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Analysis of regenerated cellulose fibers with ionic liquids
as a solvent as spinning speed is increased
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Abstract In order to improve the spinning effi-

ciency, the spinning experiments with cellulose/1-

butyl-3-methylimidazolium chloride solution were

done whilst increasing spinning speed. It was found

that the tenacity and initial modulus of regenerated

cellulose fibers increased but the elongation at break

decreased slightly with increasing spinning speed at

constant draw ratio. Further, the synchrotron wide-

angle X-ray diffraction and small-angle X-ray scatter-

ing were carried out to illustrate the relationship

between the structure and the mechanical properties. It

was shown that the crystal orientation, crystallinity,

amorphous orientation factor as well as orientation of

the microvoids along the fiber increased with the

spinning speed as the diameter of the microvoids in the

fiber decreased. From the analysis of the spinline

stress, it is clear that the spinline stress increased when

both extruding and draw speed increased at constant

draw ratio. This resulted in the improvement of

supramolecular structure and mechanical properties

of the regenerated cellulose fibers.
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Introduction

Since Swatloski et al. (2002) first reported that ionic

liquids (ILs) could be used as a novel nonderivitizing

solvent for cellulose, the dissolution and spinning of

cellulose with ILs as solvent have attracted a lot of

research interest (Hermanutz et al. 2006; Cuissinat

et al. 2008). Based on the spinning technology of

Lyocell fibers, regenerated cellulose fibers with a high

tenacity of 4.29 cN/dtex were prepared by Laus et al.

(2005) with the solvent 1-butyl-3-methylimidazolium

chloride ([BMIM]Cl). The dissolution and spinning of

cellulose in several ILs with different anion and cation

structure were investigated by Kosan et al. (2008).

They concluded that cellulose in ILs exhibit good

spinnability and fibers with tenacity as high as

5.34 cN/dtex was obtained. Cai et al. (2010) studied

the relationship between the spinning technology, the

structure and properties of regenerated cellulose fibers

with [BMIM]Cl as solvent. By increasing draw ratio,

the orientation and crystallinity of the fibers were

improved. This resulted in higher tensile strength and

initial modulus even though the elongation at break

decreased.

Although some engineering problems such as

solvent recycling remain unsolved, ILs can be used

as direct solvents for cellulose on an industrial scale.

The unique characteristics of ILs on regenerated fibers

suggest that ILs is very valuable solvents for the

dissolution and shaping of cellulose fibers. Spinning of

the regenerated cellulose fibers is an area that requires
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further research to improve industrial efficiency. In

order to increase productivity of solution spinning,

two effective ways can be adopted. These are

increasing dope concentration and increasing spinning

speed. However, at same spinning conditions the

increase of dope concentration is limited by dissolu-

tion rate and solution viscosity, which leads to

difficulty in filtering and defoaming of the dope. For

high-viscosity solutions of cellulose/ILs (Kosan et al.

2008), these problems appear more conspicuous.

However, it was found that increasing spinning speed

not only increases productivity, but also improves the

structure and mechanical properties of fibers. Meng

and coworkers (Meng et al. 1998; Meng and Hu 2004)

investigated the spinning of Lyocell fibers and

concluded that the crystallinity, crystal orientation,

birefringence and amorphous orientation of Lyocell

fibers increased with increasing spinning speed. As the

spinning speed increased to 50 m/min, the birefrin-

gence and amorphous orientation of Lyocell fibers

reached a maximum. The initial modulus increased

even though the elongation at break decreased (Fink

et al. 2001; Mortimer and Peguy 1996a, b).

Considering the spinning efficiency of cellulose

fibers with ILs as a solvent, the spinning speed was

changed in our experiments. The effect of spinning

speed on the structure and properties of regenerated

cellulose fibers were investigated to illustrate the

relationship between the spinning speed and the fiber

structure and properties.

Experimental

Materials

The cotton pulp (DP = 514) was supplied by Shan-

dong Helon Co. Ltd., China. The degree of polymer-

ization of regenerated cellulose fibers and cotton pulp

were estimated by the standard procedure of measur-

ing the intrinsic viscosity [g] in Cuoxam solution by

using the empirical relation of DP Cuoxam = 2 [g]

Cuoxam (Kosan et al. 2008).

[BMIM]Cl was synthesized according to the pro-

cedures described by Csihony et al. (2002) in our

laboratory.

