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The relevance of structural features of cellulose
and its interactions to dissolution, regeneration,
gelation and plasticization phenomena
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Cellulose is the most abundant polymer and a very important renewable resource. Since cellulose
cannot be shaped by melting, a major route for its use for novel materials, new chemical compounds
and renewable energy must go via the solution state. Investigations during several decades have led to
the identification of several solvents of notably different character. The mechanisms of dissolution in
terms of intermolecular interactions have been discussed from early work but, even on fundamental
aspects, conflicting and opposite views appear. In view of this, strategies for developing new solvent
systems for various applications have remained obscure. There is for example a strong need for using
forest products for higher value materials and for environmental and cost reasons to use water-based
solvents. Several new water-based solvents have been developed recently but there is no consensus
regarding the underlying mechanisms. Here we wish to address the most important mechanisms
described in the literature and confront them with experimental observations. A broadened view is
helpful for improving the current picture and thus cellulose derivatives and phenomena such as fiber
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dissolution, swelling, regeneration, plasticization and dispersion are considered. In addition to the matter
of hydrogen bonding versus hydrophobic interactions, the role of ionization as well as some applications

DOI: 10.1039/c7cp02409f

Open Access Article. Published on 22 Caxah Alsa 2017. Downloaded on 06/03/2026 10:33:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

Introduction

Physico-chemical studies of cellulose and its intermolecular
interactions obviously have a long history. In early work in
developing the concept of polymers, cellulose played a central
role and was a natural early study object by Staudinger, Svedberg
and other pioneers in the field of macromolecules. The ultra-
centrifuge developed by Svedberg gave direct proof of the
existence of high molecular weight molecules. This proof would
have been more difficult to obtain if Svedberg had started his
work with a highly polydisperse compound like cellulose and
not (partly by chance) a high molecular weight protein. Cellulose
early on became an important study object among polymer
physical chemists and Svedberg would return to such studies."?
A central part of these and other attempts to characterize cellulose
molecules was obviously to dissolve cellulose, and several solvents,
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of new knowledge gained are highlighted.

more or less exotic, were developed, inter alia for molecular weight
determination.’ In this early period, researchers typically inves-
tigated different macromolecules in parallel and comparing
solubility characteristics of different polymers was helpful for
understanding the intermolecular interactions involved.

Research on polymers has clearly grown enormously and has
become very specialized. Currently cellulose work is very extensive
and includes large efforts to develop new solvent systems. Earlier
widespread studies regarding swelling phenomena and structural
changes in cellulose due to sodium hydroxide were originated after
Mercer’s discovery (so-called mercerization process) in 1844. It was
found that cellulose shows a maximum swelling in aqueous alkali
solutions in a specific concentration range, namely 8-10 wt%
aqueous sodium hydroxide and 5-10 wt% aqueous lithium
hydroxide, at a relatively low temperature.®® These in-depth
studies on cellulose swelling opened the door to cellulose
dissolution in 8-10 wt% aqueous sodium hydroxide and in
6 Wt% aqueous lithium hydroxide solution at 4 °C."°

Since then, important progress has been made, for example,
by Lina Zhang and coworkers in Wuhan, who elaborated additives
like urea and thiourea as important facilitators of dissolution."* ¢

Lithium salts are also worth mentioning due to their relevance
for the analysis of cellulose and preparation of a wide variety of
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derivatives. In this respect, the DMAc/LiCl mixture, developed
by McCormick, should be highlighted."”” N-Oxides of tertiary
amines, in particular N-methylmorpholine-N-oxide (NMNO),'®*?
emerged as the best of the amine-oxides in the late 1970s;
solutions up to 23 wt% of cellulose can be obtained by dissolving
the polymer in NMMO/water mixtures, and subsequently removing
water under vacuum.”®>* This constitutes the basis of the Lyocell
process whose commercial potential has been demonstrated and is
now applied on a large scale.”®

Regarding interactions that limit cellulose solubility in water
and are responsible for cellulose aggregation, much focus has
been on hydrogen bonds. This is in striking contrast to discussions
about interactions of other polysaccharide systems.

Purpose

A few years ago, in approaches from Swedish industry, we were
asked to analyse the present state of cellulose solvents and
hopefully suggest new routes. A general outcome of the survey
of recent literature®® was that the insolubility in water was
attributed to strong cellulose-cellulose hydrogen bonds, a view
in conflict with our general understanding of water as a solvent.
Instead it was argued that cellulose is markedly amphiphilic
and that the aqueous insolubility could be mainly attributed to
hydrophobic interactions.>**’

It is well known that cellulose solubility in water increases
strongly at extreme pH values, again interpreted in the current
literature in terms of breaking of hydrogen bonds. We argued
instead that this is a typical polyelectrolyte behaviour related to
a protonation/deprotonation process giving cellulose molecules
a net charge. Our analysis, published in a Festschrift for a
colleague,” led to an invitation for the opening lecture of
the ZELLCHEMING conference in Wiesbaden, Germany (June
28-30, 2011). On the basis of this, Wolfgang Glasser, editor of
Cellulose, invited a paper.” In order to stimulate discussion he
invited a number of leading researchers in the field to critically
examine our views.”® Unsurprisingly it was found that our views
were far from novel or original but that similar findings could
be seen in earlier publications.?”*° However, such contributions
had essentially drowned in a flood of publications identifying
hydrogen bonding as the main reason for the insolubility of
cellulose in water.

During the years since these publications the activity regarding
cellulose dissolution has become even more intense and several new
studies have been published. This gives an excellent opportunity to
return to basic aspects and shed further light on the problem.

Hydrogen bonding vs. hydrophobic
interactions

Considering the general features of dissolution of a solid in a
liquid we note that the process is a delicate balance between
entropy, favoring solubility, and energy or interactions typically
opposing solubility. Depending on the interactions mainly in the
solid state, the latter can be a weak or strong force. On dissolution
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we have to break intermolecular interactions in the solute, like
the hydrogen bonds between cellulose molecules, which are
unfavorable for dissolution. However, on dissolution we establish
new interactions between the solute and the solvent molecules
and it is the balance of different interactions that will determine
the outcome. For the case of cellulose in water it is noted that we
have to consider hydrogen bonds not only between cellulose
molecules but also between cellulose and water and between
water molecules. It appears that they are not significantly
different and therefore aqueous insolubility cannot be attributed
to hydrogen bonding. A detailed analysis of the balance of inter-
actions by Bergenstrahle et al. clearly demonstrated the same point
as has also other analyses.*'*

There are several observations that suggest that hydrophobic
interactions are decisive for the behavior of cellulose in aqueous
systems:>*

- In the structure of cellulose there is a clear segregation into
polar (OH) and nonpolar (CH) patches, and thus a clear
amphiphilicity.>*7*® Due to the hydrophobic properties of the
glucopyranose plane, the cellulose chains can stack via hydro-
phobic interactions and can form a sheet-like structure (Fig. 1).
This was already recognized by Sponsler’s diffraction work®®
and later by Warwicker and Wright.*°

- Urea (as well as thiourea and some other cosolutes)
facilitates cellulose dissolution. This correlates well with the
effect of urea on hydrophobic interactions as seen for example
for proteins (denaturation by urea) and surfactant micelles
(demicellization by urea).*"~**

