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Cellulose is a future major source of materials and biofuel but its extraction and its chemical or enzymatic
treatments are difficult, polluting and inefficient tasks. The accessibility of the reagents to cellulose
chains is indeed limited. Classical evocated reasons for this lack of accessibility are pore structure, tight
hydrogen bond arrays, crystallinity and presence of resistant materials like lignin. Studying dissolution of
cotton hairs and regenerated cellulose fibres in various solvents under uniaxial tension, we found that
tension is preventing these fibres to dissolve in chemicals that would dissolve the same cellulose fibres
tension-free. We show that what is controlling dissolution is not the degree of swelling since, at the same
degree of swelling, fibres under tension do not dissolve while fibres without tension do. An important
result is that when a fibre under tension (thus swollen but not dissolved) is breaking, it is immediately
dissolving. Under tension, when the solvent is present around cellulose chains, it is activated to solvate
the chains only when tension stress is released. A chemical reaction like acetylation of cellulose fibre
under tension also gives an interesting result. The degree of substitution remains very low while the
same experiment performed without tension leads to higher degree of substitution followed by the
dissolution of the fibre (even increasing further the DS due to homogeneous reaction). We postulate that
the lack of dissolution capacity or reacting activity under tension can be due to the hampering of local
conformational movements, cellulose chains being not able to perform axial movements. The availability
of performing local conformational movements could be a main component of cellulose activation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

During the course of a study on cellulose dissolution, we found
incidentally that imposing a small uniaxial tension on cellulose

It is well known that cellulose present in cell walls is not “very
accessible” [1], an empirical statement reflecting the difficulty to
extract or treat cellulose. To overcome this accessibility problem,
cell walls are usually swollen in various chemicals and/or under
different thermodynamic conditions (like steam explosion) before
cellulose can be extracted or treated. Classical evoked reasons for
non-accessibility or difficulties to be treated are like limited pore
accessibility, high chain length, high crystallinity, presence of
hydrogen bonds or influence of other molecules like hemicelluloses
or lignin [2]. It has been suggested that these reasons are not giving
the full story and that other “long range” interactions should be
hypothesized, without being able to identify the nature of these
interactions [3].
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fibres can have a dramatic effect, preventing dissolution in chem-
icals that are otherwise solvating the same tension-free cellulose.
The effect of the tension was already well documented for cotton
hairs in mercerization conditions [4]. It was shown that tension
upon mercerization prevents the contractions, restricts the
swelling and further increases the lustre, the tenacity and
the Young’s modulus and decreases the elongation at break. One of
the main explanations given is the fact that the tension favours
the alignment of the cellulose microfibrils within the fibre. Also, the
tension upon mercerization was reported to increase much less the
degree of disorder of cotton hairs than slack mercerization. Tension
has thus an influence on structural changes that occur upon
mercerization. However, no data are reported concerning the effect
of the tension on the dissolution or the reactivity of cellulose fibres
which are processes of primary importance for cellulose
transformation.

The objectives of the present work are to investigate the role of
the tension on the dissolution and the reactivity of cellulose fibres.
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This will be evaluated by studying the swelling and dissolution
mechanisms of cotton hairs and regenerated cellulose fibres with
and without tension. Thanks to these observations, the conse-
quence of the tension upon derivatization will be evaluated by
measuring the degree of acetylation of regenerated cellulose fibres
using TH NMR spectroscopy and FTIR spectroscopy. Native cotton
hairs and regenerated cellulose fibres were swollen and dissolved
with and without tension in N-methylmorpholine-N-oxide
(NMMO)-water solutions. Regenerated cellulose fibres were
swollen with and without tension in mixtures of dimethyl sulfoxide
(DMSO) and tetrabutyl-ammonium fluoride trihydrate (TBAF) and
derivatized to produce cellulose acetate.

2. Materials and methods
2.1. Cellulose samples

Cotton hairs, Gossypium barbadence, with mean diameter of
15 pm, were provided by INRA (France). Regenerated cellulose
fibres (TENCEL®), Tencel fibres, with mean diameter of 11 pm were
provided by Lenzing AG (Austria). Another regenerated cellulose
fibre (ALCERU® process), Alceru fibre, with a mean diameter of
12 um was provided by the Thuringische Institut fiir Textil und
Kunstoff Forschung, Rudolstadt (TITK, Germany).

