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a  b  s  t  r  a  c  t

We  investigated  the  spinning  of  hydroalcoholic  chitosan  solutions.  The  dope  composition  was optimized
in  order  to obtain  a continuous  alcogel  fiber  by water  evaporation  on  heating  the  extruded  hydroalcoholic
solution.  This  alcogel  fiber was  then  neutralized  in aqueous  alkali  baths  and  washed  in water  to eliminate
the  residual  alcohol  and  salts  before  final  drying.  Depending  on the  alcohol  content  in  the  filament  at
the  neutralization  step,  on specific  alcohol–chitosan  interactions  and  on  the  nature  and  concentration
eywords:
hitosan fiber
ydroalcoholic chitosan solution
hysical hydrogel
ydrophilic and hydrophobic interactions

of  the  coagulation  base,  the process  yielded  semicrystalline  chitosan  fibers  with  different  proportions
of  anhydrous  and  hydrated  allomorphs.  Contrarily  to the  classical  annealing  method,  the formation  of
mainly  anhydrous  crystals  was  obtained  without  significant  molecular  weight  decrease  by  neutralizing
the  polymer  in  hydrophobic  conditions.  The  control  of  allomorph  content  was  shown  to  be  related  to  the
hydrophobicity  of  the  solvent  (alcohol  fraction)  at  the neutralization  step.
emicrystalline microstructure

. Introduction

In recent years, “new generation” medical textiles based on
iomaterials with bioactive properties have received growing

nterest in biomedical research (Boateng, Matthews, Stevens, &
ccleston, 2008). These technologies usually involve either the
ncorporation of pharmaceutical or biological molecules (e.g. anti-
eptics (Meaume, Vallet, Morere, & Teot, 2005), growth factors
Puolakkainen et al., 1995)) or the use of natural polymers such as
roteins (e.g. collagen (Parenteau-Bareil, Gauvin, & Berthod, 2010),
ilk fibroin (Min  et al., 2004)) or polysaccharides, especially those
hat can express the rare property of bioactivity (e.g. hyaluronic acid
Chen, & Abatangelo, 1999), chitosan (Muzzarelli, 2009)). Hence,
he main strategies to produce such “bioactive” fiber-based devices
re: (i) the coating of conventional fibers or textiles with these
iopolymers (e.g. Parietex®composite, Promogran®) or pharma-
eutical agent (Blanchemain et al., 2008; Ravindra, Mohan, Reddy,

 Raju, 2010), (ii) the incorporation of bioactive molecules into the
ope to be spun (Schneider, Wang, Kaplan, Garlick, & Egles, 2009),

r (iii) the direct spinning of natural bioactive polymer solutions
nto fibers (Agboh & Qin, 1997; Meyer, Baltzer, & Schwikal, 2010;

ang et al., 2005).

∗ Corresponding author. Tel.: +33 04 72 43 16 05.
E-mail address: laurent.david@univ-lyon1.fr (L. David).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.04.070
© 2013 Elsevier Ltd. All rights reserved.

Among spinnable polysaccharides, chitosan is well-known for
its biocompatibility, haemostatic, bacteriostatic and fungistatic
properties, bioresorbability as well as its healing bioactivity
(Domard & Domard, 2002, chap. 9), and thus constitutes an excel-
lent candidate for smart biomedical textile applications. Indeed,
chitosan fibers could be used into many product forms such as
woven/non-woven dressings to limit fungal and bacterial pro-
liferation and promote tissue regeneration (Agboh & Qin, 1997;
Jayakumar, Prabaharan, Kumar, Nair, & Tamura, 2011; Muzzarelli,
2009) (e.g. in the case of chronic wounds); as knitted textiles
to be incorporated in synthetic fiber-based textile implants to
improve their biocompatibility and stimulate healing mechanisms
(Burger, Halm, Wijsmuller, ten Raa, Jeekel, 2006; Earle & Romanelli,
2007); as yarns for bioresorbable surgical sutures (Ravikumar,
1999). This polysaccharide is produced from the N-deacetylation
of chitin which is the most abundant polymer in biomass with cel-
lulose (Roberts, 1992). Chitin and chitosan are linear copolymers of
2-amino-2-deoxy-�-d-glucan (GlcN) and 2-acetamido-2-deoxy-�-
d-glucan (GlcNAc) residues. A key structural parameter is defined
by the degree of acetylation (DA) corresponding to the molar frac-
tion of GlcNAc residues. Chitosan refers to polymers soluble in
dilute acid aqueous solutions at pH < 6 and thus to DAs  below 60%

for statistical copolysaccharides (Domard & Domard, 2002). The
presence of only �(1→4)  type glycosidic linkages along the polymer
backbone (as found in the cellulose structure) yields filmogenic and
fiber-forming ability useful for fiber spinning applications (Hudson,

dx.doi.org/10.1016/j.carbpol.2013.04.070
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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998; Rathke & Hudson, 1994). Thus, chitosan yarns have been
ainly produced by wet-spinning (like regenerated cellulose or

iscose). Other methods have been developed such as dry-jet-wet
pinning (Agboh & Qin, 1997), pseudo-dry-spinning (Notin, Viton,
ucas, & Domard, 2006), later referred to as gel-spinning (Notin,
iton, David, et al., 2006), and electrospinning (Lee, Jeong, Kang,
ee, & Park, 2009; Pillai & Sharma, 2009). Except from electro-
pinning that is limited to the production of nanofiber mats such as
on-wovens and not easily to the production of yarns, all the above
echniques are based on the coagulation of aqueous chitosan solu-
ions in alkali media. Chitosan must be dissolved in a dilute aqueous
cid solution inducing the protonation of the free amino groups of
lucosamine (GlcN) residues. The resulting polyelectrolyte solution
s used as a spinning dope and is converted to chitosan fibers by
oagulation of the polymer solution induced at pH > 6.5 (i.e. above
he pK0 value for chitosan with DA < 25% (Domard & Domard, 2002))
ue to the regeneration of the free amino form. The alkali media

s either an alkali bath (NaOH (East & Qin, 1993; Knaul & Creber,
997) or NaOH/alcohol mixture (Molloy, 2002), KOH (El-Tahlaway

 Hudson, 2006; Knaul & Creber, 1997), ammonia (Knaul & Creber,
997). . .)  for wet-spinning and dry-jet-wet spinning or ammonia
apors for gel-spinning (Notin, Viton, David, et al., 2006). After
ashing and drying, typical tenacity can be closed to 2 g/denier

n the dry state (the denier represents the mass in grams per 9000
eters of fiber). Besides their remarkable biological features, the
ell-known drawback of chitosan fibers is the lower mechanical
roperties compared with synthetic fibers. This makes difficult to
erform post-operations such as weaving or knitting. Moreover,
n important loss of mechanical properties is observed in wet
nvironment (East & Qin, 1993). Improving mechanical proper-
ies both in the dry state and in contact with physiological fluids
s a real challenge and brings to develop new chitosan spinning
rocesses. Current approaches are based on chemical crosslinking
e.g. epichlorohydrin (Lee, Kim, & Kim, 2007; Wei, Hudson, Mayer,

 Kaplan, 1992), phthalate or phosphate ions (Knaul, Hudson,
 Creber, 1999a), dialdehydes such as glutaraldehyde or glyoxal

Knaul, Hudson, & Creber, 1999b; Yang, Dou, Liang, & Shen, 2005)
r physical post-treatments (East & Qin, 1993; Knaul et al., 1999a;
otin, Viton, David, et al., 2006)) (e.g. drawing at coagulation or
rying step). But the increase of mechanical properties obtained
y these methods remains low (maximum tenacity of 2.4 g/denier)
nd other spinning routes still need to be developed to improve and
ontrol physical and biological properties of chitosan fibers.