- After dissolution of native cellulose (cellulose I), which is
metastable, one typically observes gelation, which is due to
cellulose aggregation and the onset of precipitation of (stable)
cellulose I1.*>*® The fact that gelation is significantly reduced
in the presence of surfactants points to the presence of hydro-
phobic parts.**

- Solutions of organic acids or bases are much better
solvents than those of inorganic ones. Furthermore, there are
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Fig. 1 Cellulose Il crystal and the models of molecular sheets: (A) hydrogen
bonded (HB) molecular sheet; (B) van der Waals-associated (VW) molecular
sheet. (Reprinted from ref. 38: H. Miyamoto, M. Umemura, T. Aoyagi,
C. Yamane, K. Ueda and K. Takahashi, Structural reorganization of molecular
sheets derived from cellulose Il by molecular dynamics simulations,
Carbohydr. Res., 2009, 344(9), 1085-1094. Copyright 2009, with permission
from Elsevier.)
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indications of differences in the state of aggregation between
the two cases.*®

- Cellulose biosynthesis is affected by the presence of
hydrophobic substances.>®*78

- Ionic liquids are good solvents for cellulose.*®*® Since
these are strongly amphiphilic (and can be characterized as
weak surfactants) they fit well into the picture of hydrophobic
interactions. The same applies to other solvents like N-methyl-
morpholine N-oxide or aqueous alkylammonium hydroxides.>!

It can also be noted that other polyglucoses, like cyclodextrin
and amylose, show very clear amphiphilicity. Thus they are
water-soluble at the same time as they can solubilize hydro-
phobic, water-insoluble, substances.

Experimental or theoretical arguments for hydrogen bonding
being decisive for the aqueous insolubility are largely lacking.
An attempt was made for ionic liquids to use Cl NMR relaxation
to probe the role of hydrogen bonding.*>** Large quadrupole
relaxation effects for chloride ions were attributed to inter-
actions with hydroxyls of cellulose. However, previous work on
aqueous solutions showed that the effects are much stronger
for hydrophobic groups (alkyl chains, etc.) than for hydrophilic
ones (hydroxyl).>*>” Therefore, the conclusion supporting
hydrogen bonding appears not to be justified.

Other examples of hydrogen bonding can be cited: theoretical
work by Gupta et al. revealed that solvation leads to the breaking
of H-bonds at the cellulose surface and therefore they claim that
inter-chain H-bonding is critical to govern cellulose dissolution.>®
Other authors support the thesis that the native hydrogen
bonding network in cellulose needs to be disturbed or destroyed
to make cellulose dissolution viable based on the idea that
partial substitution of the hydroxyl groups leads to cellulose
derivatives which are often soluble in common solvents.>*
However, we should remember that several cellulose derivatives
such as methyl cellulose or hydroxyethyl cellulose may be highly
soluble in water even if they have a high, often as high as cellulose
itself, capacity for intermolecular hydrogen bonding. In a well
known salt system composed of cellulose/dimethylacetamide
(DMAC)/LiCl the role of hydrogen bonding has been inferred by
FTIR, NMR (°C, **Cl, and “Li) and conductivity measurements.
The authors suggested that the hydroxyl protons of cellulose form
strong hydrogen bonds with the Cl™ ions, during which the
intermolecular hydrogen bonding networks of cellulose are broken
with simultaneous splitting of the Li*-Cl~ ion pairs. Additionally
the authors claim that when cellulose is dissolved in DMAc/LiCl,
the Cl™ anions are observed to replace the OH:--O hydrogen
bonds between cellulose chains with the O---ClI” hydrogen
bonds.®! Using solid-state cross-polarization magic angle sample
spinning (CP/MAS) >C NMR, Kamide et al. suggested that the
solubility of cellulose in aqueous alkali solutions correlates well
with the decrease of hydrogen bonding, a structural parameter
referred to as “the degree of break-down of intramolecular
hydrogen bonds (O3-H- - -05) of cellulose”.'%>3

Yamashiki et al.®*®® successfully developed the so-called
steam explosion treatment to make the super-molecular structure
of wood pulp more accessible to the solvent.®” It was suggested
that the steam explosion effectively breaks the hydrogen bonds of
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cellulose.®* Again, the degree of hydrogen bonding correlated well
with the solubility of cellulose in aqueous solutions of sodium
hydroxide.®® Another pre-treatment of cellulose (enzymatic) has
also been suggested to increase the solubility of cellulose due to
both the decrease in DP and hydrogen bond density.*”°

The dissolution mechanism of cellulose in ionic liquids has
long been argued to be all about hydrogen bond interactions.
Several studies suggest that the anion of the ionic liquid
penetrates the cellulose structure and disassembles the native
cellulose structure by competitive hydrogen bonding.’*”"”>
The anion acts as a hydrogen bond acceptor and the cation
as a hydrogen bond donor. In this context, it has been suggested
that the anions play a large role in dissolution, breaking the
dense hydrogen bond network within cellulose through the
formation of new hydrogen bonds®*® which is argued to be
supported by results showing that high hydrogen basicity is
associated with cellulose dissolution.”*”®

Some of the arguments for hydrophobic interactions controlling
the aqueous solubility of cellulose were presented already in our
previous writings.”***” Below we will add some further analysis of
the problem, mainly obtained in broadening the view to some other
systems. The literature on cellulose is huge and rather scattered. In
our entry to this field a few years ago we overlooked important
earlier contributions in which the balance of interactions was nicely
considered, in particular the role of other interactions than
hydrogen-bonding. Several comments in the paper by Glasser
et al.*® made this clear. We wish here to cite a few:

Blackwell: “To some extent the hypothesis of Lindman
rehashes issues that should be settled by now. I have always
been struck by the high density of cellulose, which must mean
that the intermolecular forces are very strong.” “Examination
of the cellulose I structure shows that the chains are linked by
(intermolecular) hydrogen bonds in one plane, but are stacked
in the perpendicular direction, where the interactions are
mainly due to the hydrophobic forces between the C-H groups.
Any solvent needs to break both types of bonds”, “Ever since
the discovery of hydrogen bonds there has been a tendency to
over-exaggerate their importance in determining the solid state
structure.”

Brown, Jr.. “As a researcher who has studied cellulose
biosynthesis and structure for more than 44 years, I am surprised
that the amphiphilic and hydrophobic interactions were not
realized much earlier! Having said this, I would like to emphasize
that our research tends to support the Lindman et al. concept, at
least through the biosynthetic approach.”

French: “The amphiphilic character of cellulose is dramatically
illustrated by viewing computer models of a small model cellulose
1B crystal.”

Nishiyama: “If the manuscript is controversial to some
readers, this rough description of amphiphilic nature represents
rather common sense to me. I remember the late Prof. A. Ishizu
describing cellulose as an amphiphilic polymer in a cellulose
chemistry course when I was an undergraduate student at the
University of Tokyo back in 1992.”

Klemm: “The amphiphilic nature of cellulose and its inter-
pretation as well as the comparison with the amphiphilic
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oligoglucans of the cyclodextrin type have been under discussion
for a long time.”