Cotton hairs are synthesized by nature and have a highly crys-
talline and very complex native wall structure with varying
molecular orientation angle of cellulose chains (from 20 to 45° to
the fibre axis) depending of the considered layer [1,4]. The regen-
erated cellulose fibres used are Lyocell cellulose fibres, i.e. cellulose
fibres obtained in a coagulation bath after a dry jet wet spinning of
a solution of cellulose in a mixture of water and NMMO. Regen-
erated cellulose fibres are composed of highly oriented parallel
cellulose fibrils connected by amorphous regions being also
oriented [5,6]. Pores or voids are present in these fibres and were
also shown to be elongated in the fibre direction [7,8]. Abu-Rous
et al. [9,10] showed that regenerated cellulose fibres contain only
nanopores in the core of the fibre and a very porous skin layer. The
structure of regenerated cellulose fibres is dependant of various
parameters as the initial cellulose solution, the composition and the
temperature of the aqueous regeneration bath and the spinning
conditions [11,12].

2.2. Solvents

NMMO was provided by Sigma Aldrich in its anhydrous form.
Mixtures of NMMO and water were prepared at 90 °C and the
water content was varied from 20 to 23% w/w. NMMO-water
mixtures are classical solvents used in the industry to dissolve
cellulose. At 90°C, the mixture is a solvent when the water
content is above about 13% and below about 25%, depending on
the physical characteristics and provenance of the cellulose used.
The behaviour of cotton hairs in NMMO-water mixtures has been
reported to depend on water concentration [13,14]: fast dissolu-
tion by fragmentation below 17% water, large swelling by
ballooning, then dissolution between 19 and 23.5% water, large
swelling by ballooning, but no complete dissolution between 25
and 30% water, homogeneous swelling and no dissolution
between 35 and 40% water, and very low swelling above 40%
water. In order to decrease dissolution kinetics (i.e. avoiding a fast
disintegration of the fibres), we will use in this study water
concentration in the NMMO-water solvent such as being able to
dissolve regenerated cellulose fibres after a large swelling or
cellulose cotton hairs after the production of balloons.

DMSO, TBAF, acetic anhydride, pyridine and 4-(dimethylamino)-
pyridine (DMAP) from Fluka were used as received. Kéhler and

Heinze [15] and Ass et al. [ 16] demonstrated that mixtures of DMSO/
TBAF are good media for homogeneous derivatization reactions of
cellulose under lab scale conditions.

2.3. Experimental protocols

Swelling, dissolution and derivatization trials were performed
several times by different experimenters in order to check the
reproducibility and the accuracy of the results.

2.3.1. Swelling and dissolution in NMMO-water

Experiments were performed by mixing the fibres and the
solvent in a container made of two glass plates separated with
double-sided tape. The solvent, previously heated at 90 °C and
contained in a pipette, was introduced by capillary forces
between the two plates (Fig. 1a), placed on a hot stage with
a controlled temperature. No agitation was applied to the
mixture. To understand the influence of the fibre tension and the
accessibility to the lumen for cotton hairs on the swelling and
dissolution mechanisms, four configurations of experiments were
tested (Fig. 1b). Considering the dimension of the fibres and the
experimental assembly, it is not possible to measure the initial
tension applied to the fibres. The four configurations were defined
as follows: (i) no tension: fibres were fixed with a long, loose
length between the two blocking points, (ii) low tension: fibres
were fixed so that the contraction upon swelling leads to a low
tension of the fibre, (iii) high tension: fibres were put under
gentle tension between the two points of silicone grease. Tension
was increased due to swelling. The set-up used to place fibres
under axial tension has two side effects. It is preventing fibres to
rotate when swelling and it is not allowing chemicals to penetrate
into the lumen by the end of the cotton hairs. (iv) no tension but
access of solvent to lumen: an access to the lumen was allowed
with fibres free at one end.

