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ABSTRACT

Cellulose in solution can be assembled into textile fibers by wet-spinning (Viscose etc.) or dry-
jet wet-spinning (Lyocell, Ioncell etc.), which lead to significant differences in the mechanical
properties of fibers. We use scanning X-ray microdiffraction (SXM) to reveal in unprecedented
detail the arrangement of cellulose fibrils in the “skin-core” morphology of the fibers. The
cellulose elementary fibrils have a ribbon-like cross sectional shape of about 6 x 2 nm, which are
packed into microfibrils (MFs) ~ 100 nm in diameter. Our SXM studies demonstrate that MFs
within Ioncell fibers are composed of elementary fibrils with homogeneous morphologies.
Furthermore, the stacking of cellulose molecular sheets within elementary fibrils of Viscose
fibers is preferentially along the 010 direction, while those of Ioncell fibers preferably stack in
the 1-10 direction. The better structural regularities of elementary fibrils give loncell fibers

mechanical properties and a wet strength far superior to those of Viscose fibers.
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1. INTRODUCTION

Regenerated cellulose fibers (RCFs) are important textile fibers due to their sustainable nature
and high wearing comfort. Although they currently account for only 6-7% of the global textile
market, their use is rapidly increasing (Azimi B. et al., 2022; Hermanutz, F. et al., 2019). Viscose
fibers, the most common RCFs, are produced by a wet-spinning process, a mature but
environmentally harmful technique due to the use of toxic carbon disulfide (CS2) (Azimi B. et
al., 2022). The second category of regenerated fibers is generally represented by the Lyocell
process, in this work by a specific Lyocell process version called Ioncell process, where cellulose
dissolved in a direct solvent is spun in a dry jet wet spinning process, which is environmentally
friendly and produces fibers with high strength (Azimi B. et al., 2022; Hermanutz, F. et al., 2019,
Elsayed S. et al. 2012, Nishiyama Y. et al 2019). The Ioncell solvent, 1,5-
diazabicyclo[4.3.0]non-5-enium acetate utilized in this process, was identified as an excellent
cellulose solvent for dry-jet wet fiber spinning (Asaadi, S. et al 2018). Fibers spun by the Ioncell
process exhibit excellent mechanical properties, especially high tenacity which is less affected by
hydration (Asaadi, S. et al 2018). The variations of mechanical properties of the fibers with
different spinning processes suggest that cellulose forms distinct structures for different spinning
processes (Abu-Rous, M. et al 2006). Using SEM and X-ray microdiffraction, the “skin-core”
morphology of Toncell cellulose fibers has been characterized on the micron scale (Muller, M. et
al 2000; Moss, C. E. et al., 2002). Within the “core” region, cellulose fibrils consist of
microfibrils (MFs) with a diameter in the 100 nm range (Schuster, K. C., et al 2003). It was
assumed that the MFs are composed of crystallized cellulose elementary fibrils and that the
greater crystallinity index (CI) of elementary fibrils of STandard Ioncell fibers (IONCELL-ST)

and High-Tenacity loncell fibers IONCELL-HT) compared to regular cellulose viscose fibers
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(to be called regular fibers or abbreviated as CV in the following) could impact the mechanical
properties of the regenerated fibers. Nevertheless, conclusive evidence for this was lacking. The
mesostructure of elementary fibrils in the ~10’s nm is beyond the resolution limit of SEM.
Transmission electron microscopy (TEM) has the necessary resolution to visualize regenerated
cellulose crystals but is unable to detect the elementary fibrils within the microfibrils due to the
limited penetration depth of electrons (Abu-Rous et al., 2006; Ogawa Y. et al 2019). X-ray
diffraction is an alternative technique for investigating the structure of materials that is capable
of penetrating significant sample thickness and generating structural information with molecular-
scale resolution (Liu J. et al 2022). In this work, we apply scanning X-ray Micro/Nanodiffraction
(SXM/N) to IONCELL-HT, IONCELL-ST and CV to characterize their structure over a wide
length scale, thereby offering insight into the molecular basis of their distinct mechanical
properties. These studies reveal the “skin—core” morphology of different regenerated fibers at the
micrometer scale and the morphology and polymorphs of elementary fibrils of IONCELL-HT,
IONCELL-ST and CV. This multiscale structural information provides insights into the way how

the structures of fibers at different length scale influences their mechanical properties.

