
X-ray studies of regenerated cellulose fibers wet spun from cotton

linter pulp in NaOH/thiourea aqueous solutions

Xuming Chen a, Christian Burger a, Dufei Fang a, Dong Ruan b, Lina Zhang b,

Benjamin S. Hsiao a,*, Benjamin Chu a,**

a Department of Chemistry, Stony Brook University, Stony Brook, NY 11794-3400, USA
b Department of Chemistry, Wuhan University, Wuhan 430072, China

Received 13 December 2005; received in revised form 13 February 2006; accepted 14 February 2006

Available online 10 March 2006

Abstract

Regenerated cellulose fibers were fabricated by dissolution of cotton linter pulp in NaOH (9.5 wt%) and thiourea (4.5 wt%) aqueous solution

followed by wet-spinning and multi-roller drawing. The multi-roller drawing process involved three stages: coagulation (I), coagulation (II) and

post-treatment (III). The crystalline structure and morphology of regenerated cellulose fiber was investigated by synchrotron wide-angle X-ray

diffraction (WAXD) and small-angle X-ray scattering (SAXS) techniques. Results indicated that only the cellulose II crystal structure was found

in regenerated cellulose fibers, proving that the cellulose crystals were completely transformed from cellulose I to II structure during spinning

from NaOH/thiourea aqueous solution. The crystallinity, orientation and crystal size at each stage were determined from the WAXD analysis.

Drawing of cellulose fibers in the coagulation (II) bath (H2SO4/H2O) was found to generate higher orientation and crystallinity than drawing in the

post-treatment (III). Although the post-treatment process also increased crystal orientation, it led to a decrease in crystallinity with notable

reduction in the anisotropic fraction. Compared with commercial rayon fibers fabricated by the viscose process, the regenerated cellulose fibers

exhibited higher crystallinity but lower crystal orientation. SAXS results revealed a clear scattering maximum along the meridian direction in all

regenerated cellulose fibers, indicating the formation of lamellar structure during spinning.

q 2006 Elsevier Ltd. All rights reserved.

Keywords: Cellulose fibers; Cotton linter; Thiourea
1. Introduction

Cellulose is the most abundant renewable organic material

on earth. It exhibits unique physical and mechanical properties

that are useful in many applications. However, the regeneration

of cellulose fiber has always been a challenging problem

because of the many environmental issues related to the

existing processes [1,2]. The problem is mainly due to the

characteristics of cellulose crystal structures that cannot be

melt processed (the degradation temperature is lower than the

melting temperature) or solution processed in common

solvents (due to the presence of strong hydrogen bonding in

the crystals).
0032-3861/$ - see front matter q 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2006.02.044

* Corresponding authors. Tel.: C1 631 632 7793.
** Tel.: C1 631 632 7928; fax: C1 631 632 6518.

E-mail addresses: bhsiao@notes.cc.sunysb.edu (B.S. Hsiao), bchu@notes.

cc.sunysb.edu (B. Chu).
The oldest technology for producing regenerated cellulose

fibers (e.g. rayon fibers) is the viscose process that was

developed over 100 years ago [1,2]. This process, unfortu-

nately, also generates several environmentally hazardous

byproducts, including CS2, H2S and heavy metals [3]. The

cuprammonium process is an alternative route to produce

regenerated cellulose fibers (cupro silk, cuprophane). How-

ever, it also has environmental problems and has only been

practiced scarcely in the industry [1]. Throughout the years,

many other alternative methods have been developed to reduce

the processing steps as well as to minimize the hazardous

byproducts. For example, the N-methylmorpholine-N-oxide

(NMMO) process has become a more desirable method over

the dominating viscose process because it produces less

hazardous byproducts. However, the fibers produced by the

NMMO process (or the Lyocell process), although being of

high strength with good stability, also display a high fibrillation

tendency in the wet state. These properties can be attributed to

the high degree of crystallinity and high orientation of cellulose

chains in the non-crystalline regions in the fiber. The Lyocell

process still has many environmental issues that need to be
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Table 1

Wet spinning speed and spin draw ratio (SDR) chosen for regeneration of

cellulose fibers in this study

Sample ID Flow speed

at spinnet

(m/min)

nI (m/min)/

SDRI

nII (m/min)/

SDRII

nIII (m/min)/

SDRIII

S1 84.9 30.13/0.35 – –

S2 84.9 30.13/0.35 32.61/1.08 –

S3 84.9 30.13/0.35 32.61/1.08 34.31/1.05

S4 84.9 30.13/0.35 34.25/1.14 34.98/1.02

Fig. 1. Schematic diagram of the pilot scale spinning machine: (a) a pressure

extrude with a stainless cylinder having cooling jacket; (b) filter and spinneret;

(c) first coagulation bath; (d) second coagulation bath; (e) hot water washing;

(f) third post-treatment bath (plasticizing bath); (g) take-up device; (I) Nelson-

type roller; (II) Nelson-type roller; (III) heated roller. First coagulation bath:

10 wt% NH4Cl and 4 wt% H2SO4 in aqueous solution; second coagulation

bath: 5 wt% H2SO4 in aqueous solution.
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overcome for the efficient and environment-friendly pro-

duction of cellulose fibers. These issues include the minimiz-

ation of several side reactions, further reduction of undesired

byproducts and efficient recovery of the expensive solvent [4].