2.3.2. Swelling and dissolution in DMSO/TBAF

A study of swelling and dissolution mechanisms with and
without tension in DMSO/TBAF of isolated fibres was carried out at
60 °C in a hot stage in a container made out of two glass plates. The
solvent was introduced by capillary forces between the glass plates
using a pipette. The preparation of the solvent was done by adding
the quantity of TBAF to the DMSO solution in order to obtain
mixtures of DMSO with up to 14% TBAF (w/w). Fibres free of tension
were attached to one or two extremities and were free to move in
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Fig. 1. Experimental protocol and assembly for studying swelling and dissolution
behavior of cellulose fibres in NMMO-water at 90 °C. (a), The solvent is injected by
capillarity between the two glass plates. (b), Four configurations of experiments: (i) no
tension, (ii) under low tension (the fibre loosely attached reaches a low tension state
due to the contraction during swelling), (iii) under higher tension, and (iv) free end
with an access to the lumen in the case of cotton hairs.
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Fig. 2. Experimental assembly for derivatization experiments: (a) arrangement for
derivatizating fibres without tension (fibres were simply placed in a random manner in
the container with the chemical reagents) and (b) with tension (fibres were attached
between two dialysis clamps in order to stretch them).

the solvent. For inducing a tension, the fibre was attached to one
extremity, stretched and then attached to the other extremity as
was described above for experiments in NMMO-water.

2.3.3. Tensile stress control

As mentioned above, the magnitude of the tensile stress was
not quantitatively controlled due to the experimental set-up. In
the case called “high tension”, the fibres were placed straight
between the two blocking points (silicon grease, adhesive tape or
clamps depending on the experiments). Since upon swelling, the
fibres are contracting, this brings a tension which magnitude was
not possible to measure, but in some cases, was high enough to
break the fibres. As will be seen, the knowledge of the stress
magnitude is not of primary importance for the interpretation of
the results.

2.3.4. Optical microscopy observations

The swelling and dissolution mechanisms of isolated cotton
hairs and regenerated cellulose fibres were observed by optical
microscopy with a Metallux 3 (Leitz) equipped with a Linkam TMS
91 hot stage. The samples were investigated in transmission mode,
at 90 °C and 60 °C for NMMO-water and DMSO/TBAF respectively.
To obtain high resolution pictures, the microscope was equipped
with a high resolution numerical reflex camera (3000 x 2000
pixels) CANON D100 (Fig. 3) and a high resolution 3-CCD camera
(1360 x 1024 pixels) JVC KY-F75U (Figs. 4 and 5). In order to
calculate the swelling ratio = D/D;, the diameter of the fibre was
measured before (D;) and after swelling (D).

2.3.5. Derivatization procedure

500 mg of Alceru fibres were first swollen in a solution
composed of 15 ml DMSO and 0.86 g TBAF (DMSO/5% TBAF w/w).
The swelling was carried out for 30 min at 60 °C using the config-
uration of Fig. 2a. The same procedure was followed for the fibres
under tension using for easier handling an amount of 300 mg of
fibres with the same concentration (DMSO/5% TBAF w/w), with the
configuration of Fig. 2b. Acetylation procedure for all fibres (with
and without tension) was carried out as follows: the fibres swollen
in the mixture of DMSO/TBAF were allowed to interact for 3and 5 h
at 60 °C (oil bath) with 5 mol acetic anhydride per mol anhy-
droglucose unit (AGU). The reaction was carried out in presence of
5 mol pyridine/AGU under magnetic stirring. The samples were
then put in 300 ml methanol, isolated by filtration, and washed
three times with 250 ml methanol. The resulting products were
dried for two days in vacuum at 60 °C.

2.3.6. Perpropionylation

Two different procedures were used for the fibres derived with or
without tension. This is due to the large difference in the degree of
substitution (DS) obtained with and without tension, as will be seen
and discussed in the following parts of the paper. In both cases, it was
checked that all the OH groups were fully substituted after the end of

Fig. 3. NMMO-water: swollen cotton hairs under varied conditions of tension. (a),
Swelling by ballooning (ratio 5.3) right before the dissolution, no tension was applied
to the fibre. (b), Large homogeneous swelling (ratio 4.8) and no dissolution, the fibre is
under low tension. (c), Low homogeneous swelling (ratio 2) and no dissolution,
a higher tension was applied to the fibre.

the protocols. For the perpropionylation of acetylated fibres without
tension, 0.2 g of fibres were allowed to interact with 5 ml pyridine and
5 ml propionic anhydride in presence of 0.2 g of DMAP used as cata-
lyst. The reaction was carried out for 24 h at 80 °C, under magnetic
stirring. The perpropionylation of the fibres acetylated under tension
was carried out using 5 ml propionic anhydride and a mixture of 5 ml
DMSO with 0, 54 g TBAF (DMSO/5% TBAF w/w). The reaction was
carried out for 1 h at 80 °C. The resulting products were precipitated
in a mixture of 200 ml methanol and water (30% + 70% w/w) and
washed three times in 150 ml methanol + water (same concentra-
tions as before). The resulting products were dried for 2 days in
vacuum at 60 °C. The DS of the perpropionylated fibres were calcu-
lated according to equation (1) [17].
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Fig. 4. NMMO-water: swollen Tencel fibres under varied conditions of tension. (a)
Very large homogeneous swelling (ratio 9.5) right before the dissolution, no tension
was applied to the fibre. (b), Lower homogeneous swelling (ratio 5.2), the fibre is under
low tension.