Most of natural polymer fibers are formed from coagulated
ydrogel materials (i.e. alginates (Qin, 2008), cellulose (Woodings

 The Textile Institute, 2001), chitosan (Agboh & Qin, 1997)). The
olid fibers obtained from drying a coagulated filament should
nherit part of the morphology of the hydrogel (Robitzer, David,
ochas, Di Renzo, & Quignard, 2008). More precisely, the phys-

cal properties of the fibers in the dry state should depend on
he polymer chain ordering resulting from intra- and intermolec-
lar interactions in the hydrogel fiber (entanglements, hydrogen
onding, hydrophobic interactions, and electrostatic interactions

f ionic complexes with the polyelectrolytes are present). Thus,
he mechanical properties of final fibers should be improved by
enerating and preserving the maximum of polymer intra- and
nterchain interactions all through the fiber spinning process, from
he initial solution, to the gel fiber, and in the dry fiber (Popa-Nita,
lcouffe, Rochas, David, & Domard, 2010).

Thus, physical chitosan hydrogels with a relatively high
echanical strength can be obtained by neutralizing concentrated

queous chitosan solutions of high molecular mass in alkali baths

Araiza, Rochas, David, & Domard, 2008) or in ammonia vapors
Montembault, Viton, & Domard, 2005a). Indeed, most chitosan
pinning techniques are based on these gelation methods (Agboh

 Qin, 1997; Notin, Viton, David, et al., 2006; Rathke & Hudson,
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1994; Ravikumar, 1999). A second route to obtained physical chi-
tosan hydrogels is the neutralization in alkali baths of alcoholic
chitosan gels (that will hereafter be referred to as alcogels) pro-
duced hydroalcoholic chitosan solutions by water evaporation
(Montembault, Viton, & Domard, 2005b). In that case, the mechan-
ical properties of chitosan hydrogels are significantly improved
compared with the aqueous process, suggesting a higher density
of chain entanglements and junctions inherited from the alco-
gel (Montembault et al., 2005b; Montembault, Viton, & Domard,
2005c). Therefore, in the present work, we investigated the spin-
ning of hydroalcoholic chitosan solutions. The gelation of the
extruded solution was induced by selective solvent evaporation
(water evaporation) at moderate temperature (T ∼ 130 ◦C) to form
an alcoholic chitosan gel fiber. This alcogel fiber was  then neutral-
ized in an alkali bath to obtain a stable physical hydrogel. After
washings in water and drying, the process led to a pure chitosan
fiber. In this work, the chitosan dope composition (i.e. polymer
concentration, water/alcohol ratio in the initial solvent, alcohol
nature and chitosan salt form), the post-extrusion thermal treat-
ment, as well as the neutralization conditions (i.e.  base nature
and concentration) were studied and optimized for spinning. In
addition, thanks to X-ray diffraction techniques, we studied the
influence of all these physico-chemical parameters on the final
semi-crystalline microstructure of chitosan fibers. We  evidenced
different semi-crystalline morphologies that provide new perspec-
tives in controlling the morphology, and thus the physical and
biological properties of chitosan fibers.

2. Materials and methods

2.1. Materials

A weakly acetylated chitosan with a high molecular weight pro-
duced from squid pens was  supplied by Mahtani Chitosan Pvt. Ltd.
(batch type 113, dated 17/12/2004) and characterized as previ-
ously described (Boucard, Viton, & Domard, 2005; Montembault
et al., 2005b) (Table 1). All the polyols (purity of 99%) used to
prepare hydroalcoholic chitosan solutions as well as concentrated
ammonium hydroxide solution and sodium hydroxide pellets were
purchased from Acros organics or Sigma Aldrich.

2.2. Preparation of hydroalcoholic chitosan dopes and rheological
measurements

2.2.1. Preparation
Chitosan was dispersed in deionized water. Acetic acid (or

hydrochloric acid in some experiments) was  added to achieve the
stoichiometric protonation of free amine sites of d-glucosamine
residues. Stoichiometric protonation conditions (i.e.  no acid excess)
were chosen in order to avoid the polymer degradation and the
neutralization kinetics decrease (El-Tahlaway & Hudson, 2006).
Alcohol (e.g. 1,2-propanediol) was  added slowly (3 additions over
2 h) only after complete dissolution of chitosan in aqueous media
and the blend was  stirred for 5 h to complete homogenization.
In all hydroalcoholic chitosan solutions, the polymer concentra-
tion is largely over the critical chain entanglement concentration
(C* = 1/[�]) = 0.06–0.1% (w/w) (Boucard et al., 2005; Montembault
et al., 2005b). Different water/alcohol (w/w) ratios were tested.
Thus, in the initial aqueous solution, the chitosan concentration
was adjusted depending on the targeted water/alcohol ratio and
the polymer concentration required in the final solution.
2.2.2. Rheological measurements
Rheological measurements were conducted on a stress-

controlled rheometer (AR 2000, TA Instruments) at 22 ± 2 ◦C. The
steady viscosity of chitosan solutions was assessed in static mode



52 M. Desorme et al. / Carbohydrate Polymers 98 (2013) 50– 63

Table  1
Physico-chemical characterization of the chitosan used in this work: degree of acetylation (DA) from 1H NMR, weight-average molecular weight (Mw), weight-average
degree  of polymerization (DPw) and polydispersity index (Ip) from SEC coupled with multi-angle light scattering and refraction index measurements, and water content from
thermogravimetric analysis.
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acid necessary for the NH2 sites protonation. After the complete
polymer dissolution, 3 g of solution were placed in a Petri Dish (2 cm
diameter) and left to evaporate overnight in an oven at 50 ◦C to lead
to the formation of an amorphous film.

X-ray
DA (%) Mw (g/mol) DPw

1.5 ± 0.2 410,000 ± 40,000 2600 ±

sing aluminum cone-plate geometry (25 mm diameter; 4◦) to
nsure a uniform shear rate. The minimum gap was fixed at
14 �m.  All measurements were carried out at applying successive
hear rates ranging from 1.25 × 10−3 to 10 s−1 and repeated two
imes. The linear viscoelastic behavior of some chitosan solutions
n dynamic mode was also investigated. A 25-mm parallel plate
eometry was used in this case with a 500 �m gap. For each mea-
urement, the conditions of linear viscoelastic regime were first
etermined by performing a stress sweep test at a constant angu-

ar frequency of 10 rad s−1. The applied shear stress to remain in the
iscoelastic regime was chosen as 100 Pa for all samples. Angular
requency sweep measurements were then performed in the range
rom 100 rad s−1 down to 10−1 rad s−1. Silicon oil was spread onto
he external surfaces of the samples to prevent evaporation during
he experiment.

.3. Chitosan fiber preparation

The hydroalcoholic chitosan dopes were prepared as described
n Section 2.2 and degassed by centrifugation at 10,000 rpm for

 min. This degassing method was efficient compared with other
acuum methods and ensured a constant dope composition. The
xtrusion step was performed at laboratory scale by means of a
etering pump (from 0.8 to 40 mL/h), a polypropylene syringe

V = 10 mL)  and a stainless steel needle as a spinneret (Sterican® B-
raun non-beveled needle tip having a 800 �m internal diameter
nd a 22 mm length). The dope was extruded at a rate of 12.7 mL/h
nd the gelation was induced by subjecting the extruded solution
or about 20 s to a hot air flow at 130 ◦C produced by a heat gun
length of air flow chamber: 30 cm). The temperature at the end of
he spinneret was checked to be at 130 ± 5 ◦C in all experiments. In
ll spinning runs, the extrusion rate was maintained at 0.2 mL/min
orresponding to the minimum extrusion rate value that prevented
he alcogel formation within the spinneret. The alcogel monofila-

ents were then neutralized in alkali media (aqueous NaOH or
H4OH solutions at 1, 4 and 10 M)  to fully regenerate the free
mine form of chitosan and avoid any re-dissolution of filaments
n water (tneutralization = 1 min, Vbath = 250 mL). Then, the neutralized
bers were successively immersed in 3 washing baths containing
eionized water to fully eliminate the excess of base, the alcohol
nd the salts generated during neutralization (twashing = 3× 10 min,
bath = 250 mL). Finally, the chitosan fibers were dried overnight at
0 ◦C at constant length. The fiber diameter after extrusion is closed
o the spinneret diameter (∼800 �m).  After drying, the diameter is
educed to 60–80 �m depending on fiber stretching.