Atalla: “The hypothesis of Lindman serves the field well in
reopening questions regarding the stability of cellulose in
aqueous media. It discusses some but by no means all of the
phenomena and issues that are relevant to understanding the
solubility of cellulose or the lack thereof. But the conclusion
attributing the lack of solubility in water to a strong contribution
by its amphiphilicity is as simplistic as its prior attribution to
hydrogen bonding.”

Burchard: “No doubt, the anhydro-glucose unit (AGU) has
noticeable hydrophobicity. This is evidenced by the inclusion
complexes of hydrocarbons that are observed with cyclodextrin
and one of the amylose helices. This behaviour could not
be estimated from the outset on the basis of the chemical
structure of the anhydro-glucose unit alone. Clearly, the ring
skeleton is hydrophobic and contains only one polar oxygen
unit. The symmetry is perturbed by the primary OH group
sticking out at C6 position, which is hydrophilic.”

Glasser: “In summary, the Lindman hypothesis seems to
agree with the general perspective (as expressed by the debaters)
of cellulose as a polymer in which intermolecular stress transfer
involves more than hydrogen bonds. Hydrophobic and amphiphilic
behaviors have been acknowledged for some time but may have
been under-estimated in conventional considerations of structure,
solubility, etc.” “It is apparent from these studies that van der Waals
attractive forces and hydrophobic interactions may prevail not only
in the formation of crystalline cellulose morphologies but also in
the formation of a cellulose-to-lignin interface. ..”

Does cellulose ionization contribute to
solubility in water?

There has been, during the last decade and more, a huge
renewed interest in cellulose dissolution in alkaline solutions
(see, for instance, ref. 80 and references therein). In the very
large number of publications on the topic there is rarely a
discussion in terms of ionization of cellulose. Rather dissolution is
frequently attributed to the hydroxide ions “attacking” the hydrogen
bonds. It is unclear if this is a kinetic or thermodynamic argument
and what this implies for the mechanism of cellulose self-association
as pH is lowered. Dissolution in aqueous alkali has also been
discussed in terms of special sodium hydroxide hydrates.*"** Special
attention has also been paid to the difference between different
alkali ions. This alkali ion specificity has been attributed to specific
ion binding effects. A rather strong input to this hydrate hypothesis
has come from Zhang’s group where the NaOH or LiOH hydrates
(even when urea is present) are said to destroy the inter- and
intra-hydrogen bonds between cellulose molecules while the
urea hydrates are believed to work as donors and receptors of
hydrogen bonds between solvent molecules, thus preventing
cellulose aggregation and leading to molecular dissolution of
cellulose.'? 383787

Solubility and miscibility are, in almost all cases, due to
entropy of mixing and cellulose should not constitute an
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exception.”® The solubility of a polymer is generally low because
of a low translational entropy. For a stiff polymer it is even
lower because of a low configurational entropy. If the polymer
is ionized and becomes a polyelectrolyte the situation is quite
different, mainly because of the large entropy contribution
from the counterions; Coulombic interactions may also contribute
but are generally much weaker.®®® Therefore, polymers that
ionize are generally soluble in water, even if they are not very
polar. The counterion entropy effect is reduced or lost if an
electrolyte is added and in line with this many polyelectrolytes
lose their solubility on addition of salt.

It is striking that whereas this polyelectrolyte view (also
important in fiber swelling, ¢f. below) is clearly understood in
the earlier literature® this perspective is lost in some recent
literature. In two recent reviews,*>** OH deprotonation is hardly
mentioned in connection to alkali systems. Instead, the effect of
alkali is discussed in terms of weakening of hydrogen bonds
between cellulose chains and specific ion interactions. As
mentioned above, the dissolution of cellulose under alkaline
conditions is thus sometimes attributed to hydroxide ions
attacking the hydrogen bonds between cellulose molecules.
We can compare this with our picture of the pH dependent
solubility of two near-lying comparisons, sodium carboxymethyl
cellulose (CMC) and chitosan. As the pH value decreases, CMC
will be protonated. CMC will gradually change from the salt type
into the water-insoluble acid type and precipitate from the
solution. We can dissolve the precipitate by adding NaOH and
increase the pH, very similar to what happens with cellulose at
high pH. In the case of CMC we would not describe the effect in
terms of OH™ ions (at 10~ '° molar) attacking hydrogen bonds.
Likewise with chitosan, it is water-soluble at low but not at high
pH. Again we ascribe this to protonation and ionization rather
than H' ions attacking intermolecular hydrogen bonds.

As indicated, early literature ascribed cellulose solubility at
extreme pH values to protonation/deprotonation effects leading
to charging up. However, this picture was later lost in most
literature partly since it was difficult to directly demonstrate
ionization effects in experiments. One exception worth mentioning
is the "H and "*C NMR work of Isogai where low molecular weight
cellulose (DP = 15) was investigated in 4-30 wt% NaOD/D,O
solvent mixtures.””> From the relationship between the 'H- and
3C-chemical shifts of the cellulose and NaOD concentrations it
was possible to infer on the dissociation state of three hydroxyl
groups of cellulose in aqueous NaOH solutions. It is further stated
that “although alcoholic hydroxyl groups may not form stable
alcoholates, i.e. completely dissociated forms, in aqueous alkaline
environment, they may be able to form some sort of dissociated
structures of relatively short duration even in aqueous alkaline
solutions”. Later studies by Alves et al. gave strong qualitative
support to the work of Isogai in two ways, namely by demon-
strating large pH dependencies of NMR chemical shifts and by
nonspecific electrolyte effects in decreasing cellulose solubility.”**>
With self-diffusion NMR, Gentile and Olsson have shown in a
strong alkaline solvent that the tetrabutylammonium cation
(TBA") binds to cellulose with approximately 1.2 TBA" ions per
glucose unit and the reason for such binding is suggested to be

Phys. Chem. Chem. Phys., 2017, 19, 23704-23718 | 23707


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7cp02409f

Open Access Article. Published on 22 Caxah Alsa 2017. Downloaded on 06/03/2026 10:33:40 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

the electrostatic interaction with the deprotonated hydroxyl
groups on cellulose combined with hydrophobic interactions.*®
For cellulose dissolution in an aqueous metal complex based
system, it has been realized that the deprotonation of OH-groups
(C2 and C3) is necessary before the complex can be established at
those positions.”” %

Recently, more conclusive evidence for ionization at high pH
has been obtained by Bialik et al. in studies on model systems."*"
To elucidate the dissolution mechanism, these authors performed
electrophoretic NMR on cellobiose, a subunit of cellulose, showing
that cellobiose acts as an acid with two dissociation steps at pH 12
and 13.5 (Fig. 2, left). Chemical shift differences between cellobiose
in NaOH and NaCl were estimated using 2D NMR and compared to
theoretical shift differences upon deprotonation. The dissociation
steps are the deprotonation of the hemiacetal OH group and the
deprotonation of one of four OH groups on the non-reducing
anhydroglucose unit. Molecular dynamics simulations revealed
that aggregation is suppressed upon charging cellulose chains
in solution (Fig. 2, right).