Recently, a series of new solvents, such as NaOH/urea and

NaOH/thiourea aqueous systems for dissolution of cotton linter

pulp cellulose have been developed by the research group of

the co-author in Wuhan University in China [5–16]. The

properties of these cellulose solutions and resulting fibers/films

have been investigated to some extent. For example, the 13C

NMR analysis showed that these solvents and cellulose formed

a non-derivative aqueous solution system [7,8]. The presence

of urea (orthiourea) significantly enhanced the solubility of

cellulose in NaOH aqueous solution and reduced the formation

of cellulose gel [11]. Regenerated cellulose fibers wet-spun

from NaOH/thiourea aqueous solutions exhibited round cross-

sections with properties similar to those of natural silk (e.g.

good flexibility and luster), but different from the viscose rayon

fiber that usually exhibits irregular cross-sections [7a]. The

physical properties of the fibers produced by the NaOH/urea

(thiourea) methods are close to those of the fibers by the

NMMO process, owing to the similar dissolution and

regeneration conditions in spinning [7]. The lower cost and

less toxicity of the NaOH/urea (thiourea) solvent system,

and its relative ease for wet spinning exhibited some good

promises for the development of a more economical and

environment-friendly process for regeneration of cellulose

fibers. However, as this solvent system is relatively new, its wet

spinning process has still not been fully optimized.

The crystalline structure of cellulose was investigated

almost a century ago by Nishikawa and Ono based on fiber

bundles from various plants [17], and has been a matter of

active debate since then, mostly due to the difficulties of

separating the mixture of cellulose Ia and Ib occurring in all

forms of native cellulose. Following the success of these

experiments, X-ray diffraction was widely used for studying

both natural and regenerated cellulose fibers by different

processes [18,19]. In this study, the relationships between the

wet spinning process, the structure and properties of cellulose

fibers generated from a cotton linter pulp in NaOH/thiourea

aqueous solution have been investigated. The regenerated

cellulose fibers wet spun from another similar solvent system

(i.e. NaOH/urea aqueous solution) will be discussed elsewhere.

The state of aggregation for cellulose in NaOH/thiourea

aqueous solution has first been investigated by dynamic light

scattering (DLS). The structural changes in crystal and

amorphous regions, as well as in chain orientation during

varying processing stages and draw conditions from the cotton

and NaOH/thiourea aqueous solution have subsequently been

characterized by combined wide-angle X-ray diffraction

(WAXD) and small-angle X-ray scattering (SAXS) techniques

with synchrotron radiation. The small beam divergence and the

high brilliance of synchrotron X-rays permit measurements

with small sample specimens and high spatial resolution [20]

and the use of simultaneous SAXS/WAXD has been shown to

be a particularly powerful tool for investigating the crystal

structure and orientation in oriented polymer materials during
processes in real time [20–28]. Results indicated some possible

pathways for improving the wet-spinning process of the

cellulose in NaOH/thiourea aqueous solution.
2. Experimental

The regeneration of cellulose fibers, wet-spun from cotton

linter pulp (degree of polymerization, DPw550, Hubei

Chemical Fiber Co. Ltd, China) in NaOH (9.5 wt%)/thiourea

(4.5 wt%) aqueous solution, has been demonstrated by Zhang

et al. in Wuhan University in China before [5–16]. The chosen

sample preparation and processing schemes in this study were

similar to those demonstrated earlier [7a–c]. In brief, cotton

linter pulp was first dissolved in the NaOH/thiourea aqueous

solvent to prepare the cellulose solution. The wet spinning

process was carried out by a lab-scale spinning apparatus. The

schematic diagram of this apparatus is shown in Fig. 1, where

the wet spinning conditions are listed in Table 1. The wet

spinning process was coupled with drawing stages after

treatments in three different baths: coagulation (I), coagulation

(II) and post-treatment (III). The samples after each processing

step were collected for X-ray study. Two types of commercial

viscose rayon fibers (Hubei Chemical Fiber Co. Ltd, China)

were also measured for comparison.