.4. Chitosan fiber characterization

.4.1. Wide angle X-ray scattering (WAXS)
Wide-angle X-ray scattering was performed on the BM2-D2AM

eamline at the European Synchrotron Radiation Facility (Greno-
le, France). The data were collected at an incident photon energy of
6.000 keV (� = 0.775 Å) using a bi-dimensional detector (CCD cam-

ra from Ropper Scientific) positioned at 6–14 cm from the sample,
epending on synchrotron experiment runs. Exposure time was set
t 20 s. Chitosan fibers were wrapped around brass sample holder
lates with a 6 mm hole in the center. Four V-shaped lateral notches
Ip Water content (%)

1.6 ± 0.3 9.8 ± 1.0

on holder plates allowed to wrap the fibers with a 8-shaped path to
allow the irradiation of only one bundle of fibers in the hole (Fig. 1).

Wrapped samples were placed on a multi-sample holder so
that the fiber axis is horizontal and perpendicular to the incident
beam. Silver behenate, zinc oxide (blende) and quartz (alpha) were
used as standards for the scattering vector (q-range) calibration.
Primary data corrections, i.e. dark current, flat field response and
taper distortion were performed thanks to the bm2img software
available on the beamline. The scattered intensity of the samples
was automatically normalized by the transmitted intensity. Addi-
tional corrections for the background scattering (subtraction of the
empty cell) and the sample effective thickness were performed for
each pattern. 2D images were converted into radial averages over
the image center (position of the center of the incident beam) to
give the scattered intensity I vs the scattering vector q. Since an
anisotropic scattering was observed with the fiber samples, the
scattering intensity was also recorded as a function of the azimuthal
angle ϕ (48 sectors with 7.5◦ width to give I(q, ϕ) = f(q, ϕ) profiles).
In our experiments, as the fiber samples were placed horizontally,
ϕ = 0 and 180◦ on the horizontal direction (parallel to the fiber axis)
and ϕ = 90 and −90◦ on the vertical direction (perpendicular to the
fiber axis).

Diffraction patterns obtained from radial averages were used to
evaluate the overall crystallinity index (CI) of chitosan fibers given
by the following relation (Osorio-Madrazo et al., 2010):

CI = Ac

Ac + Aa
(1)

where Ac and Aa are the sum of areas under the crystalline and
amorphous peaks, respectively. Contrary to other methods based
on the estimation of a diffuse amorphous background (Abdou, Nagy,
& Elsabee, 2008; Focher, Beltrame, Naggi, & Torri, 1990; Toffey &
Glasser, 1999), we chose to determine the amorphous contribu-
tion from the diffractogram of an amorphous sample of chitosan
(Osorio-Madrazo et al., 2010) (see details in Section 3.4.1). To obtain
such a sample, chitosan was  dispersed at Cp = 2% (w/w) in dilute acid
aqueous solution containing the stoichiometric amount of acetic
Beam

Fig. 1. Schematic representation of chitosan fibers wrapped around the 4 V sample
holder plate (2 cm × 1 cm).
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ig. 2. Influence of the solvent nature on the rheological behavior of chitosan ac
ater/1,2-propanediol solvent mixture and (�) water; (a) variation of steady viscos

2)); (b) storage (G′) and loss (G′′) shear moduli and tan ı as a function of frequency

From the I(q, ϕ) profiles, we extracted the average scattered
ntensity at ϕ = 90 and −90◦ (average on vertical sectors centered
t [82.5◦; 97.5◦] and [−82.5◦; −97.5◦]), for which the maximum
cattering intensities were observed due to the preferential orien-
ation of the chain axis of the crystallites along the fiber axis. These
ntensity profiles recorded perpendicular to the fiber axis were used
s a comparative tool to assess the evolution of the allomorph
omposition in the chitosan fibers as a function of the chitosan
ope composition and the coagulation conditions. The proportion

n anhydrous and hydrated allomorph in chitosan fiber samples was
stimated semi-quantitatively after subtraction of the amorphous
ackground.

. Results and discussion

.1. Conditions for alcogel formation and spinning ability
“spinnability”)

We  determined the physico-chemical parameters suitable for
he alcogel fiber formation to develop an alcogel-spinning pro-
ess, on the basis of several previous works (Boucard et al., 2005,
007; Montembault et al., 2005b). In contrast with the discontinu-
us elaboration of cylindrical hydrogels, we deal with a continuous
rocess in a spinning approach. In this case, the gelation kinetics
ust be fast, and optimized in order to obtain a continuous alco-

el filament (i.e. highly enriched in alcohol) without disruption at
he end of the spinneret. In previous works (Boucard et al., 2005;

ontembault et al., 2005b), several physico-chemical parameters
ere evidenced to influence on the alcogel gelation kinetics of
ydroalcoholic chitosan solutions: (i) the degree of acetylation
DA), (ii) the polymer concentration (Cp), (iii) the acid used for
hitosan dissolution, (iv) the 1,2-propanediol proportion in the
nitial solvent, (v) the temperature used to induce solvent evap-
ration and (vi) the surface/volume ratio for drying. In this work,
onsidering the final applications of chitosan fibers as biomedical
extiles, we decided to use a low DA (∼1.5%) associated with a high

olecular weight (∼410,000 g/mol) to limit the fiber redissolution
t physiological pH (Vårum, Ottøy, & Smidsrød, 1994) and favor
ood mechanical properties (Agboh & Qin, 1997). Moreover, the
egularity of the macromolecular structure, which usually helps
he development of crystallinity (Peters, 1963), is increased for low
A, N-acetyl-glucosamine residues can be considered as crystalline

efects. Concerning biological properties, low DA and high molecu-

ar weight chitosans showed higher bioresorption times (Tomihata
 Ikada, 1997), property that would be valorized for textile implant
pplications. In order to increase the gelation kinetics and avoid
solutions at 22 ◦C (Cp = 2.4 wt%, DA ∼ 1.5%, Mw ∼ 410,000 g/mol): (©) 40/60 (w/w)
s shear rate �̇ (experimental data and fits determined from the Carreau model (Eq.

 different solutions.

the filament breakage at the end of the spinneret, high evaporation
temperatures (Montembault et al., 2005b) (T ∼ 130 ◦C), high 1,2-
propanediol contents (above 60% (w/w), see below) in the initial
hydroalcoholic chitosan dope, as well as high polymer concen-
trations (above 2%, w/w)  must be favored (Boucard et al., 2005;
Montembault et al., 2005b). The spinnability of the hydro-alcoholic
polymer solution will thus be defined in this work as the ability to
form a continuous and stable alcogel filament from the end of the
spinneret to the end of the heating chamber (hot air gap of 30 cm),
without breakage of the thread line in the part close to the spin-
neret end during the sol/alcogel transition. The temperature of the
hot air chamber was constant at 130 ◦C to significantly increase
the gelation kinetics (Montembault et al., 2005b) without induc-
ing a thermal degradation of chitosan (Osman, 2005). Spinnability
depends on many variables (Ziabicki, 1976) acting on the gelation
kinetics, but is also related to the rheological properties of the dope
(McKinley, 2005). The rheological behavior of chitosan dopes is in
turn mainly governed by the polymer concentration, the polymer
molecular weight, the solvent nature and composition used for the
polymer dissolution.

3.2. Effect of the addition of alcohol on viscoelastic properties of
chitosan solutions

The typical flow curves of hydroalcoholic and aqueous chitosan
solutions are shown in Fig. 2a. The well-known shear thinning
behavior of chitosan solutions (Calero, Munoz, Ramirez, & Guerrero,
2010; Desbrieres, 2002) was  observed in both media. It is charac-
terized by a critical shear rate above which the viscosity decreases.
This effect has been attributed to polymer chain disentanglements
and/or interchain junction breakdown under shear (Merkovich
et al., 2001). The viscosity was  analyzed in the entire shear rate
range using the three-parameter Carreau model (Cho, Heuzey,
Begin, & Carreau, 2006) in order to deduce the Newtonian viscosity
�0 from the extrapolation of the viscosity at zero shear rate:

� = �0

(1 + (�R�̇)2)
p (2)

where �R is the relaxation time for chain disentanglement and p is
a shape coefficient.