7'IH, propionyl
DsAcyl =3 _m (1)

where Iy propiony! is the peak integral of methyl protons moieties and
Inacu is the peak integral of protons of the AGU.

2.3.7. "H NMR and FTIR measurements
TH NMR spectra were measured in deuterated chloroform
(CDCl3) and DMSO-ds - 50 mg/mL with a Bruker Advance 250
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Fig. 5. Example of FTIR spectra of acetylated Alceru fibres: a) without tension; b) with
tension.

spectrometer running at 250 MHz at room temperature. Sixteen
scans were accumulated. FTIR spectra were recorded on Nicolet
Avatar 370 DTGS spectrometer using both ATR and KBr
techniques.

3. Experimental results

3.1. Influence of the tension on the swelling and dissolution
mechanisms

3.1.1. Swelling and dissolution without tension in NMMO-water

NMMO-water mixtures with water concentrations between 20
and 23% are slowly dissolving cotton hairs through a ballooning
mechanism. During swelling, cotton hairs undergo a large rotation
and an axial contraction increasing with swelling [18]. The breaking
of the primary wall involved by the swelling and the dissolution of
the inside of the fibre leads to successive highly swollen regions
(the location of balloons) in between regions of the hair which are
keeping about the original hair diameter (unswollen regions).
Balloons are formed by a membrane, surrounded by helices from
the primary wall, and composed of older deposited secondary wall
layers (S1 layer) enclosing dissolved cellulose from S2 layer. The
sequence of dissolution is the following: first the inside of the fibre
(S2 layer) by fragmentation, then the S1 wall, then the unswollen
regions and remaining of the primary wall [14]. For the cotton hairs
used, balloons reach a maximum swelling ratio of 5.3 in NMMO-
water 20-23% (Fig. 3a). Tencel fibres swell and then dissolve in
NMMO-water mixtures with water concentration at 20% (Fig. 4a).
The maximum swelling ratio can reach 9.5 and the swollen fibre
aspect is very translucent and difficult to visualize by optical
microscopy. Tencel fibres are also contracting upon swelling, but
they are not rotating. The fact that the Tencel fibres show higher
swelling as compared to cotton hairs can be explained by the
longitudinal orientation of their cellulose chains which do not
impede the radial swelling.

3.1.2. Swelling and dissolution under low tension in NMMO-water

When placed in the water concentration range of 20-23%,
loosely attached cotton hairs swell homogeneously and contract.
This induces a low tension state with a maximum swelling ratio of
about 4.8 (Fig. 3b), similar to the swelling of the balloons (5.3)
observed without tension right before their dissolution. Swelling
starts at localized places along the fibre but contrary to the tension-
free case where the rolling of the primary wall limits its extension
by forming unswollen regions [13,14,18], swelling extends along
large dimensions along the hair until all the swelling regions
merge. In marked contrast with the case without tension, hairs
under low tension have no balloon and they are not dissolving: they
are staying homogeneously swollen. In this homogeneous swollen
state, the fibre is thus only composed of older deposited secondary
wall layers (S1 layer) enclosing dissolved cellulose from S2 layer. In
the case of Tencel fibres, for a water concentration of 20%, fibres
swell homogeneously and contract to reach a maximum swelling of
about 5.2 (Fig. 4b). This swelling depends of the initial length of
fibre over the length between the two blocking points and can vary
from 4.5 to 5.5. The main observation is that regenerated cellulose
fibres and cotton hairs stay in this large swollen state and do not
dissolve, contrary to the case with no axial tension. Without
tension, the same swelling ratio would allow regenerated fibres and
cotton hairs to dissolve.

This is the first important result showing that what is control-
ling dissolution is not the degree of swelling, since at the same
degree of swelling, fibres under tension are not dissolving while
fibres without tension are.
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3.1.3. Swelling and dissolution under high tension in NMMO-water

Between 20 and 23% of water, cotton hairs swell homogeneously
and do not dissolve, but their swelling decreases with increasing
tension strength (Fig. 3c). A very interesting point is that if tension
is released suddenly as it occurs sometimes when the cotton hairs
break due to a too high tension generated by the contraction, cotton
hairs are dissolving immediately. The same phenomena are
observed with Tencel fibres.