Synchrotron wide-angle X-ray diffraction (WAXD) and

small-angle X-ray scattering (SAXS) experiments were carried

out at the advanced polymers beamline (X27C) in the National

Synchrotron Light Source (NSLS), Brookhaven National

Laboratory (BNL). The details of the experimental setup at

the X27C beamline have been reported elsewhere [20]. The

wavelength used was 0.1371 nm. A three-pinhole collimation

system was used to define the incident beam from a double



Fig. 2. Typical 2D WAXD pattern of the regenerated cellulose fiber (S3);

corresponding reflection peaks were indexed by the cellulose II structure.
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multi-layered monochromator. A bundle of cellulose fibers

(about 60 parallel filaments, the diameter of the single

regenerated cellulose fiber was about 20–30 mm) were placed

in a sample holder with the fiber direction perpendicular to the

X-ray beam. The sample-to-detector distance was 108.4 mm

for WAXD and 1802.6 mm for SAXS, respectively. A 2D

MAR–CCD (MAR USA, Inc.) X-ray detector was used for the

data collection. A typical image acquisition time was 45 s.

2D WAXD patterns were corrected for air scattering and

incident beam intensity fluctuations, as well as for the effects of

the curvature of the Ewald sphere (Fraser correction [29]). The

crystallinity was estimated from the WAXD pattern using the

following procedures. The integrated diffraction intensity

profile was first calculated from the Fraser corrected WAXD

patterns. Individual crystal reflection peaks and the amorphous

background were extracted by the curve-fitting process of the

integrated diffraction intensity profile. The crystallinity was

estimated as the ratio of the total crystal peak intensity to the

total diffraction intensity.

The orientation of the cellulose fiber was analyzed by using

the following method. Assuming that the cellulose crystallites

were oriented around the fiber axis (we assumed that the

polymer chain axis was identical to the crystallographic

c-axis), the crystal orientation could be characterized by an

orientation distribution function g(b) with b being the

azimuthal angle defined as zero at the meridian. As a

probability density distribution, g(b) is positive over its entire

range. Its normalization can be given by
Ðp=2
0

gðbÞsinbdbZ1.

The limited integration angle reflects the symmetry conditions

imposed by the combination of cylindrical and inversion

symmetry. Assuming that the orientation distribution function

g(b) is well behaved and unimodally peaked around bZ0, a

single parameter characterizing the degree of preferred

orientation is the Hermans’ orientation parameter

�P2;g Z ð3=2Þ

ðp=2

0

cos2bgbsinbdbK1=2

where �P2 represents the average over a Legendre polynomial of

the second order. The �P2;g of the orientation distribution g(b)

will vary from 0 for completely isotropic systems to 1 for

perfectly oriented systems. The azimuthal component of

experimental peak profiles could, after normalization, also be

used to calculate �P2;g. For a meridional peak (and under certain

approximate assumptions, which would be well fulfilled in this

case), �P2;gZ �P2;mer. However, as the cellulose crystal does not

show any significant meridional peaks, if an equatorial peak is

considered, the relationship becomes �P2;gZK2 �P2;eq. The �P2;eq

value of a perfectly well oriented equatorial peak would then be

K1/2.

Dynamic light scattering (DLS) measurements of cellulose

in NaOH/thiourea aqueous solution was also carried out to

investigate the nature of polymer chain in solution and to

correlate with the X-ray results from fibers. The solution was

prepared by dissolving w0.1 wt% cotton linter pulp

(DPw550) into NaOH (9.5 wt%)/thiourea (4.5 wt%) aqueous
solution using the following procedure [7]. The solvent system,

NaOH/thiourea aqueous solution, was first pre-cooled to

K8 8C. Then 0.1 g of cotton linter pulp was added to 100 ml

solvent under vigorous stirring at ambient temperature for

5 min to obtain a clear cellulose solution. The solution was then

filtered through an M-size glass filter and then kept in a

refrigerator (w5 8C) for at least 2 days. A stoichiometric

amount of 1 M HCl was used to neutralize the NaOH

component and to precipitate the cellulose in 30 ml of the

above solution. The exact concentration of the cellulose in

NaOH (9.5 wt%)/thiourea (4.5 wt%) aqueous solution was

determined from the weight of the precipitated cellulose.

