, resulting in a transparent,

molecularly dispersed solution (Kamide et al.

1990). The processing and properties of fibres

and films produced by this method have been

studied and reported in several papers (Yamane

et al. 1996a, b, c, d). Starting from previous

knowledge, authors developed an industrial

method for dissolving cellulose starting from

steam-exploded cellulose pulp, wet pulverisation

to increase the surface of cellulose particles, pre-

treatment in NaOH–water with 2–6 % NaOH at

�2 �C and high-speed mixing followed by a

dissolution at 6–9 % NaOH–water at �2 �C at

12,000 rpm during 1 mn (Yamane et al. 1996a).

Tensile strength of maximum 2 g/den, elongation

about 20 % (Yamane et al. 1994) and Young’s

modulus of about 110 g/den in the dry state were

reported in Yamane et al. (1996c, d). These

values are comparable to viscose fibres and infe-

rior to lyocell or rayon fibres. Isogai and Atalla

(1998) found difficult to dissolve microcrystal-

line cellulose using the procedure developed by

the Asahi group. They found that dissolution of a

large variety of cellulose origins (microcrystal-

line cellulose, cotton linter, softwood bleached

and unbleached kraft pulp, groundwood pulp)

and treatments (mercerised, regenerated) can be

better performed if a cellulose solution in 8.5 %

NaOH is frozen at �20 �C before thawing at

room temperature while adding water to reach
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5 % NaOH in the solvent. With this procedure,

solutions with microcrystalline cellulose were

stable at room temperature. Other cellulose sam-

ples were partially soluble. The authors found

that the presence of hemicellulose did not seem

to be a factor influencing dissolution since most

hemicellulose fractions were soluble in NaOH–

water mixtures. Molar mass was supposed to be

the key point for explaining solubility, the higher

masses being more difficult to dissolve, a

fact explained by the authors though the

concept of cellulose chain coherent domains.

However, despite huge efforts for under-

standing cellulose dissolution in NaOH–water

and the processing of these solutions, this pro-

cess did not reach an industrial stage. The rea-

sons are multiple, but the stability of the

spinning dope was a difficulty that prevented

the use of this route for preparing regenerated

cellulose objects. Increasing stability (i.e. pre-

venting gelation) and improving the quality of

the solution were then looked at by the addition

of various compounds.

Additives like urea, thiourea or zinc oxide

have been known to influence mercerisation

from a long time. Davidson (1937) found that

the addition of small amounts of zinc oxide to a

solution of sodium hydroxide in water increases

its swelling and dissolution capability towards

cellulose. Additives like urea and thiourea were

also studied and used from a long time for

improving the viscose process or understanding

Na-cell formation (e.g. Harrison 1928).

It was rather straightforward to investigate if the

addition of compounds like urea, thiourea or ZnO

would improve the state of dissolution of cellulose

in NaOH. The first to report such attempts with

thiourea is Laszkiewicz (Laszkiewicz and Cuculo

1993) following a previous work on mercerisation

with additives like thiourea, ZnO, urea and alumin-

ium hydroxide (Laszkiewicz andWcislo 1990). He

found that addition of thiourea improves the solu-

bility of a cellulose III sample in NaOH–water.

Later, the same author reported that the addition

of 1 % urea in a solution of bacterial cellulose in

NaOH–water allows dissolution of this cellulose if

DP is lower than 560 (Laszkiewicz 1998). The

Institute of Biopolymers and Chemical Fibres in

Poland together with other research groups mainly

in Finland developed methods to activate cellulose

either by hydrothermal or enzymatic treatments

(Ciechańska et al. 1996, 2007; Mikolajczyk et al.

2002; Struszczyk et al. 2000; Wawro et al. 2009).

They developed a process called Biocelsol (see a

detailed description in Chap. 5) where cellulose is

treated by enzymatic activations and dissolved in

NaOH–water with the addition of ZnO (Vehviläi-

nen et al. 2008). Typical conditions are cellulose

concentration of 6 %, 7.8 % NaOH and 0.84 % of

ZnO. The best fibres have tenacity of 1.8 cNdtex-1

with 15 % elongation at break.

Starting in 2000, the group of L. Zhang revis-

ited the dissolution of cellulose in NaOH–water

using derivatives (Zhou and Zhang 2000; Zhang

et al. 2002, 2004; Zhou et al. 2002a, b, 2004;

Weng et al. 2004; Cai and Zang 2005). The

preparation of solutions was inspired by Isogai

and Atalla (1998) adding first urea and later

thiourea, inspired by the work of Laszkiewicz

(Laszkiewicz and Wcislo 1990; Laszkiewicz

and Cuculo 1993; Laszkiewicz 1998). Solutions

with 4–8 % were prepared and were stable

enough to allow spinning fibres and preparing

membranes. Cellulose cannot be dissolved at

temperatures above 10 �C in NaOH–urea–water,

and the lower the molar mass was, the higher was

the dissolution yield (Qi et al. 2008a). They

found that treating mechanically the cellulose

fibres (Valley beating machine) was only slightly

decreasing molar mass but decreasing more sub-

stantially crystallinity, which resulted in an

increase of dissolution yield. The authors

deduced that crystallinity is an important factor

for increasing solubility, not in agreement with

previous results (Kamide et al. 1984, 1992). One

explanation for this discrepancy is that mechani-

cal beating is also changing the structure of the

fibres, mainly removing its primary wall and thus

increasing accessibility to the solvent (LeMoigne

2008; LeMoigne and Navard 2010b).

The addition of urea (Zhou and Zhang 2000)

has two advantages. It increases the dissolution

yield, i.e. a larger fraction of a given pulp is dis-

solved and the solution is more stable (gelation

delayed in time). Whether there is or not complex-

ation between urea, NaOH and cellulose was a

matter of debate. Kunze and Fink (2005) found

that there exists a specific urea–NaOH–cellulose
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complex different from the usual Na–cellulose

complex by NMR, in the range of 0–8 % NaOH

and 15–40 %, both at �25 �C and room tempera-

ture. Such complex is also formed when treating

cellulose with only urea. As found by the Asahi

group in the 1980s for cellulose dissolved in only

NaOH, intramolecular hydrogen bonds are

destroyed in the NaOH–urea–water mixture

(Zhang et al. 2001). Further NMR work (Zhou

et al. 2004) suggests that an interaction between

urea and NaOH exists in the solution and plays a

role in the solvation of cellulose, improving disso-

lution. Interactions between urea and cellulose

block the self-association of cellulose, preventing

gelation. But cellulose chains form aggregates of

radius of gyration 200–300 nm (Chen et al. 2007),

comparable to what is classically found for cellu-

lose solutions (Röder and Morgenstern 1999;

Röder et al. 2000). Chen et al. suggests that the

polar amine and carbonyl groups of urea can be

considered as hydrogen-bonding donors and

acceptors, respectively, for the cellulose mole-

cules. The presence of NaOH allows hydrogen

bonds to be formed between urea and cellulose.

Helped by DSC measurements, Cai and Shang

(2005) suggest that when cellulose is placed in

NaOH–urea/water at low temperatures, alkali

hydrates, urea hydrates and free water surround

the cellulose molecules as shown in Fig. 5.12

destroying intra- and intermolecular hydrogen

bonds, solvating the cellulose molecules and pro-

tecting it with a sort of “overcoat”, preventing

reaggregation.

Further studies by Zhang et al. (Cai et al. 2008;

Lu et al. 2011; Lue et al. 2011) show that inNaOH

(aswell as LiOH)–urea–water solutions, cellulose

is present as isolatedmolecules and as aggregates.

The fraction of aggregates increases with increas-

ing temperature above �12 �C. Based on NMR,

FT-IR, SANS, TEM andWAXS, Cai et al. (2008)

found that low temperatures promote the forma-

tion of hydrogen-bonded networks of NaOH, urea

and water, with the formation of these complexes

being favoured by low temperatures. Using

SANS, they suggest that NaOH is weakening the

association of urea with water, a result found at

the same time by Egal et al. (2008) using calorim-

etry. The chemical shifts of carbon atoms are

similar in NaOH–urea–water and NaOH–water

environments, showing that urea does not interact

with cellulose, a result in agreement with Egal

et al. findings (Egal et al. 2008). Cai et al. suggest

a model where NaOH hydrates are hydrogen-

bonded to cellulose molecules and that urea

hydrates are bonded to NaOH hydrates at the

surface of cellulose–NaOH complex. This is

making a sort of envelope protecting cellulose

chains to aggregate. These authors claim that

this arrangement called inclusion complex is a

non-stable arrangement that is slowly displaced

with time and when increasing temperature, lead-

ing to the formation of large aggregates of radius

of gyration larger than 200 nm (Lu et al. 2011;

Lue et al. 2011).

Some authors claimed that using both urea

and thiourea is improving further dissolution

(Jin et al. 2007). 13C NMR shows that this mix-

ture is a direct solvent and that NaOH, urea and

thiourea are all bound to cellulose which “brings

cellulose molecules into aqueous solution to a

Alkali hydratefree water

Urea hydrateCellulose chain

Hydrate overcoat
a b c

Fig. 5.12 Schematic dissolution process of the cellulose

in LiOH/urea and NaOH/urea aqueous solutions pre-

cooled to �10 �C: (a) cellulose bundle in the solvent,

(b) swollen cellulose in the solution and (c) transparent

cellulose solution. With kind permission from Springer

Science + Business Media: Cai and Zang (2005),

Fig. 5.10
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certain extent” and prevents gelation. Solutions

of up to 6 % of DP 510 can be prepared and are

stable below 0 �C. NMR suggests similar inter-

actions among NaOH, urea, thiourea and water in

the solvent and the cellulose solution. The struc-

ture of the solvent does not change with the

introduction of cellulose. The authors suggest

that NaOH hydrates bound to cellulose to form

a protective layer preventing cellulose chain

aggregation. This solvent was studied also by

Zhang et al. (2011) and Kihlman et al. (2011)

The properties of fibres prepared from solu-

tions in NaOH–water–urea (Cai et al. 2004) and

NaOH–water–thiourea (Ruan et al. 2004) give

mechanical properties of about tensile strength

of 1 cN/dtex and elongation at break of about

15 % for thiourea. A comparison between fibres

prepared in the 1990s in Japan, in China by the

group of Zhang and in Poland by the Biocelsol

process is given in Table 5.2. It shows that pro-

cessing in NaOH–water system brings properties

lower than the ones of lyocell and viscose. One of

the reasons is that solubility is low, with maxi-

mum cellulose concentration being in the order

of 7–8 % (see below the results of Centre de Mise

en Forme des Matériaux for an explanation of

this concentration). Only low molar masses can

be dissolved at these maximum concentrations.

In addition, the stability of the solution is posing

problems. These solutions are gelling and gela-

tion is faster with temperature increase and when

concentration and/or molar mass is large. Weng

et al. (2004) and Ruan et al. (2008) studied gela-

tion kinetics and found gelation to be an irrevers-

ible physical phenomenon. All these features are

not helping in preparing a good spinning dope

with high enough cellulose molar mass and con-

centration able to produce fibres with good

mechanical properties. The fact that a cooling

much below room temperature is needed is ham-

pering the industrial use of this process.

We present below part of the work that has

been conducted in Centre de Mise en Forme des

Matériaux, Mines Paristech/CNRS/Armines, on

cellulose–NaOH-solution properties, with and

without additives. The use of NaOH–water to

prepare cellulose materials is presented in

Chap. 5.

5.3.2.1 Structure of Cellulose–NaOH–Water
Solutions (Roy et al. 2001; Egal et al.
2007)

In order to understand better what is controlling

the solubility of cellulose in NaOH–water, binary

NaOH/water and the ternary cellulose/NaOH/

water phase diagrams at NaOH concentrations

in the region of cellulose dissolution (7–10 %

NaOH below 0 �C) were studied by DSC. To

avoid the complexity usually associated with

natural fibres directly extracted from the cell

wall (Cuissinat and Navard 2006b), microcrys-

talline cellulose Avicel®PH-101 (FMC Corpora-

tion, mean degree of polymerisation of 170) was

used. NaOH was dissolved in water at concentra-

tions around 12 % and cooled down to �6 �C. At
the same time but in another vessel, water was

added to cellulose pulp for cellulose swelling and

the cellulose/water system was left at +5 �C for

about 2 h. Cold NaOH/water solution was added

to this swollen-in-water cellulose in such a pro-

portion that in 100 g of final solution there were

0.5–7.6 g of cellulose and 7.6 or 8 g of NaOH.

The weight proportions between the components

in 100 g solution will be noted as Xcellulose–Y-

NaOH–water which means X g of cellulose, Y g

of NaOH and (100 � X � Y) grams of water.

Cellulose–NaOH–water mixtures were placed

into a thermobath at �6 �C and stirred at

~1,000 RPM for 2 h. Then the solutions were

removed from the bath and stored at +5 �C.
DSC melting thermograms of NaOH + H2O

solutions at T < 0 �C and CNaOH ¼ 0–20 wt%

are showing two peaks, characteristic of a eutectic

phase diagram, as been shown by Cohen-Addad

et al. (1960) and Rollet and Cohen-Addad (1964).

The melting peak at low temperature, around

�33/�34 �C, is independent on the NaOH con-

centration and is the trace of the melting of the

crystalline eutectic mixture, composed of one

metastable sodium pentahydrate and four water

molecules (NaOH·5H2O; 4H2O). Its melting

enthalpy is DHeut, pure ¼ 187 J/g, measured at

CNaOH ¼ 20 %. The high temperature peak corre-

sponds to the melting of ice. The higher the

sodium hydroxide concentration, the lower the

ice melting temperature because of the decrease

of ice fraction in solution. Applying the level rule
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on NaOH/water phase diagram, it is possible to

calculate the fractions of the eutectic mixture feut,
calc and of ice fice, calc at any NaOH concentration.

It was straightforward to determine the

corresponding fractions from the experimental

data, feut, exp and fice, exp, i.e. from experimentally

measured melting enthalpies DHeut and DHice at a

given NaOH concentration, and to know the melt-

ing enthalpies of pure compounds (ice and eutec-

tic), DHeut, pure and DHice, pure, respectively.

Fractions calculated and determined from experi-

mental data coincide within experimental errors.

This match is good for the enthalpy of the eutectic

compound which has a well-defined melting peak.

The match is less good for the melting of ice

which occurs over a large range of temperatures

with a peak having a “tail” at low temperatures

difficult to extract from the baseline.

Structure of Cellulose–NaOH–Water Solu-

tions at T < 0 �C: An example of DSC melting

thermograms for solutions of different cellulose

concentrations is given in Fig. 5.13.

Whatever the concentrations of cellulose and

sodium hydroxide are, the melting temperature

of the peak at lower temperatures is constant. It

coincides with the melting temperature of the

eutectic mixture in pure aqueous sodium

hydroxide solution of 7.6 % but with a system-

atic shift of about 1 �C towards lower tempera-

tures. This means two things. First, the same

eutectic mixture (NaOH·5H2O; 4H2O) is

present in cellulose–sodium hydroxide aqueous

Table 5.2 Tensile properties of cellulose fibres spun from a NaOH–water solution and comparison with other fibres

Fibre

Fineness

dtex

Modulus

(GPa)

Tenacity

(MPa)

Elongation

at break (%) DP References

NaOH alone – 0.45

(wet)

310 21 1,060 Yamane et al. (1994)

Asahi (Japan) 23 (dry) 310 15 >320 Okajima and Yamane

(1997)

NaOH/ZnO

Biocelsol (Poland)

1.4 – 270 15 268 Vehviläinen et al. (2008)

NaOH/urea

L. Zhang

6 – 150 15 310 Ruan et al. (2004)

– – 255–315 2.2–1.9 590 Qi et al. (2008b)

– – 195–285 18–2 480 Cai et al. (2007)

NaOH/urea/thiourea 8.6 � 104 267 12 Zhang et al. (2009)

Viscose ~340 ~15 ~300 Adusumali et al. (2006)

and Fink et al. (2001a, b)

9.3 260 23 Northolt et al. (2001)

Modal – ~440 ~10 Adusumali et al. (2006)

Rayon tire cord ~780 11 Adusumali et al. (2006)

Lyocell 22–30 450–600 7–13 ~600 Gindl et al. (2008)

Cuprammonium 300–440 7–23 Yamane et al. 1994 and

Qi et al. (2008b)

Ionic liquid

BMIMCl

1.46 10.2 800 13 514 Kosan et al. (2008a, b)

Carbamate 2.8 0.45–3

(wet)

195–390 8–27 Fink et al. (2001a, b)

Cellulose acetate

saponified in caustic

soda

Fortisan – 32 1,000 6.8 Northolt et al. (2001)

Kim et al. 220 36 Kim et al. (2006)

Phosphoric acid – 45 1,300 5.1 800 Northolt et al. (2001)

LiCl/DMAc – 0.23

(wet)

609 6.2 Turbak et al. (1981)
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solutions in this region of temperatures and

NaOH concentrations, owing to the fact that

the temperature shift is very small. The presence

of cellulose is not changing its composition.