Preparation of cellulose/[BMIM]Cl solution

The dried cotton pulp was mixed with [BMIM]Cl at

90 �C in a vacuum with constant stirring in a vertical

kneader system until the cellulose pulp was com-

pletely dissolved and a homogeneous solutions of 5

wt% were obtained for the spinning process.

Preparation of regenerated cellulose fibers

A lab-scale dry–jet–wet spinning experiment was

employed to prepare the regenerated cellulose fibers.

The technology diagram is shown in Scheme 1. At

90 �C, the spinning solution was extruded through a

spinneret which had 40 orifices, and the diameter of

the orifice is 0.15 mm. The length of air gap was

80 mm. The conditions used were 65 % relative

humidity (RH) at 30 �C.

The coagulation bath had [BMIM]Cl aqueous with

a concentration of 10 % and temperature of 5 �C. All

filaments were washed with boiling water and dried at

110 �C. The spinning speeds and drawing ratios (DR)

chosen for regeneration cellulose fibers are listed in

Table 1.

Measurements

The wide-angle X-ray diffraction (WAXD) pattern

of the regenerated cellulose fibers was obtained at

U7B Beamline station in the National Synchrotron

Radiation Laboratory (NSRL) with wavelength of

Spinning solution
( 90 oC)

Extruded from 
spinneret ( Vo)

Air gap
( 80 mm)

Coagulation bath 
( 5 oC)

 Draw roller
(VI) 

Washing
Draw roller

(VII) 
Take-up

Drying
(110 oC) 

Washing 

Cotton Pulp

[BMIM]Cl

Recovery of 
[BMIM]Cl

Scheme 1 Technology diagram of regenerated cellulose fibers with ILs as solvent
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0.15418 nm and a 2,300 9 2,300 pixels two-dimen-

sional (2D) detector. The distance between sample and

detector was set to 140 mm. The exposing time was

180 s. 2D WAXD patterns were processed with the

software package FIT2D (Hammersley 1987–1997) to

correct for air scattering.

The rheological measurements were carried out on

a rotational rheometer (Physica MCR 301, Anton

Paar). The concentric parallel plate geometry (diam-

eter: 25 mm) was used for solutions with viscosity

above 100 Pa s at 90 �C. For dynamic oscillation, the

linear viscoelastic (LVE) region was firstly deter-

mined by performing strain sweep with a fixed angular

frequency of 6.3 rad/s, then the dynamic frequency

sweep measurements were tested within LVE region

from angular frequencies 100 to 0.1 rad/s. The tem-

perature control was done by Peltier effect within

±0.01 �C of the preset value.

According to the 2D WAXD patterns of powder

samples, which were corrected for air scattering,

integrated diffraction intensity profile was obtained.

The data were analyzed with Peak fit software (version

4.12, Seasolve Co., San Jose, CA). Crystallinity was

calculated from Eq. (1):

Wc;x ¼
Ic

Ic þ Ia
� 100 % ð1Þ

where Wc,x is the crystallinity, Ic and Ia are the total

peak area of the crystalline and the amorphous phases,

respectively.

The crystallite size of regenerated cellulose fibers

was determined from Scherrer Equation (1918):

Lhkl ¼
Kk

b cos h
ð2Þ

where Lhkl is the crystallite size (hkl) plane, k is the

wavelength of X-ray, h is half of the diffraction angle

(2h), b is the integral width of the diffraction peak and

K is a constant that is commonly assigned a value of 0.9.

For the fiber with uniaxial orientation, it is better to

investigate the orientation degree of crystal molecular

chain axis (c) which is along the draw direction (Z).

The degree of crystal orientation was determined

according to the Hermans’ orientation function (fc)

(Klug and Alexamder 1954):

fc ¼
3 cos2uc;Z

� �
� 1

� �

2
ð3Þ

where cos2 uc;Z

� �
is orientation parameter of crystal

molecular chain axis (c) along the draw direction (Z).

The orientation parameter cos2 uc;Z

� �
was deter-

mined according to the Wilchinsky Model (1959) and

crystal symmetry of regenerated cellulose fibers

(Kolpak and Blackwell 1976) with characteristic

reflections in equatorial (110), (020) and (�110). For

the reflections (hkl), the orientation parameter

cos2 uhkl

� �
can be calculated from equation (Klug

and Alexamder 1954):

cos2 uhkl

� �
¼
Rp=2

0 IðuhklÞ cos2 uhkl sin uhklduhkl
Rp=2

0 IðuhklÞ sin uhklduhkl

ð4Þ

where uhkl represents the azimuthal angle and I (uhkl)

is the intensity along the reflection plane (hkl). The

orientation parameter cos2 uhkl

� �
of regenerated cel-

lulose was evaluated from WAXD 2D detector images

according to the method reported in the literature

(Gindl et al. 2006).

