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Regenerated  cellulose  fiber,  fiber  extrudate,  and  film  were  produced  from  cellulose  solution  prepared
with  raw pulp  and  ionic  liquid  solvent  1-butyl-3-methylimidazolium  chloride  ([BMIM]Cl).  Spinning  set-
ting  was  based  on  a dry-jet  and  wet-spun  approach  including  extrusion,  coagulation,  drawing,  drying,
and  winding.  Crystallization  of  the experimental  fiber,  fiber  extrudate,  and  film was  evaluated  using a
technique  of  wide  angle  X-ray  diffraction  (WAXD).  Crystallinity  index,  crystallite  size,  and  crystal  orien-
tation  factor  were  calculated  and  compared  among  these  samples.  Influence  of  die  shape,  die dimension,
egenerated cellulose
iber
ilm
onic liquid
-ray diffraction
rystallinity

and  drawing  speed  on the  regenerated  cellulose  crystallinity  was  discussed.  The  study  indicated  that  the
pulp  cellulose  was  a Cellulose  I  type  structure.  The  cellulose  regeneration  from  the  [BMIM]Cl  solution
completed  a transformation  from  this  intermediate  phase  to a final  Cellulose  II phase.  The  die  shape
and  dimension  and  drawing  speed  were  all important  factors  affecting  the  crystallinity  of  regenerated
cellulose  fiber  and  film.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Current rayon production capacity accounts for approximately
% of the world man-made fiber production. It is predicted that
lobal rayon production and demand will grow at an increasing rate
f 3.8% per year from 2009 to 2014 (Blagoev, Bizzari, & Inoguchi,
011). Although rayon fiber is still a major regenerated cellulose
ber commercially available for many end uses, its manufacturing
pproach is making a significant environment impact because of
eavy use of strong acids and bases and high consumption of water
nd energy. Recent cellulose research has paid much attention to
onic liquids that can be ideal green solvents for dissolving raw cel-
ulose in the production of regenerated cellulose fiber (Gutowski
t al., 2003; Hesse-Ertelt, Heinze, Kosan, Schwikal, & Meister, 2010;
osan, Dorn, Meister, & Heinze, 2010a; Rogers, Holbrey, Spear,

 Swatloski, 2002; Swatloski, Holbrey, Weston, & Rogers, 2006;
watloski, Spear, Holbrey, & Rogers, 2002; Wang, Gurau, & Rogers,
012). Ionic liquids are a type of organic salts having a liquid phase
elow boiling temperature. Their cationic component determines

hemical stability, while their anionic part plays an important role
n chemical reaction (Fukaya, Sugimoto, & Ohno, 2006; Greaves

 Drummond, 2013; Hu et al., 2013; Kosan, Michels, & Meister,

∗ Corresponding author. Tel.: +1 512 471 0633; fax: +1 512 471 5630.
E-mail address: jychen2@austin.utexas.edu (J.Y. Chen).

ttp://dx.doi.org/10.1016/j.carbpol.2014.11.008
144-8617/© 2014 Elsevier Ltd. All rights reserved.
2008; Wang, Gurau, Kelley, Myerson, & Rogers, 2013). Compared to
the widely used rayon technology and Tencel®/Lyocell® technology
(Fink, Weigel, & Purz, 2001; Hayhurst & Banks, 2005; Kosan, Dorn, &
Meister, 2010; Liu & Hu, 2006; Wendler, Graneß, Büttner, Mechtler,
& Heinze, 2006; Wendler, Graneß, & Heinze, 2005), it is found
that the use of ionic liquids for making cellulose solutions renders
several advantages such as lower dissolving temperature (below
100 ◦C) and vapor pressure, lower to zero toxicity, better ther-
mal  stability, no hydrolysis, and easy solvent recovery (Hermanutz,
Gaehr, Uerdingen, Meister, & Kosan, 2008; Zhao et al., 2012; Zhu
et al., 2006). These technical attractions drive a lot of research
investigation.