A standard laboratory-built laser light scattering (LLS)

instrument equipped with a BI-9000 AT digital correlator and a

solid-state laser (DPSS, coherent, 200 mW, 532 nm) was used

to perform DLS measurement. The CONTIN program [30] was

used for the data analysis of intensity–intensity time correlation

functions. After knowing the translational diffusion coefficient

D, the apparent hydrodynamic radius Rh was calculated by

using the Stokes–Einstein relation: RhZkBT/(6phD), where
kB, T, and h are the Boltzmann constant, the absolute

temperature, and the solvent viscosity, respectively.
3. Results and discussion

3.1. WAXD results

A typical 2D WAXD pattern of sample S3 (corresponding

processing conditions are listed in Table 1) is shown in Fig. 2,

in which all reflection peaks can be indexed based on the

known cellulose II crystal structure. Compared with the 2D

WAXD pattern of the original cotton linter pulp (Fig. 3), which

shows cellulose I structure, the regenerated S3 fiber only

exhibits the cellulose II structure. This indicates that the

cellulose I structure in cotton linter pulp was completely

converted to the cellulose II structure after spinning from the

NaOH/thiourea solution. The chain conformation and packing

of crystalline allomorphs of various celluloses has been

described by Zugenmaier [31]. The structure of cellulose II

consists of two anti-parallel and crystallographically indepen-

dent chains [32,33], arranged in a monoclinic cell, where the



Fig. 3. 2D WAXD patterns of the cellulose fibers wet spun from the NaOH/thirourea aqueous solution using different processing conditions and two commercially

available rayon fibers.
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Fig. 4. 1D integrated WAXD intensity profile of sample S3 and corresponding

peak deconvolution process to estimate the crystallinity and crystal size. (A)

The experimental intensity curve, (B) calculated intensity profile based on the

cellulose II structure, (C) the nine crystal reflections and the amorphous

background.
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chains are aligned with the two-fold screw axis of the cell.

Although both chains have same backbone conformations,

however, they have different conformation in their hydro-

xymethyl groups. The glycosyl residues have the gauche–trans

conformation, when they are located at the origin of the unit

cell, or trans-gauche conformation for those of the center chain.

However, with the investigations by using 13C NMR

spectroscopy [34,35] and the determination of crystalline

structure of b-cellotetraose hemihydrate [36,37], the above

cellulose II structure has been under dispute. Both chains have

equivalent backbone conformations but differ in the confor-

mation of their hydroxymethyl groups. These moieties are near

the gauche–trans conformation for the glycosyl residues

located at the origin of the unit cell as opposed to the tg

conformation for those of the center chain. However, this

cellulose II structure has been challenged by the observations

from a number of 13C NMR spectroscopy studies [34,35] and

by the determination of the crystalline structure of b-cellote-
traose hemihydrate [36,37], which adopts a crystalline packing

almost equivalent to that of cellulose II. On the basis of high-

resolution synchrotron X-ray data collected from ramie fibers,

Langan et al. refined the monoclinic structure for cellulose II,

leading to the unit cell parameters aZ8.10 Å, bZ9.03 Å, cZ
10.31 Å, and gZ117.18 [38], the peak assignments in Fig. 2

were based upon. Fig. 2 shows that the reflections of (110),

ð �110Þ and (020) are located on the equator while the other

reflections are found at off-axis positions, indicating that

cellulose II was preferentially oriented with its crystallographic

c-axis pointing along the fiber direction.

Fig. 3 shows 2D WAXD patterns of all regenerated

cellulose fiber samples created in this study, the original cotton

linter pulp and the two commercial rayon samples. It is seen

that, except for the original cotton linter pulp sample that

exhibits the cellulose I structure, all other samples exhibit the

cellulose II structure. This indicates that the dissolution

processes (by NaOH/thiourea or viscose) can only generate

cellulose II. WAXD patterns of the four new regenerated
cellulose fibers were very similar. All reflections appeared as

broad arcs, indicating the existence of moderate crystal

orientation. However, the reflections of two commercial

rayon fibers, short arcs in rayon 1 and sharp spots in rayon 2,

indicate a very high degree of orientation of cellulose II

crystals in those samples. For the WAXD pattern of rayon 2,

we observed a peak located between ð �110Þ and (110). This peak
might be due to the diffraction of some additive, which is

unknown to us. However, the observed WAXD pattern from

rayon 2 clearly showed the cellulose II structure.

The procedure for estimation of the crystallinity and crystal

size from the WAXD data is illustrated in Fig. 4. In this

procedure, the 1D intensity profile was obtained by integration



Fig. 5. (A) 2D WAXD pattern after the Fraser correction (sample S3), (B) WAXD pattern of separate anisotropic fraction, (C) WAXD pattern of the residual

isotropic fraction.
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of the Fraser-corrected 2D WAXD pattern (Fig. 4(A)). Based

on the calculated intensity profile from the cellulose II structure

(Fig. 4(B)), nine crystal reflection peaks were used in the peak

fitting process of the measured intensity profile (Fig. 4(C)). The

amorphous peak was obtained from the X-diffraction of ball-

milled as-spun cellulose, containing only the amorphous phase.