2. MATERIALS AND METHODS

2.1 Fiber generating process.

High tenacity loncell fibers (IONCELL-HT) were spun from a solution of a Buckeye V5 pulp in
[DBNH][OACc], Ioncell standard fibers (IONCELL-ST) were produced from a commercial birch
pre-hydrolysis kraft pulp (PHK) as described earlier (Moriam K. et al 2021). The Viscose fiber
(CV) i1s a commercial unmodified viscose staple fiber marketed as normal or standard viscose

fiber. These fibers are white textile fibers, as shown in Figure S17. The process details have been
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presented in the Supplementary Materials. The mechanical properties of RCFs are shown in

Table S3.
2.2 Scanning X-ray Micro/Nano diffraction.

Scanning X-ray microdiffraction experiments were carried out at the Microfocus Beamline ID13
at the European Synchrotron Radiation Facility (ESRF) with an X-ray energy of 13 keV
(wavelength 0.953 A). Beryllium Compound refractive lenses (CRL) focused the monochromatic
beam down to a size of 2.5 um at the sample position. An ion chamber and a circular guard
aperture of 30 um in diameter were put upstream the sample to reduce the diffuse background
scattering. The total flux was ~10'? photons/s. Downstream the sample, a beam stop, blocking
the direct beam, and a 2D photon counting pixel array detector (Eiger X 4M detector, DECTRIS
Ltd., 2167%x2070 pixels of 75 um in size) were positioned. For scanning X—ray nano diffraction
experiment, a Silicon Nano Focusing Lens (NFL) at Nanofocus hutch focuses the beam to 250
nm with a total flux of ~10'" Photons/s. The downstream setup is similar to the microdiffraction

experiments.

2.3 SAXS experiment.

High-resolution SAXS (HR SAXS) measurements were carried out at the TTUSAXS beamline
IDO02 at the European Synchrotron Radiation Facility (ESRF) at an X-ray energy of 12.23 keV
(wavelength 1.014 A) (Narayanan, M., et al 2022). The beam size was about 100 um in
diameter, the sample to detector distance was set to 2 m. 2D SAXS spectra were recorded using
an Eiger2X 4M pixel detector (DECTRIS, 2167%x2070 pixels of size 75 um), corrected,

normalized and azimuthally averaged according to standard ID02 procedures. To characterize the



90 shape of the oriented fibers (equatorial profile), a partial azimuthal averaging was performed in

91 an angular range £5° around the direction perpendicular to the fiber axes.
92 2.4 Spectroscopy and Microscopy image.

93  FT-IR measurements were conducted using a Spectrum Two spectrometer (Perkin Elmer)

94  operated under attenuated total reflection (ATR) mode. The specimen was immersed in heavy
95 water and positioned in the spectrometer with the fiber axis either parallel (p) or perpendicular
96 (v) to the incident IR beam direction. Spectra were acquired at ambient temperature condition

97  and averaged over 16 scans with a resolution of 4 cm™.

98  All solid-state NMR measurements were conducted using a Bruker Avance 111 400 MHz

99  spectrometer operating at 100.6 MHz for 13C. The specimens were packed into a zirconia
100  specimen rotor. The magic angle spinning rate was 12 kHz. 13C cross-polarization (CP/MAS)
101  NMR spectra were measured with a cross-polarization contact time of 2 ms and a delay time of 2

102 s. Peak fitting analysis was done using the Gnuplot software (Williams, T. and Kelley, C. 2011).
103 2.5 Data analysis of SAXS/WAXS

104  The Crystallinity Index (CI) and Degree of Preferred Orientation (DPO) of cellulose fibrils have
105 been determined by fitting WAXS patterns of SXM. Figure S2a-b shows the fitting of equatorial
106 intensity profile with three Voigt functions correlated to featured reflection (1 0 0), (1 1 0) and (0

107 2 0) and a diffuse amorphous background. The CI is determined by:

Ligo + 1110 + 1
cl 100 T 110 T fo20

Lioo + I110 + Lo20 + lamorphous



108 The azimuthal distribution of feature reflection (0 2 0) with Voigt functions (Figure S2c-d). The

109  full width maximum (FWHM) of the fitted Voigt function determine the DPO.