Fabrication of regenerated cellulose fiber using the ionic liq-
uid solvent 1-butyl-3-methyllimidazolium chloride ([BMIM]Cl)
was first reported in Michels and Kosan’s (2005) work. They
found that a transformation of cellulose I to cellulose II occurred
after [BMIM]Cl dissolution and cellulose precipitation in water
bath, as previously observed in lyocell spinning that uses N-
methylmorpholine-N-oxide monohydrate (NMMO) for cellulose
dissolution. This result was  also mentioned in the work of Cai,
Zhang, Guo, Shao, and Hu (2010). Similar work on using [BMIM]Cl
to dissolve bagasse cellulose for fiber spinning was  reported (Jiang,

Sun, Hao, & Chen, 2011). Regenerated cellulose fiber was  also
produced from cellulose solutions prepared by the ionic liquids
1-ethyl-3-methylimidazolium acetate ([EMIM]Ac) and 1-ethyl-3-
methylimidazolium diethyl phosphates ([EMIM]DEP) (Ingildeev,

dx.doi.org/10.1016/j.carbpol.2014.11.008
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.11.008&domain=pdf
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ffenberger, Bredereck, & Hermanutz, 2013), for a comparison
ith the cellulose fiber regenerated from NMMO  solution. Kosan

t al. conducted a comparative study on the four ionic liquids,
BMIM]Cl, 1-N-butyl-3-methylimidazolium acetate ([BMIM]Ac), 1-
thyl-3-methylimidazolium chloride ([EMIM]Cl), and [EMIM]Ac,
or the dissolution and regeneration of cellulose (Kosan et al., 2008).
n a study reported recently, [EMIM]Ac solvent was  applied to the
reparation of cellulose solution mixed with polysaccharide parti-
les (Wendler et al., 2010).

Overall, the research efforts mentioned above were focused
ainly on solute solubility, solution viscosity, fiber spinning pro-

ess, fiber tensile strength, and fiber crystallinity. To deal with
onic liquids, understanding how they work for dissolving cellulose
olymer would be critical to both researchers and fiber manufac-
urers. Further research is needed to continue the investigation on
onic liquids in terms of their efficiency for cellulose dissolution,

echanism of cellulose crystallization during fiber coagulation, and
rocessability for cellulose fiber spinning, so that the rayon indus-
ry would be able to produce regenerated cellulose fiber using ionic
iquids as an eco-friendly new solvent system. This paper presents

 study on the materials of regenerated cellulose fiber and film fab-
icated from a [BMIM]Cl solution. A major purpose of this work was
o examine influences of spinning conditions on cellulose crystal-
ization taken place during fiber/film precipitation in water bath.

. Materials and methods

.1. Solution preparation and fiber/film spinning

Raw materials used in the study were commercial grade south-
rn pine pulp with a DP of 1900 and [BMIM]Cl solvent (purity > 95%)
urchased from Sigma-Aldrich Corp., USA. The fabrication of
egenerated cellulose fiber/film involved two steps: dissolution of
ellulose in [BMIM]Cl to make spinning dope and extrusion of the
pinning dope to form regenerated cellulose fiber and film. Experi-
ental procedure used in this study was the same as that described

n the previous publication (Jiang et al., 2011). In brief, the cel-
ulose solution with 6 wt% cellulose concentrations was prepared
y adding ground wood pulp into [BMIM]Cl solvent for dissolving
nder controlled heating and vacuuming. The obtained cellulose
olution was fed into a desk-top screwless extruder for extruding
he solution into a water bath where cellulose fiber/film was  pre-
ipitated when the ionic liquid was washed away by tap water.
otor speed of the extruder was controlled within 169 − 221 rpm.
pin header was heated to 100 ◦C for spinning with a 30-mm air
ap above the spin bath. Regenerated cellulose fiber was  drawn at

 spin-draw ratio between 10 and 30, dried when passing through
 tube with 80–100 ◦C hot air flow, and finally wound onto a spool
sing a winding device with a winding speed ranging from 80 to
25 mm/s. The experimental fiber ran a second-time washing and
rying under the same dry setting.