As illustrated in Fig. 2a, a significantly higher viscosity was
obtained in the case of the mixed water/1,2-propanediol solvent

medium compared with the aqueous solution for an equiva-
lent polymer concentration in the solution (Cp = 2.4% (w/w)). The
comparison of linear viscoelastic properties of hydroalcoholic
and aqueous chitosan solutions was  also investigated thanks to
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scillatory shear measurements. Fig. 2b displays the evolution of
he storage (G′) and loss (G′′) moduli as well as the loss tangent
tan ı) as a function of the angular frequency. Both solutions exhib-
ted a rheological behavior typical of viscoelastic solutions with
′ < G′′ at low frequency and G′ > G′′ at high frequencies. Again,

his crossover between G′ and G′′ is commonly reported in the
ase of concentrated high molecular weight chitosan solutions
nd has been associated to the phenomenon of chain disentan-
lements and interchain junction breakdown (Calero et al., 2010;
errero et al., 2010). The characteristic slopes G′′ ∼ ω1 and G′ ∼ ω2

t low frequencies described for viscoelastic fluids in the Maxwell
odel were compatible with the behavior of the chitosan aque-

us solutions only in the low frequency limit. At constant Cp = 2.4%
w/w), the presence of 1,2-propanediol in the solvent (i.e. 40/60
w/w) H2O/alcohol ratio) resulted in an increase in both G′ and
′′ in agreement with the solution viscosity increase observed in
ow regime. Furthermore, the cross-over angular frequency where
′ ∼ G′′ (see Fig. 2b), which is related to a characteristic life time
f interchain interactions (�0 = 1/ωc), occurred at lower frequency
ompared to the aqueous system (i.e. 0.5 vs 6.3 rad s−1). Thus, in
he hydroalcoholic medium, the time for chitosan chain disentan-
lement and interchain junction breakdown is significantly higher
factor 12) reflecting a higher entanglement density or the forma-
ion of a higher number of interchain junctions in the presence of
,2-propanediol. This effect was also confirmed by the smaller value
f tan ı in the case of the hydroalcoholic solution in the investigated
requency range as well as a lower slope in the high frequency side
f the Cole–Cole diagram (Fig. 3), characteristic of a larger number
f interchain junctions. The Cole–Cole plots were further analyzed
ith Havrilia–Negami equation (Havrilia & Negami, 1967):

�

�0
= 1

(1 + (iω�)˛)
ˇ

(3)

here the exponent product ˛·  ̌ is related to the breadth of the
elaxation time distribution and parameter  ̌ is an asymmetric dis-
ribution parameter.

Both water and water/alcohol systems exhibit a distribution of
elaxation times since  ̨ and  ̌ < 1. The presence of alcohol in the
ope results in a more symmetric but broader relaxation time dis-
ribution (˛·  ̌ decreases and  ̌ increases in the presence of alcohol).

s a conclusion, the addition of alcohol molecules in the solvent

avors chitosan chain entanglements and interchain interactions. A
inear increase of the Newtonian viscosity of the dope was observed

ith the increase of the 1,2-propanediol proportion in the initial
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he  spinnable and unspinnable domains (�0 ∼ 850 Pa s) for a chitosan with DA ∼ 1.5%, Mw
(Cp = 2.4 wt%, DA ∼ 1.5%, Mw ∼ 410,000 g/mol) (©) in 40/60 (w/w) water/1,2-
propanediol solvent mixture and (�) in water.

solvent for Cp = 2.4% (w/w) (Fig. 4a). This effect must be related to
the progressive decrease of the solvent dielectric constant induced
by the increase of the alcohol content in the solvent. In hydroal-
coholic medium, the dissociation of acetic acid is disfavored. The
resulting decrease of the apparent charge density of chitosan in
presence of alcohol was established by Boucard et al. (2007). In
this context, the electrostatic repulsions between chitosan chains
should be reduced in favor of the formation of interchain hydrogen
bonding and hydrophobic interactions. In addition, the formation
of junctions between chitosan chains could be reinforced by the
presence of the alcohol molecules themselves: the diol could act as
a bridging agent by the establishment of hydrogen bonds with the
polymer (Quijada-Garrido, Iglesias-Gonzalez, Mazon-Arechederra,
& Barrales-Rienda, 2007). Such interactions have been invoked by
Boucard (Boucard et al., 2005) and Montembault (Montembault
et al., 2005b) to explain the formation of alcoholic chitosan gels.
The increase of entanglement density and chitosan chain interchain
interactions in hydroalcoholic medium is a key feature to increase

polymer chain junctions into the dope and improve the mechanical
properties of the resulting fibers in comparison with the processing
of aqueous chitosan dopes.
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Table 2
Chitosan concentrations (Cp ± 0.1% (w/w)) achievable in final hydroalcoholic solu-
tions with various water/1,2-propanediol ratios from initial aqueous polymer
solutions of different concentrations. Newtonian viscosity values �0 (±8%) were
indicated for initial aqueous chitosan solutions.

Initial aqueous chitosan solution Cp (%, w/w) in final hydroalcoholic
solution for various water/alcohol
(w/w)  ratios

Cp (%, w/w) �0 (Pa s) 50/50 40/60 30/70
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4% 10,800 2% 1.6% 1.2%
6%  45,000 3.1% 2.5% 1.9%
8% >60,000 4.2% 3.4% 2.6%

.3. Optimization of the hydroalcoholic chitosan dope
omposition for spinnability

.3.1. Influence of polymer concentration and
ater/1,2-propanediol ratio

The composition range of the hydroalcoholic dopes (poly-
er  concentration and alcohol content) that can be explored for

pinnability was limited for practical reasons. Indeed, the com-
lete dissolution of chitosan can only be achieved in aqueous acid
edium. In a second step, hydroalcoholic chitosan solutions are

repared by addition of alcohol to the aqueous solution. Due to the
olyelectrolyte nature of chitosan in aqueous acid solutions, the
iscosity of chitosan solutions drastically increases with polymer
oncentration (Martinez, Chornet, & Rodrigue, 2004; Mucha, 1997).
bove Cp = 6% (DA ∼ 1.5% and Mw ∼ 410,000 g/mol), homogeneous
queous chitosan solutions are difficult to obtain as Newtonian
iscosities exceed 45,000 Pa s. In these conditions, the maximum
olymer concentration in the hydroalcoholic dope was  3.1%, 2.5%
nd 1.9% (w/w) for 50/50, 40/60 and 30/70 (w/w)  water/1,2-
ropanediol mixtures, respectively (Table 2).

The evolution of the solution viscosity as a function of the alco-
ol content in the initial solvent mixture is represented in Fig. 4a for

 constant chitosan concentration Cp = 2.4% (w/w). Fig. 4b displays
he evolution of the hydroalcoholic dope viscosity with the poly-

er  concentration at a given water/alcohol ratios (50/50; 40/60;
nd 30/70 (w/w)). The combined effect of the polymer concentra-
ion and the water/1,2-propanediol ratio on spinnability of chitosan
opes (“alco-gelability”) was examined to define the spinnability
ange. As expected, the gelation of the liquid thread line was favored
n increasing the 1,2-propanediol proportion in the initial solvent
Fig. 4a) and on increasing the polymer concentration (Fig. 4b)
ue to a higher density of chain entanglements/interactions in
he initial dope inducing a faster establishment of the physical
etwork. Accordingly, the spinnability of the hydroalcoholic dope
as obtained above a critical viscosity located around 850 Pa s.
ethertheless, the use of a polymer concentration above 2.8% in the
ydroalcoholic solution drastically increased the degassing time
nd also the pressure needed to ensure the correct charge of the
ump at a given flow rate. In our experimental conditions with
hitosans of high molecular mass, satisfactory spinning conditions
ere found at a chitosan concentration of 2.4% in a mixture 40/60

w/w) water/1,2-propanediol (Fig. 5).