The peak position and intensity of the fitted peaks (Fig. 4(C))

from the measured profile were very similar to those calculated

peaks (Fig. 4(B)).

Fig. 5(A) shows the Fraser-corrected 2D WAXD pattern for

the S3 sample. The 2D WAXD pattern was separated into two

fractions, the isotropic and the anisotropic parts, by using the

halo method [39]. The isotropic part includes the scattering

from the amorphous phase (and Compton scattering which is

usually small in the typical detection angular range and can be

ignored). The anisotropic fraction can be further analyzed

using the above peak fitting method to determine the oriented

crystalline and oriented amorphous phases. Fig. 5(B) and (C)

shows the anisotropic (or orientated) fraction and un-orientated

(or isotropic) fraction of the WAXD pattern, respectively.

The crystallinity (total and anisotropic fraction) and lateral

crystal size (that is related to the crystal fibril diameter) of the

regenerated cellulose fibers are listed in Table 2. It was found

that the total crystallinity stayed essentially constant (marginal

increase from 62 to 64%, well within the experimental

accuracy) with the draw ratio in the second coagulation bath

(SDRII, 1.08), and also samples S3 (58%) and S4 (62%)

showed little variation of the crystallinity. Compared with the

results of crystal size in S1, S2 and S4, the crystal size was

found to increase with increasing draw ratio in the second

coagulation bath. However, the crystal size remained about

constant when the draw ratio in the third post-treatment bath

was increased. Compared with the two commercial rayon

samples, the four regenerated cellulose fibers from the NaOH/
Table 2

Crystallinity, crystal size and Hermans’ orientation factor (estimated from the (020

Samples Total crystallinity (%) Crystal size (nm)

S1 61.8 4.78

S2 63.8 5.25

S3 58.1 5.32

S4 62.3 5.47

Rayon 1 58.4 5.32

Rayon 2 49.1 4.99
thiourea solution exhibited much higher total crystallinity as

well as larger crystal size.

With results from S1 and S2 samples, the anisotropic

fraction of the crystallinity was found to increase with

increasing draw ratio in the second coagulation bath. However,

the anisotropic fraction of the crystallinity was found to

decrease with increasing draw ratio in the washing and oiling

stage, indicating that some oriented crystallites were destroyed

by chain pulling during this stage. The change in the crystal

size estimated from the anisotropic fraction of the WAXD

pattern also supported the above argument. Therefore, the

varying wet spinning conditions could affect the crystal

structure and orientation of the fiber in different manner. In

the second coagulation stage, both crystallinity and crystal size

(estimated from total or anisotropic fraction of the 2D WAXD

pattern) increased with increasing draw ratio. However, in the

third post-treatment bath, the increase in draw ratio might lead

to the pull-out of the cellulose chains from the crystal region,

resulting in a decrease in the crystallinity and crystal size.

In the oriented cellulose fiber, native or regenerated, the

crystal orientation plays an important role and affects the

mechanical properties. Table 2 lists Hermans’ orientation

factor calculated from the (020) reflection in the 2D WAXD

patterns. The values of Hermans’ orientation factor, �P2;g, of all

cellulose fibers spun from the NaOH/thiourea solution were in

the range of 0.50–0.60, significantly lower than those of the

viscose rayon fibers, which was clearly visible in the WAXD

pattern of Fig. 3. All crystal reflections in rayon 1 and rayon 2

were much sharper and more oriented than those in the

regenerated samples produced in this study. For rayon 2, the

Hermans’ orientation parameter was calculated to be about 0.9.

Rather than reducing the orientation distribution to a single

parameter �P2;g as described above, we could also use an

empirically chosen explicit g(b) function, approximating the

observed orientation, for which a calculation of the peak
) reflection) of regenerated cellulose fibers estimated from the WAXD data

Crystallinity of

anisotropic part (%)

Crystal size of

anisotropic part (nm)

Hermans’ orientation

factor �P2

67.6 5.30 0.50

73.3 5.70 0.55

65.7 5.31 0.58

65.8 5.87 0.60

63.0 5.46 0.68

55.3 5.00 0.90



Fig. 6. WAXD patterns of cellulose II fibers from experiment and simulation.
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profiles in the fiber pattern is computationally feasible, for

certain choices of orientation distribution functions even

analytically. A preliminary investigation suggests that a

modified Onsager [40] distribution (Eq. (1)) may serve for

this purpose:

gðbÞZ p0 C ð1Kp0Þp coshðp cos bÞ=sinhðpÞ (1)

The introduction of the additional parameter p0 accounts for

the presence of a certain isotropic fraction that appears to be

clearly visible in the experimental patterns. The Hermans’

orientation factor for this choice of orientation distribution can

be given by:

�P2;g Z ð1Kp0Þf1K3pK1½cothðpÞKpK1�g (2)

Under certain assumptions, which are all well fulfilled in the

present case, the peak profile of a peak located (in polar

coordinates of the structural unit) at (Shkl, fhkl) is, in good

approximation, given by

Iðs;fÞZ Iintð4ps
2wÞK1H½ðsKshklÞ=w�Fðp0; p;f;fhklÞ (3)

where Iint is the total integrated peak intensity, H is a 1D

normalized peak distribution function of unit integral width,

e.g. a Lorentzian function such asH(s)Z(1Cp2s2)K1, the peak

width in the radial direction is given by w, and F is a function

depending on g through an integral transform that can be

solved analytically in the present case to produce

Fðp0;p;f;fhklÞZ p0 C ð1Kp0Þp coshðp cos fcos fhklÞ

I0ðp sin fsin fhklÞ=sinhðpÞ
(4)

where I0 is the modified Bessel function of the first kind of

order 0. For the equator peaks, this function reduces to:

Fðp0;p;f;p=2ÞZ p0 C ð1Kp0ÞpI0ðp sin fÞ=sinhðpÞ (5)

Fig. 6(A) and (C) shows calculated fiber diffraction patterns

using this model for the sample S1 (Fig. 6(B)) and S4

(Fig. 6(D)). We note that the meridional reflection of (002)

appeared to disappear in Fig. 6(A) and (C), because its

calculated intensity was very weak compared to the intensities

of (110) and (020). The isotropic fraction p0Z0.35 and an

orientation parameter pZ12 were used for calculation of

Fig. 6(A), and the corresponding �P2;g was 0.50, which was the

same as the �P2;g of the experimental S1 pattern (Fig. 6(B)). The

isotropic fraction p0Z0.32 and orientation parameter pZ25

were used for pattern 6C, leading to a Hermans’ parameter �P2;g

of 0.60. A well oriented cellulose II fiber with a very small

amount of isotropic fraction (p0Z0.07) and pZ95 correspond-

ing to �P2;gZ0:90 (the same as rayon 2) was also calculated and

shown in Fig. 6(E). A comparison of the calculated fiber

patterns and the experimental patterns in Fig. 6 showed that the

calculated WAXD patterns matched the corresponding

experimental patterns very closely. The value of isotropic

fraction p0 and orientation parameter p could give some

insights on the composition of those new cellulose fibers. For

sample S1, the total draw ratio was 0.35 during spinning,

resulting in a lower Hermans’ orientation factor of about 0.50.

Since there was no drawing during wet spinning for S1, the
quick flow of the cellulose solution through the spinneret

oriented the cellulose molecules along the flow direction.

When the draw ratio increased from 1 to 1.14 in the second

coagulation stage, the Hermans’ orientation factor of sample

S4 increased to 0.60. By comparing the isotropic fraction p0
and the orientation parameter p of Fig. 6(A) with those of

Fig. 6(C), the isotropic fraction p0 decreased, and the

orientation parameter p increased, indicating that the isotropic

phase decreased during draw at the second coagulation stage

and the last washing stage. However, the p0 decreased only a

little bit, from 0.35 to 0.32, and the orientation parameter p

increased from 12 to 25, showing that a higher draw ratio

during the wet-spinning process mainly increased the

orientation by further orienting the already oriented fraction,

and not so much by decreasing the isotropic fraction. The

isotropic fraction showed only little change during the wet-

spinning processing. Rayon 2 exhibited very small p0 and very

large p, in which the isotropic fraction was only 0.07, and it had

a relatively higher Hermans’ orientation factor of about 0.90.

3.2. SAXS results

In 1956, Statton proposed that the diffuse SAXS feature in

cellulose fibers could be mainly due to microvoids, where these

voids were elongated parallel to the fiber axis, as indicated by



Fig. 7. SAXS patterns of the cellulose fibers (the arrow inset in S1 shows the fiber direction).
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the greatest extension of the scattering in the equatorial

direction [41]. Hermans, Heikens, and Weidinger investigated

the diffuse SAXS pattern of cellulose fibers [42,43], and they

found that the expected scattering power from mixed crystal-

line and amorphous regions was close to the intensity

calculated for a volume fraction for a volume fraction of

about 1% micorvoids in a solid matrix, which was much lower

than the observed scattering power. They quantitatively

demonstrated that the observed scattering power in cellulose

fibers was much higher than would be expected from mixed

crystalline and amorphous regions, in agreement with the

intensity calculated for a volume fraction of the order of 1%

microvoids in a solid matrix [42,43].