.2. Characterization of fiber/film crystallinity

To investigate the degree of crystallinity, crystal size, and crys-
allite orientation of the regenerated cellulose fiber and film, the
echnique of wide angle X-ray diffraction (WAXD) was  used. X-ray
iffraction patterns of pulp board, cellulose fiber, and film were
easured by the WAXD instrument RAPID II (Rigaku Americas Cor-

oration). The instrument has a curved imaging plate area detector
hich is able to collect the complete Debye rings of samples mea-
ured in transmission. A bundle of cellulose fibers were mounted
ertically on the gonimeter. During measurements, the fiber
ample rotated at a constant speed of one degree per second. Since
ber samples were mounted vertically and rotated constantly (or
ers 118 (2015) 150–155 151

rotationally symmetric), the ϕ setting has little effect on the diffrac-
tion patterns. For pulp board and cellulose film, a strip of sample cut
along the machine direction was  mounted vertically on the gonime-
ter. The position of sample was fixed with a surface perpendicular
to the X-ray direction during measurement. All the tests lasted for
90 min. Blank tests were run under the same conditions as fiber and
film X-ray diffraction. The 2-D images of blank tests were removed
from the 2-D images of fiber and film X-ray diffraction to reduce the
effect of background diffraction. The meridional reflections of fiber
have a maximum intensity at the Bragg angle. Based on the amount
of the meridional reflection, which have a maximum intensity,
different percent crystallinities of cellulose samples would be
determined. The experimental X-ray diffraction patterns were
simulated by the following mathematical model (Ruland, 1961;
Vonk, 1973; Hindeleh & Johnson, 1974; Jing, Zhang, & Wu,  2002):

Y =
n∑

i=1

Qi + R (1)

where

Qi = fiGi + (1 − fi) Ci

R = a + bx + cx2 + dx3

In the above equations, Y is the total diffraction intensity of
all crystalline and non-crystalline parts; Qi is individual diffrac-
tion intensity from each crystal part; Gi and Ci are Gaussian and
Lorentz functions, respectively; fi is a fractional parameter; n is the
number of total diffraction peaks; R is the intensity of amorphous
halo from non-crystalline part; and a, b, c, and d are four constants.
All the parameters in the model above were determined using a
least squares regression method (curve fitting) which was  imple-
mented by the MATLAB curve fitting program. The parameters for
crystalline peaks of Cellulose I and II were used as the initial input
parameters of the model in Eq. (1).

The fiber/film crystallinity index (CI) could be calculated by a
ratio between sum of area under each crystalline peak and area
under the experimental diffraction curve:

CI = sum of area under each crustalline peak (Qi)
area under experimental diffraction curve

(2)

In this analysis of crystallinity index, an assumption was  made
that the amorphous contribution is the only contribution to the X-
ray diffraction peak broadening. Other factors such as crystallite
size which might contribute to the peak broadening were not con-
sidered a contributor to the diffraction peak broadening (Garvey,
Parker, & Simon, 2005).

The cellulose uniaxial crystallite orientation along fiber axis is
determined by the Herman’s crystal orientation factor fc defined
as:

fc = 1 − 3
2

(∫ �/2
0

I(ϕ)sin3ϕdϕ∫ �/2
0

I(ϕ)sin ϕdϕ

)
(3)

where I(ϕ) is intensity of scattered diffraction and ϕ is azimuthal
angle (Krassig, 1996). For cellulose film, a biaxial orientation factors
should be used. It was reported that the crystalline orientation of
polymer films is closely related to that in the polymer fibers. We
would only calculate the uniaxial orientation factor of fibers in this
study.

The crystallite size L is calculated by the Scherrer equation:
L = k�

 ̌ cos �
(4)

where k is a geometrical Scherrer constant (k = 0.94); � is the X-ray
wave length (for Cu radiation � = 1.54 Å);  ̌ is the intensity of full
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Fig. 1. WAXD diffraction pattern, profile, and calculated crystal peaks of raw pulp.

idth at half maximum (FWHM); and � is the Bragg angle (Guérin
 Alvarez, 1995).