These findings strongly suggest that cellulose is to a large
extent charged in concentrated aqueous alkali, clearly a crucial
factor for dissolution. We believe that this insight, largely over-
looked in the current literature, is important for understanding
cellulose dissolution.

As mentioned, a number of reports in the literature have
found cation-specific effects in dissolution by alkali hydroxides,
for example NaOH being more efficient than KOH. However,
Bialik et al. found that ionization does not depend on whether
NaOH or KOH is used to obtain a particular pH.'"" A larger
amount of KOH is, however, needed to obtain the same pH
because NaOH is a stronger base. Hence, the apparent cation
specificity previously reported'®®'®® may appear due to the
interaction between alkali and OH™ ions. Thus there is no
support for the notion that different interactions between
different alkali ions and cellulose play a role. Further studies
like the one of Bialik et al. are needed to throw light on the
generality of charging up of cellulose as an important mechanism
for dissolution. For example, Bialik et al. showed that because of
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Fig. 2 (left) Effective charge, Z, of cellobiose as a function of the solution
pH adjusted by adding either KOH (closed circles) or NaOH (open circles).
The estimated experimental uncertainty of Z is £0.1. Dashed lines are
linear fits to data below and above pH = 12.1, respectively. (right) Cellulose
configurations in the last frame of a 1 ps simulation for (a) neutral and
(b) deprotonated. (Adapted with permission from ref. 101: E. Bialik, B.
Stenquist, Y. Fang, A. Ostlund, I. Furo, B. Lindman, M. Lund and D. Bernin,
lonization of Cellobiose in Aqueous Alkali and the Mechanism of Cellulose
Dissolution, J. Phys. Chem. Lett., 2016, 7(24), 5044-5048. Copyright 2016,
American Chemical Society.)
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selective association there is the formation of charged cellulose
species in ionic liquids.'**

What can we learn from cellulose
derivatives?

Recent research on cellulose is frequently not performed with
reference to studies of other polysaccharides, not even cellulose
derivatives (A notable exception is EPNOE, the European
Polysaccharide Network of Excellence, directed by P. Navard.).'*
In our opinion important insight into mechanisms can be gained
from such a broader scope.

A large number of cellulose derivatives have been prepared
for a long time, and have many important applications. They
have also been the subject of extensive research. Many of them
are water-soluble, so their interactions can be easily investigated.
The most studied are methyl cellulose (MC), hydroxyethyl
cellulose (HEC), ethylhydroxyethyl cellulose (EHEC), hydroxy-
propyl cellulose (HPC), CMC, and cationic HECs (catHEC). The
cellulose derivatives can be ionic or nonionic and have different
polarities, higher or lower than cellulose itself, and higher or
lower hydrogen bonding capacity. Since cellulose derivatives
retain important features of the cellulose molecule and are easily
dissolved in the molecular state, their study can shed important
light on the properties of molecular cellulose. One common feature
of the nonionic cellulose derivatives and cellulose is the anomalous
temperature dependence of solubility, ie. that solubility in water
increases at lower temperature. Solubility of nonionic cellulose
derivatives is strongly affected by cosolutes (see, for example,
ref. 106). For electrolytes, different anions have strong effects;
large anions like I or SCN™ increase the solubility considerably
whereas Cl~ and SO,?>~ decrease it. This can be attributed to
a weak association for the former ones and depletion for the
latter ones.”

A common aspect of surfactants in water is the strong
tendency to associate to macroscopic or molecular hydrophobic
sites; this is illustrated by the non-cooperative adsorption to
hydrophobic surfaces and by the binding to cosolutes with
hydrophobic groups. Mixed solutions of different surfactants
and a range of cellulose derivatives have been extensively
investigated.'®”''° A very general feature is an association, as
can be inferred from solubility as well as from direct binding
isotherms. Notably, binding is observed even if the substitution
is such that the cellulose derivatives are more polar than cellulose
itself. This gives a strong indication that cellulose molecules have
significant hydrophobic properties.

We will illustrate the delicate balance between electrostatic
and hydrophobic interactions by two very different cases, a
cationic hydroxyethyl cellulose derivative (catHEC) and a non-
ionic cellulose ether, ethyl hydroxyethyl cellulose (EHEC). In
both cases we consider a common surfactant, sodium dodecyl
sulfate (SDS). The surfactant binding isotherm for catHEC
illustrated in Fig. 3 shows that binding occurs in two distinct
steps, which can be attributed to two driving forces, electro-
static and hydrophobic."" In a first binding step the oppositely
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CACQ

CAC

Concentration of bound surfactant

Concentration of free surfactant

Fig. 3 For catHEC surfactant binding occurs in two steps indicating
significant hydrophobicity. There is a low concentration binding step to
approximate charge neutrality (CAC) followed by a second step at higher
concentrations (CAC(2)). (With permission from ref. 111: A. V. Svensson,
L. Huang, E. S. Johnson, et al., Surface deposition and phase behavior of
oppositely charged polyion/surfactant ion complexes. 1. Cationic guar
versus cationic hydroxyethylcellulose in mixtures with anionic surfactants,
ACS Appl. Mater. Interfaces, 2009, 1, 2431-2442. Copyright 2009, American
Chemical Society.)

charged surfactant binds to close too charge neutralization.
The driving force for the second step can only be understood in
terms of hydrophobic interactions (and is counteracted by
electrostatics) and follows the behavior of the same surfactant
associating to HEC and to nonionic cellulose derivatives in
general.

A striking illustration of the balance between forces is given
by gel swelling experiments (Fig. 4)."'> A gel of a cross-linked
ionic polymer is highly swollen in water due to the osmotic effect
(counterion entropy). As an oppositely charged surfactant binds
there is a dramatic deswelling because of charge neutralization.
As more surfactant is added there is a strong reswelling as the
polymer charges up in the second binding step.

Nonionic cellulose derivatives often lose their solubility in
water at higher temperature as manifested by solution turbidity
induced as temperature is increased.'"® This is characterized by
a quite well-defined “‘cloud-point”, CP. Adding small amounts
of an ionic surfactant to a solution of a nonionic cellulose
derivative raises the CP strongly, easily understood from the
formation of a net charged polymer-surfactant complex, thus
giving the polymer a polyelectrolyte character. A striking observation
is that in the presence of electrolyte the effect is the opposite (Fig. 5),
the CP decreases.'® The reason for the lowered solubility is that
a polymer-surfactant complex phase separates; in the absence
of salt, counterion entropy effects prevent phase separation but
in the presence of electrolyte the hydrophobic interactions
control solubility.

Another indication of the inherent amphiphilicity of the
cellulose molecule can be seen in the adsorption properties of
cellulose derivatives. Nonionic polymers have in general a large
tendency to adsorb on different surfaces as a result of the low
translational entropy. For cellulose derivatives there is a striking
difference between polar and nonpolar surfaces as illustrated in
Fig. 6."%° The larger tendency for adsorption to nonpolar surfaces
indicates the role of hydrophobic interactions. Adsorption studies
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Fig. 4 The effect of addition of an anionic surfactant (SDS) changes
dramatically the volume of polymer gels as illustrated here for a nonionic
polymer (HEC) and an oppositely charged polyelectrolyte (cationic HEC).
(With permission from ref. 112: J. Sjostréom and L. Piculell, Simple gel
swelling experiments distinguish between associating and nonassociating
polymer-surfactant pairs, Langmuir, 2001, 17, 3836-3843. Copyright
2001, American Chemical Society.)

of molecular cellulose seem not to have been investigated but
would be significant.