This is the second important results showing that under tension,
when the solvent is present around cellulose chains, it is activated
to solvate the chains only when stress is released.

3.14. Accessibility to the lumen in NMMO-water

Since the set-up leading to placing cotton hairs under axial
tension was preventing access of solvents to the lumen, we checked
that cotton hairs without tension and without access to the lumen
were still showing the same swelling and dissolution mechanisms
as free hairs. Lack of lumen access is not the reason for the above-
observed phenomena when cotton hairs are placed under tension.

The above results thus show that tension is preventing cotton
hairs and regenerated cellulose fibres to dissolve in NMMO-water
mixtures that would dissolve the same cellulose fibre tension-free.
In the next paragraph, we will check the influence of the tension on
the derivatization of regenerated cellulose fibres.

3.2. Influence of the tension on the derivatization

3.2.1. Preliminary study of swelling and dissolution in DMSO/TBAF

Alceru fibres with or without tension show a low swelling ratio
(lower than 1.5) in pure DMSO. When the fibres without tension are
dipped in 1%-5% TBAF in DMSO, a much larger swelling occurs,
starting with formation of sorts of rings localized on different zones
of the fibre and finishing with a homogeneous swelling. With the
fibres under tension, swelling ratio is about the same as without
tension at 1% of TBAF in DMSO but much lower under tension at 5%
concentration of TBAF (Table 1). Since at a concentration of 5% of
TBAF in DMSO, the maximum swelling occurs (above 7% of TBAF,
fibres are dissolving), this concentration was used in the derivati-
zation experiments

3.2.2. Derivatization of regenerated cellulose fibres

Acetylation of Alceru fibres was performed in DMSO containing
5% TBAF with and without tension. Cellulose fibres without tension
are first reacting heterogeneously, and then turned to homoge-
neous mixtures as soon as the degree of acetylation reaches a crit-
ical point where the cellulose acetate is soluble in the reaction
medium. In contrast, when the acetylation was carried out under
tension, the degree of substitution is limited and is below this
critical point, and the reaction stays heterogeneous. The influence
of tension is thus to limit the extent of derivatization, which is
blocked at a low degree of substitution. In contrast, without
tension, the degree of substitution is increased up to the dissolution
point where the reaction turns homogeneous, increasing even
further the degree of substitution.

After acetylation and isolation of the products, the presence of
acetyl groups was checked by FTIR spectroscopy. Typical spectra
obtained for fibres after acetylation with and without tension are

Table 1
Swelling ratio of Alceru fibres in DMSO/x% TBAF at 60 °C.

TBAF concentration Swelling ratio

without tension

Swelling ratio
with tension

0% <15 <15
1% 9 8.7
5% 14 8

given in Fig. 5. Both fibres show the typical vibrations of the ester
moiety at about » = 1730 cm~}, indicating that hydroxyl groups
were esterified. Comparing the intensities of the OH- and ester
signals for the differently acetylated fibres shows clearly that the
fibres derivatized under tension possess a lower DS. The value of
the DS could be determined by 'H NMR spectroscopy.

TH NMR spectroscopy of perpropionylated cellulose acetate is
a useful tool to determine the DS of the samples. After perpropio-
nylation of the remaining OH groups, the chemical shifts of the
acetyl- and the propionyl moieties in the range 1.00-2.5 ppm were
detected. The signals of the AGU are located between 3.3 and
5.25 ppm. A typical spectrum obtained after perpropionylation of
the acetylated fibres without tension is shown on Fig. 6. It is in good
agreement with previous studies [17]. The DS was calculated
according to equation (1). The DS values of the fibres as a function
of the reaction conditions (with or without tension, reaction time)
are given in Table 2.

The samples treated without tension have DS in the range of 1.1-
1.3 (Table 2) increasing with the reaction time (Fig. 7). These DS
values are lower compared to samples that are synthesized with
native cellulose. The derivatization of native cellulose fibres
without tension from the polymer dissolved in a mixture of DMSO/
5.7% TBAF was shown to lead to DS values between 1.5 and 2.3 at
a molar ratio of 13 mol of acetic anhydride per mol AGU [15]. With
tension, the DS values are much smaller, in the range of 0.2-0.5
(Fig. 7). As can be seen on Table 2, the resulting products are highly
soluble in both pyridine and DMSO when no tension was applied
during the reaction. In contrast, fibres that were reacting under
tension are not soluble.