. Results and discussion

.1. Morphology and crystal polymorphic structure of pulp
ellulose and regenerated cellulose

WAXD patterns of 2D images in the insert and 1D integrated
-ray diffraction intensity profiles of the pulp cellulose and regen-
rated cellulose are given in Figs. 1 and 2. Pulp board showed rings
f diffraction pattern and cellulose fiber showed the spots of diffrac-
ion patterns. The big difference between the diffraction profiles of
ulp board and cellulose fiber is that the highest diffraction peak

hifted to a lower Bragg angle for the cellulose fiber. Since X-ray
cattering from amorphous region produces a halo image and that
rom a crystalline region produces strong rings or spots, the inte-
rated intensity profiles from amorphous X-ray images have a very

ig. 2. WAXD diffraction pattern, profile, and calculated crystal peaks of pure regen-
rated cellulose fiber.
ers 118 (2015) 150–155

broad, low intensity curve and that from crystalline region have a
sharp, high intensity peaks. In order to estimate the crystallinity
index from the X-ray diffraction patterns, the one-dimensional
total scattering spectrum is deconvoluted into amorphous and
crystalline scattering parts. The cellulose crystalline regions are
indicated by calculated diffraction peaks (Qi) and the cellulose
amorphous regions are determined by a calculated halo curve (R).
As references to the phase diagrams of Celluloses I and II, the phases
and reflection angles were calculated by the freeware Chekcell,
assuming that Cellulose I has unit cell dimensions of a = 7.906 Å,
b = 8.201 Å, c = 10.38 Å,  ̨ = 90◦,  ̌ = 90◦, and � = 96.5◦ and Cellu-
lose II has unit cell dimensions of a = 8.10 Å, b = 9.03 Å, c = 10.31 Å,

 ̨ = 90◦,  ̌ = 90◦, and � = 117.10◦ (Wada, Nishiyama, Chanzy, Forsyth,
& Langan, 2008). The curve-fitting process yields 16 crystalline
peaks and one amorphous halo for the pulp sample, as seen in
Fig. 1. Out of the 16 peaks, four crystalline peaks (1̄ 1 0, 1 1 0, 2 0 0
and 3 0 0) from Cellulose I have been assumed or reported in other
studies (Park, Baker, Himmel, Parilla, & Johnson, 2010; He, Cui, &
Wang, 2008; Cheng, Varanasi, & Li, 2011).

From Fig. 1, it could be observed that the pulp cellulose diffrac-
tion profile was very similar to the cellulose I diffraction profile
(Wada, Kondo, & Okano, 2003; Garvey et al., 2005; Cheng et al.,
2011). The main peak at position 22.48◦ was a typical peak for cellu-
lose I. The separated two broad peaks at positions 14.91◦ and 16.56◦

were close to the difftaction peaks from cellulose I (14.9◦ and 16.7◦

for Iˇ; 14.3◦ and 16.8◦ for I˛). The forth peak at 34.22◦ was close to
the small diffraction peak at 34.5◦ from cellulose I. Referred to Fig. 2,
the crystalline structure of the regenerated cellulose was typically a
cellulose II crystalline structure and was  illustrated by three Cellu-
lose II peaks located at 2� = 11.98◦ (1̄ 1 0), 19.84◦ (1 1 0), and 21.49
(1̄ 2 1) (Ago, Endo, & Hirotsu, 2004; Hori & Wada, 2006; Kumar,
Gupta, Lee, & Gupta, 2010), plus a very weak Cellulose I peak at
2� = 34.28 (3 0 0). The three diffraction peaks from cellulose I, as dis-
cussed above in pulp cellulose, were gone in the diffraction profile
of regenerated cellulose fiber. This means that Cellulose II became a
dominant structure in pure regenerated cellulose. Thus, the WAXD
data verifies the fact that through the process of using BMIMCl to
dissolve and regenerate cellulose, the structure of the pulp cellu-
lose experienced a transformation from its initial phase in which
Cellulose I and II co-existed to its terminated phase in which Cellu-
lose II dominated. This result was consistent with that reported in
previous research (Berger, Keck, & Philipp, 1988; O’Sullivan, 1997;
Michels & Kosan, 2005). It was  also noticed that the regenerated cel-
lulose had an enhanced halo curve, meaning that the amorphous
regions increased in the regenerated cellulose.