These and several other studies of cellulose derivatives point
to the strong effect of hydrophobic interactions in aqueous
solution. On the other hand, there is no indication of hydrogen-
bonding driving association between the polymer molecules in
water or playing a role in association phenomena in general.
For example, we see no correlation between association and
hydrogen bonding capacity. Cellulose derivatives typically
have a somewhat patchy substitution pattern and it has been
observed that unsubstituted parts of cellulose molecules can
associate into long-lived pseudo-crystalline aggregates which
locally have a structure very much resembling that in cellulose
itself.""* This association due to “microcrystallites” is strongly

100

80

60

40

Cloud point / °C

20 . 0.046%

0.11% 0.11%

0 5 10 15 20
Surfactant concentration / mM

Fig. 5 Addition of an ionic surfactant to a solution (0.9 wt%) of a clouding
polymer (illustrated by EHEC) raises the cloud point in the absence of
added electrolyte but decreases it in the presence of (low amounts of)
electrolyte. The change in the cloud point on addition of SDS is given in the
absence of added electrolyte and in the presence of different concentrations
of added NaCl; from top to bottom the curves refer to 0, 0.009, 0.019,
0.046, and 0.11 wt% of salt. (With permission from ref. 108: A. Carlsson,
G. Karlstrdbm and B. Lindman, Synergistic surfactant-electrolyte effect in
polymer solutions, Langmuir, 1986, 2, 536—-537. Copyright 1986, American
Chemical Society.)
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Fig. 6 The adsorption of EHEC from dilute solutions is distinctly different
for polar (silica) and nonpolar (hydrophobized silica) surfaces. (Reprinted
from ref. 106: M. Malmsten and B. Lindman, Ellipsometry studies of the
adsorption of cellulose ethers, Langmuir, 1990, 6, 357-364. Copyright
1990, American Chemical Society.)

dependent on the distribution of substituents along the cellulose
molecules and is promoted by ‘‘blockiness”. The presence of
crystallinity was indicated by X-ray diffraction for concentrated
solutions giving similar packing as for native cellulose. The
observed gelation in such solutions induced by ionic surfactants
is governed by an interplay between swelling (caused by the
surfactant charges) and connectivity (due to hydrophobic
association).'*® Gelation in mixtures of surfactants and typical
hydrophobically modified polymers is caused by short-lived
hydrophobic associations. However, in the work on cellulose
derivatives very long-lived aggregates can be observed in NMR
studies.""® The presence of long-lived aggregates was confirmed
in investigations using surface force apparatus, static light
scattering and flow field fractionation chromatography.'*”*'
In conclusion this work points to a hydrophobic association
mechanism distinct from the short-lived and weak one of hydro-
phobically modified water-soluble polymers. Rather association
was found to be related to unsubstituted parts of the cellulose
derivatives forming microscopic pseudo-crystalline regions.
This is supported by the wide-angle X-ray diffraction results
mentioned above.

Cellulose derivatives display clearly the delicate balance
between hydrophobic and electrostatic interactions as we have
seen throughout for cellulose itself.

Not only thermodynamics

The dissolution of any polymer is a slow process and equili-
brium in polymer systems may not be reached under practical
conditions. Cellulose is certainly no exception to this, rather
the complex hierarchical structure of wood imposes strong
kinetic barriers for any process. The fact that cellulose I, which
is metastable with respect to cellulose II, can exist for 100s of
years illustrates this. Another aspect of the kinetics concerns the
numerous complex pretreatments of cellulose prior to dissolution,
which have been described. In this treatise we have left kinetic
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aspects aside and focussed on thermodynamics and intermolecu-
lar interactions.

Cellulose regeneration and gelation

Cellulose regeneration is an indispensable step for cellulose
shaping and process of novel materials."**™"*! Typically, regeneration
involves the use of non-solvents, which, upon contact with the
dissolved cellulose dope, induce the precipitation (coagulation) of
cellulose. The kinetics of coagulation are essentially controlled by the
relative diffusion velocities of solvent from the cellulose dope to the
coagulation medium and the counterpart reverse process, diffusion
of the non-solvent into the cellulose dope.'** Additionally, the type
of solvent and non-solvent strongly influences the properties
(morphological and mechanical) of the regenerated cellulose
material."””>'** From a mechanistic point of view, this exchange
of solvent with non-solvent is generally believed to lead to the
reformation of intra- and inter-hydrogen bonds previously broken
during dissolution. Water assumes a relevant role, particularly
when ionic liquids (ILs) are used as cellulose solvents. For example,
computational studies on the 1-ethyl-3-methylimidazolium acetate,
[C2mim][Ac], and 1-butyl-3-methylimidazolium acetate, [C4mim]-
[Ac], systems propose that the H-bonds formed between the ~-OH
groups of cellulose and [Ac] anions diminish when adding water
(works as a non-solvent). It is suggested that water forms
preferentially H-bonds with the [Ac] anion and consequently,
the H-bonds between cellulose molecules are reestablished,
leading to precipitation.'>>"*”

The regeneration mechanism for alkali systems suggests
that the inclusion complex associated with cellulose, NaOH,
and, in some cases, urea or thiourea hydrates, is disrupted by
adding a non-solvent such as water, leading to the self-association
of cellulose. The regenerated cellulose is said to be formed
through a rearrangement of the hydrogen bonds.'***?° Therefore,
regeneration is generally assumed to be driven by H-bonding
reformation.

Recent theoretical work has highlighted other interactions.
For instance, the MD simulations performed by Miyamoto et al.
suggest that the initial structure obtained during coagulation of
a dope is a molecular cellulose sheet formed via van der Waals
associations,®® and that such sheets play a critical role in the
final structure, e.g., the crystallinity of cellulose.'*® This work
supports the hypothesis of Hayashi®' and Hermans'** in
which molecular sheet-like structures (also called plane lattice
structures) have been identified as basic features of regenerated
cellulose. The first experimental proof that molecular sheets
are formed by hydrophobic interactions as the initial structure
was demonstrated by Isobe et al., who reported that the peak of
the (110) plane of Na-cellulose IV first appeared when cellulose
from cellulose/aqueous alkali/urea solution was regenerated.'**
It should be mentioned that these features were already
deduced from cellulose biosynthesis where the fundamental
groundwork supports the previous ideas.>*"**'3* Essentially, it
was found that cellulose crystallization is a three step process:
(a) formation of monomolecular glucan chain sheets by van der
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Waals forces; (b) association of these sheets into mini-crystals
by H-bonding; and (c) convergence of the mini-crystals
(= subelementary fibrils) into the native crystalline microfibril.