Fig. 7 shows SAXS patterns of regenerated cellulose fibers

in this study (Table 1) and the commercial rayon fibers. In all

regenerated cellulose fibers, the scattering pattern showed

a sharp and elongated equatorial streak superimposed with a

relatively weak and short meridian streak. However, only a

sharp and elongated equatorial streak was seen in commercial

rayon fibers. The equatorial streak could be attributed to the

existence of microvoids in cellulose fibers. The amount of

microvoids was strongly dependent on the spinning conditions.

The elongated shape of the equatorial streak indicated that

microvoids were needle-shaped and aligned parallel to the fiber

direction. The short meridional scattering streak in the

regenerated cellulose fibers suggested the possible existence

of a periodic lamellar arrangement between crystalline and

amorphous cellulose regions. The long period, L, representing

the average distance between the adjacent crystalline lamellae,

could be estimated from the position of a meridional scattering

maximum. The SAXS intensity profiles of the regenerated

cellulose fibers taken along the meridian direction are shown in

Fig. 8. A possible meridional maximum appeared to be located

inside the beam stop, indicating that the long periods in the

regenerated fibers are longer than 100 nm, above the limit of

spatial resolution for the SAXS experiment. The S1 sample

exhibited the highest intensity among the regenerated cellulose

fibers along the meridian direction as seen in Fig. 8. This
intensity decreased when the cellulose fiber was drawn in the

second coagulation bath and it further decreased after drawing

in the third post treatment bath. The decrease in meridional

intensity is consistent with the argument discussed above that

the crystalline lamellae were destroyed by stretching in the

post-treatment bath.
3.3. Structure changes during multi-roller drawing processes

As seen in Fig. 1, the wet spinning process involved multi

roller drawing stages (I–III) after several baths: the first

coagulation bath (c), a second coagulation bath (d), and the

third post-treatment bath (e and f). In each bath, the fiber

underwent a stretching process under a specific draw ratio

(listed in Table 1). In this study, we only discussed the effect of

the draw ratio in the second coagulation stage (d) and the last

stage (e and f) on the crystal structure changes of the resulting
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cellulose fibers and results have been described in the previous

sections.

The exact nature of the processes leading to the formation of

oriented lamellar stacks in semi-crystalline cellulose fibers

from solution is still a matter of debate and active research. The

presence of polar interactions and hydrogen bonds can only

further complicate the issue. It is clear that, among other

parameters, preferred chain orientation, the presence of

aggregates and also chain entanglements can strongly influence

the crystallization process. For the time being and in view of

the applied nature of this study, carefully correlating these

effects in an empirical way with the properties of the resulting

fibers appears to be a fruitful approach. However, possible

mechanisms about the crystallization process at a molecular

level will also be discussed as follows.

3.4. Molecular pathways in wet spinning of cellulose and

NaOH/thiourea solution

In order to increase the crystal orientation of regenerated

cellulose fibers (and, thus, improve the mechanical properties),

we first compared the wet spinning of cellulose in

NaOH/thiourea aqueous solution with those by viscose and

NMMO (Lyocell) processes. In the viscose process, the

regenerated cellulose is obtained by wet spinning of cellulose

in xanthate and precipitating in an acidic medium. Recrys-

tallization proceeds only slowly upon precipitation [44].

Therefore, As a result, the fiber properties could be modified

by physical means, such as multi roller drawing stages [45].

The recrystallization in Lyocell process is so fast that it is

difficult for physical modification after the cellulose solution

past the air gap. In the case of the Lyocell process,

recrystallization proceeds much faster and leaves only little

room for physical modifications. The air gap in the Lyocell

process thus becomes very important because it enhances the

orientation of cellulose chains in the solution before they reach

the coagulation bath [46]. The recrystallization process of

cellulose chains in the NaOH/thiourea aqueous solution was

also very fast since the neutralization reaction by ion exchange

occurs even faster in solution. On the other hand, forming an air

gap to spin the cellulose in NaOH/thiourea aqueous solution is

difficult because the very high surface tension of the NaOH/

thiourea aqueous solution often causes the instability of the

extruded fiber, resulting in the formation of disrupted liquid

droplets on the spinneret. As the solution stream submerges in

the coagulation bath, the fast sol–gel transition (due to the rapid

hydrogen bond formation) can also limit the possibilities for

post-physical modifications, as shown by WAXD/SAXS

results in this study. For example, the crystallinity and crystal

orientation of the cellulose fiber did not show a significant

increase from S1 to S4.