110  The Voigt function V(x, 4, g,y) is written as:!

V1 0,y) = f GO, O)L(x — %', Y)dx’

oG-/ (20?)

G(x,u,o0) =
(x,1,0) o

%
w2 +y?)

Lx,py) = (G =

111
112 Where G(x, u, o) is a Gaussian function and L(x, u,y) is a Lorentz function, both are centered at L.

113 The FWHM of the Voigt function is determined as follow:*

fy ~ 0.5346F, + [0.2166f2 + f?

114 Where f; is FWHM of the Gaussian function:
fe =202 € (2)
115  And f, is FWHM of the Lorentz function:

fL=2y
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3. RESULTS

3.1 Skin—Core morphology and its correlated structural features.

SXM/N reveals that IONCELL-ST, IONCELL-HT and regular fibers all show a “skin—core”
morphology. The “skin” consists of highly crystallized cellulose fibrils and nano voids (Abu-
Rous, M. et al 2006). The strong contrast of electron density between cellulose crystallites and
elongated air voids gives rise to the strong anisotropic surface scattering signal at small angles, q
<0.05 A™". Figure 1 a-c and Figure S1 d-f show the “skin” characterized by Small Angle X-ray
Scattering (SAXS) patterns for all three types of fibers. The thickness of the “skin” for
IONCELL-ST and IONCELL-HT is not uniform and can vary between 250 and 500 nm, while
CV showed a thicker skin of about 750 nm. The Crystallinity Index (CI) and Degree of Preferred
Orientation (DPO) of cellulose fibrils have been determined by fitting Wide Angle X-ray
Scattering (WAXS) patterns of SXM. As shown in Figure l1a-c and Figure S3, IONCELL-ST and
HT exhibit higher parameter values for crystallinity index and degree of orientation than CV.
Furthermore, the “skin-core” morphology also manifests in the maps of these parameters for CV
(Figure 1 and Figure S3 f and 1). However, such contrast is small for the IONCELL-ST and
IONCELL-HT. (Figure 1 and Figure S3 d, g, e, h) The variations in degree of orientation are
concomitant with the variation in crystallinity index, both decreasing from the “skin” towards the

“core” for all fibers.

The solid-state NMR spectra in Figure 1d also confirms that IONCELL-HT has less intense
signals from the surface and the amorphous fraction of cellulose microfibrils compared to
IONCELL-ST and CV. The crystallinity index (CI) estimates based on the peak fitting of C4 and

C6 regions of NMR spectra are in descending order IONCELL-HT > IONCELL-ST > CV
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(Figure S4 and Table S1), which is consistent with the SXM/N results. This indicates that the
crystallization of the cellulose proceeds more uniformly in dry-jet wet Ioncell spinning. An
interesting phenomenon is that according to the polarized ATR FTIR spectra shown in Figure le,
IONCELL-ST and CV have a relatively high degree of orientation, while IONCELL-HT exhibits
higher orientation disorder which is correlated to the conformity between the parallel and
perpendicular spectra. This might be due to the high fibrillation tendency of IONCELL-HT

under the lateral compression the fibers experienced during the ATR-FTIR measurements.
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146  Figure 1. The “skin—core” morphology of IONCELL-HT, IONCELL-ST and CV are revealed

147 by SXN. a)—c) the optical images and the maps of integral intensity of SAXS patterns, CI and



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

DPO of correlated RCFs. The thickness of “skin” of a) is not uniform. Weak scattering power
indicates extreme thin “skin” (arrowheads pointed). d) solid-state 13C NMR and e) ATR-FTIR

spectra of IONCELL-HT, IONCELL-ST and CV.
3.2 Meso structure determined by SAXS.