Another important issue is gelation, which can be regarded
as an intermediate step in cellulose regeneration. Gelation can
be triggered by changes in the solvent composition, ionic
strength, pH or even temperature (the use of a non-solvent
may affect various parameters at the same time). The general
inability of the solvents to molecularly disperse cellulose chains
leads to the formation of aggregates of cellulose chains in
solution, and a fringed micelle model has been proposed to
reflect the semi-crystalline structure of the native cellulose
fibers.**>3¢ Gelation is said to be a consequence of the
formation of a cross-linked network between the different
nuclei (i.e. fringed micelles)."*” Recently it has been suggested
that the reason for cellulose gelation may also be related to
crystal polymorphism; while natural (wood) cellulose, so called
cellulose I, dissolves, solutions may become supersaturated
with respect to the more stable cellulose I1.*>*® This kind of
cellulose recrystallization from semi-dilute solutions may lead
to gelation as chains can participate in more than one nucleus.

Surface polarity of cellulose and
wettability

As mentioned above, there is a clear segregation into polar (OH)
and nonpolar (CH) patches in the cellulose structure. This
structural anisotropy is reflected in different properties presented
by cellulose molecules such as wetting."*® Yamane et al
suggested that the contact angle formed by a water droplet on
regenerated cellulose films (as an index of wettability) is
positively correlated with the orientation of (1—10) crystal
planes and crystallinity. The hydroxyl groups of cellulose are
located at the equatorial positions of glucopyranose rings,
corresponding to the crystal plane (1—10), and the hydrophilicity
of this surface is expected to be very high. It is also predictable
that a higher planar orientation of the (1—10) planes and higher
crystallinity would lead to higher density of hydroxyl groups on
the surface of regenerated cellulose films, resulting in higher
wettability. Regenerated cellulose films are known to be among
the most hydrophilic polymeric films; the contact angle of a water
droplet on typical regenerated cellulose films, such as cellophane
or cuprophane, is ca. 12°, far lower than that of other widely used
polymers. However, higher contact angles are observed in the
case of amorphous regenerated cellulose samples. In the same
direction, Whang et al. attributed the higher contact angles
obtained on rayon fibers, when compared with cotton, to the
significantly higher molecular orientation in cotton fibers."*
The use of less polar coagulation media, such as ethanol,
results in less crystalline materials.'*® Therefore, it is possible
to change the wetting properties of regenerated cellulose by
choosing appropriate coagulants or tuning the coagulation
conditions. This has been suggested, for instance, by Badjik
et al., who reported differences in the wetting properties for
hydroxypropyl cellulose films formed in ethanol and water.
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These differences were suggested to be driven by differences in
the polarity of the coagulant which induced different molecular
arrangements of the hydroxypropyl cellulose molecules.***

Miyamoto et al. have used molecular dynamics (MD) simulations
to investigate structural reorganization of two different kinds of
molecular sheets derived from the cellulose II crystal. The authors
found that the van der Waals-associated molecular sheet becomes
stable in an aqueous environment with its hydrophobic moieties
inside and hydrophilic moieties in the periphery. In contrast to this,
a benzene environment preferred a hydrogen-bonded molecular
sheet, which is expected to be the initial structure formed in
benzene.*® This strongly suggests that cellulose with complementary
properties, ie., hydrophobic surface, can be created by structural
controls such as reversing the planar orientation from (1—10) to
(110) by controlling dissolution and the coagulation conditions.
Additionally it was found that post-treatments with nonpolar
solvents (e.g., hexane), liquid ammonia or hot glycerol can, to
some extent, control the wettability of the regenerated cellulose
films. The hydrogen atoms are located at the axial positions of
the glucopyranose rings, corresponding to the surface of (110)
planes. Thus, the (110) surface is expected to be hydrophobic,
and the surface energy obtained by computer simulations was
far lower than that of the (1—10) surface."*® Similarly Biermann
et al. obtained surfaces with very different nature in terms of
hydrophobicity/hydrophilicity of cellulose from molecular
dynamics simulations.'*? Using argon as a hydrophobic model,
their simulations showed that argon or other hydrophobic species
can easily dissolve.

Oxidation of the cellulose surface leads to changes in
polarity. Lai et al. reported changes in the contact angle of bacterial
cellulose before and after oxidation mediated by 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO).'** The authors correlated the
change in hydrogen bonds with the changes in surface properties.
Using XPS analysis to determine the O/C ratio on the cellulose
surface and the relative amounts of different types of carbon-
oxygen bonds, they found trends for both carbon and oxygen
and showed that the -OH contribution decreases after oxidation.
In addition, a slight increase of the contact angles was reported
with the introduction of carboxylate groups at the surface of the
bacterial cellulose fibers (Fig. 7).

An increase of the contact angles formed with water and
glycerol was observed, being slightly more pronounced for the

| —
. A

Fig. 7 Contact angles of water (a) and glycerol (b) in pure BC and water (c
and glycerol (d) in oxidized BC, respectively. Droplets of 3 uL of water and
glycerol were placed for 60 s over the BC films. (Adapted with permission
from ref. 143: C. Lai, L. Sheng, S. Liao, T. Xi and Z. Zhang, Surface
characterization of TEMPO-oxidized bacterial cellulose, Surf. Interface
Anal., 2013, 45, 1673-1679. Copyright 2013, John Wiley & Sons, Ltd.)
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glycerol case. The introduction of carboxylate groups, substituting
OH groups, leads to changes in wettability, as can be deduced by
the changes in contact angles of different fluids with the cellulose
film surface.

Fiber swelling and wood plasticization

Above we have discussed the delicate balance between hydro-
phobic and electrostatic interactions in conjunction with cellulose
wetting, dissolution and gelation/regeneration. The same con-
siderations will obviously also be relevant for more complex
systems, although here additional components have to be taken
into account. We will here briefly address two phenomena of
wide practical importance, namely wood fiber swelling and
wood plasticization.

Due to their complex hierarchical structures, cellulose fibers
show a different picture characterized by heterogeneous swelling
and dissolution. The most peculiar effect of this heterogeneous
swelling is the ballooning phenomenon, in which swelling occurs
in specific zones along the fibers. The ballooning phenomenon
has been observed and described long ago, first in 1864 by Négeli,"**
followed by Pennetier,"*> Flemming and Thaysen,"**'*’ Rollins and
Tripp,**® Hock™® and Warwicker et al'® According to these
authors, this phenomenon is assumed to be caused by the swelling
of the cellulose contained in the secondary wall of the fibers that
leads to the bursting of the primary wall. As the cellulose swells, the
primary wall rolls up in such a way as to form collars, rings, or
spirals which restricts the uniform expansion of the fiber forming
balloons. Later studies of Chanzy et al'*' and Cuissinat and
Navard™®® showed that the swelling and dissolution mechanisms
are strongly influenced by the solvent quality.