The flow orientation of polymer chains in the solution or

melting state was thoroughly discussed by Keller and Kolnaar

[47,48]. The flow orientation of cellulose chains in solution as

it passes through a spinneret that generates a high shear rate

could provide a possible means to increase the orientation of

cellulose chains before it reaches the coagulation bath. A liquid
gap configuration similar to the air gap in Lyocell process

could also provide a possible pathway to increase the

orientation of cellulose chains.

We speculate that in wet spinning of cellulose in

NaOH/thiourea solutions, a certain degree of aggregation

would be helpful because it increases the effective molecular

weight. Therefore, the drawablility of the cellulose solution can

increase. The aggregation of cellulose in NaOH/thiourea

solution was studied by dynamic light scattering. Fig. 9

shows a typical apparent hydrodynamic radius distribution as

obtained by the CONTIN analysis of the DLS measurements of

cellulose solution at different concentrations in the dilute

solution regime. The dominant peaks at RhZ128 nm rep-

resented the aggregates of cellulose molecules in NaOH/

thiourea aqueous solution. The cellulose aggregates in NaOH/

thiourea aqueous solution were found to be similar to those in

NaOH/urea aqueous solution (Rhw170 nm, Rgw270 nm,

detailed results will be published elsewhere). Morgenstern

and Roder et al. [49,50] also reported that Rg was about 266 nm

in viscose with cellulose of similar molecular weight. Thus, the

NaOH/thiourea system showed good promise as a more

environmentally friendly solvent for cellulose, as suggested

by Zhang et al. [6,7], even though cellulose could not be truly

dissolved at a molecular level. Compared with the cellulose

concentration in viscose and Lyocell processes (both close or

higher than 10 wt%), the cellulose concentration in NaOH/

thiourea solution was relatively low (4.8 wt%). Thus, the stress

applied to the polymer chains by flow would relax faster due to

the lower entanglements of polymer chains. The rapidly

relaxed stress would decrease the orientation of cellulose

chains, leading to shrinkage of the swollen cellulose fiber in the

coagulation bath. Therefore, the concentration of the cellulose

should be increased to reach a higher flow orientation of the

cellulose chains during spinning. Yamashiki et al. studied the

wet spinning process of gelatinized cellulose dopes prepared

from alkali solution [51]. They found that the shear stress
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imposed on the gelatinized dope, when extruded into a

coagulation bath, significantly affected the mechanical proper-

ties of the regenerated cellulose fibers. The pre-gelation of the

cellulose in NaOH/thiourea solution before it reaches the

coagulation bath would, to some extent, also decrease the fast

stress relaxation and, thus, improve the drawablility of the

solution in the coagulation bath, which will be the subject of

future study.

The effect of the coagulant component on the spinnability of

cellulose in NaOH/thiourea solution was also studied by Zhang

et al. [7]. The different coagulants exhibited different

coagulation rates, which would affect the recrystallization

rates in the coagulation bath.A careful selection of the coagulant

and the length of the first and second coagulation bath could also

increase the draw ratio in both coagulation baths and, thus,

enhance both crystallinity and crystal orientation. The last draw

stage can also increase the orientation of the cellulose fiber;

however, it can also decrease the crystallinity. Thus, a

systematic design of the multi-roller draw spinning process is

needed to improve the current process of producing regenerated

cellulose fibers from the NaOH/thiourea solutions.

4. Conclusions

Cotton linter pulp was dissolved in NaOH (9.5 wt%)/thiour-

ea (4.5 wt%) aqueous solutions and was wet spun by using a

multi-roller drawing process to obtain regenerated cellulose

fibers. The structure of the regenerated cellulose fibers was

studied by using synchrotron WAXD and SAXS techniques.

The initial chosen spinning configuration produced regenerated

cellulose fibers with higher crystallinity, but lower orientation,

than those of commercial rayon fibers produced by the viscose

process. Further improvements are expected. SAXS results

showed that a meridional scattering streak was present in all

regenerated cellulose fibers from the NaOH/thiourea solutions,

suggesting an oriented lamellar structure with long period

larger than 100 nm in the fibers. The crystallinity and

orientation of the cellulose fiber did not show a significant

increase from S1 to S4. This suggests that the recrystallization

process of cellulose in the NaOH/thiourea aqueous solution

was faster and left only little room for physical modification of

crystal structure such as multi-roller drawing. Improvements of

flow orientation of cellulose aggregates in the solvent before

reaching the coagulation bath, and reduction of the recrystalli-

zation rate (or hydrogen bonding formation rate) during

coagulation during drawing might be two effective pathways

to enhance the chain orientation in the regenerated cellulose

fibers in the current wet spinning process of NaOH/thiourea

solutions. Overall, the low cost and low toxicity of the new

solvent system by wet spinning process appear quite promising

for the development of an economical and environmentally

friendlier process for the regeneration of cellulose fibers.
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