SAXS measurements were performed to characterize the submicron and meso-structure of the
fibers. From SEM data, the microfibrils of CV have a lateral size of ~100 nm (submicron)
(Schuster, K. C. et al 2003). The high resolution SAXS in Figure S8a demonstrates that all fibers
exhibit SAXS signals with a comparable exponent determined by Porod fitting to about -4. This
suggests that the microfibrils have a smooth interface within the fibers (Hammouda, B. 2012).
The maps of SAXS of Figure 1a-c shows that SAXS patterns varied from skin to core. The
equatorial SAXS patterns from the “core” determined by SXM reveal structural variations on the
mesoscale among different types of fibers. As shown in Figure 3, the equatorial SAXS curves of
IONCELL-HT and IONCELL-ST, but not of CV, contain an interference maximum at q =0.17
A", This interference peak is related to the inter-fibrillar structure factor (Lenz, J. et al. 1992).
To understand the structures of the constituent elementary fibrils, we conducted Monte Carlo
simulations using various models (Figure 2a and Figure S10a). The cylinder model is the most
commonly used model to approximate inter—fibril organization. It was used for accurate
simulation of the arrangement of elementary fibrils in flax fibers (Muller, M. et al 1998).
However, the elementary fibrils within regenerated cellulose types are quite different from those
in natural cellulose fibers. While the elementary fibrils of flax fibers have cellulose If structure
and low density due to amorphous components such as hemicellulose and lignin, the crystal
structure of regenerated fibers is cellulose II with the high cellulose purity leading to higher

density. At high density of elementary fibrils the scattering contribution from interference among
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them is no longer negligible. TEM and AFM studies have shown that the regenerated cellulose II
crystals have a rectangular shape with a width of 3-10 nm (Hirota, M. et al 2012; S¢be, G. et al
2012). Figure S10d shows that the simple cylinder model cannot accurately simulate this
interference pattern. Thus, we introduced a rectangular model in the Monte Carlo simulation. A
model having an elongated rectangular shape about 6 nm x 2 nm gives the best fitting results as
shown in Figure 3a. The equatorial SAXS curve of IONCELL-HT fiber shows the most distinct
interference patterns, even including a second order of reflection at a q of ~0.4 A™, which is well
in agreement with the simulated pattern. This indicates that the elementary fibrils of [IONCELL-
HT have greater homogeneities in both size and orientation of elementary fibrils. The equatorial
SAXS curve of IONCELL-ST, as shown in Figure 3b, also exhibits an interference shoulder at
0.17 A™', but this interference pattern is flattened and does not exhibit an obvious second order
reflection. The fitting result suggests size variations of elementary fibrils in IONCELL-ST. No
distinct interference peaks are presented in the equatorial SAXS curve of CV, as shown in Figure
3c. Based on these fitting results we can conclude that the elementary fibrils of CV are highly

polydisperse in size and exhibit significant randomness of orientation.
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Figure 3. The SXM SAXS curves are fitted by the Monte Carlo simulation using different
ribbon models. The inset shows the final state of ribbon—shaped elementary fibrils (CEFs) after
2000 random walking. a) fitting of the equatorial SAXS curve of IONCELL-HT, the volume
ratio of CEFs within simulation box is 40%, CEFs are homogeneous. Two featured reflections of
the simulated interference pattern, highlighted by arrowhead, could be correlated with the
interference patterns in the equatorial SAXS curve of IONCELL-HT; b) fitting of the equatorial
SAXS curve of IONCELL-ST, the volume ratio is 30%, the obvious size variations of CEFs are
observed; c) fitting of the equatorial SAXS curve of regular fibers (CV), volume ratio is 35%,
both size and orientation of CEFs are randomly varied. The porosities due to the interface
between MFs contribute to the SAXS curves at q < 0.06 A-1. The black dash curves in plot a), b)

and c) use the power of q obtained from HR SAXS shown in Figure S8a.

3.3 Molecular structure determined by WAXS.

Higher resolution details of the elementary fibril structure can be analyzed from the wide-angle
scattering data of SXM. Figures S6 and S7 show that even though the equatorial WAXS profiles
of SXM/N exhibit some variations within an individual fiber, different types of fibers appear to
have different predominant equatorial WAXS profiles. From Figure 4 and Figure S12b, we find
that the equatorial WAXS curves of the “core” of IONCELL-HT and IONCELL-ST have a more

intense 110 reflection than 020, whereas CV has stronger 020 reflection than 110. This is a clear



210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

evidence of significant differences in the molecular organization of the two fibers. Figure S12¢
shows that models with elementary fibrils stacking along the 010 direction predict a WAXS
profile with a stronger 020 reflection similar to the experimental feature of CV. Figure 4 shows
that the intensity profiles calculated from the models having molecule sheets stacking along the
1-10 direction predict the 110 reflection to appear stronger than the 020, similar to that observed
for IONCELL-HT and IONCELL-ST also indicating different molecular stacking in these fibers

compared to CV.