Second, because there is a change in molecular

environment due to the presence of cellulose,

there is a slight shift in the melting temperature.

However, the presence of cellulose is drastically

decreasing the amount of the water–NaOH

eutectic mixture, as can be seen in Fig. 5.13.

The higher is the cellulose concentration, the

smaller is the amount of eutectic compound that

can crystallise and then melt at �34 �C. Since
NaOH is present only in the eutectic compound,

the decrease of its melting enthalpy allows the

calculation of the number of NaOH molecules

linked to cellulose and thus not able to participate

to the NaOH·5H2O crystal fraction of the eutectic

mixture. The fact that DHeut is reaching zero at a

certain cellulose concentration means that all

sodium hydroxide molecules have been trapped

by the cellulose chains. This corresponds to the

dissolution limit since there is no more NaOH

molecules able to solvate any additional cellu-

lose chain that could be brought in the mixture.

At this dissolution limit, we can calculate the

proportion between cellulose anhydroglucose

unit (AGU) and NaOH molecules. In our case,

the eutectic peak disappears when weight ratio

Mcell/MNaOH ¼ 1. In moles, this proportion is

four NaOH per AGU (mAGU ¼ 162 g/mol and

mNaOH ¼ 40 g/mol). It is also possible to calcu-

late the proportion between linked AGU and

NaOH at any weight ratio of the components.

The amount of NaOH molecules linked to one

anhydroglucose unit as a function of the weight

ratio Mcell/MNaOH for the systems Avicel–7.6-

NaOH–water (dark squares) and Avicel–8-

NaOH–water is shown in Fig. 5.14 (open

squares). At Mcell/MNaOH > 0.4–0.5, the propor-

tion between AGU and NaOH molecules is con-

stant and equal to the limit of cellulose

dissolution which is four NaOH per AGU. At

low cellulose concentrations, Mcell/MNaOH

< 0.25, up to 20 NaOH molecules seem to be

linked to one anhydroglucose unit.

DSC experiments and careful analysis of

experimental data allowed understanding the

thermodynamic behaviour and structure of

microcrystalline cellulose–sodium hydroxide

aqueous solutions at temperatures below 0 �C,
in the region of cellulose dissolution. It was

possible to determine the limit of cellulose disso-

lution in NaOH–water as being at least four

NaOH molecules per one anhydroglucose unit

or the weight ratio of cellulose/NaOH being

0

0.4

0.8

1.2

-40 -30 -20 -10 0
T°C

Heat Flow (W/g)

7.6

0

0.5

4

5

Fig. 5.13 DSC melting thermograms of XAvicel/

7.6NaOH/water solutions with X ¼ 0, 0.5, 4, 5 and 7.6 g

in 100-g solution. Dashed line corresponds to X ¼ 0

(solution without cellulose). Curves are shifted vertically

for clarity. Reprinted with permission from Egal et al.

(2007). Copyright 2007 American Chemical Society
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one. If the concentration of cellulose is higher, it

will not be dissolved. Because cellulose can be

dissolved only in a narrow range of sodium

hydroxide concentrations, from 7 to 8–10 %,

this means that maximal amount of cellulose

that can be dissolved in NaOH–water solutions

is 8–10 %. This result is compatible with what is

found experimentally when preparing cellulose/

NaOH/water solutions for processing.

When the amount of water is too large (below

6–7 % of NaOH), we can speculate that the size

of the hydrate is too large to penetrate the cellu-

lose fibres. When the amount of water is low

(NaOH concentrations higher than 18–20 %),

NaOH is forming Na–cellulose crystals (mercer-

isation process). When the amount of water is in

between these two cases (i.e. NaOH is 7–10 %),

NaOH hydrates penetrate into the cellulose fibres

and bind to each chain, but without forming

Na–cellulose crystal. This pushes the detachment

of individual chains out of the cellulose fibre and

makes a solution. At these concentrations, there

is an unstable equilibrium between NaOH

hydrates bound to each other and to cellulose,

which makes all the entities to be in solution.

5.3.2.2 Viscosity of Solutions of Cellulose
in NaOH–Water (Roy et al. 2003)

The shear rheology of a microcrystalline cellulose

dissolved in a 9 % NaOH aqueous solution was

studied in the steady and oscillatory modes. Dilute

solutions, below 0.8–1.2 % (the value of the criti-

cal overlap concentration depending on tempera-

ture, as it will be shown in the following), flow like

Newtonian fluids. Semi-dilute solutions below

5 % show a Newtonian plateau and a shear-

thinning regime. Above 5 %, in the studied shear

rate range, the Newtonian plateau disappears. The

flow index n of viscosity–shear rate curves

(� � _gn) in the shear-thinning region monoto-

nously increases with temperature from 0.09 to

0.12 for the 3 % cellulose solution and from 0.13

to 0.17 for the 5% cellulose solution. These values

are 4–5 times smaller than the ones of either

typical “normal” polymer solutions (experimental

data or theoretical predictions both for flexible and

rigid chain polymers) or, in particular, polysac-

charides like guar gum, l-carrageenan, hyaluro-
nate (see, e.g. Morris et al. 1981) or entangled

physical networks (Clark and Ross-Murphy

1987). The viscosity–shear rate dependencies of

cellulose–9 % NaOH solutions do not also obey

the empirical law found by Morris (1990) and

Haque and Morris (1993) for several polysacchar-

ides. The flow of cellulose–9 %NaOH solutions is

close to the one of suspensions with a flow index

lower than 0.5. Indeed, as shown by several

authors (Röder and Morgenstern 1999, 2000;

Drechsler et al. 2000; Schulz et al. 2000), the

dynamic and static light scattering studies of cel-

lulose–NMMO, viscose and several cellulose

derivative solutions demonstrated that cellulose

chains can aggregate in solutions. Thus, the very

low flow index value of cellulose–9 % NaOH

solutions is an indirect proof that cellulose in

9 % NaOH aqueous solution is also aggregated,

as was proved later by light scattering (Chen et al.

2007).

It was also shown that cellulose intrinsic vis-

cosity [�] decreases with temperature increase.

0

20

40

60

0 0,5 1

Mcell/MNaOH

NNaOH  per 1 AGU

Fig. 5.14 Number of NaOH molecules linked to one

anhydroglucose unit, calculated from melting enthalpy

data, as a function of cellulose/NaOH weight ratio in

solution. Dark squares: cellulose/7.6 NaOH/water, open
squares: cellulose/8 NaOH/water, crosses: data from Kuo

and Hong (2005) for NaOH concentrations of 4.5, 6.2 and

7.9 %. Reprinted with permission from Egal et al. (2007).

Copyright 2007 American Chemical Society
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As a consequence, the overlap concentration, C*,
which is a critical parameter for gelation, is also

temperature dependent: C* ¼ 0.83 % for cellu-

lose–9 % NaOH below 20 �C and C* ¼ 1.25 %

for cellulose–9 % NaOH at 40 �C.
Gelation of Cellulose–NaOH Solutions Seen

by Dynamic Rheology (Roy et al. 2003; Egal

2006, Gavillon and Budtova 2008; Budtova

et al. 2010): Gelation is the transition between a

fluid liquid state and an elastic solid state.

According to the gelation theory of Winter and

Chambon (1986), in the fluid-state viscous mod-

ulus G0 ~ oa and elastic modulus G00 ~ ob (with

o being angular frequency), ideally the gel point

is reached when a ¼ b ¼ 0.5. The development

of the slopes of G0 ¼ f(o) and G00 ¼ f(o) curves
in time is thus a privileged method for looking at

gelation kinetics. This works well for chemically

cross-linked networks but may be difficult to

apply for more complicated systems like physical

gels. In the latter case a simplified approach is

used: G0 and G00 evolution as a function of time

t is monitored at a fixed frequency and gel point

is considered to be reached when G0(t) ¼ G00(t).
The evolution of G0(t) and G00(t) at various

cellulose concentrations and temperatures T was

recorded and the simplified approach, as

described above, was used to deduce gelation

time as a function of solution temperature and

cellulose concentration. At t ¼ 0, G00 is larger

than elastic modulus G0: The system is in solu-

tion state and behaves like a viscous liquid. With

time, G0 increases more rapidly than G00: It

crosses G00 at a certain gelation time tgel and

becomes larger than G00. The system gradually

transforms from a viscous liquid to an elastic

network. It should be noted that while the expo-

nent a decreases with time as expected (it should

ideally reach a ¼ 0 or G0 ¼ const indicating

the formation of a stable network), G0 of

cellulose–NaOH–water solutions never reached

the ideal constant value. Together with G00, G0

was slowly increasing in time after the gel point.

The formed gel is opaque; the reason could be a

microphase separation into polymer-rich and

polymer-poor phases, as it occurs for some gel-

ling polysaccharide solutions such as methylcel-

lulose. In a few hours after gel point, the

experimental points become scattered because

of syneresis: Solvent is released from the gel

and the sample slides leading to bad data repro-

ducibility.

Whatever is the temperature, the gelation of

semi-dilute cellulose–NaOH solutions takes

place, being faster at higher temperatures. Gela-

tion time tgel exponentially decreases with a tem-

perature increase tgel � exp(�aT), varying from

0.35 to 0.4 for 8–9 % NaOH–water solvent.

Gel strength at the gel point Ggel ¼ G0 ¼ G00

was studied as a function of cellulose concentra-

tion (Gavillon and Budtova 2008). It was found

that Ggel is power law dependent on cellulose

concentration with exponent being from 3 to 4.

This is due to a progressive increase of the number

of contacts between cellulose chains leading to a

stronger network structure. Such a strong power

law concentration dependence is not typical for

gelling polysaccharides, which is reported to be

square dependent on polymer concentration.

The thermally induced gelation of

cellulose–NaOH solutions can be interpreted

as follows. As shown for dilute solutions,

solvent thermodynamic quality decreases

with temperature increase. This leads to the

preferential cellulose–cellulose and not cellulo-

se–solvent interactions. In dilute solutions

below polymer overlap concentration, the coils

contract. Above the overlap concentration, gela-

tion occurs via intra-chain interactions.

Both time and temperature are acting on cellu-

lose–NaOH–water solutions in the same “desta-

bilising” way.

5.3.2.3 Structure of Cellulose/
NaOH–Urea–Water Solutions
(Egal 2006; Egal et al. 2008)

Cellulose is better dissolving in NaOH–water

when a certain amount of urea is added. In

order to understand the mechanisms of this dis-

solution and the interactions between the compo-

nents, the binary phase diagram of urea/water,

the ternary urea–NaOH–water phase diagram

and the influence of the addition of microcrystal-

line cellulose in urea–NaOH–water solutions

were studied by DSC.
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Binary Urea/Water Phase Diagram: The full

urea–water phase diagram was plotted using

DSC experiments and X-ray scattering. Apart

for 30 % urea where only one peak is present,

all DSC thermograms reveal two melting peaks

more or less well separated. The first one, at low

temperature, has the same position whatever the

urea concentration from 6 to 30 % is. At the onset

of the peak, the temperature is about �12.5 �C.
This peak corresponds to the melting of urea–-

water eutectic mixture. The second one, at higher

temperatures, is shifted towards lower tempera-

tures when the urea content increases. This peak

corresponds to the gradual melting of free ice.

The peak of free ice disappears at about 30 % of

urea. This means that the urea–water eutectic

mixture corresponds to 30 % of urea. As the

molar masses of urea—CO(NH2)2—and water

are 60 g/mol and 18 g/mol, respectively, 30 %

of urea in weight corresponds to about a molar

ratio nH2O=nurea ¼ 7:8. Thus, the total urea–-

water eutectic mixture consists of 1 urea and

8H2O molecules. This is confirmed by X-ray

scattering that shows that at higher urea concen-

trations, above 30 %, only two types of crystals

are present, ice and crystalline urea.

Ternary NaOH–Water–Urea Phase Diagram:

The composition of cellulose solvents studied

was in the range from 7.6 NaOH–6 urea–water

to 7.6 NaOH–25 urea–water. DSC melting ther-

mograms were plotted for several urea concen-

trations. Four peaks can be seen on Fig. 5.15.

Peak no. 1 corresponds to the melting of the

metastable eutectic mixture NaOH·5H2O + 4

H2O. Peak no. 2 appears at about �30 �C, but it
is not always present. It corresponds to the melting

of the stable eutecticmixture NaOH·7H2O +2H2O

that was not present in NaOH/water solution when

heated/cooled with a low temperature rate (Pick-

ering 1893; Cohen-Adad et al. 1960). It seems that

the presence of urea in a 7.6 NaOH/water is

favouring the crystallisation of this stable eutectic,

while this is not occurring in the same conditions

of cooling and heating rates without urea. Since

we have no access to conditions where only the

stable eutectic compound is present without urea,

we do not know its pure melting enthalpy. In the

following, we will use the same specific enthalpy

for the stable eutectic compound as the known one

of the metastable eutectic compound (187 J/g).

Peak no. 3 appears as soon as urea is added. This

peak should correspond to the melting of a urea

compound. As will be seen below, peak no. 3

represents the melting of urea eutectic mixture

and peak no. 4, the melting of free ice. The tem-

perature of the melting peak no. 4 decreases when

urea concentration increases from 0 to 14 g of urea

in 100 g of solution. This peak corresponds to the

gradual melting of free ice.

We have shown that urea does not react with

NaOH molecules and does not modify the NaOH

eutectic. Thus we assume in the presence of

NaOH, urea and water behave as if they were

alone: They should form the eutectic mixture

containing one urea and eight water molecules,

as determined for the binary urea/water solution.

The fact that peak no. 3 corresponds to the melt-

ing of the urea eutectic mixture can be checked

by plotting the melting temperature of both peaks

as a function of urea concentration. It shows that

peaks no. 3 and no. 4 are joining at a composition

corresponding at 7.6 NaOH–18 urea–water. If the

assumption of noninteraction between NaOH and

urea is correct, this means that at this composi-

tion there should be two independent, coexisting

0

0.5

1

1.5

2

2.5

-50 -40 -30 -20 -10 0 T°C

Z = 0

Z = 6

Z = 12

Z = 14

Z = 18

Z = 25

Heat Flow

22

3

4

1

Z = 20

Fig. 5.15 DSC melting thermograms for 7.6 NaOH/

Zurea/water solutions (Z ¼ 0, 6, 12, 14, 18, 20 and 25).

DSC traces are vertically shifted for clarity. With kind

permission from Springer Science + Business Media:

Egal et al. (2008), Fig. 5.3
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eutectic compounds, NaOH + water and urea +

water, with no more free water in solution. In a

100-g solution containing 7.6-g NaOH + 18-g

urea + 74.4-g water, there are 4.13 moles of

water, 0.19 moles of NaOH which corresponds

to 0.19 moles of NaOH eutectic mixture (there is

one NaOH mole per mole of the NaOH eutectic

compound) and 0.3 moles of urea. The NaOH

eutectic mixture is not modified by the addition

of urea, and it contains 1 NaOH and 9 H2O

molecules. 1.71 moles of water is thus trapped

in the NaOH eutectic mixture, and it remains

4.13 � 1.71 ¼ 2.42 moles of water. The urea

eutectic mixture is composed of 1 urea and

8 H2O molecules, and thus, 0.3 � 8 ¼ 2.4

moles of water is trapped in the urea eutectic.

There is no more water in the system (the remain-

ing 0.02 moles of free water is within the experi-

mental error of determination of the crossing

composition). As a conclusion, 100 g of 7.6

NaOH/18 urea/water solution contains 18 g of

urea and 43.56 g of water, i.e. the local concen-

tration of urea in water is 18
18þ43:56 � 100% ¼

29:2% which corresponds to the composition of

the urea eutectic mixture, as shown above for

urea/water binary solution. At this composition,

the solution is composed of only the two eutectic

mixtures: NaOH + water and urea + water.

These results show that both NaOH and urea

eutectic mixtures are formed independently and

thus are competing for water. NaOH, urea and

water behave as in their binary systems.

Solutions of Cellulose in NaOH–Urea–Water:

The addition of cellulose does not modify or

change the position of the peaks as compared to

the case without cellulose. The DSC melting

curves have three peaks. The peak at the lowest

temperature, at about �35 �C, corresponds to the
melting of the NaOH þ water eutectic mixture.

The next one, at about �25 �C, corresponds to

the melting of the urea þ water eutectic mixture.

The peak at the highest temperature, at about

7 �C, corresponds to the melting of free ice.