.3.2. Influence of alcohol structure
The formation of alcoholic chitosan gels could be achieved with

ther alcohols than 1,2-propanediol. As reported in a previous work
Boucard et al., 2005), the nature of the alcohol has an influence on
oth the gelation process and the physical properties of the result-

ng alcogels. Therefore, the spinnability of chitosan hydroalcoholic

opes and the physical properties of the fibers could be improved
epending on the alcohol used to induce the polymer gelation. We
ested different polyhydroxylated alcohols with short alkyl lengths
3–4 carbons) and high boiling point temperatures (b.p. > 180 ◦C).
Fig. 5. Alcogel chitosan filament obtained from the gelation at 130 ◦C of a 2.4% (w/w)
polymer solution in a 40/60 (w/w) water/1,2-propanediol mixture.

These parameters were identified by Boucard et al. (2005) as the
critical criterions to obtain the alcogel formation since no macro-
croscopic gelation occurred with monoalcohols or polyols of higher
alkyl chain length (5 carbons and more). Besides the alkyl chain
length, the alcohols tested for spinning differed by the position
and the number of hydroxyl functions. To compare the different
dopes, we used the optimum composition determined previously,
i.e. Cp = 2.4% (w/w) and water/alcohol ratio = 40/60 (w/w). The vis-
cosity of each dope and its ability to form an alcogel filament in the
130 ◦C air drying chamber (t130 ◦C ∼ 20 s) are summarized in Table 3.

The viscosity of the dope was  shown to be strongly influenced by
the nature of the alcohol with no direct relation with the dielectric
constant or the viscosity of pure alcohols. The viscosity differ-
ences may  thus arise from specific interactions between alcohol
molecules and chitosan chains depending on the chemical struc-
ture of the alcohol. Indeed, when comparing the results obtained
with the three different propyl chain length alcohols (i.e. 1,2- and
1,3-propanediol and glycerol), we noticed that both the position
and number of hydroxyl groups impacted the final dope viscosity.
In addition, for alcohols with similar positions hydroxyl groups (e.g.
1.3-propanediol and 1,4-butanediol), the alkyl chain length also
appeared to have a significant effect on viscosity. An important evo-
lution of dope viscosity was also observed with the storage time in
the case of 1,3-propanediol. The dope viscosity drastically increased
from 1500 Pa s to 2700 Pa s after one day of storage in a closed reac-
tor at ambient temperature and the solution spontaneously turned
to a gel after several days without observing any solvent loss from
the dope. For all the polyols tested in this work, we obtained the for-
mation of a continuous alcogel filament after extrusion in the 130 ◦C
air drying chamber (t130 ◦C ∼ 20 s). However, the use of glycerol in
the spinning dope did not lead to a homogeneous gel filament at
a water/alcohol ratio of 40/60 (w/w). A heterogeneous syneresis
occurred as glycerol was expelled from the polymer network along
the filament (results not shown). This phenomenon could be the
result of strong chitosan–glycerol interactions. In our experimen-
tal conditions, spinning runs with 1,3-propanediol and butyl chain
length diols led to alcogel filaments with improved mechanical
strength compared with 1,2-propanediol. These observations may
result from the higher initial dope viscosities measured for these
alcohols suggesting stronger alcohol–chitosan chain interactions.
In these conditions, the gel point could be reached faster resulting
in increased mechanical properties of alcogel fibers. At last, the use
of a mixture of alcohols could be possible to modulate the dope
viscosity but was not considered in this work.

3.3.3. Influence of counter-ion nature
The formation of alcoholic chitosan gels is not limited to

the acetate form of chitosan and can also be obtained with the

hydrochloride form (Boucard et al., 2005). We studied the influ-
ence of the two  counterion forms on the formation of the alcogel
filament. Again, the optimum composition determined for acetate
chitosan (i.e. 2.4% of polymer in 40/60 1,2-propanediol/water
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Table  3
Chemical structure and physical constants (Lide, 2010) of the different polyols tested and their influence on the viscosity and spinnability of corresponding hydroalcoholic
dopes (Cp = 2.4% (w/w) and 40/60 (w/w) water/alcohol ratio).

Alcohol Chemical structure b.p.  (◦C) d Dielectric
constant

Alcohol
Viscosity at
20 ◦C (Pa s)

Chitosan dope
viscosity (Pa s)

Observations

1,2-Propanediol OH
HO

 187 1.03 (20 ◦C) 32 (22 ◦C) 1.4324 890 ± 70 Stable alcogel fiber

1,3-Propanediol HO OH 215 1.053 (20 ◦C) 35 (22 ◦C) 1.4398 1500 ± 120 Very stable alcogel fiber
formation but instability of the
dope viscosity which
drastically increased with
storage time

1,2-Butanediol

HO
OH

 192 1.006 (25 ◦C) 30 (17 ◦C) 1.4375 1060 ± 90 Very stable alcogel fiber

1,3-Butanediol HO

OH

 204 1.004 (20 ◦C) 28.8 (25 ◦C) 1.4418 1350 ± 110 Very stable alcogel fiber

1,4-Butanediol HO
OH

235 0.988 (20 ◦C) 31.4 (25 ◦C) 1.446 1250 ± 100 Very stable alcogel fiber
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Glycerol 290 1.26 (20 C) 42

ixture) was chosen for the comparison of the spinning runs.
espite the slightly higher dope viscosity observed in the case
f hydrochloride chitosan (1020 ± 80 Pa s vs 890 ± 70 Pa s for the
cetate form at same pH 5), frequent disruptions of the fluid thread
ine occurred in the immediate vicinity of the spinneret under the
wn weight of the filament. Therefore, hydroalcoholic solutions of
hitosan hydrochloride could not lead to the formation of an alco-
el fiber. This result should arise from the slower gelation kinetics
f chitosan in hydroalcoholic medium in the case of the hydrochlo-
ide salt form (Boucard et al., 2005). Contrary to hydrochloride acid,

 part of acetic acid can be evaporated from the solution during the
hermal treatment at 130 ◦C and can thus induce a beginning of
olymer neutralization (Demargerandre & Domard, 1994) favoring
he gelation process in alcoholic media.

.4. Crystalline microstructure of chitosan fibers

In the global frame of polymeric fiber development, micro-
tructural parameters (Ibanes et al., 2004) such as molecular
rientation, micro/nano fibrillar and semi crystalline morphology
crystallinity index, allomorph type) and intra/inter fibrillar inter-
ctions are keys for final properties and need to be closely related
o processing parameters. In particular, crystallites can act as phys-
cal fillers and crosslinks of high functionality. Two  allomorphs, i.e.
ydrated (“tendon”) and anhydrous (“annealed”), are described for
hitosan in the free amine form (Okuyama, Noguchi, Miyazawa, Yui,

 Ogawa, 1997; Yui et al., 1994). Due to the strong affinity of the
olymer with water, the hydrated form, characterized by the pres-
nce of water molecules within the unit cell, is the usual allomorph
btained from the heterogeneous deacetylation of semicrystalline
hitin. In the anhydrous form, the unit cell is free of water and is thus
ore compact. Anhydrous crystallites could then lead to a better

einforcement effect, and/or induce different biological properties.
In this work, as chitosan is dissolved in acid solution before
xtrusion, the native crystalline organization of chitosan is fully
ost and the microstructure in final chitosan fibers will only depend
n the processing parameters (e.g. neutralization conditions; spin-
ing dope composition; post-extrusion thermal treatment). The
C) 1.4746 1950 ± 160 Alcogel fiber formation but
observation of syneresis
phenomenon

wide-angle X-ray scattering (WAXS) of synchrotron radiation was
used for the microstructural characterization of chitosan fibers
produced from hydroalcoholic dopes in various physico-chemical
contexts.