The variation of the equatorial WAXS profile could be further modeled in terms of the
elementary fibrils cross-sectional shapes and the arrangement of cellulose molecules inside. The
size of elementary fibrils is estimated by the fitting of the equatorial SAXS curve, which
indicates an elongated cross section of the elementary fibrils with dimensions of roughly 6 nm x
2 nm. This means that individual elementary fibrils can typically have 7 unit cells in either a or b
directions. The diffraction pattern of a small crystal, of which the number of unit cells is less
than about 10 in one direction, will be affected by its crystal shape and the interference scattering
between molecules within the crystal (Guinier, A., 199). We fit the equatorial WAXS profiles by
nine discrete models.(Figure 5) Table S2 shows that CV mostly contains cellulose sheets
stacking along the 010 direction, whereas IONCELL-HT and IONCELL-ST cellulose are

stacking along both 010 and 1-10 direction.
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Figure 4. WAXS data shows a structural difference between the theoretical cellulose I1 crystal
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adjusted peak position, which could be well consisted with patterns of equatorial intensity profile
of a) IONCELL-HT and b) CV. c) the new unit cell constructed by new lattice constant (black
dash line). (grey dot dash line is the unit cell of theoretical lattice constant of cellulose 1) d)
Different morphologies of elementary fibrils vary the intensity profiles of WAXS. The cellulose

stacking along different direction varies intensity ratio of reflection 020 to 110.
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Figure 5. The equatorial WAXS profiles are fitted by the combination of the equatorial intensity
profiles of six elementary fibrils (CEFs) models. Fitting results of a) IONCELL-HT and b)
IONCELL-ST indicate that the cellulose molecule sheets within CEFs of IONCELL-HT and
IONCELL-ST prefer to stack along (1 -1 0) direction; c) fitting result of CV indicates that the

cellulose molecule sheets within CEFs of CV stack along (0 1 0) direction.

4. DISCUSSION

4.1 The variations of “skin-core” for different fibers.

All regenerated cellulose fibers we studied are found to have “skin-core” morphologies. The
thicknesses of skin for [IONCELL-HT and IONCELL-ST vary between 250 and 500 nm, whereas
the skin of CV is thicker, varying between 500 and 1000 nm. The maps of crystallinity index and
degree of orientation of CV indicate a clearer distinction between the “skin” and core compared
to Ioncell fibers. The overall crystallinity index and degree of orientation of IONCELL-ST and
IONCELL-HT are much higher than those of CV. This is consistent with previous macroscopic
measurements (Moriam, K. et al. 2021; Jiang G. et al. 2012).'®'” The high crystallinity index and
degree of orientation of Ioncell fibers are indicative of well-ordered structures, and can
contribute to the superior mechanical properties. However, structural variations of microfibrils

are not observed among different types of fibers. SEM shows that MFs of CV have a size of
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~100 nm (Miller, M. et al. 2000; Schuster K. C. et al 2002). A qualitative analysis of the SAXS
results in Figure S8 confirms that the microfibril sizes of IONCELL-HT, IONCELL-ST and CV
are comparable. Thus, the difference in the mechanical properties of different types of fibers is

most likely due to the structural variations of the elementary fibrils.
4.2 The meso-structural variations of elementary fibrils for different fibers.

The crystallinity, amorphous orientation and the orientation of voids are strongly correlated with
the mechanical strength of regenerated fibers (Jiang G. et al 2012; Schurz J. & Lenz J. 1994;
Sharma, A. et al. 2019; Sharma, A. et al 2021). While the longitudinal structural features have
been well studied previously, the transverse structures of microfibrils and elementary fibers have
not been fully elucidated. It had been found that different kinds of man-made cellulosic fibers
spun from different solvent systems had a similar structural arrangement of elementary fibrils,
which was represented by a lamella model having a period of ~6-8 nm (Lenz J. et al 1988). This

provides an estimation of inter-fibrils spacing between elementary fibrils.