Birefringence measurements of fibers were per-

formed on an Olympus Co. (Tokyo, Japan) XP51

optical polarized light microscope with the aid of an

Olympus CTB Berek compensator. Moreover, the

birefringence of regenerated cellulose fibers were

calculated from the empirical equation as follows:

Dn ¼ hk
180�d

ð5Þ

k = 0.589 9 10-9 m; h is the compensatory angle (�);

d is the diameter of cellulose filament.

The Stein equation was used to determine the

amorphous orientation factor (fa):

Table 1 The spinning

speeds and drawing ratio

(DR) chosen for

regeneration cellulose fibers

Sample Extrusion speed

V0 (m/min)

First draw speed

VI (m/min)

DRI = VI/V0 Second draw

speed VII

(m/min)

DRII = VII/VI

C1 7.7 38.5 5.0 50.0 1.3

C2 10.0 50.0 5.0 65.0 1.3

C3 12.3 61.5 5.0 80.0 1.3
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Dn ¼ Wc;xfcDnco þ ð1�Wc;xÞfaDnao ð6Þ

where Dn is the birefringence of regenerated cellulose

fibers, Wc,x is the crystallinity, Dnco and Dnao are the

birefringence of the crystalline regions and amorphous

regions, respectively, and Dnco = Dnao = 0.0545

(Peng et al. 2003).

X-ray scattering (SAXS) profiles were carried out

at 16B1 Beamline station in Shanghai Synchrotron

Radiation Facility (SSRF). The wavelength was

0.12418 nm. A CCD X-ray detector (MAR CCD

165) was used at a distance of 5053 mm from the

sample. Tendon of ox (L = 65.8 nm) was employed

for calibration. Software package FIT2D (Hammers-

ley 1987–1997) processed the SAXS 2D images.

For regenerated cellulose fibers, many reports

(Statton 1956; Crawshaw and Cameron 2000; Vickers

et al. 2001; Chen et al. 2006, 2007) have indicated that

the streak on the equator in the SAXS of regenerated

cellulose fibers is attributed to the scattering of the

needle-shaped microvoids along the fiber direction.

Therefore, radius of microvoids with circles cross-

section can be described by Guinier functions, shown

in Eq. (7) (Guinier and Fournet 1955):

I qð Þ ¼ Ið0Þ exp
�q2R2

5

� �
ð7Þ

where R is the radius of microvoids with circles cross

section, q (q = 4p sin h/k) is the scattering vector, 2h
is the scattering angle and k is the wavelength.

And the average microvoids length (L) and misori-

entation (BU) which is parallel to the fiber axis were

determined by the method of Ruland (Ruland 1969).

Mechanical tests were carried out with material

testing equipment (XQ–1, China) at least ten standard

tensile specimens were tested for each series. The

drawing speed was 20 mm/min.

Results and discussion

Rheological behavior of the cellulose/[BMIM]Cl

solution

The rheological property of the cellulose solution is an

extremely important factor in the shaping process, the

structure formation, and the properties of cellulose

fibers prepared by the ILs methods (Kosan et al. 2008).

Figure 1 shows the master curves of cellulose solution

in [BMIM]Cl with concentration of 5 % at 90 �C. The

complex viscosity of the solution obviously decreased

with an increase in angular frequency (x), showing a

typical shear-thinning behavior. Moreover, the com-

plex viscosity of the cellulose/[BMIM]Cl solution

with concentration of 5 % at 90 �C can be determined

from the Fig. 1, approximately 50 (Pa s), implying the

system could be spun easily around this temperature.

The solution can be appropriately characterized by the

determination of Loss modulus and storage modulus

are plotted against frequency as shown in Fig. 1. In a

previous publication (Chen et al. 2011), we discussed

that time–temperature superposition worked very

nicely for the linear viscoelastic oscillatory shear

response of cellulose/[BMIM]Cl solutions, the entan-

glement of internal molecule of solution system could

be observed while the concentration of cellulose/

[BMIM]Cl exceed the 4 %. This indicated that above

this concentration can be good used to spinning the

regenerated cellulose fibers.