3.2. Effect of die shape and dimension

Calculated crystalline characteristics of the regenerated cellu-
lose extruded from different die shapes are listed in Table 1. It could
be seen that the crystallinity of the regenerated cellulose was sig-
nificantly affected by the die shapes. The crystalline structure of the
raw cellulose pulp featured a highest crystallinity index (72.2%) and
largest crystallite size (2.946 nm). In contrast to this, the regener-
ated cellulose fiber samples Fiber 1 and Fiber 2 indicated lower
crystallinity indexes, smaller crystallite sizes, and higher crystal
orientation. Please note that the average crystallite size from all
peaks is smaller, but the calculated crystallite size from only phase
(2 0 0) of cellulose pulp is 5.72 nm,  which is in the range of 4 to 7 nm
in most references (He et al., 2008; Cao & Tan, 2005). The c-axis ori-
entation factors for Fibers 1 and 2 are 0.377 and 0.455, respectively.
These lower orientation factors may  be due to the low draw ratio of

the fiber and higher cellulose chain flexibility. By examining Fibers
1 and 2, it could also be observed that a reduction of die diameter
did not cause a significant change in fiber crystallinity, but resulted
in an increase in crystallite size and crystal orientation factor. The
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Table  1
Crystallinity index, crystal size, and orientation factor of regenerated cellulose fiber, extrudate, and film produced from 6% cellulose solution with different spinning conditions
(values in parentheses are standard deviation).

Sample Type of die Drawing speed (mm/s) Crystallinity index (%) Crystallite size (nm) Orientation factor

Fiber 1 1/8′′ tube die 80 67.2 (±0.2) 1.946 (±0.002) 0.377 (±0.005)
Fiber  2 1/16′′ filament die 80 67.0 (±0.1) 1.985 (±0.004) 0.455 (±0.003)
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lulose in [BMIM]Cl, resulting in a condition of supersaturation that
was a driving force for cellulose nucleation and growth. Because a
new solid cellulose phase could be created by nucleation from the
supersaturated solution phase, the condition of supersaturation

0.8

1.0

 film
 ext rudate
 fiber
Extrudate 1/16 filament die 0 

Film  3/4′′-wide film die 0 

Raw  pulp N/A N/A 

ample Extrudate was cellulose fiber spun in the spin bath without
ny drawing. It is not difficult to understand that it had a lower
rystallinity index, lower crystallite size, and much lower crystal
rientation compared to Fibers 1 and 2.

The cellulose film was extruded with a film die of 3/4′′ width.
t was held by a transfer roll with water rinse before it entered
nto water bath for precipitation without drawing. Because of this
pinning approach, it could be expected that the film crystallinity
ndex and orientation factor were all lower than those of Fibers 1
nd 2 and Extrudate. However, it was interestingly observed that
he crystallite size of Film was higher than that of Fibers 1 and 2 and
xtrudate. A possible reason for this might be from the film extru-
ion method mentioned above and from the fact that the produced
lm was thinner. The use of the transfer roll and water rinse not
nly imposed a certain drawing action on the cellulose solution
ut also caused an earlier solution quench. This would promote
ellulose nucleation and crystal growth which might be controlled
y a diffusion process. For a visual comparison, Fig. 3 exhibits the
AXD diffraction profiles of regenerated cellulose film, extrudate,

nd fiber produced from [BMIM]Cl solution with an addition of
 wt% silver nanoparticle. The short pulse-like peaks on the diffrac-
ion curves reflects the silver crystals. Obviously, the regenerated
ellulose fiber indicates the highest crystallinity, followed by the
egenerated cellulose extrudate and film.

The orientation of crystalline regions in the regenerated cellu-
ose could also be evaluated by the azimuthal reflection profile. The
ero degree of azimuthal angel means that the crystalline aligns
n the longitudinal direction of the fiber. The 90◦ of azimuthal
ngel indicates that the crystalline aligns in the transverse direc-

ion of the fiber. Therefore, for a flatter curve of the diffraction
rofiles, a lower orientation factor is expected. The fiber having a
teeper curve of the diffraction profiles implies a higher crystalline
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ig. 3. Comparison of WAXD diffraction profiles of regenerated cellulose film, extru-
ate,  and fiber (with 1 wt% nanosilver filler).
0.4 (±0.3) 1.905 (±0.005) 0.219 (±0.000)
8.5 (±0.3) 2.057 (±0.004) –
2.2 2.946 –

orientation factor. Fig. 4 plots the I(ϕ)–ϕ curves of the regenerated
cellulose samples Fiber II, Extrudate, and Film. Using Fiber II as
a reference, the crystal orientation along fiber/film longitudinal
direction was  visually compared among these samples, with Fiber
II representing the highest degree of crystal orientation, and with
Film exhibiting the least crystal orientation.