4. Discussion

Dissolution of a semi-crystalline polymer in a solvent proceeds
classically through the local swelling of the polymer at the poly-
mer-solvent interface followed by disentanglement and diffusion
into the solvent [19]. There is no need for the whole polymer part to
be accessible to the solvent prior to dissolution. Due to the diffi-
culties for dissolving or chemically treating cellulose, it has always
been postulated, and taken for granted, that the whole cellulose
part must be first brought accessible to the solvent by methods like
(i) opening of the pores present in native or regenerated cellulose,
(ii) swelling non-crystalline regions, (iii) breakage of the crystalline
areas, (iv) weakening the hydrogen bond array by chemical or
physical treatments or (v) decreasing molecular weight by chemical
or enzymatic treatments. It is implicitly assumed that the classical
mechanisms of polymer dissolution are not applicable to cellulose.
The main result of this work is the absence of dissolution and
a large decrease of chemical reactivity when cellulose fibres are put
under tension and prevented to contract.

In NMMO-water, the swelling reached under low tension is of
similar magnitude as the swelling of balloons seen during the
dissolution of cotton hairs without tension. Similar swellings are
also observed with and without tension for regenerated cellulose
fibres. This shows that the opening of pores or the need for the
cellulose chains to be close to the solvent are not the major reasons
why cellulose is not fully dissolving in this solvent. The fact that
a swollen cotton hair or a regenerated fibre under high tension is
immediately dissolving when the fibre is breaking (breakage due to
the tension stress generated by the swelling-induced contraction)
shows that the solvent was present around chains prior to cotton
hair breakage and was able to disrupt then the whole structure,
solvating chains or chain aggregates. In DMSO/TBAF, swelling of
fibres under tension is large (swelling ratio of 8) but smaller than
without tension (swelling ratio of 14). However, a swelling ratio of 8
is still important and implies that a lot of swelling agent is present
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Fig. 6. 'H NMR spectra of the perpropionylated samples without tension, solvent is deuterated chloroform (CDCls).

in the fibre (,the initial diameter is increased by a factor 8 and the
total volume of the fibre by a factor 64 considering that the length
of the fibre stays constant during swelling). Whatever is the precise
figure of the increase of volume, its large value should allow the
penetration of reactants in a large proportion, not very different
from the case of swelling without tension. The accessibility of
chains to solvent is thus not the full story for explaining cellulose
dissolution and treatments.

The reactivity with and without tension is very different when
starting from the same highly swollen state of the cellulose chains.
Without tension, the fibre is highly swollen and the derivatization
proceed up to DS values that are high enough to dissolve the
derivatized cellulose, increasing further the degree of derivatiza-
tion. Under tension, derivatization is not very efficient and is kept at
such low values that no dissolution occurs upon derivatization. The
final result of DS showing a large difference between the two cases
(DS values being 0.2-0.5 under tension and 1.1-1.3 without
tension) is biased by the fact that in the no tension case, the reac-
tion has a transition towards a homogeneous derivatization at the
end of the process. The step of great interest is when both reactions
are in the heterogeneous state (the fibre is swollen but not dis-
solved), i.e. at the beginning of the chemical reactions. When the
fibre is under tension, the acetylation is strongly inhibited, blocked
at a DS of 0.2-0.5, while the DS is increasing much above this with
no tension. It shows that to keep the fibres, and by extension the
microfibrils and the cellulose chains, under tension is strongly
limiting the efficiency, despite the swelling is very large and thus
the fibres accessible to the chemicals. The reactivity of cellulose and
hence the DS obtained can be limited by several factors. (i)
Aggregation of chains or at least strong interactions in the swollen

Table 2

Reactions conditions and DS obtained for the derivatized fibres. The reactions were
carried out using a solution of DMSO/5% TBAF (w/w). The molar ratio of acetic
anhydride per AGU was 5:1 and the temperature of reaction was 60 °C.