3.4.1. Influence of neutralization conditions
The effect of the neutralization conditions on the final semicrys-

talline structure was studied on chitosan fibers produced from our
standard spinning dope (i.e. 2.4% (w/w)  of chitosan acetate in a
40/60 (w/w)  water/1,2-propanediol mixture). The post-extrusion
thermal treatment was set at 130 ◦C during 20 s. The diffraction
peaks of chitosan in alcogel and hydrogel fibers (i.e.  obtained after
neutralization of alcogel fibers and washings in water) were not
clearly observed, due to the presence of a dominant scattering of
alcohol or water and the low crystallinity of samples. All diffraction
experiments were thus performed on final dried fibers. Fig. 6 dis-
plays the 2D-WAXS patterns of both non-neutralized dried alcogel
fibers (Fig. 6a) and dried hydrogel fibers neutralized in ammo-
nium hydroxide or sodium hydroxide at different concentrations
(Fig. 6b). An anisotropic scattering is observed in all cases but
the non-neutralized alcogel fiber pattern revealed a significantly
weaker scattered intensity compared with neutralized samples.
Thus, the development of crystallinity mainly occurs during the
polymer neutralization and the crystallites are preferentially ori-
ented with chain direction along the fiber axis. We  also observed
the formation of the different crystalline morphologies, i.e. the for-
mation of the two  allomorphs in different proportions, depending
on the neutralization conditions. In the case of ammonium hydrox-
ide neutralization, in the concentration range from 1 M to 10 M,
we observed the diffraction pattern specific to the anhydrous form
of chitosan. The conversion of the 2D-diffraction patterns into the
average scattering intensity at ϕ = 90 ◦C and ϕ = −90 ◦C as a func-
tion of the scattering vector q (Fig. 7) confirmed the presence of
the anhydrous allomorph: a diffraction peak at q ∼ 1.077 Å−1 cor-

responding to the (1 1 0)an reflection, and a multiple peak around
1.45 Å−1 mainly corresponding to the (0 1 2) and (0 2 0)an planes
at q ∼ 1.413 Å−1 and 1.478 Å−1, respectively. In the case of sodium
hydroxide neutralization, a transition of allomorph composition
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ig. 6. Wide-angle X-ray scattering patterns (WAXS) of (a) non-neutralized chitosa
0 ◦C and (b) final chitosan fibers obtained by neutralization of alcogel fibers in Na
he  dope was 2.4% (w/w) of chitosan in a mixture water/1,2-propanediol 40/60 (w/

ccurred on increasing the base concentration. While the forma-
ion of the anhydrous allomorph is observed for CNaOH = 1 M,  the
ccurrence of a third spot on the diffraction patterns obtained
or higher concentrations in NaOH (4 M and 10 M)  revealed the
ormation of a mixed morphology with the presence of both anhy-
rous and hydrated allomorphs of chitosan (Fig. 6). The intensity of
he diffraction spot located at q ∼ 0.744 Å corresponding to (0 2 0)h
eticular planes of the hydrated form was particularly well defined
or CNaOH = 10 M.  At this concentration, the diffraction pattern was
ominated by the presence of the hydrated form, whereas at the

ntermediate concentration of 4 M,  the predominant crystalline
hase was still the anhydrous allomorph (Fig. 7). The breadth of
iffraction peaks suggested the formation of rather small or defec-

ive crystallites in both allomorph forms. The deconvolution of
uch diffraction patterns (Binias, Boryniec, & Binias, 2005) into a
ydrated, anhydrous and amorphous contribution with Gaussian
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ig. 7. Influence of neutralization conditions on the allomorph formation in chitosan
bers (initial dope composition: 2.4% of chitosan in a 40/60 (w/w)  water/1,2-
ropanediol mixture; post-extrusion thermal treatment: 20 s at 130 ◦C followed by
ne night at 40 ◦C). Average WAXS patterns at ϕ = 90◦ and ϕ = −90 ◦C after subtraction
f  the amorphous contribution. Scattering curves were 500 arbitrary unit vertically
hifted for improved clarity.
gel fibers obtained after successive evaporations of 20 s at 130 ◦C and one night at
d NH4OH aqueous solutions at different concentrations. The initial composition of

or Lorentzian peaks was  difficult. Indeed, it seemed that a broad
intermediary contribution between 0.74 Å−1 and 1.077 Å−1 could
correspond to crystals that are partially anhydrous and hydrated.
As a consequence, the areas under the diffraction peaks could not
be clearly separated. We  thus defined an anhydrous index calcu-
lated from the scattered intensity values at the expected scattering
vectors of the main reflections of each allomorph according to the
following relation:

Anhydrous index = AI =
I
anhydrous(q=1.077 Å

−1
)

I
hydrated(q=0.74 Å

−1
)
+ I

anhydrous(q=1.077 Å
−1

)

× 100 (4)

The contribution of the amorphous background was before-
hand subtracted from all chitosan fiber samples based on the
same method as used for previous crystallinity index determina-
tions (Osorio-Madrazo et al., 2010) (see below). The amorphous
halo was  adjusted to the diffractograms of the fiber samples at
q ∼ 1.75 Å−1 (see Fig. 8). The results are shown in Table 4. The
anhydrous index (AI) values reflect the evolution of the allomorph
composition although they cannot be interpreted as a true atomic
or weight fraction of each allomorph. In accordance with previ-
ous qualitative observations (see Fig. 7), the AI stayed constant
whatever the base concentration in the case of neutralization in

NH4OH; whereas for NaOH neutralization, the anhydrous index
decreased on increasing the base concentration. Therefore, the
alcogel-spinning of hydroalcoholic solutions led to the forma-
tion of semi-crystalline chitosan fibers containing from mainly

Table 4
Values of anhydrous allomorph Index in obtained chitosan fibers (initial dope
composition: 2.4% of chitosan in a 40/60 (w/w) water/1,2-propanediol mixture;
post-extrusion thermal treatment: 20 s at 130 ◦C followed by one night at 40 ◦C).

Base Concentration AI (%)

NH4OH 1 M 66 ± 5
4 M 68 ± 5

10 M 69 ± 5

NaOH 1  M 66 ± 5
4 M 54 ± 5

10 M 47 ± 4
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Table 5
Area crystallinity indexes of produced chitosan fibers (Cp = 2.4% (w/w) in a 40/60
(w/w) water/1,2-propanediol medium; post-extrusion thermal treatment: 20 s at
130 ◦C followed by one night at 40 ◦C) as a function of neutralization conditions and
aging at ambient atmosphere (T = 22 ± 2 ◦C, RH = 60 ± 5%).

Neutralization conditions Crystallinity index (%)

1 week 22 months

NH4OH
1 M 28.4 ± 2.8 28.2 ± 2.8
4  M 27.7 ± 2.8 27.9 ± 2.8
10  M 27.9 ± 2.8 28.1 ± 2.8

NaOH
1  M 29.0 ± 2.9 28.8 ± 2.9
f  chitosan fibers after subtraction of the area of the amorphous contribution, and
isplaying the anhydrous allomorph diffraction pattern.

nhydrous to mainly hydrated crystals depending on the neutral-
zation conditions of the alcogels. Anhydrous chitosan is classically
btained by annealing of the sample at high temperature (i.e.
40 ◦C) (Ogawa, Hirano, Miyanishi, Yui, & Watanabe, 1984; Saito,
abeta, & Ogawa, 1987). The degree of conversion from hydrated
o anhydrous form was shown to increase with the temperature
nd time treatment. Another method to obtain large fractions of
nhydrous allomorph consists in the treatment of chitosan in the
olid state with concentrated hydrochloric acid (Osorio-Madrazo
t al., 2010). Both procedures involve the production of chitosan
nhydrous allomorph in a hydrophobic context but such drastic
onditions (high temperature, concentrated acid) induce an impor-
ant decrease of the polymer molecular weight which is not desired
ere to preserve good mechanical properties. The neutralization of
ydroalcoholic solutions is thus an alternative to produce a large

raction of anhydrous crystals without major chitosan degradation
ince the molecular weight of chitosan in final fibers remains above
40,000 g/mol after the different steps of spinning process.

In addition to the anhydrous index for the semiquantitative
haracterization of anhydrous and hydrated allomorphs fractions,

 global crystallinity index (CI) of chitosan fibers, including the
nhydrous and hydrated allomorphs, was determined from the
stimation of the contribution of an amorphous sample of chi-
osan (the preparation of such a sample is detailed in Section 2.