Mechanical properties of the regenerated cellulose

fibers spun at different spinning speed

In order to avoid the effect of other technologies such

as drawing ratio on the structure and mechanical

properties of regenerated cellulose fibers during

manufacturing. In this work, as shown in Table 1,

the samples were prepared with drawing ratios at

different spinning speeds. The mechanical properties

of regenerated cellulose fibers at different spinning

speed are shown in Table 2. The tenacity and modulus

of regenerated cellulose fibers increased with the

spinning speed. The draw ratio was kept constant and

Fig. 1 Master curves of solutions of cotton pulp (DP = 514) in

[BMIM]Cl with concentration of 5 % at 90 �C
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the elongation at break decreased slightly. Surpris-

ingly, the tenacity and modulus of regenerated cellu-

lose fibers with [BMIM]Cl as solvent is apparently

higher than that of the Viscose fibers, this results

consists with the previous report (Jiang et al. 2012).

Kosan et al. (2008) concluded that the regenerated

cellulose fibers spun from [BMIM]Cl solutions shown

a higher tenacities but lower values for the elongation

than fibers with NMMO as solvent. Above description

suggests that the mechanical properties of the regen-

erated cellulose fibers with ILs as solvents not only can

be optimized by adjusting spinning speed, but also a

higher efficiency of regenerated cellulose fibers spin-

ning process with [BMIM]Cl as a solvent is connected

with an increase of the tenacity values of the spun

fibers.

Crystalline structure of regenerated cellulose fibers

spun at different spinning speed

The crystal parameters of regenerated cellulose fibers

spun at different spinning speed were analyzed

according to 2D WAXD patterns shown in Fig. 2.

A typical cellulose II crystalline structure with a

monoclinic unit cell (Langan et al. 2001) is shown in

the diffraction pattern with the characteristic reflec-

tions (�110), (110) and (020) on the equator and the

(002) reflection in meridian, just like that of Lyocell

fibers (Jiang et al. 2012). Although the formation of

the crystalline structure of regenerated cellulose fibers

during the preparation process was independent on the

spinning technology, the width and length of the

reflection arc are different from the spinning technol-

ogy. From Fig. 2, although the WAXD patterns of the

three samples were very similar, shorter arcs appeared

as spinning speed increased. This indicates that the

increasing spinning speed causes better crystal orien-

tation in the axial direction, resulting in regenerated

cellulose fibers showing a higher degree of orientation

and crystallinity.

According to the cellulose II crystalline structure,

six main reflection peaks and an amorphous peak were

employed to fit the experimental data as illustrated in

Fig. 3. Subsequently, the crystallinity and crystal size

of three samples were determined and listed in Table 3.

It was found that the crystal size changed slightly with

the spinning speed and the crystallinity of fibers also

increased with increasing spinning speed. The degree

of crystal orientation (fc), amorphous orientation factor

(fa) and birefringence (Dn) were also calculated and

given in Table 3. The increase in spinning speed also

increased the degree of crystal orientation and the

amorphous orientation of regenerated cellulose fibers

as well as the birefringence of fibers. With the higher

spinning speed made the cellulose molecules more

easily align to form an ordered structure. And the

higher crystallinity of regenerated cellulose fibers was

induced by the higher orientation.

Micromorphology of regenerated cellulose fibers

spun at different spinning speed

The microvoids in regenerated cellulose fibers spun at

different spinning speed were analyzed by SAXS,

Table 2 The mechanical properties of regenerated cellulose

fibers spun at different spinning speed

Sample C1 C2 C3

Linear density (dtex) 2.22 2.22 2.22

Initial modulus (0.5–0.9 %) (cN/dtex) 63.8 71.2 72.5

Elongation at break (%) 6.6 6.5 6.2

Tenacity (dry) (cN/dtex) 3.51 3.88 4.21

Fig. 2 WAXD patterns of regenerated cellulose fibers spun at different spinning speed: C1 50 m/min, C2 65 m/min, and C3 80 m/min
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shown in Fig. 4. The SAXS patterns showed a sharp

and elongated equatorial streak in intensity, which was

considered as the scattering by long thin voids parallel

to the fiber axis (Statton 1956; Perret and Ruland 1969;

Saijo et al. 1994; Crawshaw and Cameron 2000; Moss

et al. 2002; Vickers et al. 2001; Chen et al. 2006,

2007). Moreover, in Fig. 4 (C1 and C2), the SAXS

patterns exhibit relatively weak and short meridian

streak, which is attributed to the decrease of microv-

oids orientation and microvoids length in cellulose

fibers (Ruland 1969; Wang et al. 1993).