The swelling of cellulose in concentrated sodium hydroxide
solutions has been known for a long time;® in strongly alkaline
solutions the swelling is accompanied by some dissolution.
Pioneering work by Neale® refers this to the osmotic pressure of
the counterions as cellulose is charged up at high pH due to
deprotonation; Neale could also theoretically account for the
maximum in swelling as a function of NaOH concentration.® An
excellent review of early work in the field can be found in the
monograph of Marsh and Lee.'”® Furthermore, it was noted
that in addition to this swelling at high pHs, there may be
appreciable swelling at lower pH that can be correlated with the
presence of acidic groups;'>*"> large increases in the amount
of carboxylic acid groups can arise during chemical upgrading
of mechanical pulps to higher brightness levels through hydrogen
peroxide bleaching, but there may also be sulfonic acid groups
from the chemi-thermomechanical or sulfite pulping processes.
Scallan clearly relates this to the osmotic swelling due to counter-
ion entropy, well understood in polymer systems in general,
notably in polymer gels.>® Thus Scallan describes the swelling
as due to ionization of the cellulose molecules, for example due
to deprotonation of the carboxylic acid groups. As expected
swelling increases with charge density and decreases with electrolyte
concentration and with the valency of the counterions.””*"*” In
line with this mechanism, carboxymethylation leads to increased

23712 | Phys. Chem. Chem. Phys., 2017, 19, 23704-23718

View Article Online

Perspective

138 A clear illustration of the effect of ionization on
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swelling.
swelling comes from the work of Lindstrom and Carlsson.
These authors noted that the water retention values of holo-
cellulose and unbleached sulfate pulps show major increases as
a function of pH in the range where carboxylic acid groups
ionize; in this work also the relation to hornification was
investigated. In line with the combination of hydrophobic and
electrostatic interactions, Zhang et al. noted that addition of thiourea
produces enhanced cellulose swelling in NaOH solutions.**

In view of the discussed balance between hydrophobic and
electrostatic interactions we can also expect large effects of
addition of electrolytes where there is a large difference in polarity
between the two ions. Thus we would expect combinations of high
charge density cations like Ca®" and Li* with large polarizable
anions like I and SCN™ to promote swelling. Indeed it was found
for different cellulose fibers that LiSCN is very effective in
enhancing swelling (see ref. 160 and references therein). We
can interpret this as a weak association of the anions to
cellulose whereas the cations are depleted. Similar effects were
observed in recent studies dealing with wood impregnation by
electrolytes.'®* Furthermore, very important swelling was
demonstrated using mixed solutions of NaSCN and urea.'®

Plasticization can in some ways be viewed as extreme swelling,
gelation or partial dissolution of cellulose fibers; i.e. cellulose
chain mobility increases drastically. Therefore, good plasticizing
solvents should have similar properties as good dissolving
agents. From this point of view, findings from 1943 of urea as
a plasticizing agent are striking. This precedes by several decades
the intense research on cold alkali-urea solvent systems and
again suggests that weakening of the hydrophobic interactions
between cellulose molecules has a key role.'®® Actually, plasticized
or vulcanized paper was developed already in the 1860s.'%* It is
made of several layers of paper, where each layer is impregnated by
zinc chloride that has the capability to swell the cellulose fibers and
partially dissolve it. After impregnation the layers are pressed
together and zinc chloride is leached out through washing in
several steps. Plasticized or vulcanized paperboards have improved
mechanical properties compared to recycled paperboards. The
improved mechanical properties expand the range of possible
applications for products made of cellulose fibers and can be an
alternative to plastics in some applications. Typically, plasticization
increases density, mechanical strength and strain at break of
the paper.'®® Normally the specific stiffness will be unchanged
or increased.'®*'®” It is reported that vulcanized paper has
excellent wear resistance, oil resistance, electrical insulation,
thermal resistance and high wet strength.'®* The high density
and low pore volume combined with a hydrophilic surface
makes it also an excellent barrier for oil and fatty substances.
The mechanical properties might also be sufficient for using
it as a matrix in composites reinforced with glass or carbon
fibers."®®

If the zinc chloride concentration is above 63 and below
72%, the crystalline structure of cellulose decreases. The higher
the temperature is, the faster the crystalline cellulose will change
to an amorphous structure."®® At 65 °C a zinc chloride solution
with a concentration of 73% by weight can dissolve cellulose.'”®
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Fig. 8 Stress—strain curves for paper made and simultaneously plasticized
on a pilot paper machine. The paper was treated with zinc chloride and
sodium hydroxide/urea, respectively, and testing was performed in the
machine direction (MD) and cross direction (CD).

At concentrations below 62% of zinc chloride, the effect will be
swelling of the cellulose fibers and partial dissolution.'®® After
saturating the paper with zinc chloride, pressing will densify the
paper and enable fiber-to-fiber bonds to develop. When zinc
chloride is gradually washed out with water through a diffusion
process and dried, the high density of the paper remains with
improved mechanical properties compared to untreated paper.
This is referred to as vulcanization and the fibers will be strongly
bonded to each other.'®® In Fig. 8 one example of how the
mechanical properties of paperboard made from dissolving pulp
change after solvent plasticization is shown. Both stress at peak
load and strain at break increase when the NaOH/urea at —12 °C
or ZnCl, solution is added to the paper web in a size press on the
pilot paper machine. Most likely, the mechanical properties of
the plasticized paper made on the pilot machine can be further
improved by tuning the time, temperature and washing of the
treatment.

Plasticization partly changes the crystallinity of cellulose
fibers from cellulose I to cellulose II, and increases the amor-
phous cellulose content, thereby changing the fiber and paper
properties.'”" Furthermore, plasticization increases the fiber-
to-fiber bond strength. Plasticization of the surface layers of the
cellulose fibers induces higher strain at break, stiffness and
tensile strength.'”>'”® The solvent used for plasticizing makes
the surface of the cellulose fibers soft and swells the fibers.
However, rigorous washing of the paper to remove the solvent,
and subsequent drying, might lead to shrinkage in all directions."®*
Moreover, the density of the paper increases as the fibers come
together and develop strong bonds between them. The tensile
strength and stiffness are higher for cellulose I than IL'"*
Native cellulose I has a chain modulus of elasticity of 138 GPa
and a strength of several GPa."”* Because of finite crystalline
length of the cellulose molecule and fibril agglomeration the
effective elastic modulus of cellulose nanofibrils (CNF) will be
less and is calculated to be ca. 30-65 GPa.'”> Cellulose II has a
tensile strength of up to 1.8 GPa and an elastic modulus of
55 GPa when spun into fibers."”* This stretched regenerated
fiber is highly oriented, so the corresponding tensile stiffness
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and strength for an in-plane isotropic material should be about
1/3 of these values.

Cellulose as a dispersion stabilizer

Using natural products with minimal modification is a strong
driving force in developing biocompatible, biodegradable and
nontoxic formulations. Important stabilizers of disperse systems
are amphiphilic molecules. The efficient creation of an emulsion
generally requires an emulsifier, which facilitates dispersion by
lowering the interfacial tension, and a stabilizer that prevents
flocculation of droplets by creating repulsion between droplets.
Typically, a surfactant is used as dispersant and a polymer as
stabilizer; some amphiphilic polymers, notably block copolymers,
can fulfil both criteria. Cellulose derivatives, such as methyl
cellulose, hydroxyethyl cellulose and ethyl hydroxyethyl cellulose,
are well known as efficient stabilizers of emulsions (and
suspensions). This highlights their amphiphilic nature which
is clearly not a solo effect of the different chemical modifications
but a direct consequence of the native cellulose backbone. In
arguing that cellulose itself should be considered as an amphiphilic
polymer we would naturally expect that cellulose would locate at the
oil-water interfaces in an emulsion and thus acting as a good
stabilizer; similar considerations concern other disperse systems
like foams. This would represent a clear advantage to use native
cellulose without the need of chemical modifications.