Whatever the concentration of cellulose is, the

melting temperature of the NaOH þ water

eutectic mixture is equal to the one obtained for

a pure 7.6 NaOH–6 urea–water (without cellu-

lose). During the dissolution process, cellulose is

trapping some NaOH molecules that cannot

participate anymore to the formation of the

eutectic mixture. It is remarkable to see that the

addition of cellulose is trapping the same amount

of NaOH with or without urea. The addition of

urea does not change the interactions between

cellulose and NaOH. Whatever the concentration

of cellulose is, the peak of the urea + water

eutectic mixture is seen. The enthalpy of the

urea eutectic does not depend on cellulose con-

centration. The addition of cellulose does not

change the urea–water interactions. Since the

melting enthalpy of free ice is approximately

constant for all cellulose concentrations

(the same was observed for cellulose–7.6

NaOH–water without urea, see Egal 2006; Egal

et al. 2007), we conclude that the amount of free

ice remains the same with and without cellulose.

Three main facts are obtained from these

series of experiments and their interpretations:

1. NaOH and urea do not interact when mixed

together with water. Their eutectic mixtures

are formed independently.

2. Urea and cellulose do not interact when mixed

with NaOH and water since the urea + water

eutectic is not changed.

3. The interactions between NaOH hydrates and

cellulose are not changed by the presence of

urea (the decrease of the eutectic peak

enthalpy of NaOH + water with cellulose

content is the same with or without urea).

This means that urea is interacting neither with

NaOH nor with cellulose and is not changing the

NaOH–cellulose interactions. A possible origin of

the role of urea as a dissolution promoter can be

that it strongly interacts with water. Cellulose

chains have the tendency to aggregate as soon as

the proportion 4 NaOH/AGU does not hold any

more for any reason (temperature increase, cellu-

lose concentration increase). The addition of urea

is decreasing the amount of free water, thus help-

ing cellulose chains to stay in solution.

5.3.2.4 Influence of ZnO on
Cellulose–NaOH–Water Solution
Properties (Liu et al. 2011)

Zinc oxide is an additive improving cellulose dis-

solution known since the pioneering work of

Davidson (1937). Recently, it was revisited for

processing fibres (Vehviläinen et al. 2008), and
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Yang et al. reported that the maximal cellulose

dissolution is reached at 0.5 % ZnO in the mixture

of 7 % NaOH–12 % urea. The reason of the

improved solubility was supposed to be the stron-

ger hydrogen bonds between cellulose and Zn

(OH)4
2� as compared with cellulose–NaOH and

cellulose–urea. The goal of our work was to make

a comprehensive investigation of the influence of

ZnO on used Avicel® PH-101 microcrystalline

cellulose–NaOH–water solution properties and

especially on its gelation delaying effect using

viscometry and rheology.

Cellulose solutions were prepared following the

procedure described in Egal et al. (2007, 2008). pH

strongly influences ZnO solubility (Liu and Piron

1998). It was shown that ZnO is practically insolu-

ble in water (solubility below 10�6 g L�1) and

becomes more soluble in strong acidic or basic

media (Liu and Piron 1998). In our work the prep-

aration of solutions is started by making 18–20 %

NaOH–water (pH 	 14.7) and adding a certain

amount of ZnO. At this pH, ZnO can be dissolved

up to 27 g L�1 (Liu and Piron 1998). The pH of the

final cellulose solutions is 14.3 in which ZnO solu-

bility decreases to about 4 g L�1. Thus, the satura-

tion of ZnO is reached in the final solutions

containing cellulose and part of ZnO is in sus-

pended state. Seen by optical microscopy, disper-

sions of undissolved ZnO were homogeneous, with

two-size populations, i.e. ZnO particles of about

1 mm and a few aggregates of about 10–20 mm.

Calculations of sedimentation times imposed to

limit ZnO concentrations to 1.5 %.

Different concentrations of components in cel-

lulose solutionswill be noted asX %cellulose–Y %

NaOH–Z % ZnO–water, in which X % is the

weight concentration of cellulose, calculated

as X % ¼ 100 � Mcell/(Mcell þ Mwater þ MNaOH

þ MZnO) where Mi is the weight of each compo-

nent. Y and Z % are the weight concentrations of

NaOH and ZnO, respectively, in solvent only,

calculated as Y % ¼ 100 � MNaOH/(Mwater þ
MNaOH þ MZnO) and Z % ¼ 100 � MZnO/(Mwater

þ MNaOH þ MZnO). The concentration of NaOH

in the final solution was fixed to 8 %, and the

concentration of ZnO was varied from 0 to 1.5.

A steady decrease of the intrinsic viscosity

[�] with increasing temperature was observed

for solutions with and without ZnO (here

0.7 wt%) and is consistent with the results

reported above for cellulose of another molecu-

lar weight dissolved in 8 % NaOH–water with-

out any additive (Egal 2006) and in 9 %

NaOH–water (Roy et al. 2003). The drop of

[�] signifies that the thermodynamic quality of

solvent decreases with temperature. The pres-

ence of ZnO did not bring any noticeable change

to the intrinsic viscosity of cellulose. When

0.7 % ZnO is mixed with 8 % NaOH–water,

only part of ZnO is dissolved. The unaffected

value of [�] indicates that neither dissolved nor

suspended ZnO influences the conformation and

behaviour of cellulose chains at molecular level

in dilute region. As shown above, gelation of

cellulose–NaOH–water solution is thermally

induced and irreversible. The results on gelation

time of cellulose–8 % NaOH–water solutions at

temperatures from �5� to 50 �C at various cel-

lulose and ZnO concentrations are summarised

in Table 5.3.

Table 5.3 Gelation times of cellulose–8 %NaOH–water solutions at different temperatures and concentrations of ZnO

T (�C)

Gelation times (min)

4 % cellulose–8 % NaOH 6 % cellulose–8 % NaOH

0 % ZnO 0.7 % ZnO 0 % ZnO 0.7 % ZnO 1.5 % ZnO

�5 >5 days >3 days

0 >2 days >2 days

10 1,106 >2 days

15 4,320 87.75 791 >2 days

20 1,384 15 2,190

25 32 74 1,032

30 6.7 2,980 7.7 156
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Gelation is significantly delayed in the pres-

ence of ZnO: For example, a 6 % cellulose solu-

tion at 20 �C is gelling in 15 min in 8 %

NaOH–water and in 36 h in the presence of

1.5 % ZnO. The results presented in Table 5.1

also show that gelation time depends on solution

temperature and cellulose andZnOconcentrations

Influence of Temperature on Cellulose–

NaOH–Water Gelation in the Presence of ZnO:

Gelation time of cellulose solutions was first stud-

ied at low temperatures, around �5 to +5 �C to

check if the sudden decrease of gelation time with

temperature decrease below �0 �C, reported for

cellulose–7 % NaOH–12 % urea (Cai and Zhang

2006) system, was seen in our solutions. We did

not observe any decrease of gelation time with

temperature decrease in this temperature range

(Table 5.1). Gelation cannot be studied

below �5 �C as far as water in 8 % NaOH–water

starts crystallising at this temperature (the end of

water melting peak was recorded at �6 to �4 �C
when solutions were heated from�60 �C to room

temperature, Egal et al. 2007).

As shown above (Roy et al. 2003; Gavillon and

Budtova 2008), gelation time is exponentially tem-

perature dependent at given cellulose concentra-

tion tgel ¼ D exp(�aT) where D and a are

adjustable constants. In the range of cellulose and

ZnO concentrations studied, the exponent a varies

from0.28 to 0.46. Similar results were obtained for

the same microcrystalline cellulose dissolved in

(7.6–9) %NaOH–water (a ¼ 0.35–0.4) (Gavillon

and Budtova 2008; Roy et al. 2003). In the pres-

ence of ZnO, solutions are gelling with tempera-

ture with the same physical mechanisms (with the

same exponent) as without ZnO.

Influence of Cellulose Concentration on Gela-

tion: Increasing polymer concentration facilitates

gelation, since chains are closer to each other,

allowing an easier formation of a network. The

influence of cellulose concentration on gelation

time in the presence of ZnO is given in Fig. 5.4.

The inverse of tgel as a function of cellulose

concentration Ccell presented in a double loga-

rithmic plot shows that there is a power law

relation between these two parameters. A power

law dependence of gelation time on carrageenan

concentration was suggested by Ross-Murphy

(1991):

tgel 	 K

½ð CC0
Þn0 � 1Þ�p

whereC0 is the critical concentration above which

gelation could happen, n0 is the number of poly-

mer chains involved in a junction zone (assumed

to be 2), K is a rate constant and p is a percolation
exponent estimated to be around 2. For

cellulose–NaOH–ZnO–water solutions, the over-

lap concentration C*, which could be considered

as critical concentration for gelation, is around

1 %, depending on temperature (Liu et al. 2011).

C* of the same microcrystalline Avicel cellulose

in 9 % NaOH–water was reported to be 0.83 %

below 20 �C and 1.25 % at 40 �C (Roy et al.

2003). Considering these values, (5.3) becomes

tgel 	 k Ccell
�n , where k is a rate constant and n is

a kinetic exponent. The exponent n is related to

the gelation kinetics as well as to the organisation

of the junction zones in gel. The values of

n obtained here show that they are more or less

constant (within the experimental errors) and

equal to 9 
 2, with or without ZnO, strongly

suggesting that junction characteristics are not

strongly influenced by the addition of ZnO.

Influence of ZnO Concentration on Gelation:

Table 5.1 shows that the increase of ZnO concen-

tration delays gelation. We measured the gelation

time of 6 % cellulose–8 % NaOH–water at vari-

ous ZnO contents, 0, 0.7 and 1.5 % from 10 to

45 �C. A master plot can be obtained by shifting

two data sets, for 0.7 and 1.5 % ZnO, towards the

one without ZnO (Fig. 5.16). The same shape of

the initial curves indicates that despite ZnO effi-

ciency in delaying gelation, the increase in ZnO

concentration does not change gelation kinetics.

We demonstrated that ZnO is quite efficient in

delaying gelation of cellulose–NaOH–water

solutions and it does not have much influence

on either gelation kinetic order or the junction

zones in cellulose gels. In addition, the addition
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of ZnO does not change the properties of cellu-

lose at the molecular level and does not improve

the thermodynamic property of solvent towards

cellulose. To dissolve cellulose, at least four

NaOH molecules per one anhydroglucose unit

are needed (Egal et al. 2007), with NaOH

hydrates breaking cellulose intra-chain hydrogen

bonds and linking to cellulose chains. The same

is valid for cellulose–NaOH–water solutions

containing urea (Egal et al. 2008). As shown

many times, cellulose–NaOH–water solutions

are not stable and cellulose chains tend to aggre-

gate, leading to gelation. We are suggesting that

when ZnO is suspended in NaOH–water solu-

tions, a “network” of tiny particles is formed.

The surface of particles is hydrolysed and a

layer of hydroxide is formed (�Zn–OH) attract-

ing water molecules. When dissolved, Zn(OH)3
�

and Zn(OH)4
2� ions are formed (Reichle et al.

1975; Degen and Kosec 2000) that also trap

water. Thus, ZnO may play the role of a water

“binder”, strongly decreasing the amount of free

water around the cellulose chains that may drive

chain aggregation. ZnO stabilises the solution by

keeping water far from the cellulose chains, as

urea does (Egal et al. 2008). This could explain

why ZnO only delays the gelation but does not

change cellulose dissolution, solvent quality and

gelation kinetics in NaOH–water solutions.

5.3.2.5 Cellulose Coagulation Kinetics
from Cellulose–NaOH–Water
Solutions (Gavillon and Budtova
2008; Sescousse and Budtova
2009; Sescousse et al. 2011a)

Shaping cellulose from NaOH–water-based sol-

vents requires coagulation of cellulose, a process

driven by diffusion coefficient of NaOH from

cellulose solution or gel into the regenerating

bath. The time of reaching complete coagulation

is controlled by kinetics of cellulose solvent

release into the bath which in turn depends on

coagulation conditions and sample geometry.

Obviously, coagulation time and rate are impor-

tant parameters for cellulose processing. The

understanding of the mechanisms governing

coagulation kinetics opens the ways in

controlling final cellulose morphology.

Coagulation kinetics of cellulose from

cellulose–8 % NaOH–water gelled solutions

wad studied by Gavillon and Budtova (Gavillon

and Budtova 2008; Sescousse et al. 2011a).

Coagulation of cellulose was performed in a

bath of cellulose nonsolvent, water or alcohol,

with a controlled volume and temperature. The

diffusion coefficient of cellulose solvent

(NaOH) from a sample towards the coagulation

bath was studied as follows. A sample of

Avicel–NaOH–water gel or Solucell–NMMO

solution of a given weight and volume was

placed in the regenerating bath at a fixed tem-

perature. The proportion between sample/bath

weights was kept constant and equal to ten. The

amount of NaOH released into the bath was

measured as a function of time by potentiometry

and titration

The experimental data, i.e. the increase of

NaOH amount in the coagulation bath as a func-

tion of time and in different conditions (various

cellulose concentration, regenerating bath liquid,

0
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Fig. 5.16 Gelation time versus temperature for 6 % cel-

lulose–8 % NaOH–water solutions with 0, 0.7 and 1.5 %

ZnO shifted towards 0 % ZnO by 6.5 �C for 0.7 % ZnO

and by 14 �C for 1.5 % ZnO. Filled triangle: without
ZnO; open square with 0.7 % ZnO; open circle with

1.5 % ZnO
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bath temperature), was analysed using Fick

approach. It is widely applied in drug release

field and formation of membranes due to phase

separation and was already used to describe the

kinetics of cellulose coagulation from cellul

ose–NMMO–water solutions (Biganska and

Navard 2005). The applicability of Fick

approach was checked by plotting the cumulative

amount of substance M(t) (NaOH) released in

time t as a function of
ffiffi

t
p

. The amount of a

substance released in time from a semi-infinite

plane can be described as follows:

MðtÞ
M

¼1�
X

1

n¼0

8

ð2nþ1Þ2p2 exp
�Dp2tð2nþ1Þ2

l2

 !

(5.4)

where M is the amount of substance released at

t ¼ 1 (here M coincides with the amount of

substance in the initial sample), D is diffusion

coefficient and l is half sample thickness because

diffusion takes place from its both sides.

If the diffusion coefficient is constant, several

simplifications are used to determine D from the

slope of
MðtÞ
M

¼ f

ffiffiffiffi

t

l2

r

� �

curves:

(a) Early time approximation (0 � MðtÞ
M � 0:4):

MðtÞ
M

¼ 4
Dt

pl2

� �1=2

(b) Late time approximation (0:4 � MðtÞ
M � 1):

MðtÞ
M

¼ 1� 8

p2
exp

�p2Dt
l2

� �

(c) Half time (
MðtÞ
M

¼ 1=2) approximation: Here

the diffusion coefficient is calculated at the

point where
MðtÞ
M

¼ 1=2; it is equal to

D ¼ 0:049

ðt=l2Þ1=2
where ðt=l2Þ1=2 is the abscissa

when
MðtÞ
M

¼ 1=2. The experimental data can

be then fitted with formula 1 with n ¼ 0.

The initial state of the Avicel–NaOH–water

samples is a gel and the final state is coagulated

swollen cellulose. During coagulation, the state of

cellulose changes: A phase separation takes place.

Different types of models explaining the transport

behaviour of solutes in hydrogels or in porous

media were tested (Gavillon and Budtova 2008).

These models mainly include free-volume theory,

hydrodynamic and obstruction approaches and

their combinations as well.

The analysis of the influence of cellulose con-

centration on NaOH diffusion coefficients shows

that “porous membrane” (i.e. free-volume or

hydrodynamic approach) and not “hydrogel-

obstruction” approach must be used for the

understanding and interpretation of cellulose

coagulation from cellulose–NaOH–water gels.

The applicability of a free-volume or hydrody-

namic approach is caused by the phase separation

process occurring during coagulation of cellulose

from cellulose–NaOH gels placed in a nonsolvent

liquid. The interpretation of NMMO diffusion and

thus of cellulose coagulation should also be with

the “porous membrane” approach, but it is com-

plicated by the high concentration of NMMO in

the sample, by the presence of NMMO not linked

to cellulose at low cellulose concentrations and the

change of NMMO phase state during coagulation.

An increase of the size of the diffusing entity due

to NMMO dragging water molecules during dif-

fusion should also be considered. NaOH activa-

tion energy obtained from diffusion experiments

coincides with the activation energy calculated

from the rheological experiments for cellulose–

NaOH–water and pure NaOH–water solutions.

This result confirms the suggestion made in Roy

et al. (2003) that cellulose–NaOH–water solutions

are in fact suspensions of NaOH hydrates with or

without cellulose.