AXS). As can be seen in Fig. 8, the amorphous chitosan sample
b) did not show crystalline peaks at q ∼ 0.744 Å−1 or q ∼ 1.077 Å−1

espectively for the (0 2 0)h and (1 1 0)an diffraction reflections,
ut exhibited a broad halo at 2� around 1.5 Å−1. Actually, this
iffractogram can be superimposed to amorphous chitosan pre-
ared by Osorio-Madrazo et al. (2010). In order to evaluate the
I, the diffractogram of the amorphous was normalized to the
iffractogram of semicrystalline chitosan fibers at high values of
he scattering vector (q > 3 Å−1). For each sample, the diffraction
attern of the amorphous sample was close to those of fiber sam-
les at q ∼ 1.75 Å−1 and q ∼ 2.2 Å−1. The crystalline contribution in
hitosan fibers (see Fig. 8 curve c) could be deduced from the sub-

raction of the amorphous contribution (Aa) (Fig. 8 curve b) to the
otal area of the diffractograms (Fig. 8 curve a). The calculation of
I was thus performed from the ratio of the crystalline contribu-
ion (Ac) to the total area of the fibers diffractogram (Atotal) (see Eq.
4  M 28.3 ± 2.8 28.2 ± 2.8
10  M 27.8 ± 2.8 27.6 ± 2.8

(1)). The results are given in Table 5. Although the neutralization
conditions impacted the proportion between the two allomorphs
in final chitosan fibers, they did not have any significant influence
on the overall crystallinity index values which were found to be
close to 30% in all cases. Such values were not impacted by room
temperature aging over a period up to 2 years. We  also noticed that
the proportion between the two allomorphs did not change with
room temperature aging (results not shown).

The possibility of preparing chitosan fibers with a high pro-
portion in anhydrous crystals is a particularity of the spinning of
hydroalcoholic chitosan solutions. Classical chitosan fibers usually
exhibit a hydrated type semi-crystalline structure as reported in
classical wet  spinning of chitosan aqueous solutions using alkali
coagulation baths (Agboh & Qin, 1997; Lee et al., 2007). A mixture
of both hydrated (in higher proportion) and anhydrous allomorphs
was observed by Notin, Viton, David, et al. (2006) while produc-
ing chitosan fibers by coagulation of aqueous chitosan acetate
solutions in ammonia vapors. In fact, the formation of the anhy-
drous allomorph was  mainly occurring during the post-production
step: aging induced ammonium acetate salt hydrolysis leading
to an increase of crystallinity but with a significant decrease of
the polymer molecular weight, altering the long term mechani-
cal properties of final fibers. In the present study, the spinning of
hydroalcoholic solutions through the formation of an alcogel fiber
led to the formation of anhydrous crystals after neutralization and
no evolution of crystallinity with the time storage was observed
up to 2 years. As fibers are free of residual salts after washings, the
mechanism involved in the anhydrous form production seems to
be different from Notin and could result from specific crystalliza-
tion conditions in alcoholic media which constitutes a relatively
hydrophobic environment for the chitosan chains.

3.4.2. Influence of the alcohol nature
The crystalline microstructure of chitosan fibers was also stud-

ied as a function of the nature of the alcohol used for the gelation.
Fig. 9a and b shows the diffraction patterns of the fibers neutralized
in NaOH 1 M and NaOH 10 M,  respectively. The diffraction pro-
files obtained with fibers neutralized in ammonium hydroxide are,
whatever the concentration in NH4OH (1 M or 10 M),  very similar
to those observed for NaOH 1 M and are then not presented. In all
cases, the crystallinity index value in resulting fibers was found to
be close to 30%. Moreover, whatever the alcohol tested, the same
transition from mainly anhydrous crystals to mainly hydrated crys-
tals was  observed on increasing the NaOH concentration (Fig. 9c).
In the case of 1,3-propanediol, we  noticed that the diffraction
peak at q ∼ 1.077 Å−1 corresponding to (1 1 0)an reflexion is better

defined with a thinner profile. Clearly, the formation of larger or
less defective anhydrous crystals is favored with 1,3-propanediol.
The reason for such a behavior is not known, but it could result from
specific interactions between 1,3-propanediol and chitosan: the
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in Table 6, whatever the composition of the neutralization bath,
the crystallinity index values could not be significantly improved
by solution crystallization. Moreover, the apparent width Lh k l of

Table 6
Crystallinity index values of chitosan fibers as a function of neutralization condi-
tions obtained for different evaporation conditions: (t0) no post-extrusion thermal
treatment; (t3): 20 s at 130 ◦C and 12 h at 40 ◦C (±3 ◦C).

CI (%)

t0 t3

NaOH
10 M 29.7 ± 3.0 27.8 ± 2.8
4  M 27.1 ± 2.7 28.3 ± 2.8
1  M 26.7 ± 2.7 29.0 ± 2.9
ost-extrusion thermal treatment: 20 s at 130 ◦C followed by one night at 40 ◦C). (a
eutralized in NaOH 1 M,  (b) diffraction patterns of fibers neutralized in NaOH 10 M
hifted  by 1000 arb. un. for clarity.

xact molecular origin of which are not in the scope of this paper.
he alcohol could promote crystallization by the establishment
f inter-chain junctions through H-bond or solvophobic interac-
ions. The strength of 1,3-propanediol–chitosan interactions could
ave reached an optimum balance: 1,3-propanediol needs to be
emoved in order to form anhydrous chitosan crystals, but should
lso previously interact with chitosan chains to yield a hydrophobic
nvironment and exclude water from the chains.

.4.3. Influence of the post-extrusion thermal treatment
Different evaporation conditions (i.e.  different drying temper-

tures and times) were applied on alcogel fibers (obtained from
he standard chitosan dope) before their neutralization in alkali

edium. In order to better understand the formation of the
emicrystalline morphology, we also decided to produce fibers
y direct neutralization of the extruded hydroalcoholic chitosan
olution in alkali medium, i.e. without post-extrusion thermal
reatment, by immersion of the spinneret in the coagulation bath
“direct neutralization route”).

The diffraction patterns of the resulting fibers neutralized in
aOH at different concentrations are presented in Fig. 10a.

The corresponding anhydrous index values are gathered in
ig. 1b. Whatever the nature and the concentration of the base,
e noticed that the fraction of anhydrous crystals increased
ith the evaporation time. This evolution is related to the
ecrease of the water content in the alcogel fiber and the pro-
otion of hydrophobic interactions (i.e. chitosan/chitosan and
hitosan/alcohol interactions vs chitosan/water interactions). Con-
equently, at the neutralization step, the chitosan chains would
e in a more hydrophobic environment favoring the polymer
rystallization under the anhydrous form. For all neutralization
raction patterns (average at ϕ = 90 and −90◦ , amorphous halo subtracted) of fibers
orresponding anhydrous index values. Scattered intensity profiles were vertically

conditions, the same transitions of crystalline morphology from
anhydrous to hydrated allomorphs were observed on increasing
the NaOH concentration, while the NH4OH concentration did not
significantly impact the allomorph composition. A maximum value
of anhydrous index was  found for the driest systems neutralized in
NaOH 1 M or in NH4OH. With a numerical value of AI above 65%,
the fibers contain a dominant fraction of anhydrous allomorph.

When the drying post-extrusion thermal treatment is applied,
the polymer chains are part of an alcogel network and their mobil-
ity is then strongly reduced. On the contrary, when the extruded
hydroalcoholic chitosan solution is directly neutralized in an alkali
bath, the neutralization occurs in the liquid polymer solution.
This mobility gain could promote crystallization, but as shown
NH4OH
10 M 25.8 ± 2.6 27.9 ± 2.6
4  M 27.7 ± 2.8 27.7 ± 2.8
1  M 27.1 ± 2.7 28.4 ± 2.8
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f  the hydroalcoholic dope into the alkaline coagulation bath without drying therm
morphous contribution. Scattering curves were vertically shifted for clarity. (b) An

ydrated crystals could be deduced using the Scherrer equation in
he case of chitosan fibers produced via the direct neutralization
oute in a NaOH 10 M bath (see Fig. 10a). Indeed, these particu-
ar experimental conditions led to a well defined (0 2 0)h reflection
t q ∼ 0.74 Å−1 from which we could determine the full width at
alf maximum and deduce a L0 2 0 value close to 31 Å. This crys-
allite apparent size is in the same order of magnitude as those
reviously reported for semicrystalline chitosan in the solid state
Osorio-Madrazo et al., 2010) or crystals in regenerated cellulose
bers (Chen et al., 2007). In the case of other neutralization con-
itions than NaOH 10 M,  the specific diffraction peaks to hydrated
nd anhydrous crystals at q ∼ 0.744 Å−1 and q ∼ 1.077 Å−1, respec-
ively were too broad to be able to deduce the apparent crystallite
ize.