3.3. Drawing speed effect

Crystallinity of the regenerated cellulose fiber spun in different
drawing speeds was evaluated based on the WAXD data. Table 2
lists calculated results. Clearly, the increase of fiber drawing speed
helped increase the cellulose crystalline region, crystal growth,
and alignment of the crystalline region along fiber axial direction.
When the cellulose solution prepared from [BMIM]Cl was extruded
into the water bath, fiber precipitation occurred through solution
quenching and antisolvent (water) addition into the solution
system. An addition of the antisolvent reduced the solubility of cel-
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Fig. 4. Comparison of azimuthal reflection profile of regenerated cellulose film,
extrudate, and fiber.

Table 2
Crystalline characteristics of the regenerated cellulose fiber spun with 6 wt% cellu-
lose solution and a tube die.

Line speed (m/s) Crystallinity
index (%)

Crystallite size
(nm)

Orientation
factor

0.080 67.2 (±0.2) 1.946 (±0.002) 0.377 (±0.005)
0.165 67.7 (±0.3) 1.956 (±0.002) 0.404 (±0.002)
0.252 68.7 (±0.1) 1.963 (±0.003) 0.426 (±0.000)
0.296 69.0 (±0.1) 1.966 (±0.005) 0.461 (±0.016)
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ig. 5. WAXD diffraction profiles of the regenerated cellulose fiber prepared with
ifferent drawing speeds.

ecame critical for the precipitation process of the regenerated
ellulose fiber. When the regenerated cellulose fiber was  subject
o an increasing drawing during the spinning, its lateral dimension
diameter) was reduced in the water bath, causing a larger fiber
urface area and reducing the barrier of surface diffusion of the
ntisolvent. As a result, the cellulose solution in precipitation
eached a high supersaturation that accelerated the nucleation
nd crystal growth.

Fig. 5 plots the WAXD diffraction profiles of the regenerated
ellulose fiber spun with the 4 drawing speeds. The significant
ifferences were observed in the 2� range between 12◦ and 20◦

here the fiber produced with the highest drawing speed indi-
ated the strongest Cellulose II crystallinity, while the fiber drawn
t the lowest speed revealed the lowest Cellulose II crystallinity.
he azimuthal reflection profiles for these fiber samples are plot-

ed in Fig. 6, indicating the cellulose crystal orientation along the
ber longitudinal direction. As expected, the regenerated cellulose
ber spun with the highest drawing speed had the highest degree
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ig. 6. Comparison of azimuthal reflection profiles between the raw pulp and cel-
ulose fiber spun with different drawing speeds.
ers 118 (2015) 150–155

of crystal orientation. Fig. 6 also includes a cellulose fiber extruded
with a [BMIM]Cl solution of 12 wt% of cellulose concentration and
drawn at the lowest speed of 80 mm/s. The crystal orientation of
this fiber was  just slightly higher than that of the cellulose fiber pro-
duced with 6 wt% cellulose solution and drawing speed of 80 mm/s.
This revealed that the fiber drawing speed was a main effect to
improve fiber crystal orientation. The increase of cellulose concen-
tration in the solution alone did not help very much for increasing
the cellulose fiber crystal orientation.

4. Conclusions

The pulp cellulose used in this study showed a polymorphous
Cellulose I type structure. After the dissolution using [BMIM]Cl
and cellulose regeneration during the fiber spinning, the Cellu-
lose I polymorphous structure was  transformed into the Cellulose
II structure almost completely. Die shape and dimension of the
spinning head affected the regenerated cellulose crystallinity. The
regenerated cellulose film indicated the lowest crystallinity index
and crystal orientation factor compared to the regenerated cellu-
lose fiber. But the film crystal size was significantly higher than that
of the fiber probably because of the film initial drawing imposed
by a film deposit roll. It was  confirmed that the smaller-diameter
die helped increase cellulose crystallinity, crystal size, and crystal
orientation under the same drawing speed. The spinning drawing
speed was also proven a main effect influencing the crystallinity of
the regenerated cellulose fiber. The higher the drawing speed, the
higher are the values of fiber crystallinity index, crystal size, and
orientation factor.
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