The influence of cellulose coagulation condi-

tions on NaOH diffusion coefficient was studied

by Sescousse and Budtova (2009). Gel discs were

placed in 100 mL acetic acid regenerating bath of

0.1 mol L�1, and pH evolution in time was

recorded. The measured diffusion coefficients do

not depend on the gelation mode (increasing tem-

perature or time) within the experimental errors.
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It was noted that gels were different in terms of

hardness after “gentle” gelation (50 �C—2 h;

80 �C—15 min) as compared to “hard” gelation

conditions (50 �C—20 h; 80 �C—90 min). Long

heating times coupled with elevated temperatures

lead to at least two phenomena: sample slight

weight loss (syneresis due to microphase separa-

tion and probably cellulose degradation) and

increase of cellulose–cellulose bondings. Both

phenomena induce gel “densification” and are

due the decrease of solvent thermodynamic qual-

ity with heating (Roy et al. 2003; Egal 2006). The

obtained independence of the diffusion coefficient

on gelation conditions shows that as well as for

cellulose coagulation in water from cellulose–-

NaOH–water gel (Gavillon and Budtova 2007),

the coagulation kinetics in an acid bath should be

described with “membrane” approaches, like

hydrodynamic or free-volume theories, that are

not sensitive to gel structure on the molecular

level. The diffusion coefficient of NaOH from

non-gelled solution is three times lower than that

from cellulose–NaOH–water gels, due to lower

local cellulose concentration in gel “pores” and

thus lower medium viscosity, as compared with

the homogeneous cellulose concentration in solu-

tion. This result means that cellulose coagulation

from cellulose–NaOH–water solution will take

longer time than from the gel of the same concen-

tration and geometry.

Diffusion coefficients were measured as func-

tion of acetic acid concentration in coagulation

bath. They do not depend on acetic acid concen-

tration within experimental errors. This means that

coagulation of cellulose in water or in an acid bath

from cellulose–NaOH gels of the same size and in

the same temperature conditions will take the

same time.

NaOH diffusion coefficient from 5 % cel

lulose–8 % NaOH–water gel to 100 mL of

0.1 mol L�1 acetic acid regenerating bath was

determined for five bath temperatures: 22, 28, 37,

45 and 65 � C. Solution gelation was performed at

80 �C during 15 min. As expected, the diffusion

coefficient decreases with temperature increase,

varying from 3.2 � 10�4 mm2 s�1 at 22 �C to

7 � 10�4 mm2 s�1 at 65 �C. The diffusion coeffi-
cient values obtained were plotted versus inverse

temperature and an activation energy of 16 
 3

kJ mol�1was calculated using Arrhenius law.

5.3.2.6 Influence of Cellulose Pulp
Enzymatic Activation on Solubility
in NaOH–Water (LeMoigne et al.
2010b)

The enzymatic treatment is a way to modify the

composition of cellulose fibre and/or cellulose

molecular weight in order to increase the accessi-

bility of cellulose chains to chemical reagents.

Enzymatic treatments were performed on three

dissolving sulphite wood pulp samples named

VHV-S (intrinsic viscosity 1,430 ml/g), SA

(intrinsic viscosity 880 ml/g) and sample called

LV-U (bleached sulphite pulp, intrinsic viscosity

350 ml/g) provided by Borregaard (Norway).

A mixture of two commercial enzymes was used,

Celluclast 1.5 L (cellulase derived from Tricho-
derma reesei, purchased by Novozymes, Den-

mark, used classically for the hydrolysis of

lignocellulosic biomass feedstocks. This enzyme

contains a broad spectrum of cellulolytic enzyme

activities, like cellobiohydrolases and endo-

1,4-glucanases) and Econase HC400 (highly

concentrated liquid formulation of endo-1.4-beta-

xylanase produced by Trichoderma reesei

and standardised to minimum enzyme activity

of 400,000 BXU/g as well as side activities like

beta-glucanase, purchased by AB enzymes,

Finland).

The non-treated and treated pulps were dis-

solved in an 8 % NaOH–water solution to test

their alkaline solubility. The solutions were

prepared as follows: 132 g of 12 % NaOH

12 %–water was stored at �6 �C. 2 g of pulp

was added to 66 g of distilled water and stored

1 h at 4 �C. Then, 12 % NaOH–water and

cellulose–water solutions were mixed together

during 2 h at �6 �C and 1,000 rpm giving 200 g

of a solution of 1 % cellulose in 8%NaOH–water.

These 1 % cellulose solutions were directly cen-

trifuged to isolate the insoluble fraction.

The enzyme mixture used has two effects at

short peeling times: (1) a digestion of the primary

wall which is seen by the near absence of bal-

looning and (2) a destructuration action in the

inside of the fibre which is seen by the large
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decrease of DP. At long peeling time, the exter-

nal walls are totally digested and the fibre struc-

ture is totally destructured, as seen by the

absence of birefringence.

The observation by optical microscopy of the

insoluble material clearly shows that the enzyme

mixture used has two effects at short peeling times:

(1) a digestion of the primary wall which is seen by

the near absence of ballooning and (2) a destruc-

turation action in the inside of the fibre which is

seen by the large decrease of DP. At long peeling

times, the external walls are totally digested and the

fibre structure is totally destructured, as seen by the

absence of birefringence. Non-treated samples

mostly stay in a low swelling or ballooned state

even after 2 h of mixing.

The SA sample contains fibres with high

swelling ratio which can be related to the more

severe digestion of the fibres during the original

sulphite pretreatment. Several fibres are cut in

sections due to the shearing involved by the

mixing, and few fragments can also be observed.

After 2 min of peeling, the shape of the insoluble

parts is changing drastically. Only highly

swollen sections and flat rings are observed.

The removal of the primary wall by the enzy-

matic peeling gives a large swelling of the fibres

and a subsequent cutting in flat rings. This cut-

ting in flat rings was observed when putting and

submitting fibres to shearing in 8 % NaOH–

water, independently of the origin and the

preparation mode of the wood pulp. With fibres

without primary wall, the large swelling was

shown to be sufficient to dismantle the fibres in

highly swollen sections and flat rings. At longer

peeling times, the insoluble material is made of

small fragments implying that the fibres were

totally destructured by the enzyme treatment.

The amount of insoluble material follows a

linear relationship as a function of intrinsic vis-

cosity and crystallinity. A simple way to explain

the evolution of the alkaline solubility after the

enzymatic treatment is thus to associate the

increase of solubility to the decrease of the DP

and of the crystallinity. However, the morpholog-

ical study of the insoluble parts gives a more

comprehensive interpretation on the influence of

the structural changes due to the enzymatic treat-

ment on the alkaline solubility. Figure 5.17 gives

the amount of insoluble material of the non-

treated (A, B) and 2 min enzymatically treated

(C, D) SA and VHV-S pulps and of the LV-U

pulp (E). By following the dotted line number 1 of

Fig. 5.10, an interesting result is found. Despite

the large difference of intrinsic viscosity of the

two original SA and VHV-S pulps (880 ml/g and

1,430 ml/g, respectively), the amount of insoluble

material is nearly the same. The DP is thus not the

Fig. 5.17 Final amount of insoluble material versus intrinsic viscosity for the non-treated SA and VHV-S pulps (A, B),

the 2 min treated SA and VHV-S pulps (C, D) and a non-treated LV-U pulp (E). From LeMoigne (2008)
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only parameter that governs the alkaline solubility

after enzymatic treatment. This result was already

found in the early work of the Asahi group

(Kamide et al. 1984, 1992). The dotted line num-

ber 2 of Fig. 5.17 shows that the amount of insol-

uble material of the treated VHV-S sample

(D, black diamond) is nearly two times lower

than the original SA sample (A, grey square)

whilst keeping the same intrinsic viscosity. This

observation has to be related with the removal of

the external walls that occur during the first min-

utes of treatment. The external walls are still pres-

ent in the original SA sample, while they have

been removed in the 2-min treated VHV-S sam-

ple. The removal of the external walls allows a

higher swelling and thus eases the dismantlement

and the fragmentation of the fibres during the

solution preparation. The dotted line 3 shows

that the LV-U sample (E) which was not enzymat-

ically treated presents similar amount of insoluble

material as compared to the treated SA and VHV-

S samples (C, D), while its intrinsic viscosity is

more than two times lower. The enzyme destruc-

turation allows having a better solubility by

favouring the fragmentation of the fibres during

the dissolution.

The removal of the external walls and the

macrostructural destructuration of the fibres

must thus be considered as key factors in the

dissolution of wood fibres in 8 % NaOH–water.

The enzymatic treatment is thus leading to a

fast and large decrease of degree of polymerisa-

tion and of crystallinity, showing that the

enzymes do not act simply on the fibre surface.

The alkaline solubility of the different treated

samples was investigated in a NaOH 8 %–water

solution. As expected from thermodynamic con-

siderations, there is a direct correlation between

the solubility and the degree of polymerisation.

However, aside thermodynamics, the removal of

the external walls and the macrostructural

destructuration of the fibres are key factors in

the improvement of the dissolution of wood

cellulose fibres. At constant intrinsic viscosities

of the cellulose materials, the alkaline solubility

is almost two times higher when the external

walls are removed. The macrostructural destruc-

turation of the fibre by the enzymes allows

preserving a high degree of polymerisation

while keeping a good alkaline solubility.

5.4 Cellulose–Ionic Liquid
Solutions

As described above, several solvents have been

successfully used for cellulose dissolution for

making films and fibres and as homogeneous reac-

tion media for synthesising cellulose derivatives.

However, most of them are either toxic, or vola-

tile, or with limited thermal stability, or needing

rather high temperatures for the dissolution, or not

allowing cellulose dissolution with reasonably

high concentrations. There is thus a continuous

search for new “green” cellulose solvents both

for making objects from coagulated cellulose

and also for the chemical derivatisation under

homogeneous conditions. In this context, ionic

liquids (IL) have been suggested as promising

cellulose solvents. The first mention of cellulose

dissolution in IL, quaternary ammonium salts,

was published in US patent by Graenacher

(1934). At the beginning of the twenty-first cen-

tury, it was reported that cellulose can be

dissolved at rather high concentrations (up to

15–20 %) without any pre-activation, in

imidazolium-based ionic liquids, such as 1-butyl-

3-methylimidazolium chloride (BMIMCl),

1-ethyl-3-methylimidazolium acetate (EMIMAc)

and 1-allyl-3-methylimidazolium chloride

(AMIMCl) (Swatloski et al. 2002; Zhang et al.

2005). Due to their ionic structure, IL possesses

several advantages over common solvents: They

are non-volatile, with high thermal stability, and

have good dissolution properties for a large vari-

ety of chemical compounds. An interesting advan-

tage is that the properties of IL may be easily

tuned by varying anions or cations.

The dissolution of cellulose in ionic liquids is

simple and occurs without a derivatisation step,

which makes ionic liquids very attractive. Wet-

spinning process can be used to obtain cellulose

fibres; their properties were reported to be very

similar to the ones known for lyocell fibres

(Kosan et al. 2008a, b). Various novel cellulose

materials can be prepared from cellulose–ionic
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liquid solutions, such as all-cellulose composites

(Zhao et al. 2009), porous aerogel-like cellulose

materials (Tsioptsias et al. 2008; Sescousse et al.

2011b), bioactive cellulose films (Turner et al.

2004) and functionalised cellulose microparticles

(Lin et al. 2009). It is also possible to perform

chemical reactions in homogeneous conditions

(El Seoud et al. 2007): Cellulose sulphates, acet-

ates and laurates and furoates were obtained

(Gericke et al. 2009a; Barthel and Heinze 2006;

Kohler and Heinze 2007). Characterisation of

cellulose/IL solutions and understanding their

properties and various practical applications

have been summarised in recent reviews (Pinkert

et al. 2009; Zhu et al. 2006).

Besides using IL as a reaction medium for

synthesising cellulose derivatives, the research

in cellulose–IL area can be divided into the

following directions: understanding of (micro)

structure of cellulose–IL solutions including

molecular modelling, studying of solution prop-

erties including use of co-solvents and making

materials for various applications. For example,

using 1H and 13C NMR-technique cellobiose

solvation in EMIMAc was recently reported

(Zhang et al. 2010). Based on the analysis of

the concentration dependences of chemical

shifts for cellobiose and EMIMAc, authors con-

cluded on hydrogen bonding between the anhy-

droglucose hydroxyl groups and both the

[EMIM]+ and [Ac]� ions (Zhang et al. 2010).

A screening of more than 2000 ionic liquids

with COSMO-RS approach (conductor-like

screening model for realistic solvation) points

to the anion as mainly being responsible for the

respective dissolving power (Kahlem et al.

2010). Molecular dynamic simulations predict

that 1-n-butyl-3-methylimidazolium acetate

(BMIMAc) should have the strongest capability

to break cellulose intra- and intermolecular

hydrogen bonds (Gupta et al. 2011).

The understanding of cellulose–IL solutions

rheological properties and cellulose hydrody-

namic properties in these solvents is a need for

a successful processing and for chemical deriva-

tisation as well. Solution viscoelastic shear and

extensional flow properties as a function of cel-

lulose concentration and solution temperature

were reported (Kosan et al. 2008a, b; Sammons

et al. 2008; Collier et al. 2009; Haward et al.

2012). An extended study of the shear rheologi-

cal properties of cellulose–AMIMCl (Kuang

et al. 2008), cellulose–EMIMAc (Gericke et al.

2009b) and cellulose–BMIMCl solutions (Ses-

cousse et al. 2010a, b) in dilute and semi-dilute

states was performed. Cellulose intrinsic viscos-

ity in EMIMAc was obtained for cellulose of

various molecular weights in a large temperature

range, from 0� to 100 �C, and the first attempt to

determine Mark–Kuhn–Houwink constants was

made (Gericke et al. 2009b).

It is known that the viscosity of imidazolium-

based ionic liquids used to dissolve cellulose is

much higher than the one of conventional organic

solvents. This is a disadvantage for their use for

cellulose processing and also as a reaction

medium. For the latter case, dimethylformamide

(DMF) and dimethylsulfoxide (DMSO) were used

as co-solvents to decrease the overall viscosity

(Gericke et al. 2009a, 2011). No decrease of sol-

vent dissolution power was observed. These co-

solvents and dimethylacetamide were mixed with

EMIMAc, and cellulose solution’s spinnability

via electro-spinning was studied (Hairdelin et al.

2012). Shear rheological properties of cellulose

solutions in AMIMCl and BMIMCl mixed with

DMSO were investigated (Le et al. 2012). Cellu-

lose concentration regimes and viscosities in these

binary solvents were compared with the same

parameters in pure EMIMAc. It was shown that

IL-DMSO seems to be cellulose y-solvent as sug-
gested for EMIMAc in Gericke et al. 2009b, and

the conformation of cellulose is not changed with

the addition of DMSO not only in the dilute

regime but also in the entanglement regime. The

use of co-solvents opens new ways of tuning

cellulose–IL solution viscosity. Still a lot of

research has to be done to characterise and under-

stand cellulose–IL-co-solvent solution properties.

Below we present results on the properties of

cellulose–ionic liquid solutions performed in

CEMEF/Mines ParisTech in collaboration with

EPNOE partners and with School of Physics and

Astronomy, University of Leeds, UK. Most of

the results described below have been published

in Gericke et al. (2009b), Sescousse et al.

(2010a, b), Lovell et al. (2010) and Le et al.

(2012).
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5.4.1 Materials and Methods

Four celluloses of different molecular weight

were used: microcrystalline cellulose with DP

180 and 300 (cell 170 and cell 300 in the

following), spruce sulphite pulp with DP 1000

(cell 1000) and bacterial cellulose with DP 4420

(cell 4420). Ionic liquids were EMIMAc and

BMIMCl. All products were purchased from

Sigma-Aldrich except bacterial cellulose which

was produced in Research Centre for Medical

Technology and Biotechnology GmbH, Ger-

many. Cellulose was dried at 50 �C in vacuum

prior to use. Solvent and cellulose were mixed

under nitrogen and stirred in a sealed vessel at

80 �C for at least 24 h to ensure complete disso-

lution. Clear solutions were obtained; they were

stored at room temperature and protected against

moisture absorption.

Rheological measurements on cellulose–

EMIMAc solutions were performed on a Bohlin

Gemini rheometer equipped with plate–plate

geometry and a Peltier temperature control sys-

tem. Steady-state viscosity of cellulose–

BMIMCl solutions was measured using ARES

rheometer from TA Instruments, with plate–plate

geometry. In order to prevent moisture uptake

and evaporation at elevated temperatures for

both systems, a small quantity of low viscosity

silicon oil was placed around the borders of the

measuring cell. Because BMIMCl and cellulo-

se–BMIMCl solutions are solid at room temper-

ature (melting temperature of BMIMCl is around

70 �C as given by the manufacturer), the solu-

tions were heated prior to measurements up to

140 �C and kept for 10 min, and viscosity–shear

rate dependences were recorded at fixed

temperatures, from 130� down to 70 �C.
Pulsed-Field Gradient 1H NMR Spectroscopy.