The introduction of cellulose in emulsions must, as an initial
step, involve its dissolution for the reasons elaborated before.
Several solvents can be considered but it is an obvious advantage
to use aqueous systems since the water used for dissolution can
remain as either the dispersed phase or the dispersion medium
in the emulsion; any other solvent would need to be removed
involving a more complex process. Work on using dissolved
cellulose for emulsions has been pioneered by Cohen’s group
in Haifa. Rein et al. used regenerated cellulose as a novel and
efficient eco-friendly emulsifying agent.'”®'’” These authors
suggest that the hydrophilic hydroxyl groups interact with the
water while the more hydrophobic planes of the glucopyranose
rings are located towards the hydrocarbon oil; besides, the
dissolution-regeneration process facilitates the formation of
an encapsulating coating at the water-oil interface because of
the afforded higher mobility of the cellulose molecules. The
authors demonstrated that regenerated cellulose can stabilize
both oil-in-water and water-in-oil emulsions. Although the latter
were found to be less stable, phase separation was only observed
after several months. In the case of oil-in-water emulsions,
stability was attained for one year, where neither flocculation
nor coalescence was observed. The solvent used for cellulose
was the ionic liquid EmimAc, and deionized water was used as a
coagulant. Another research group has started exploring the role
of regenerated cellulose as an emulsion stabilizer, but using an
aqueous phosphoric acid solution as the cellulose solvent and
deionized water as a coagulant."”®'”® Cohen’s group used two
different methods to obtain the emulsions: (1) dispersing the oil
directly in the cellulose solution and adding excess of water
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afterwards to induce coacervation, or (2) regenerating cellulose
first and using the resultant hydrogel as dispersant. Regarding
the latter, both groups followed a similar procedure: first a
hydrogel is formed by coagulation in water and then the hydrogel
particles might be directly added to the oil-water dispersions, or
might be dispersed in the water phase in advance, and adding
the oil later. In all cases, emulsions were found to be very stable
against coalescence, which is attributed to the irreversible
adsorption of the cellulose onto the droplet surface, as confirmed
by microscopy techniques. In the cases where high shear was
applied for the homogenization of the emulsions, creaming was
observed within one or more months, for cellulose concentrations
below 0.8 wt%. The creaming rate was found to decrease when
increasing the cellulose concentration, but still the concentrations
required to delay creaming were lower than that of common
food-grade polysaccharides, as e.g. modified starch. In the cases
where sonication was applied instead of shear homogenizers,
no creaming effects were observed within one year, for all
concentrations used. The formation of fine droplets by the
ultrasounds contributed to slowing down the creaming rate,
since smaller droplets experience less the effects of gravity.
Droplet characteristics always depend on the device used for
emulsification, operation conditions (input energy, time and
temperature) and formulation. Smaller droplets and mono-
disperse size distributions tend to increase the physical stability
of emulsions. A 3-D network formation was also found to play a
key role in stabilization. Jia et al. and Shen et al. showed that
the resulting emulsions are shear-thinning with typical gel
characteristics, which contribute to the decrease of droplet
mobility."”>"® The authors concluded that emulsion stabilization
by regenerated cellulose is a combination of particle adsorption
(“Pickering stabilization”) and network formation in the continuous
phase, provided by the non-adsorbed cellulose particles.

Nanocrystalline celluloses have also been used as stabilizers
of emulsions.'”®*#17%* However, in comparison with cellulose
derivatives, the mechanisms are very different. Cellulose derivatives
behave similarly to any flexible or semi-flexible amphiphilic
polymer, like graft and block copolymers, and provide steric
stabilization. On the other hand, nanocrystalline cellulose follows
the behavior observed in “Pickering emulsions”. Molecularly dis-
solved cellulose is expected to behave as typical cellulose derivatives.

Recent dynamic surface tension studies using the pendant
drop technique confirmed the cellulose activity on the surface
of an oil droplet (Fig. 9). Interfacial tension (IFT) is already
lowered by the highly concentrated acidic solution (in which
cellulose pulp has been dissolved), which facilitates the creation
of small droplets, although IFT further decreases in the presence
of dissolved cellulose, giving a clear indication of its surface
activity. Interfacial rheology shows an increase in the elastic
modulus when cellulose is present in solution, thus suggesting
that the dissolved cellulose molecules migrate to the interface
and form an interfacial layer around the oil droplet.

An emulsification procedure has been recently developed by
some of us starting with an aqueous solution with dissolved
cellulose in an 85 wt% phosphoric acid solution. This solution
was then used as a dispersion medium for oil, which was
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Fig. 9 Interfacial tension between a paraffin oil droplet and 85 wt%
phosphoric acid solutions with (black squares) and without (grey circles)
dissolved cellulose pulp. (Unpublished work in collaboration with |. Mira.)

Fig. 10 (A) Reversible creaming of the emulsions after shaking by hand
(on the right). (B) (1) Regeneration of cellulose by injection of a basic
solution in the presence of oil; (2) gelation; (3) nanoemulsion.

directly introduced into the cellulose solution, and water being
added later, or it was introduced as a pre-dispersion of oil-in-
water and added to the cellulose solution. Initial experiments
suggest the formation of stable O/W emulsions which exhibit
reversible creaming by simple manual shaking (Fig. 10A). No
coalescence or oiling-off is observed in the resultant emulsions.
However, when the pH is adjusted to 6-7 after emulsion
formation, aggregation of the droplets and a rapid creaming
is observed, possibly due to neutralization of the protonated
hydroxyl groups of cellulose. A different emulsification route
has resulted in O/W nanoemulsions with excellent stability, by
slowly regenerating cellulose with a basic solution in the presence
of oil (Fig. 10B).

Conclusions

Cellulose processing via dissolution is a major request for several
applications. The mechanisms involved in such processes,
despite being far from totally revealed, are clearly dependent
not only on the solvent capacity to deal with the extensive intra-
and inter-hydrogen bonding network among cellulose molecules
but also very much on how electrostatics and hydrophobic
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interactions are affected. Strong arguments arise from cellulose
structural features as well as from the behaviour of cellulose
derivatives in solution that considerably pales down the overrated
hydrogen bonding mechanism. Systems such as TBAH and
NaOH + urea are good examples intensely studied in recent
years, which show how amphiphilicity (the tetrabutylammonium
cation is markedly amphiphilic while urea is a known weakener
of hydrophobic interactions) and extreme pH (strong alkaline
systems can partially ionize cellulose) are beneficial for efficient
dissolution. In view of the enormous literature on differences in
solubility between ionic and nonionic polymers and the under-
standing of this in terms of simple electrostatic interactions it is
surprising that the literature on cellulose dissolution is essentially
devoid of attributions to ionization effects, i.e. either protonation
or deprotonation. The same can be said for swelling, although
the early literature, where ionization of cellulose is considered,
constitutes a notable exception. This interplay between different
interactions is crucial to understand and control other phenomena
such as gelation/regeneration, wetting or stabilization of dispersions.
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