The Guinier plots of the scattered intensities along

the equatorial streak (q = 0 Å-1) in the horizontal

direction were obtained, subsequently the tangent

curve of Guinier plot also determined. The Guinier

plots were subtracted by the tangent curve and formed

new values. A repeat of the above procedure was done

according to the tangent method shown in Fig. 5.

Figure 5 shows a typical polydisperse system and an

analysis for these results can be made by resolving the

curve into successive tangents (Statton 1956; Fischer

et al. 1978). The sizes of the microvoids located at

cross-section of regenerated cellulose fibers were

calculated by Eq. (7) and the result is listed in Table 4.

The regenerated cellulose fibers show microvoids

characteristics with multi-order cross-section. The

size of voids in the cross-section decreased with

increasing spinning speed.

Figures 6 and 8 show the azimuthal scans of sample

C1 extracted at different scattering vectors and the

Ruland plot for the regenerated cellulose fibers spun at

different spinning speeds, respectively. As shown in

Fig. 3 One-dimensional integrated WAXD intensity profile of

powder samples of the regenerated fibers spun at different

spinning speed and the corresponding peak deconvolution

process to calculate the crystallinity and crystal size: C1 50 m/

min, C2 65 m/min, and C3 80 m/min

Table 3 Crystal size, crystallinity, degree of crystal orientation (fc), amorphous orientation factor (fa) and birefringence (Dn) of the

regenerated cellulose fibers spun at different spinning speed

Sample Crystal size (Å) Crystallinity

(%)

Crystal

orientation

fc (%)

Amorphous

orientation factor

fa (%)

Birefringence

Dn 9 102

(�110) (002) (110) (012) 020) (103)

C1 35.3 35.1 35.4 74.5 34.3 35.5 67 74.1 74.5 2.65

C2 35.5 36.2 36.0 83.1 35.3 36.6 72 82.7 83.1 2.82

C3 37.3 37.2 37.1 83.4 36.2 36.8 73 83.0 83.4 2.86

Fig. 4 SAXS patterns of regenerated cellulose fibers at different spinning speed: C1 50 m/min, C2 65 m/min, and C3 80 m/min
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Fig. 7, the peak profiles from azimuthal scans of the

equatorial streak of regenerated cellulose fibers are

better fitted with Lorenztian function, expressed as

Eq. (8):

sBobs ¼
1

L
þ sBU Cauchy� Cauchy ð8Þ

where Bobs is the full width at half maximum of the

azimuthal profile from the equatorial streak fitted with

a Lorentzian function; s = 2 sin h/k, 2h is the

scattering angle and k is X-ray wavelength.

The results are shown in Table 4. By increasing

spinning speed, the length of the microvoids increased

as 4040, 4415 and 5215 Å, corresponding to the

spinning speed of 50, 65 and 80 m/min respectively.

Consequently the microvoids misorientation from the

fiber axis greatly decreased with increasing spinning

speed. This result is consistent with the results of

crystalline orientation (Fig. 2).

Fig. 5 Guinier plot of the scattered intensities along the layer

line (q = 0 Å-1) in the horizontal direction. 1 = measured

values, 2 = values after subtracting the resolved curve 1,

3 = values after subtracting the resolved curve 1 and 2: C1
50 m/min, C2 65 m/min, and C3 80 m/min

Table 4 The microvoids

parameters of the

regenerated cellulose fibers

spun at different spinning

speed

Sample R1 (Å) R2 (Å) R3 (Å) Microvoids

length L (Å)

Misorientation

BU (�)

C1 17.1 36.9 73.9 4040 14.6

C2 12.9 28.4 53.3 4415 13.4

C3 12.1 26.6 51.5 5215 10.9

0

2000

4000

6000

8000

10000

0.6 1.2 1.8 32.4

Angle(radians)

In
tis

ity

0

Fig. 6 Azimuthal scans at different vales of regenerated

cellulose fibers from the sample C1 in Fig. 4
Fig. 7 Representative azimuthal scans of the equatorial streak

from the sample C1. The trigon represents the experimental

data, the blue and green line corresponds to the Lorentzian and

Gaussian fit, respectively
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Analysis of spinline stress of regenerated cellulose

fibers at different spinning speed

From the above analysis, it is clear that the mechanical

properties and structure depend largely on spinning

speed. The spinline stress is analyzed to understand

why the mechanical and structure changed with the

spinning speed.