These experiments were performed in the group of

Dr. M. E. Ries, School of Physics and Astronomy,

University of Leeds, UK. Self-diffusion coeffi-

cients of both the [EMIM]+ and [Ac]� ions were

determined by a pulsed-field gradient 1H NMR

technique using a widebore Avance II NMR spec-

trometer (Bruker BioSpin) operating at a proton

resonant frequency of 400 MHz. A specialised

Diff60 diffusion probe (Bruker BioSpin) capable

of producing a maximum field gradient of

24 T m�1 was employed in the experiments.

More details are given in Lovell et al. (2010).

5.4.2 Steady-State and Intrinsic
Viscosity of Cellulose–EMIMAc
and Cellulose–BMIMCl Solutions

Steady-state viscosity of cellulose–EMIMAc and

cellulose–BMIMCl solutions was measured at

various concentrations and temperatures. For all

systems a Newtonian plateau was recorded for at

least two decades of shear rates (Gericke et al.

2009b; Sescousse et al. 2010a, b). Viscosity mean

values were calculated for each concentration and

temperature and were used in the following anal-

ysis. An example of viscosity � versus cellulose

concentration for cell 300 and cell 1,000 dissolved

in EMIMAc at 20� and 100 �C is presented in

Fig. 5.18. Solution viscosity decreases with

increasing temperature, which is typical for clas-

sical polymer solutions and for cellulose

dissolved in other solvents. Two regions on each

viscosity–concentration dependence can be seen:
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Fig. 5.18 Viscosity as a function of cellulose concentra-

tion for solutions of cell 300 and cell 1,000 in EMIMAc at

20� and 100 �C; the slopes for the concentrated region and
indicated at the corresponding data. Adapted with permis-

sion from Gericke et al. (2009b). Copyright 2009 Ameri-

can Chemical Society
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a linear one in dilute regime and power law � �
Cn above the overlap concentration C*. The expo-

nent n was calculated for all cellulose–EMIMAc

solutions; the values ranged from about 4 at low

temperatures (0–40 �C) to 2.5–3 at high tempera-

tures (60–100 �C). Similar values were reported

for cellulose–LiCl/DMAc (n ¼ 3 for bacterial

cellulose and n ¼ 4 for cotton linters and dissol-

ving pulp) (Matsumoto et al. 2001).

Cellulose intrinsic viscosity [�] was determined

for solutions studied at different temperatures

(Fig. 5.19). The intrinsic viscosity strongly

decreases with temperature increase, for all sam-

ples investigated. This is a direct indication of a

decrease in the thermodynamic quality of EMI-

MAc. A similar temperature influence on the size

of cellulose macromolecules was observed for cel-

lulose dissolved in 9 % NaOH–water (Roy et al.

2003). Cellulose–NaOH–water solutions are

known to gel with temperature increase when poly-

mer concentration exceeds the overlap concentra-

tion; no gelation or phase separation was observed

for celluloses dissolved in imidazolium-based ionic

liquids, unless they contain water.

Cellulose intrinsic viscosities obtained in

EMIMAc were compared with the ones in other

solvents, such as in cupriethylenediamine

hydroxide (Cuen), in LiCl–DMAc, in 9 %

NaOH–water and in cadoxene (Gericke et al.

2009b). In Cuen cellulose intrinsic viscosity

was higher than in EMIMAc for the same cellu-

lose sample, and in NaOH–water it was very

similar. The overall conclusion is that EMIMAc

is thermodynamically not a better solvent for

cellulose as compared with the other ones. The

exponent in Mark–Houwink equation relating

intrinsic viscosity and molecular weight varied

between 0.4 and 0.6 indicating that EMIMAc

seems to be cellulose theta solvent.

The viscosity of cellulose–BMIMCl solutions

was compared with the one of cellulose–EMIMAc

(Sescousse et al. (2010a, b)). The properties of

these imidazolium-based solvents are very differ-

ent: EMIMAc is a room-temperature liquid with

no glass transition or melting/crystallisation tem-

peratures reported, while BMIMCl is solid at

room temperature and melts around 60–70 �C.
Because of the difference in solvent viscosity,

the viscosity of cellulose–BMIMCl solution is

5–6 times higher than the one of cellulose–EMI-

MAc solution in the same conditions. If plotting

the relative viscosities for both types of cellulose

solutions in dilute regime, this difference disap-

pears (Fig. 5.20).

The comparison between cellulose intrinsic

viscosity in EMIMAc and in BMIMCl for the

same cell 180 is demonstrated in Fig. 5.21.

BMIMCl solvent behaves in an extremely similar

way to EMIMAc. In overall, dilute regime of the

studied solutions is at polymer concentrations

below 1 % for room temperatures (only for cel-

lulose–EMIMAc solution, cellulose–BMIMCl is

solid) and slightly lower than 2 % for the tem-

peratures above 80 �C for both solutions.

5.4.3 Influence of Water on
Cellulose–EMIMAc Viscosity

It is known that imidazolium-based ionic liquids

are extremely hygroscopic: They absorb humidity

from the air not only modifying solvent viscosity

but completely changing solution thermodynam-

ics as far as water is cellulose nonsolvent. Cellu-

lose processing on the pilot scale, as it is described

in Kosan et al. (2008a, b), involves water evapo-

ration from cellulose–IL–water slurry in a close-

loop cycle of cellulose dissolution/coagulation.
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Fig. 5.19 Intrinsic viscosity of three cellulose samples

dissolved in EMIMAc as a function of temperature. Lines

are to guide the eye. Adapted with permission from Ger-

icke et al. (2009b). Copyright 2009 American Chemical

Society
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Water is removed from the slurry up to the

moment when cellulose is dissolved in the ionic

liquid. It is thus extremely important, both for

cellulose shaping and chemical derivatisation as

well, to understand how water influences

cellulose–IL solution properties on the molecular

level.

First, EMIMAc–water was prepared as a “new

solvent” by mixing the components in different

proportions. The viscosity of EMIMAc–water

mixtures was analysed. Viscosity–shear rate

dependence for EMIMAc–water at various

water concentrations and temperatures was

measured. In all cases studied, a Newtonian

flow was recorded within at least two decades

of the shear rates. Mean Newtonian viscosity

values were determined, plotted as a function of

water content and compared with viscosity cal-

culated according to the logarithmic additive

mixing rule. A noticeable difference between

calculated and measured viscosity was obtained

(Le et al. 2012). It should also be noted that heat

is produced during mixing of EMIMAc and

water (Le et al. 2012); it is undoubtfully an

exothermal reaction suggesting, together with

viscosity, special interactions between water

and EMIMAc. This is an important result to

keep in mind for the analysis of cellulose beha-

viour in ionic liquids in the presence of water.

An example of steady-state viscosity of a

dilute cellulose–EMIMAc solution for various

water contents is shown in Fig. 5.22. At water

concentrations below 15 wt%, a Newtonian pla-

teau was always found for 1 % cellulose solu-

tions and lower concentrations. However, with

15 wt% water content and above the flow of

dilute cellulose solution is shear thinning, clearly

demonstrating that the properties of solutions

changed despite the fact that they are transparent

and no non-dissolved particles were seen with

the optical microscope. We hypothesise that

above 15 % water cellulose is not completely

dissolved in EMIMAc; it exists as a sort of

swollen agglomerates or “micro-gels” that are

flowing as a “suspension”. These soft species

consisting of highly swollen cellulose chains

are deforming and structuring under shear lead-

ing to viscosity decrease with the increase of

shear rate. If increasing cellulose concentration

in EMIMAc–15 wt% water mixture to 3 % cellu-

lose, non-dissolved crystals can be seen with

polarised optical microscopy (Le et al. 2012).

15 % of water in EMIMAc thus seems to be the
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Fig. 5.21 Cell 180 intrinsic viscosity as a function of

temperature for EMIMAc (crosses) and BMIMCl (triangles)
solvents. Adapted with permission from Sescousse et al.

(2010a). Copyright 2010 American Chemical Society

0.8

1.2

1.6

2

2.4

0 50 100 T °C

relative visocsity

1

2

Fig. 5.20 Relative viscosities as a function of tempera-

ture for cell 180-EMIMAc (crosses) and cell 180-
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0.25 % (2) cellulose. The error bars of 10 % are shown

only for 0.5 % cellulose–BMIMCl solutions in order not

to overload the graph. Adapted with permission from

Sescousse et al. (2010a). Copyright 2010 American

Chemical Society
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maximal limit of water allowing the dissolution

of 1 % cellulose in these conditions.

Cellulose intrinsic viscosity as a function of

water content in the solvent EMIMAc–water is

presented in Fig. 5.23 for some selected tempera-

tures. The intrinsic viscosity first increases with

water concentration, goes through a maximum at

about 8–10 wt% water and then decreases. The

decrease of cellulose intrinsic viscosity at high

water content, above 10 wt%, was expectable:

Polymer coil should contract when a large

amount of nonsolvent is added. The increase of

polymer intrinsic viscosity with the addition of

nonsolvent is more complicated to interpret.

When a polymer is dissolved in a mixed solvent

of different thermodynamic quality towards the

polymer, various cases may occur. The presence

of a bad or a nonsolvent does not necessarily

decrease binary solvent thermodynamic quality.

For example, a mixture composed of a poor and

nonsolvent may become a good solvent: The

second viral coefficient changes the sign from

negative to positive and goes through a maxi-

mum as a function of solvent composition

(Masegosa et al. 1984). A convex shape of the

intrinsic viscosity versus solvent composition,

with solvent being a mixture of good + poor,

poor + y-solvent or good + nonsolvent, had

already been reported for synthetic polymers

(Pouchly and Patterson 1976; Pingping et al.

2006; Budtov et al. 2010). Such a deviation

from the classical Flory lattice theory was inter-

preted by the preferential solvation introduced as

“local” solvent composition being different from

the “bulk” composition (Dondos and Benoit

1973; Hong and Huang 2000).

Considering the results obtained on the flow

of dilute cellulose–EMIMAc–water solutions

(Fig. 5.22), the presence of non-dissolved cellu-

lose in 3 wt% cellulose–EMIMAc–15 wt% water

and the fact that water and EMIMAc are inter-

acting (exothermal mixing, deviation from the

additive viscosity), the following interpretation

of the increase of cellulose intrinsic viscosity

with the increase of water content (left-hand

part of Fig. 5.23) was suggested (Le et al.

2012). Cellulose and water are competing for

EMIMAc. Because of strong EMIMAc–water

interactions, cellulose is self-associating, proba-

bly via inter- and intramolecular hydrogen bond-

ing, and aggregates are formed. It is the

hydrodynamic size of these aggregates and not
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Fig. 5.23 Cell 180 intrinsic viscosity as a function of

water concentration in wt% in EMIMAc–water at various

temperatures. The error bars for [filled square] are 20 %.

With kind permission from Springer Science + Business

Media: Le et al. (2012), Fig. 5.5
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of one molecule that is determined with the

intrinsic viscosity, as suggested in the schematic

presentation in Fig. 5.24. The higher the water

concentration, the larger the size of cellulose

aggregates up to such water content at which

cellulose becomes hardly soluble leading to a

further strong decrease of the intrinsic viscosity.

5.4.4 Influence of Cellulose on the
Diffusion of [EMIM]+ and [Ac]�

Ions in Cellulose–EMIMAc
Solutions

In order to better understand cellulose–ionic liquid

solution microscopic properties (transport phenom-

ena, polymer–solvent interactions), diffusion-

ordered two-dimensional NMR spectroscopy

(DOSY) was used to measure ions’ self-diffusion

coefficients and correlate their mobility with cellu-

lose concentration and solution temperature

(Lovell et al. 2010). First, the change in the chemi-

cal shifts of each EMIMAc spectral band on cellu-

lose concentration was recorded and analysed. The

obtained cellulose concentration dependence of

chemical shifts in cellulose–EMIMAc solutions

was similar to the ones reported in Zhang et al.

(2010) for cellobiose dissolved in EMIMAc. It was

thus confirmed that cellulose dissolution in EMI-

MAc proceeds via hydrogen bonding and coordi-

nation of [EMIM]+ and [Ac]� ions with cellulose

hydroxyl groups.

The diffusion coefficients of [EMIM]+ and

[Ac]� ions at different cellulose concentrations

and solution temperatures were calculated. The

smaller anion was observed to diffuse slower

than the larger cation (Lovell et al. 2010), a result

already reported for other imidazolium-based

ionic liquids (Noda et al. 2001; Tokuda et al.

2006) and also confirmed by molecular dynamic

simulations (Tsuzuki et al. 2009, Urahata and

Ribeiro 2005). The faster diffusion of a larger

cation was explained by anisotropic diffusion of

imidazolium ring in the directions of the ring

plane as compared with the direction orthogonal

to it (Urahata and Ribeiro 2005). For the case of

cellulose–EMIMAc solution, the ratio between

the diffusion coefficients of anion to cation is

smaller than one, and it increases with tempera-

ture (Fig. 5.25) (Lovell et al. 2010). It is interest-

ing to note that the presence of cellulose

increases the difference between the diffusivity

of anion and cation, and this ratio becomes less

sensitive to temperature (Fig. 5.25).

The influence of cellulose concentration on

the diffusion of ions was analysed with different

theoretical approaches developed for polymer

solutions. Obstruction, hydrodynamic and free-

volume models were tested for fitting experimen-

tal data (Lovell et al. 2010). For example, by
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Fig. 5.24 A schematic illustration of the influence of water

on cellulose intrinsic viscosity in EMIMAc–water: Forma-

tion of cellulose–cellulose aggregates with the increase of

water content. With kind permission from Springer

Science + Business Media: Le et al. (2012), Fig. 5.6
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applying the obstruction model we realised that

the notion of bound solvent and hydration shell

around cellulose macromolecule should be con-

sidered to match theoretical predictions with

experimental data. The proportion [EMIM]+:

[Ac]�:hydroxyl ¼ 1:1:1 was taken as a back-

ground approach. It gives the ratio of 5 between

the volume fraction of cellulose and volume

fraction of cellulose with bound solvent. With

this ratio, different variations of the obstruction

model approach fit, more or less, the experimen-

tal data (Lovell et al. 2010). The result obtained

predicts that when cellulose concentration in

EMIMAc reaches 	 27 wt%, all solvent mole-

cules are bound in the primary solvation shell.

This cellulose concentration seems to be the

maximal possible to be dissolved in EMIMAc

(Lovell et al. 2010). In the next section it will

be shown that this prediction is confirmed by

cellulose–EMIMAc–DMSO phase diagram.

The free-volume model was found not to give

a satisfactory agreement with the experimental

data for both ions’ diffusion dependence on cel-

lulose concentration. On the contrary, the hydro-

dynamic model as developed by Phillies (1986)

showed a good agreement with the obtained

experimental data (Lovell et al. 2010).

5.4.5 Phase Diagram and Solubility
Limit of Cellulose in EMIMAc in
the Presence of DMSO

DMSO (as well as DMF) is used to perform

chemical reactions on cellulose in the homoge-

neous conditions. The main reason is that these

co-solvents strongly decrease ionic liquid viscos-

ity. They can also be interesting candidates for

cellulose processing, allowing matching solution

viscosity to the desired values. However, as far as

DMSO is not cellulose solvent, the key question

for processing is how the maximal cellulose con-

centration soluble in EMIMAc–DMSO depends

on DMSO content. The goal of this work was to

answer this question and build a phase diagram

of cellulose in EMIMAc–DMSO.

Cellulose–EMIMAc–DMSO solutions were

prepared at various EMIMAc–DMSO propor-

tions and different cellulose concentrations and

carefully analysed with optical microscopy using

polarised and nonpolarised light in the view of

the presence of non-dissolved cellulose. The

magnification used was such that 5–10 mm
objects were easily detectable. With this method,

it is not possible to judge if the dissolution

occurred on the molecular level; however, a

phase diagram can be built in the first rough

approximation. The results are presented in

Fig. 5.26 as cellulose concentration in the system

versus weight fraction of DMSO in the mixture

EMIMAc–DMSO. Open points correspond to

completely transparent (in nonpolarised light)

or completely dark (in polarised light) solutions;

crosses correspond to the cases when even a few

small non-dissolved particles were detected.