Tension Time (h) DS Solubility pyridine DMSO
no 3 1.11 yes yes
yes 3 0.48 no no
yes 3 0.33 no no
yes 3 0.26 no no

no 5 1.32 yes yes
yes 5 0.43 no no
yes 5 0.38 no no
yes 5 0.32 no no
yes 5 0.24 no no

state is one serious issue. It can be assumed that the higher the
swelling is, the more separated the chains are, and thus the more
reactive they are. This cannot explain the difference between the
cases under and without tension since the swelling ratio is already
very high in the tension case. (ii) Change of structure as a result of
the derivatization (acetylation) may occur sometimes leading to
deswelling and in case of a dissolved polymer to insolubility and
hence precipitation. The chemical reaction being similar with or
without tension, this cannot explain the difference. (iii) Also
a change in the equilibrium of the reaction can be ruled out since
the chemical reactions are similar with and without tension. Thus,
typical factors limiting reactivity cannot be easily used for
explaining the significant difference in reagent reactivity and in the
conversion of the cellulose fibres without tension and under
tension. The low DS values of the fibres treated under tension could
also be due to an uneven distribution of substitution inside the
fibre. It could be supposed that under tension, for an unknown
reason, the reaction is only possible within a small core thickness,
giving a low figure when the measurement of the substitution
degree is averaged over the whole fibre. One way to check this was
to see whether acetylated fibres under tension have a swelling
behaviour that would show that the outside of the fibre behaves
differently compared with the inside. The results obtained indicate
that acetylated fibres synthesized under tension possess a homo-
geneous swelling behavior, suggesting that the acetyl moieties are
distributed homogeneously within the fibre volume. In addition, if
only the outside of fibres would be highly substituted, this part

1.4 B Without tension
W Under tension

Degree of substitution (DS)

Time of reaction (h)

Fig. 7. Evolution of the DS with and without tension versus the time of reaction.
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should be soluble in DMSO containing 5% TBAF, which is not the
case. We can thus conclude that under tension, the fibres are not
much substituted and rather homogeneously inside the whole
fibre. Tension is inhibiting the reactivity of the reacting agent
despite it has access to the cellulose chains, considering the high
swelling ratio reached.

The fact that both cotton hairs and well oriented regenerated
cellulose fibres are showing dissolution and reactivity inhibitions
under tension indicates that the detailed structural morphology of
the cellulose fibre is not involved. We will postulate here a simple
explanation able to describe the observed phenomena. The
common point is the fact that cellulose chains are oriented and
interlinked into strong inter-molecular hydrogen bond arrays [1,2].
Dissolution or chemical reaction impose that the reacting or
solvating molecule approaches the cellulose chains and couples to
it, inducing local conformational movements that depends on the
reagent involves and to which site of the AGU it binds with. With
few exceptions like crankshaft motions, local movements impose
the chain to rearrange its conformation along its axis. The lack of
reactivity under tension, despite having reagent accessibility,
shows that the local conformations necessary for solvatation or
chemical reaction of the chains are prevented. This can be under-
stood if we consider that cellulose chains are in straight, parallel
conformation even in the non-crystalline regions in natural cotton
hairs [20] and regenerated cellulose fibres [5,6] and that an
hydrogen bond array is still linking all chains and microfibrils
together in the entire sample, even with the large swelling
involved. It implies that not all the intra and inter-molecular
hydrogen bonds are broken. When the length of the fibre is fixed by
tension, local molecular movements needed for the solvatation and
for chemical reaction of the chains are inhibited. Without being
able to perform these movements, chains are not dissolving and
have difficulties to react. In contrast, when tension is not applied or
released, the molecular movements are favoured and able to
disrupt the remaining hydrogen bonds. The need of spatial
mobility, at least the possibility that specific conformations are
accessible, could thus be an important factor to be taken into
account for cellulose dissolution and reactivity.

5. Conclusions

To be able to dissolve or to be chemically treated, we are
postulating that cellulose chains must be allowed to perform local
conformational movements requiring long range chain mobility,
not possible when the chain is blocked within its hydrogen bond
array. It is not enough for the chains to be close to the reagent or to
be not crystalline. This result is suggesting that activation must
concentrate on finding better ways to break the hydrogen bond
array and prevent its reformation. Further work focusing on

polymer conformation, interactions with reagent and movement
(for example by NMR) under tension are needed to better assess the
physical phenomena underlining the observed results. We believe
that studying dissolution, chemical reactions or any other imposed
constraint on cellulose (and possibly on other polymers having
strong hydrogen bond arrays) can be an interesting new way to
better understand cellulose molecular dynamics and chain physics
and to improve existing cellulose treatments for dissolution.
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