The stress (Frheo) on spinline can be described as

following (Salem 2004):

Frheo ¼ Fo þ Finert þ Fsurf þ Fdrag � Fgrav ð9Þ

where Frheo is the rheological resistance of cellulose

filament on spinline. Fo is the rheological resistance of

cellulose filament at spinning nozzle. Finert is inertia

force overcome by spinning line as it moves with axial

acceleration. Fsurf is the surface tension overcome by

spinning line during the spinning process. Fdrag is the

friction generated by media on the surface of moving

spinning line. Fgrav is the force of gravity field on

spinning line. During the process of dry–jet–wet

spinning, the values of Fgrav and Fsurf are small so

these can be completely ignored. The Finert increases

with the difference between spinning speed (VI) and

extrusion speed (V0): the larger the difference of

absolute value of spinning speed, the larger the inertia

force. Moreover, the shear stress that the coagulation

bath is exerting on the surface of filaments is

proportional to the square of spinning speed, suggest-

ing that the larger the absolute value of spinning speed

the larger the value for Fdrag. In addition, the Fo of

filaments is also proportional to the velocity gradient

of the spinneret in the direction of axis (shown in

Table 1). Therefore the increase of spinning speeds

not only leads to enhancement of velocity gradient, but

also results in the rheological resistance of filaments

being increased. Due to the spinning speed being

proportional to the velocity gradient of the filament,

raising the Frheo by increasing spinning speeds means

that spinline stress is increased.

From the above analysis, increasing spinning speed

increases spinline stress resulting in an increase in the

orientation and crystallinity of the cellulose fibers.

This leads to increased tenacity and initial modulus of

the fibers. At the same time, the sinning efficiency is

also increased.

Conclusion

With higher spinning speeds, the spinline stress

increases, resulting in the increase of capacity as well

as tenacity of the regenerated cellulose fibers spun

with IL as a solvent. From the analysis of the

crystalline structure and micromorphology of regen-

erated cellulose fibers, it is shown that the crystallinity,

birefringence, crystal and microvoid orientation

improved as spinning speed increased contributing to

the mechanical properties of the fibers.
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(2002) First ring-opening metathesis polymerization in an

ionic liquid. Efficient recycling of a catalyst generated

from a cationic ruthenium allenylidene complex. New J

Chem 11:1667–1670

Cuissinat C, Navard P, Heinze T (2008) Swelling and dissolu-

tion of cellulose. Part IV: free floating cotton and wood

fibres in ionic liquids. Carbohyd Polym 72:590–596

Fink H, Weigel P, Purz H, Ganster J (2001) Structure formation

of regenerated cellulose materials from NMMO-solutions.

Prog Polym Sci 26:1473–1524

Fischer EW, Herchenroder P, Manley RSJ, Stamm M (1978)

Small-angle neutron scattering of selectively deuterated

cellulose. Macromolecules 11:213–217

Gindl W, Martinschitz KJ, Boesecke P, Keckes J (2006) Ori-

entation of cellulose crystallites in regenerated cellulose

fibres under tensile and bending loads. Cellulose 13:621–

627

Guinier A, Fournet G (1955) Small-angle scattering of X-rays.

Wiley, New York

Hammersley (1987–1997) A FIT2D 2-D detector calibration/

correction; file re-formatting; 2-D fitting; European Syn-

chrotron Radiation Facility (ESRF)

Hermanutz F, Meister F, Uerdingen E (2006) New develop-

ments in the manufacture of cellulose fibers with ionic

liquids. Chem Fiber Int 6:342–343

Jiang G, Huang W, Li L, Wang X, Pang F, Zhang Y, Wang H

(2012) Structure and properties of regenerated cellulose

fibers from different spinning technologies. Carbohyd

Polym 87:2012–2018

Klug H, Alexamder L (1954) X-ray diffraction procedures.

Wiley, New York

Kolpak FJ, Blackwell J (1976) Determination of the structure of

cellulose II. Macromolecules 9:273–278

Kosan B, Michels V, Meister F (2008) Dissolution and forming

of cellulose with ionic liquids. Cellulose 15:59–66

Langan P, Nishiyama Y, Chanzy H (2001) X-ray structure of

mercerized cellulose II at 1 Å resolution. Biomacromole-
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