The proportion between the maximal cellulose

concentration dissolved at a given co-solvent frac-

tion and the corresponding EMIMAc concentra-

tion in the solution was estimated. We supposed

that neither cellulose nor EMIMAc interact with

DMSO. The amount of EMIMAc moles per anhy-

droglucose unit (AGU) turned out to be a constant

value around 2.4, not depending on DMSO con-

centration in solution, within the experimental
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Fig. 5.26 Phase diagram for cell 180 in EMI-

MAc–DMSO. Solid line corresponds to the maximal cel-

lulose concentration soluble in EMIMAc–DMSO

calculated supposing 1 anhydroglucose unit binding

2.4 mol of EMIMAc; dashed lines correspond to AGU

binding 3 mol (lower) or 2 mol (higher) of EMIMAc
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errors. It seems that indeed EMIMAc and DMSO

as well as cellulose and DMSO are not interacting.

The theoretical maximal concentration of cellu-

lose soluble in EMIMAc–DMSO was calculated

for various cases: Ccell max ¼ 2, 2.4 and 3 mol of

EMIMAc. The results are shown in Fig. 5.26:

solid line for Ccell max ¼ 2.4 mol EMIMAc and

upper and lower dashed lines forCcell max ¼ 2 and

3 mol EMIMAc, respectively. Ccell max ¼ 3 mol

EMIMAc overestimates the amount of EMIMAc

needed to dissolve cellulose as far as the

corresponding dashed line is passing through the

well-dissolved region. 2 mol of EMIMAc per one

AGU underestimates the amount if EMIMAc

needed to dissolve cellulose; the corresponding

line intersects the region that contains non-

dissolved cellulose. We can thus conclude that

one AGU needs about 2.3–2.5 mol of EMIMAc

to be dissolved. This means that maximal cellu-

lose concentration possible to dissolve in EMI-

MAc is around 28–30 wt%, the values predicted

by NMR (Lovell et al. 2010).

5.4.6 Conclusions

Ionic liquids are a class of powerful cellulose

solvents; they open new opportunities in cellu-

lose processing and performing homogeneous

chemical reactions. In our research we are trying

to understand the fundamental properties of cel-

lulose–ionic liquid solutions (polymer–solvent

interaction, solvent thermodynamic quality, cel-

lulose dissolution limit), and we are using ionic

liquids for making highly porous cellulose mate-

rials, aerocellulose, as described in Chap. 5.

5.5 Stabilisation of Cellulose:
NMMO Solutions (Lyocell
Process)

Quality of the cellulose pulp and dissolution con-

ditions determine the spinning behaviour and the

performance of the finished material. Unfortu-

nately, it is not possible to evaluate the suitability

of pulps for the cellulose–NMMO process called

lyocell only by analysis data such as intrinsic

viscosity, molecular weight and their distribution

or the content of heavy metals, ash or carbonyl

and carboxyl groups. Although cellulose is more

or less chemically identical in all pulps, there are

significant differences in their physical states,

mainly influenced by origin and extraction pro-

cess of the pulps. Therefore, standard conditions

are required to maintain dissolution and spinning

quality, especially with the aim of upscaling

(Michels and Kosan 2000). Solution quality,

solution state and thermostability are important

factors for characterising cellulose solutions for

using them in the lyocell process.

5.5.1 Solution Quality and Solution
State

Solution quality refers to the “spinning stability”,

which guarantees continuous fibre shaping of

large spinning masses under technical condi-

tions. Possible inhomogeneities like undissolved

pulp residues can lead to clumps in the jet holes

followed by permanent breaks of the filament.

Consequently, the maximum diameter of parti-

cles is in direct relation to the spinnable fineness.

To ensure a fineness of 1.3 dtex (B-type fibre),

the spinning dope should not contain any undis-

solved particles>15 mm. A visual observation of

the solution quality gives a with a detection

threshold down to ~20 mm. Therefore, particle

analysis by laser deflection must be used to pro-

vide information about the content and the distri-

bution of particles in the range from 0.5 to

175 mm. Kosan and Michels (1999) have shown

that the particle content depends on pulp origin

and pretreatment and that the undissolved parti-

cle distribution is determined by the activation

and solution conditions such as shear flow pres-

ent in the mixing reactor, dissolution temperature

and time.

Whereas solution quality describes the micro-

scopic and submicroscopic range of undissolved

particles, the solution state characterises its

molecular range. Using the relatively easy acces-

sible rheological parameters zero shear viscosity

�0, storage G0 and loss modulus G00 and other

parameters derived from the ones mentioned
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above, width of the molecular weight distribution

of linear polymers in concentrated solutions can

be determined (Michels 1998). Zero shear vis-

cosity is a function of the molecular weight,

concentration and temperature. By monitoring

G0 and G00 as a function of angular speed o at a

reference temperature (usually 85 �C), master

curves of a deformation function can be calcu-

lated (Fig. 5.27). The quotient of zero shear vis-

cosity and viscosity at the “crossover” point

where �# ¼ G0/o# ¼ G00/o# characterise the vis-

coelastic behaviour of the dope and correspond

to the molecular inhomogeneity parameter U� ¼
�0/�# � 1. Measurements of different pulp ori-

gins give inhomogeneity parameterU� of 2.5–4.2

for cotton, 4.9–8.0 for wood and 6.8–9.5 for

cellulose mixtures.

The relaxation time, calculated from the defor-

mation function, is proportional to the molecular

weight. Figure 5.28 displays the weighted relaxa-

tion time spectra of different wood pulp/NMMO

solutions with varying DP and inhomogeneities.
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Lower molar mass fraction of the pulp causes

increased inhomogeneities connected with low

relaxation times and, consequently, leads to

worse fibre performances. Short-chain fractions

accelerate the relaxation and do not contribute to

the entangled cellulose network. Both inhomoge-

neity and relaxation time have a direct effect on

the range of suitable spinning conditions and on

the mechanical parameters of the spun fibres or

filaments because they determine the kinetics of

fibre shaping. Temperature dependence of the

relaxation time explains the significant influence

of the spinning temperature on spinning stability

and fibre properties.

5.5.2 Thermostability of Cellulose
Solutions

Cellulose dissolution and shaping of the solutions

are always connected with an alteration of the

morphological structure accompanied by chain

length reduction. Origin of the pulp, the nature of

the solvent and the process conditions determine

the decrease of the degree of polymerisation (DP).

Whereas the DP reduction in systems like DMAc/

LiCl is quite low, ionic solvents such as NMMOor

ionic liquids (ILs) are involved in chemical reac-

tions provoking degradation of both polymer and

solvent. Therefore, a technical upscaling of a

fibre-shaping technology is only possible if the

process is stabilised, as for the lyocell process,

which breakthrough arose from the introduction

of NaOH/propyl gallate system, which suppresses

the radical formation of NMMO and chain scis-

sion of cellulose (Buijtenhuijs et al. 1986).

Although the dissolution of cellulose in

NMMO, being a non-derivatising solvent, and its

fibre spinning are entirely physical processes,

chemical alterations may appear under industrial

conditions. High temperatures during cellulose

dissolution and long residence times of the solu-

tions during the spinning process result in discol-

oration and degradation of NMMO and cellulose.

These reactions lower the recovery rate of the

solvent and decrease the product performance

(Taeger et al. 1985; Rosenau et al. 2001). A

mass-related accumulation of the reaction mixture

in the course of production increases the risk of

exothermic reactions, so-called thermal runaway

reactions, with an erratic temperature and pressure

rise. Both chemical stabilisation and special tech-

nological features may prevent exothermic reac-

tion and deflagrations (Firgo et al. 1994).

NMMO/cellulose segregation occurs as soon

as the hydrogen bond system, which is consid-

ered as being responsible for cellulose solubility,

is deteriorated (Novoselov et al. 1997; Cibik

2003). Local enrichment of NMMO and gener-

ated boundary surfaces of crystallised cellulose

represent potential sites for subsequent reactions.

NMMO is well known as an oxidising reagent in

organic chemistry. Further, high amounts of

many additives are able to disrupt hydrogen

bonds by changing the polarity of the cellulose/

NMMO system. In Fig. 5.29 the factors influen-

cing the thermal stability are summarised.

Detailed ESR spectroscopy analysis of degra-

dation processes in cellulose/NMMO solutions

and, hence, formation of radical types have

been carried out by Konkin et al. (2006) and

Wendler et al. (2008). It shows that nitroxyl-

type radicals R–NO∙R0 and oxymethylene spe-

cies ∙O–CH2~ and ∙CH2–O~ (R11) at the first

step were detected under irradiation as a result

of ring degradation by a first-order reaction path-

way (Scheme 5.1). Proposed NMMO ring degra-

dation mechanism includes three variants (Ia, Ib,

Ic) of di-radical types. The second step as a

second-order reaction is invisible by ESR

because the products are not radicals. However,

they have to be potential precursors of further

radical formations by step III under the continued

laser illumination and were studied by high-

performance liquid chromatography (HPLC).

Further on, methyl ∙CH3 and formyl ∙CHO radi-

cals are formed at the third step.

Analytical investigations of lyocell dopes with

regard to the thermostability are commonly

provided by rheological, calorimetric, chro-

matographic and spectroscopic methods (Taeger

et al. 1985, Rosenau et al. 2001). Especially, mea-

surements of the pressure gradient and the genera-

tion of chromophores give information about the

time dependence behaviour of the sample when

kept at a constant temperature (Wendler et al.

2005a). Beside the type of cellulose, its concentra-

tion plays an important role. Higher cellulose
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concentrations in the solution mean more reactive

end groups and, as a consequence, higher concen-

trations of degradation products measured. Chro-

matographic methods revealed morpholine,

N-methylmorpholine, N-formylmorpholine and

formaldehyde as the main products resulting from

reactions of the N–O bond. The activation of the

most labile structure in the molecule occurs by

protonation, complex formation with metals or

O-alkylation. The cleavage of the NMMO ring

NMMO
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structure as a consequence leads to resonance-

stabilised nitroxyl radicals and stable ring

degradation products. Acetaldehyde,

2-methylaminoethanol, 2-ethylaminoethanol and

N,N-diethylhydroxylamine were detected by

HPLC and attributed to cleavage products.

Figure 5.30 displays the individual fingerprints of

ring degradation products for solutions with differ-

ent cellulose concentrations and the corresponding

onset temperature.

The first thermal activity of a solution indi-

cated as the onset temperature (Ton) is preferably

measured by calorimetric methods and deter-

mined by plotting the deviation of pressure with

respect to time (dp/dt) versus temperature. Cellu-

lose/NMMO solutions give onset temperatures in

the range 130–160 �C. Together with DSC mini-

autoclave measurements with a sample weight of

2 g and analysis of the slope of pressure, it gives

information about gas evolution even at lower

temperatures and shows larger differentiations

resulting in a more accurate characterisation of

the influences of stabilisers and additives.

In order to prevent segregation and degrada-

tion of cellulose and NMMO, a stabiliser has to

adjust the pH value, to scavenge by-products and

to complex heavy metals. Propyl gallate com-

monly used as phenolic antioxidant in plastics,

elastomers, fuels, etc. (Klemchuk 1985) was first

introduced as a standard stabiliser preferably

applied for trapping of radicals by forming rela-

tively stable phenoxy radicals (Brandner and

Zengel 1980). Further patents proposed reduc-

tants, e.g. amines, sulphites, aldehydes, sugars

(Lukanoff and Schleicher 1981), bases (Franz

et al. 1983), phosphonates (Laity 1983), steri-

cally hindered phenols (Michels and Mertel

1984) and radical scavengers like 3,30-thiodipro-
panol or carbon tetrabromide (Guthrie and Man-

ning 1990). The combination of alkaline and

antioxidant stabilisation (NaOH, propyl gallate)

is generally accepted as the most efficient mode

(Kalt et al. 1993). However, propyl gallate may

interact with cellulose end groups and form

coloured reaction products.

Up to now, no stabilisation system can be

assessed as an ideal practical solution. The men-

tioned stabilisation procedures exclusively con-

cern cellulose/NMMO solutions without any

additive. Substances with functional groups or

surface-active materials additionally cause degra-

dation processes. TITK investigations of solutions

modified with an IER and stabilised with NaOH

and propyl gallate show decreased thermal stabil-

ity leading to exothermic reactions during extru-

sion. Similar results were obtained in case of the

presence of activated charcoal (Wendler et al.

2005b). Finally, it turned out that low thermal

stability and large reduced viscosity will result in

unstable spinning performance.

Table 5.4 summarises different bases, amines,

complexing agents and phenolic oxidants

employed as stabilisers in TITK under real time

conditions. The measurements of the onset tem-

perature (Ton) were taken as indicator for thermal

stability. Commonly used stabilisers like propyl

gallate; Irganox, a phenolic hydrazine stabiliser

in plastics processing or the morpholine/HCHO

system show high Ton for unmodified solutions

Fig. 5.30 Ring degradation products and the

corresponding onset temperature (Ton) of cellulose/NMMO

solutions with varying cellulose concentrations
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but fail to work for solutions modified with reac-

tive charcoal or ion exchange resins. Therefore

new stabilisers able to weaken surface reactions

must be found. Additives such as activated char-

coal or carbon black may have a serious effect as

heterogeneous catalysts increasing degradation.

TITK investigations using a novel stabilising

system with the combination of iminodiacetic

acid sodium salt (ISDB) each covalently bound

to a styrene/divinylbenzene copolymer exhibit

favourable stabilising properties of cellulose/

NMMO solutions modified with carboxyl group

containing surface-active additives (Büttner et al.

2003). To estimate the effects of the polymeric

stabilising system, the chelating ionogenic

groups of ISDB in combination with the amine

reaction potential of BSDB have to be taken into

account. The iminodiacetic acid group forms

coordination bonds between its donor atom nitro-

gen and metals. On the other hand, the partly

sodium-neutralised carboxylic groups act as a

buffer keeping constant pH values and thus

maintaining the hydrogen bond system between

cellulose and NMMO. Benzylamine of BSDB as

a primary amine is able to bind carbon dioxide,

acids and aldehydes. Additionally, BSDB may

deactivate highly reactive intermediates, such as

the aminiumyl radical, by scavenging these com-

pounds within the polymeric skeleton.

Calorimetric, spectroscopic and rheological

measurements were used to describe the stabili-

sation effects of ISDB/BSDB on modified solu-

tions compared to solutions without stabilisers

and the “state-of-the-art” stabiliser NaOH/PG

by Wendler et al. (Wendler et al. 2006, 2008).

Table 5.5 summarises an extract of the investi-

gated additives. Since it is not possible to present

here detailed examinations, only Ton is used to

evaluate the thermal stability when the new sta-

biliser system is applied. Generally, a shift of Ton
to higher values is registered on an average

increase of 4.5 �C in a range from 0 to 8 �C.

5.6 Cellulose–Other
Polysaccharide Blends

Multicomponent systems (polymer blends,

alloys, composites, interpenetrating networks)

have been receiving more and more attention

owing to their scientific interest and practical

applications. Blending is an efficient technique

for the development of novel materials with

improved properties (Guo 1999; Cazacu and

Popa 2004). Especially cellulose materials offer

several advantages when combined with syn-

thetic or natural polymers due to their low den-

sity, high modulus, strength and high stiffness,

little damage during processing, small require-

ments of processing equipment, biodegradability

and relatively low price (Zadorecki and Michell

1989; Joly et al. 1996). Hydrogen bonding

between –OH groups are recognised as an impor-

tant factor in providing driving forces for the

attainment of thermodynamic miscibility in

many polymer blend systems where

Table 5.4 Comparison of onset temperatures obtained

from dynamic mini-autoclave measurements for 9 % cel-

lulose/N-methylmorpholine-N-oxide solutions stabilised

with different stabilisers

Stabiliser type

Amount of

stabiliser (%) Ton (
�C)

None – 146

NaOH 0.04 149

NaOH, propyl gallate 0.04; 0.06 155

NaOH, NH2OH,

propyl gallate

0.04; 0.1; 0.06 160

Benzyl amine 5 149

Morpholine 0.1 153

N-Methylmorpholine 0.33 150

N-Formylmorpholine 0.42 149

Morpholine, HCHO 0.32; 0.1 160

Polyethylene imine 5 153

Luvitec 5 149

Irganox 5 156

Ba(OH)2 0.14 152

BHT 0.1 150

ISDB/BSDB 0.21; 0.21 152

NaOH, propyl gallatea 0.04; 0.06 131

Irganoxa 5 135

Morpholine, HCHOb 0.32; 0.1 140

a9% cellulose/N-methylmorpholine-N-oxide solution

modified with activated charcoal (95 % with respect to

cellulose)
b9% cellulose/N-methylmorpholine-N-oxide solution

modified with weak acidic cation exchange resin (95 %

with respect to cellulose)
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polysaccharides are present (Nisho 1994).

Desired coupling of different polysaccharides’

functionalities by joint or separate dissolving

allows the shaping of the arising solution and

solidification towards the polysaccharide blend

(Taeger et al. 1997).