.5. Proposed mechanism for the anhydrous allomorph formation

We  previously deduced that the balance between the hydrated
nd anhydrous allomorphs was impacted by the hydrophobic envi-
onment at the neutralization step that triggers crystallization.
n order to vary the hydrophilic/hydrophobic context, we  further
nvestigated the spinning by direct neutralization in alkali solu-
ions of hydroalcoholic dopes with various water/1,2-propanediol
atios (from 20/80 to 100/0, w/w) for a constant polymer concen-
ration of 2.4% (w/w). The diffraction patterns of chitosan fibers
btained with neutralization in NaOH 1 M are presented in Fig. 11a.
he same trend was obtained with NH4OH coagulation baths at
ll concentrations, in the 1–10 M range (results not shown). As
xpected, we observed that the formation of the anhydrous allo-
orph was favored for highly alcohol-enriched solvent media. On
ncreasing the water content in the polymer solvent, the amount
f water interacting with the chitosan chains increased and the
rystallization under the hydrated form was then favored by the
ecruitment of these interacting water molecules. The evolution of
in  at 40 ◦C (±3 ◦C); (c) 20 s at 130 ◦C and 12 h at 40 ◦C (±3 ◦C); (std) direct extrusion
eatment. Average WAXS patterns at ϕ = 90◦ and ϕ = −90 ◦C after subtraction of the
us index values (AI ± 10%).

the anhydrous index values as a function of the alcohol content in
the solvent of the chitosan dope exhibited a gradual increase what-
ever the polymer concentration (Cp = 2.4% or 0.8%, w/w) (Fig. 11b).
Furthermore, although the nature of chitosan counter-ion is known
to act on the polymer hydrophily (Boucard et al., 2007; Popa-Nita,
Rochas, David, & Domard, 2009), it did not impact the final crys-
talline morphology (Fig. 11b) and led to comparable anhydrous
index values as those obtained for the acetate counter-ion in the
same experimental conditions.

Hence, in the case of aqueous chitosan solutions, the polymer
chains are highly hydrated promoting the formation of hydrated
crystals whatever the nature and the concentration of the base.
Conversely, when the solvent is enriched in alcohol, the environ-
ment of the polymer chains become more hydrophobic and the
crystallization under the anhydrous form is thus favored. Thus, by
interacting with chitosan chains (mainly through hydrogen bonds),
the alcohol molecules could act as dehydrating agents preventing
the entrapment of water molecules during the crystallite formation.
The polymer chain dehydration prior to neutralization could also
explain the production of anhydrous type chitosan fibers by Tamura
et al. (2004). In their process, the neutralization in a dilute NaOH
aqueous solution (0.8 M)  was performed on a filament obtained by
the extrusion of an aqueous chitosan solution in a calcium chlo-
ride (or calcium acetate) saturated water/methanol (1:1, v/v) bath.
These authors suggested that the coagulation could be induced
by a complex formation between the polymer and the calcium
ions, but in light of the results presented here, the dehydration of
the extruded liquid filament in the CaCl2 bath probably explains
the particular crystallization under the anhydrous form. Such a
desolvation effect has been reported by Sheehan and Atkins to pro-

duce calcium hyaluronate fibers by syringing solutions of calcium
hyaluronate into an alcoholic solution of CaCl2 (Atkins & Sheehan,
1972). All these studies tend to confirm that the chitosan allomorph
formation depends on the hydration degree of the polymer chains
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n  the case of chitosan hydrochloride for comparison with the acetate salt form.

hen crystallization is triggered by neutralization. In this view,
he influence of the alcohol nature must be interpreted through
ts ability to compete with water to establish interactions (mainly
-bonds) with chitosan.

The influence of the neutralization conditions on the chitosan
llomorph formation is more complex. The variation of the base
ature and concentration induced the formation of different anhy-
rous/hydrated crystalline compositions. In the case of alcogel
pinning, a semi-crystalline phase containing a high proportion in
nhydrous crystals was observed for the neutralization of the alco-
el fibers with CNH4OH = 1 M; 4 M;  10 M and CNaOH = 1 M whereas
he neutralization with CNaOH = 10 M induced the formation of
ydrated chitosan crystals. In between, an intermediate morphol-
gy was generated by neutralization in CNaOH = 4 M.  Similar results
ere obtained after the direct neutralization of hydroalcoholic chi-

osan solutions (e.g. Cp = 2.4% in a 40/60 water/1,2-propanediol
ixture). In addition, contrary to aqueous NH4OH, the viscosity

f NaOH aqueous solutions is known to increase significantly with
he NaOH concentration (see Supporting Information, Table S1).
adet, David, and Domard (2008) further studied the viscosity of
he two bases in water/1,2-propanediol mixtures. While no viscos-

ty change was observed in the case of NH4OH, the viscosity of NaOH
ppeared to be significantly higher in a hydroalcoholic medium
han in water. These observations could be related to specific inter-
ctions between the alcohol molecules and the Na+;OH− ionic
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species (Pu, Ng, Mok, & Chen, 2004; Von Hippel & Schleich, 1969).
According to the study of Roy, Budtova, Navard, and Bedue (2001)
soda hydrates consist in a “core” of 9H2O × NaOH where 9 water
molecules are bound to NaOH and a “larger shell of amorphous
water molecules” decreasing with the increase of soda concentra-
tion. Therefore, when the 10 M NaOH solution diffuses into the
hydroalcoholic dope, the NaOH ionic species may  stronger inter-
act with the alcohol molecules and the coagulation process would
start only after the NaOH–alcohol interactions equilibration. In that
case, the diffusion of water molecules within the dope prior to the
polymer neutralization must be considered and could explain the
preferential formation of hydrated chitosan crystals. Conversely,
at CNaOH = 1 M,  the presence of a thick layer of water molecules
surrounding the NaOH core should disfavor the interactions with
the alcohol leading to the quasi-instantaneous neutralization of
chitosan and the formation of anhydrous crystals. Consequently,
the different crystalline morphologies obtained in the final chi-
tosan fibers must arise from different initial neutralization kinetics
resulting from a competition between the diffusion kinetics of the
coagulant species and the rehydration of the chains by the diffu-
sion of water molecules into the filament during the neutralization
process.

4. Conclusions

We investigated the spinning of hydroalcoholic chitosan solu-
tions. Different post-extrusion thermal treatments were studied.
After neutralization in alkali media, washings in water and dry-
ing, the resulting chitosan fibers only contain chitosan and residual
physisorbed water (∼10%, w/w). Contrary to standard wet-spinning
of chitosan aqueous solutions, fibers produced by spinning of
hydroalcoholic chitosan dopes exhibited a large proportion in
anhydrous crystals. The crystallization of chitosan under anhydrous
form was  related to a particular physicochemical neutralization
context in hydrophobic conditions. The crystalline morphology
was shown to be controlled by the degree of hydration of chi-
tosan chains when crystallization occurs. This degree of hydration
mainly depends on the alcohol content in the chitosan solu-
tion or in the alcogel filament at the neutralization step as
well as the competition between the neutralization kinetics on
one hand and the polymer re-hydration kinetics on the other
hand. The processing of hydroalcoholic chitosan solutions consti-
tutes an alternative method to predominantly produce anhydrous
allomorph without significant degradation of the polymer as in
classical annealing method under drastic conditions. The char-
acterization of the mechanical and structural properties of such
anhydrous crystalline fibers is on going and will be discussed else-
where.
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