Most reports in literature concern the combi-

nation of a polysaccharide (including deriva-

tives) and a synthetic polymer. There exist only

few reports about polysaccharide/polysaccharide

blends from different R&D groups, e.g. combi-

nation of pure cellulose with chitosan (Hasegawa

et al. 1992), starch, xanthan, locust bean gum

(LBG), guar gum, tragacanth gum, chitosan

(Taeger et al. 1997), chitin (Pang et al. 2003;

Kondo et al. 2004), sodium alginate (Kim et al.

2007) or carrageenan (Prasad et al. 2009). Some

interesting studies dealt with hemicelluloses as

structure regulators of native cellulose (Atalla

et al. 1993; Zhang and Tong 2007). Recently,

the incorporation of 15 different polysaccharides

into a cellulose matrix using three solvents was

studied to evaluate the interactions of polysac-

charides or mixtures of those in solutions and the

solid state after shaping (Wendler et al. 2010). In

the following main results of that comprehensive

study are inserted.

Various polysaccharides were chosen to find

new structured biopolymer blends bearing adjus-

table properties, as shown in (Fig. 5.31). Three

solvent routes for dissolving were followed:

(1) sodium hydroxide–water (NaOH),

(2) N-methylmorpholine-N-oxide monohydrate

(NMMO) and (3) ionic liquids (ILs). By studying

structure–property relations with a variety of

analytical methods, new possibilities for the

design of interesting cellulose-based fibre mate-

rials can be opened.

Table 5.5 Comparison of onset temperatures obtained from dynamic mini-autoclave measurements for modified

cellulose/NMMO solutions (9 % cellulose) without and with ISDB/BSDB stabiliser system

Additive Ton (
�C)

Type Amount of additive (%)a Without stabiliser With stabiliser

– 0 146 152

Aluminium oxide 33.3 150 153

Aluminium/silicon oxide 75 147 153

Titanium oxide 100 155 155

Yttrium oxide 15 152 154

Zinc oxide 50 158 160

Zeolite 50 144 150

Lead zircon titanate 50 158 158

Barium hexaferrite 500 132 137

Nano-silver 0.05 148 155

Graphite 100 143 147

Paraffin 70 153 160

PVP/MA copolymer 20 147 151

Weak acidic cation exchange resin 95 148 156

Strong acidic, gel-type cation exchange resin 100 150 154

Strong basic anion exchange resin 100 157 160

Superabsorbing polymer (polyacrylic acid) 50 151 157

Carbon black 100 144 149

Activated charcoal, strong reactive 95 131 134

Activated charcoal, strong reactive 50 137 141

Activated charcoal, reactive 50 140 144

Activated charcoal, medium reactive 50 147 152

Activated charcoal, weakly reactive 50 149 156

aWith respect to cellulose
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Dissolution screenings yielded promising

polysaccharides which were used for the prepa-

ration of cellulose/polysaccharide solutions and,

consequently, for shaping of blends with cellu-

lose. Chitin and chitosan were not soluble in any

of the three solvents. Dissolution was possible in

the case of carboxymethylcellulose, cellulose

carbamate, xylan, xanthan and the mannans,

guar gum, locust bean gum and tragacanth gum.

In opposite to NaOH and NMMO, the EMIMac

ionic liquid is not able to dissolve polysacchar-

ides with functional groups like carrageenan

or methylhydroxyethylcellulose above only

about 1 %.

Solubility and miscibility with cellulose were

evaluated by microscopy, DSC, particle analysis

and rheology. To evaluate the states of solutions,

microscopic images between cross polarisers

were taken at room temperature. Most of the

pure polysaccharide solutions were transparent

and clear. Interestingly, only one polysaccharide

solution—cellulose carbamate (15 %) in EMI-

MAc—showed an anisotropic behaviour which

is of special importance for shaping of carbamate

in ionic liquids (Rademacher et al. 1986). In the

case of combination with cellulose and EMI-

MAc, xanthan, tragacanth gum and LBG, aniso-

tropic structures could be observed as shown in

Fig. 5.32 and interpreted as liquid crystalline

(Kosan et al. 2008a, b; Chanzy et al. 1982).

Usually, cellulose solutions in NMMO with

polymer concentration higher than 20 % and

molar ratios water/NMMO lower than one were

found to be anisotropic.

Different types of the polysaccharide blends

can also be shown for NMMO solutions.

Hydrophilicity / 
Hydrophobicity

Elasticity

Charge (surface)

Antimicrobial activity

Dyeability

Cellulose derivatives

Glucomannans

Xylan 

Xanthan

Guaran 

Alginates

Carrageenan

Carboxymethyl cellulose

Chitosan

Chitin

Cationic starch derivatives

Xylan derivative

Fig. 5.31 Expected effects of selected blend polysaccharides on cellulose properties

Fig. 5.32 Microscopic images of cellulose/blend polysaccharide solutions in EMIMac. Left: cellulose/LBG (97.5/2.5);

middle: cellulose/LBG (95/5); right: cellulose/tragacanth gum (95/5)
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Figure 5.33 shows cellulose/xylan solutions and

reveals the presence of particles of xylan in the

range of 2–4 mm suggesting immiscibility with

cellulose. However, it has to be noticed that

these xylan particles are still present at the cellu-

lose/xylan ratio 0:100, meaning that the presence

of these particles is not due to the immiscibility

between xylan and cellulose chains but to the

interaction of xylan with the NMMO monohy-

drate. A possible explanation for the observed

formation of xylan particles is the hydrophobic

character of xylan chains related to the amount

of side chains such as arabinose (Sternemalm

et al. 2008) that can involve aggregation of

the chains in aqueous solvent such as NMMO

monohydrate. In comparison, cellulose/xanthan

solutions reveal a continuous phase for all concen-

tration ratios. It was not possible to distinguish the

xanthan phase from the cellulose phase in the

solutions.

Rheological investigations of cellulose/xylan

solutions reveal no entanglement or interactions

between cellulose and xylan chains. This is con-

firmed by a decay of zero shear viscosity accom-

panied by a decreasing relaxation time with

increasing xylan amount. The rheological study

of cellulose/xanthan solutions shows the inverse

phenomenon compared to xylan, exhibiting a

large increase of zero shear viscosity and relaxa-

tion time with xanthan concentration, mainly due

to the high molar mass of xanthan chains (up to

two millions).

Fibres in form of a multifilament yarn were

manufactured from cellulose–other polysaccha-

ride solutions in NaOH, NMMO and EMIMac

using a wet-spinning method. As expected, tex-

tile physical properties are lower than unmodi-

fied fibres with slightly better properties for

fibres spun in NMMO and EMIMac (Table 5.6).

Residue analysis was carried out to determine the

uptake rates of various polysaccharides which

were added to the cellulose spinning dope during

fibre production. The contents of arabinose,

galactose, mannose, xylose and glucose in pure

polysaccharide and in the blended fibre were

measured. The content of the polysaccharide

blended with cellulose in the fibres increases in

the order NaOH–NMMO–EMIMac. This content

depends rather on solvent than on type of poly-

saccharide and technology. Even though NMMO

and EMIMac fibres were spun at the same equip-

ment, the latter case favours higher amounts of

the blended polysaccharide. It can be concluded

that the coagulation of polymers from NMMO is

Fig. 5.33 Microscopic

images of cellulose/xylan

solutions at 90 �C with a

concentration ratio of 75/25

(a) 50/50 (b), 25/75 (c) and
0/100 (d) after image

analysing (xylan particles

are surrounded)
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different, meaning that the hydrogen bond sys-

tem between cellulose chains and the blended

polysaccharide is weaker than inside the cellu-

lose skeleton. The release of the blended poly-

saccharide out off the skeleton might be easier.

Spinning of fibres from all the solvents was

possible even when using the higher molar poly-

saccharides. It has to be pointed out that the

insertion of fine-milled polysaccharides into the

cellulose is the crucial factor as previously

described for the modified lyocell process

where organic or inorganic compounds are

inserted (see Chap. 5). Nevertheless, the mor-

phology of blended solutions is of great interest

to prevent clogging of filters and to control the

final morphology and properties of the regener-

ated fibres.

X-ray diffraction measurements of the coagu-

lated cellulose/polysaccharide blend fibres

were performed to evaluate crystal orientation.

Tenacity of cellulose fibres depends on chain

orientation in the amorphous regions, whereas

modulus depends on crystallinity and crystallite

orientation. All examined fibre types give a cel-

lulose II crystal structure. Main lattice planes are

(1–10) and (110/020), which appear at the equa-

tor as discrete spots with small arcs of varying

amplitude indicating different crystallite orienta-

tion. Figure 5.34 shows, for example, flat film

diagrams of a cellulose/gum tragacanth fibre.

Among the polysaccharide blends of the same

fibre type, there are less significant differences

between solvents, with the exception of the EMI-

Mac fibres, whilst between polysaccharide

blends, differences are larger. NMMO fibres

have the highest orientation compared to EMI-

Mac and NaOH fibre types.

From AFM analysis, it can be concluded that

immiscibility state is not changed by the

spinning, whereas the fibres exhibit distinctive

differences in surface topography with regard to

the solvent. Intertwining areas of different com-

ponents can be differentiated. In general, on

1 � 1 mm sample size, surface roughness of

fibres is increasing in the following sequence:

EMIMac � NMMO < NaOH (Fig. 5.35). Most

Table 5.6 Mechanical properties and sugar composition of fibres spun with the three solvent systems

Blend PS Property

Fibre type

NaOH EMIMac NMMO

Pure cellulose Tenacity (cN/tex) 17.1 46.5 44.2

Carrageenan 17.3 38.2

CC 17.0

CMC 14.3a 42.7

Starch 13.4 36.7

Xylan 42.8 37.1

LBG 12.9 43.6

Guar gum 42.9

Xanthan 14.2 43.8 41.3

Tragacanth gum 15.7 41.6 41.3

Pure cellulose Elongation (%) 11.0 14.7 13.1

Carrageenan 7.6 12.3

CC 9.4

CMC 3.5a 12.4

Starch 9.0 11.2

Xylan 13.2 13.5

LBG 17.2 12.9

Guar gum 12.5

Xanthan 11.1 13.4 11.6

Tragacanth gum 12.0 11.7 11.1

aYarn
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fibres show irregular surfaces with fibrillar bun-

dles or grainy structures of two phases as in the

case of xanthan or tragacanth.

Contact angle measurements revealed only

minor changes compared to the unmodified cel-

lulose fibres. It has to be pointed out that the

standard deviation of all samples is relatively

high; the reason could be the sample non-hom

ogeneity. The water contact angles of cellulose/

polysaccharide fibres from EMIMac and NaOH

are almost the same, i.e. 83–88�, while blend

fibres from NMMO are slightly more hydrophilic,

i.e. values are ranging from 73 to 76�. However,
water contact angles are comparatively higher

than viscose (68�) or modal fibre types (77�)
(Persin et al. 2002).

Electrokinetic investigations (zeta potential

measurements, ZP) were carried out to study

the surface charges of the blended fibres. Apart

from some exceptions, NMMO and EMIMac

fibres show plateau values ranged from �7 to

–10 mV, whereas the ZP values of NaOH fibres

are in regions between –7 and –2 mV. The latter

values can be seen in connection with the

Fig. 5.34 X-ray flat film diagrams of cellulose/gum tragacanth fibre: left EMIMac, middle NaOH, right NMMO

Fig. 5.35 AFM of surface topography on 1 � 1 mm sample size for pure cellulose (above) and cellulose/xanthan

(below) fibres from EMIMac (left, roughness 2.0 nm), NMMO (middle, 4.8 nm) and NaOH (right, 20.6)

138 P. Navard et al.



distinctive higher water retention, lower crystal-

lite orientation and even much higher roughness

as AFM measurements revealed. Indeed, water

retention values of NMMO and EMIMac fibres

are ranging between 40 and 54 % in comparison

to main higher values obtained for the NaOH

fibres (77–93 %).

Even though X-ray measurements revealed only

little changes in the crystalline orientation of the

blended fibres, further experiments were done to

find out how the disturbed morphology of cellulose

in blended fibres affects the accessibility, reactivity

and adsorption properties. Mainly, the volume and

inner surface areas of the voids play the decisive role

in all cellulose heterogeneous chemical reactions

(Fink et al. 1998). Consequently, sorption behaviour

studied after special treatment of the fibres with

distilled water buffered to varying pH value is

enhanced for fibres from NaOH compared to EMI-

Mac and NMMO fibres, which can be related to the

higher surface roughness of the surface and lower

crystallinity. Furthermore, dyeability tests show the

same trends regard to the fibre types. Compared to

the reference pure cellulose fibres, dye affinity of the

blend fibres is clearly enhanced. As expected, fibres

with carboxymethylcellulose and xanthan exhibit the

highest distribution coefficient and monolayer sorp-

tion capacity for the cationic dye used. It appears that

the solvent and/or the spinning process exerted an

influence on the accessibility of carboxyl groups.

As was shown, a variety of parameters have an

impact on the performance of the blend fibres,

mainly the type of spinning technology used, the

nature of the solvent and the type of polysaccha-

ride mixed with cellulose. It can be concluded that

what matters is the type of polymer added to

cellulose more than the miscibility or not charac-

ter of the mixture.

5.7 Cellulose–Lignin Mixtures in
Solution (Sescousse et al.
2010b)

Cellulose and lignin are the main components

of plant fibres. The synergy of their properties,

together with hemicellulose, results in all varieties

and special properties of natural fibres. For most

of applications, cellulose and lignin have to be

separated. During the separation, cellulose and

lignin are in contact being in solution or suspen-

sion state (e.g. in papermaking); it is thus very

important to know if they interact or not. Some

applications suggest using lignin as a component

in blends with polysaccharides. If cellulose or its

derivatives are mixed with lignin, will the final

material demonstrate the synergetic properties as

it occurs in a natural fibre? The answer depends

on the type of lignin, common solvent and mix-

ing conditions used.

Literature reports some interactions between

cellulose and lignin when they coexist in a natu-

ral fibre. It was shown that lignin is oriented

preferentially parallel to the surface of the cell

wall (Terashima and Seguchi 1988; Atalla and

Agarwal 1985). Carbohydrates seem to form

complexes with lignin as a unit of secondary

cell wall structure (Chesson 1993). Molecular

dynamics studied the growth and deposition of

lignin on a cellulose surface in a cell wall. These

studies supported the above-mentioned experi-

mental finding and demonstrated not only a cer-

tain spatial organisation of lignin around

cellulose microfibrils but also gave some evi-

dences of links between two polymers (Houtman

and Atalla 1995; Perez et al. 2004; Besombes and

Mazeau 2005). However, the nature of these

links was not specified.

In papermaking, lignin should be separated

from cellulose. Possible redeposition of lignin

onto cellulose fibres during cooking, washing

and bleaching is of great importance, and thus,

the compatibility and interactions between cellu-

lose and lignin must be known. Maximova et al.

(2001, 2004) studied the absorption of lignin by

cellulose fibres and showed that it is absorbed

due to capillary forces; lignin can be then easily

removed by washing with water. They concluded

that there was no true molecular adsorption of

lignin onto fibres under various pH and ionic

strengths investigated.

Blending of lignin with cellulose and cellu-

lose derivatives has been extensively studied in

the nineties (see, e.g. Rials and Glasser 1989,

1990; Dave et al. 1992; Dave and Glasser

5 Preparation and Properties of Cellulose Solutions 139



1997). Fibres and films were usually prepared by

mixing polymers in a common solvent followed

either by solvent evaporative drying (film cast-

ing) or washing (fibres wet spinning). In the case

of organosolv lignin–hydroxypropyl cellulose

(HPC) films, miscible amorphous blends at low

organosolv lignin concentrations were prepared

and phase separation above 50 % of lignin was

observed (Rials and Glasser 1990). For the mix-

tures of organosolv lignin with ethyl cellulose or

with cellulose acetate butyrate (CAB), similar

results were reported, but lignin content at

which phase separation occurred was lower,

5–10 %. Fibres were spun from organosolv lig-

nin–CAB mixtures and regenerated in water

(Glasser et al. 1998). SEM and TEM results

showed pore-size increase with the increase of

organosolv lignin content. Analysing the above-

mentioned results obtained on organosolv lig-

nin–cellulose derivatives mixtures, Glasser

et al. (1998) claim that there is an evidence of

strong intermolecular interactions between the

two components. Cellulose and lignin were

mixed in dimethylacetamide/LiCL solvent and

mixture viscosity was studied by Glasser et al.

(1998): An increase of mixture dynamic elastic

modulus with the addition of lignin was

recorded, and it was explained by strong “sec-

ondary interactions” between the components.

Work performed in Centre de Mise en Forme

des Matériaux, France, had the objective to study

how the addition of lignin influences the proper-

ties of cellulose–8 % NaOH–water solutions.

Certain simplifications, as compared with the

naturally occurring systems, were made: We

used microcrystalline cellulose and organosolv

lignin. Mixture viscosity was compared to the

result obtained with various cases known for

polymer pairs forming interpolymer complexes

or making an immiscible blend. Gelation of cel-

lulose–8 % NaOH solution in the presence of

lignin was investigated. Finally, dry lignocellu-

lose materials were obtained according to

the procedure used to prepare aerocellulose

(Gavillon and Budtova 2008; Sescousse and

Budtova 2009). Samples were analysed in terms

of porosity and amount of lignin.

5.7.1 Cellulose–Lignin Mixtures in
Aqueous 8 % NaOH

Microcrystalline cellulose Avicel PH101 was of

DP 180. Organosolv lignin (“lignin” in the follow-

ing, from vTI-Institute forWoodChemistry, Ham-

burg, Germany) was from Norway spruce pulp.

The molecular weight is Mw ¼ 7,300 g mol�1

with polydispersity of 4.1, as determined with

GPC using polyethylene glycol calibration. This

lignin is soluble in aqueous solutions of neutral

and high pH. Cellulose–NaOH solutions were

prepared as described in Gavillon and Budtova

(2008) and Sescousse and Budtova (2009).

Briefly, an aqueous solution of 12 % wt NaOH

was cooled down to�6 �C. Cellulose was swollen
in distilled water in a certain proportion and kept

at 5 �C. 12 % NaOH–water and swollen-in-water

cellulose were mixed at �6 �C with a stirring rate

of 1,000 rpm for 2 h. The ready solutions of

various cellulose concentrations in 8 % NaOH–-

water were stored at 5 �C to avoid aging. Lignin

was dissolved in aqueous 8 % NaOH by stirring

for a few hours at room temperature. Cellulose–-

lignin mixtures in 8 % NaOH–water were

prepared by simply mixing ready solutions in dif-

ferent proportions. All mixtures prepared were

visually homogeneous and did not show any

phase separation within 1 week storage time in

refrigerator. Two types of mixtures were prepared:

(a) series of mixtures with the total polymer con-

centration being constant and composition varied

and (b) mixtures with cellulose concentration

being constant and lignin concentration (and thus

total polymer concentration) varied.

To prepare dry samples, cellulose–lignin–8 %

NaOH–water mixtures were poured into cylindri-

cal moulds with dimensions of about 3–5 cm

height and 2 cm diameter and kept at 65 �C for

2 h. These conditions were chosen to ensure cel-

lulose gelation (Roy et al. 2003; Gavillon and

Budtova 2008). The gels were then placed in

coagulation bath of either distilled water or 0.1

and 1 mol L�1 acetic acid. Bath liquid was regu-

larly changed until pH did not vary anymore indi-

cating that all NaOH is washed out. The samples

were then rinsed with water to remove acid and
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then washed in acetone to remove water which is

not compatible with CO2. Swollen-in-acetone

samples were dried in supercritical CO2 condi-

tions as described earlier (1 L autoclave, 80 bar,

35 �C) by (Gavillon and Budtova 2008; Sescousse
and Budtova 2009). After depressurisation (4 bar

per hour at 37 �C), light brown samples of aero-

lignocellulose were extracted and analysed.

The flow of cellulose–(7–9 %)NaOH–water

solutions and viscosity–concentration–temper

ature dependences have been studied exten-

sively (Roy et al. 2003; Egal 2006; Gavillon

and Budtova 2008). It was shown that above

the overlap concentration solutions are gelling

with time and temperature increase. Gelation

time is exponentially temperature dependent, as

shown by Roy et al. (2003) and Gavillon and

Budtova (2008). Viscosity of cellulose solu-

tions in conditions far from gel point is Newto-

nian below the overlap concentration and

slightly shear thinning above it. The flow of

lignin–8 % NaOH–water was investigated for

6–20 % lignin concentrations in the tempera-

ture interval from 0� to 35 �C. In all cases

studied lignin solutions behave like Newtonian

fluids; an example for 20 % lignin–8 %

NaOH–water is shown in Fig. 5.36. This is

what should be expected due to lignin low

molecular weight. The activation energies Ea

were calculated from viscosity–temperature

dependences: Ea15% lign ¼ 16 
 2 kJ mol�1

and Ea20% lign ¼ 18 
 2 kJ mol�1.

One way to estimate the interactions between

the components in a common solvent is to study

how mixture viscosity varies with its composi-

tion. The experimental data �exp obtained should

be then compared with a theoretical dependence

of mixture additive viscosity �add calculated at

different compositions which assumes the

absence of special interactions between the com-

ponents (i.e. polymer1–polymer2 interactions are

the same as the interactions between the macro-

molecules of the same type). For the mixtures

where the concentration of at least one of the

components is above the overlap concentration,

the additive viscosity �add must be calculated

according to the logarithmic rule below:

ln �add ¼ f1 ln �1 þ f2 ln �2

where f1 and f2 are the weight fractions at

which the components are present in the mixture

(f1 + f2 ¼ 1); �1 and �2 are the components’

viscosities at f1 ¼1 and f2 ¼ 1, respectively.

In order to plot the experimental dependence of

cellulose–lignin mixture viscosity as a function

of mixture composition, the flow of cellulose–

lignin–8 % NaOH–water of various compositions

with total polymer concentration of 6 % was stud-

ied at 15 �C. These conditions were chosen as a

compromise between not too low viscosity of

lignin solution and not too fast gelation of cellu-

lose solutions (e.g. 7–8 % cellulose solutions are

gelling irreversibly within a few minutes as soon

as they are extracted from the thermobath where

they were prepared at �6 �C). Gelation of cellu-

lose and cellulose–lignin mixtures was studied by

measuring G0 and G00 at 15 �C at frequency 1 Hz

and stress 1 Pa. As it will be shown in the follow-

ing, gelation of all 6 % mixtures studied at 15 �C
is slow enough to be neglected for this type of

measurements: The duration of one flow experi-

ment was less than 30–40 min, while gelation

takes more than 10 h. Because the mixtures

showed a slightly shear-thinning flow, like

observed previously for cellulose–(7–9)%

NaOH–water solutions (Roy et al. 2003; Egal

0.001
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1 10 100
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Fig. 5.36 Flow of 20 % lignin–8 % NaOH–water solu-

tion at various temperatures. With kind permission from

Springer Science + Business Media: Sescousse et al.

(2010b), Fig. 5.1

5 Preparation and Properties of Cellulose Solutions 141



2006; Gavillon and Budtova 2008), the viscosity

values to be plotted as a mixture composition were

taken at the shear rate of 10 s�1.

The viscosity of 6 % mixtures at various com-

positions is shown in Fig. 5.37 together with the

calculated additive dependence. The experimental

points coincide with the additive dependence

demonstrating the evidence of the absence of any

special interaction between cellulose and lignin in

8 % NaOH–water that could lead to the formation

of new bonds. This important finding means that

not only there are no bonds built between cellulose

and lignin molecules but that these polymers coex-

ist in the common solvent and may phase separate

as soon as their total concentration becomes high

enough. Electrostatic repulsive interactions

between cellulose and lignin could be one of the

reasons of the absence bonds built between the

components as far as both polymers should be

negatively charged in 8 % NaOH–water.

It was shown (Roy et al. 2003; Egal 2006;

Gavillon and Budtova 2008) that cellu-

lose–(7–9)%NaOH–water solutions are irrevers-

ibly gelling with the increase of temperature,

time and concentration. It was interesting to

check if and how the presence of lignin influ-

ences gelation of cellulose–8 % NaOH–water

solutions. Gelation time, tgel, was chosen as one

of the important parameters characterising gela-

tion. It was determined from the evolution of

elastic G0 and viscous G00 moduli at a fixed tem-

perature, 15 �C, for various mixture composi-

tions and taken at the moment when G0 ¼ G00.
Gelation time of cellulose–lignin mixtures is

shown in Fig. 5.38 for three mixtures containing

5, 5.5 and 6 % of cellulose. The amount of lignin

was varied. Despite that low molecular weight

lignin solutions in 8 % NaOH–water are not

gelling, lignin presence in the mixture, even in

low amounts, accelerates cellulose–8 % NaOH

gelation (see a drastic decrease in gelation time

for 5 % cellulose–1 % lignin as compared to 5 %

cellulose–0 % lignin or with the increase of lig-

nin content in the mixture of 6 % cellulose with

0.5, 1, 1.5 and 2 % lignin, Fig. 5.38).

Another way of looking at the same data gives

a key in the understanding of what is happening in

cellulose–lignin mixtures. Let us consider mix-

tures with the same total polymer concentration,

6 %: 6 % cellulose, 5.5 % cellulose–0.5 % lignin

and 5 % cellulose–1 % lignin (shown with a circle

in Fig. 5.38). On one hand, a decrease of cellulose

concentration from 6 to 5 % in solutions without

-6
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lnh, ln(Pa s)

6% cellulose 6% ligninmixture composition

Fig. 5.37 Viscosity versus mixture composition for mix-

tures with 6 % total polymer concentration. Points are

experimental data; line corresponds to the additive depen-
dence calculated according to (5.1) (see details in the

text). With kind permission from Springer Science +

Business Media: Sescousse et al. (2010b), Fig. 5.3
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Fig. 5.38 Gelation time as a function of lignin concen-

tration in the mixtures containing 5 % (1), 5.5 % (open
point) and 6 % (2) cellulose. Lines are given to guide the

eye. The circle shows the mixtures with the same total

polymer concentration, 6 %. With kind permission from

Springer Science + Business Media: Sescousse et al.

(2010b), Fig. 5.5
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lignin leads to a strong increase in gelation time, as

expected. On the other hand, gelation of all 6 %

mixtures, pure 6 % cellulose, 5.5 % cellu-

lose–0.5 % lignin and 5 % cellulose–1 % lignin

takes practically the same time which is surprising

because 0.5 and 1 % lignin solution has a very low

viscosity and cannot be considered as a gelling

component. A most probable explanation is that

due to possible electrostatic repulsion between the

polymers, lignin “helps” the formation of

cellulose-rich and cellulose-poor domains, thus

leading to cellulose–lignin microphase separation.

The increase of local cellulose concentration facil-

itates gelation; lignin can thus be considered as

gelation promoter for cellulose–8 % NaOH solu-

tions. The result obtained on gelation also suggests

lignin and cellulose incompatibility in 8 %

NaOH–water. Cellulose–lignin gels should thus

be much more heterogeneous as compared with

pure cellulose–8 % NaOH–water gels.

5.7.2 Coagulation of Cellulose from
Cellulose–Lignin–8 %
NaOH–Water Gels and Aero-
Lignocellulose Morphology

Cellulose from cellulose–NaOH–water gels can

be coagulated if placing a gel into a liquid which

is a nonsolvent for cellulose (water, aqueous acid

solutions, alcohols). A 3D object made of cellu-

lose “network” with nonsolvent liquid filling the

pores is formed. Because lignin is not gelling and

is not bound to cellulose, the question is what will

happen with lignin during cellulose coagulation.

The answer depends on the type of liquid used in

coagulation bath. Qualitative observations are

easy as far as lignin gives a dark brown colour

either to the samples or to the coagulation bath.

When water bath was used, it became brown

when cellulose–lignin gel was placed in it. This

is because lignin was washed out from cellulose

as far as lignin used is water-soluble. The higher

the bath acidity, the lower the amount of lignin

washed out from the sample during coagulation

because lignin is not soluble in acidic media and

it coagulates inside the cellulose network. In the

latter case, samples remain dark: The higher the

bath acidity, the darker the samples.

If cellulose–lignin–8 % NaOH–water gels are

very heterogeneous, coagulated samples should

also be of very heterogeneous porosity. In order

to study the porosity of swollen-in-nonsolvent

coagulated cellulose, two ways of drying that

preserve the pores against collapse can be used:

either freeze drying or drying under supercritical

conditions. We used the same way of drying in

supercritical CO2 as reported for the preparation

of ultralight and highly porous pure cellulose,

aerocellulose (Gavillon and Budtova 2008; Ses-

cousse and Budtova 2009). It was shown that

aerocellulose can be obtained from cellulose–8%

NaOH–water solutions and gels after cellulose

coagulation in water, acid or alcohol bath, wash-

ing in acetone and drying in supercritical CO2.

New aero-lignocellulose with various lignin

contents and of various porosities were obtained

using the same approach as described above for

aerocellulose preparation (see Chap. 5). SEM

images of dry ligno-aerocellulose coagulated in

the baths of two different acid concentrations are

shown in Fig. 5.39. All the other preparation

parameters were identical. The lower is acid

bath concentration (Fig. 5.39a), the more lignin

was washed out and thus larger pores are

obtained.

The proportion between cellulose and lignin

in two dry samples was determined in vTI-

Institute for Wood Chemistry, Hamburg, Ger-

many, for the aero-lignocelluloses made from

the same initial mixture with high initial lignin

content but coagulated in different baths: one of

0.1 mol L�1 acetic acid and the other of

1 mol L�1. The initial mixture was 4 % cellu-

lose–8.6 % lignin, giving the initial proportion

lignin/cellulose ¼ 2.15. Sample preparation was

identical except acetic acid concentration in

coagulation bath. The amount of lignin in the

aero-lignocelluloses was determined as a Klason

and as acid-soluble lignin using UV spectrome-

ter. The amount of acid-soluble fraction was very

low, below 5–3 % of Klason lignin. The
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proportion between lignin and cellulose obtained

was 0.14 for the dilute acid bath and 0.33 for the

concentrated one. In other words, keeping in

mind that the amount of cellulose in wet and

dry samples does no change, 82 % of lignin that

was mixed with cellulose was then washed out

during coagulation in 0.1 mol L�1 acetic acid

bath and 65 % was washed out in 1 mol L�1

bath. It is a direct proof that cellulose and lignin

macromolecules are not bound together. The rea-

son could be, as mentioned above, the electro-

static repulsive interactions.

The influence of lignin concentration on aero-

lignocellulose is reflected by sample density:

0.135 and 0.1 g cm�3 for sample with the initial

cellulose/lignin proportion in the mixture 4 %

cellulose–3.3 % lignin and 4 % cellulose–8.6 %

lignin, respectively. Coagulation bath was

0.1 mol L�1 acetic acid. Different densities are

due to large voids that are formed because of

washed-out lignin during coagulation: The

higher the lignin concentration in the mixture,

the more are there large pores. However, the

specific surface obtained with BET analysis for

these two and other samples is practically the

same within the experimental errors, around

200 
 20 m2 g�1. The reason is that large pores

do not make any significant contribution to

pores’ surface. Similar values were obtained for

aerocelluloses prepared from pure cellulose solu-

tions in 8 % NaOH–water (Gavillon and Budtova

2008) and in N-methylmorpholine-N-oxide

(Innerlohinger et al. 2006).

Conclusions

Mixtures of cellulose and organosolv lignin in

a common solvent, 8 % NaOH–water, were

prepared. Mixture viscosity coincides with the

one calculated according to the mixing rule,

thus suggesting the absence of any bonds

made between cellulose and lignin. The pres-

ence of lignin accelerates cellulose gelation,

possibly due to the formation of cellulose-rich

domains. Highly heterogeneous porous sam-

ples were obtained via cellulose coagulation

and drying under CO2 supercritical condi-

tions. A significant part of lignin was washed

out during coagulation confirming the repul-

sion between cellulose and lignin in NaOH–

water solvent. The higher the lignin concen-

tration in the mixture, the larger pores were

obtained in the dry material.

References

Adusumali RB, Reifferscheid M, Weber H, Roeder T,

Sixta H, Gindl W (2006) Mechanical properties of

regenerated cellulose fibres for composites. Macromol

Symp 244:119–125

Atalla RH, Agarwal UP (1985) Raman microprobe evi-

dence for lignin orientation in the cell wall of native

tissue. Science 227:636–638

Fig. 5.39 SEM images of aero-lignocellulose from cel-

lulose–lignin mixtures: regenerated in 0.1 mol L�1 (a)
and in 1 mol L�1 acetic acid bath. The scale bar is

2 mm. Concentration of cellulose and lignin in the initial

mixture was 4 and 4.3 %, respectively. Gelation was at

65 �C for 2 h. With kind permission from Springer Sci-

ence + Business Media: Sescousse et al. (2010b), Fig. 5.7

144 P. Navard et al.



Atalla RH, Hackney JM, Uhlin I, Thompson NS (1993)

Hemicelluloses as structure regulators in the aggregation

of native cellulose. Int J Biol Macromol 15:109–112

Barthel S, Heinze T (2006) Acylation and carbanilation of

cellulose in ionic liquids. Green Chem 8:301–306

Benoı̂t H (1948) Calcul de l’écart quadratique moyen
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