Through studying the variations of interference patterns at q = 0.17 A™' in the scanning
measurements, we reveal the meso-structural difference of elementary fibrils of different fiber
types. The fitting results using Monte Carlo simulations, shown in Figure 3a, indicate that the
elementary fibril of [IONCELL-HT have elongated ribbon-shapes with a cross-section of about
6x2 nm. The elementary fibrils have a preferred orientation in the elongated direction of their
cross sections. This is consistent with the morphology of cellulose Il nanowhiskers (average
widths 4.2+1.5 nm (AFM), TEM 6.3 nm=1.5 nm) and TEMPO-oxidized cellulose 11
nanoelements (TEM 4-12 nm width) (Hirota, M. et al 2012; S¢be, G. et al 2012). Figure S11

shows that increasing the volume fraction of elementary fibrils within microfibrils can shift the
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peak to slightly higher q, and that increasing the width of the orientation distribution of the
elementary fibrils results in a modest flattening of the interference patterns. Nonetheless, as can
be seen in Figure 3b, an increase in heterogeneity of the elementary fibrils’ morphology can
flatten the interference patterns. Although the fitting results show that elementary fibrils of
IONCELL-ST exhibit a greater size variation than those of IONCELL-HT, they both maintain a
preferential orientation. Figure 3¢ shows that the SAXS curve of CV contains no significant
interference patterns, in stark contrast to the strong interference seen in scattering from
IONCELL-HT and IONCELL-ST. The fitting results indicate that the structure of the elementary
fibrils of CV has a lower structural order than those of IONCELL fibers. Both the size and shape
of the elementary fibrils of CV vary widely. The orientation is also more random as well. Thus,
the well-oriented elementary fibrils of Ioncell fibers generate narrow and elongated voids within

MFs, while the voids within microfibrils of CV are larger than those of Ioncell fibers.

4.3 The Molecular structural variation of elementary fibrils for different fibers.

The variations of the equatorial WAXS profiles of different regenerated cellulose fibers indicate
that the spinning process has an impact on the nanostructures of the elementary fibrils.
Considering the size limits of the elementary fibrils, we created nine representative explicit
models for fitting the equatorial WAXS profiles. The 020 reflection of CV shows higher
intensity than the 110 reflection. This is consistent with the theoretical calculation of the
cylindrically averaged intensity profile. The intensity profile containing a stronger 020 has been
found for thinly cut CV (Gindl-Altmutter, W., et al. 2014). The intensity profile determined by a
spherical mean instead of a cylindrical mean, therefore, will observe a stronger 110 for the whole
fiber due to the contribution of the 021 reflection (Gindl-Altmutter, W., et al. 2014). The uniform

alignment of the microfibrils for a thin section compensated for the distortion of the spherical



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

averaging, resulting in a stronger 020 reflection (Gindl-Altmutter, W., et al. 2014). Of particular
interest is the observation that the equatorial WAXS profiles of IONCELL-HT and IONCELL-
ST show stronger 110 reflection than 020. This indicates that the cellulose sheets within
elementary fibrils have a preferential stacking direction along 1-10 direction. The preferential
stacking direction along 1-10 will increase the hydrophobic surface of elementary fibrils. These
structural differences could be due to the different spinning process for Viscose and loncell fiber
regeneration. The Viscose process is regenerated in an acidic bath in which the xanthate is
saponified and converted into cellulose again, which cause the coagulation and regeneration
happening simultaneously. The cellulose is crystallized in aqueous environment, which will
minimize the hydrophobic surface of cellulose fibrils. The loncell process, in contrast, is based
on a dry-jet-wet spinning process. The fibers are spun through an air gap aiming at reducing the
moisture during crystallization (Azimi, B. et al., 2022). This way enables the formation of
elementary fibrils of loncell fibers having a larger hydrophobic surface. Dry-jet-wet spinning is
also characterized by a high stretch ratio (Azimi, B. et al., 2022). For the Toncell process, the
preordered spinning solution in which the cellulose molecules were oriented lengthwise in the
spinning direction could lead to a higher crystallinity but less clustering of elementary fibrils.'®
These pre-oriented cellulose molecules could initially form cellulose sheets, and then further
assemble as elementary fibrils. This crystallization process could be promoted by the shearing
force. Thus, the nascent elementary fibrils might endure high shear forces during dry-jet-wet
spinning of Ioncell fibers. However, it is unclear to what extent the shear force leads to higher

crystallinity and more uniform dimensions of the elementary fibrils.

4.4 The homogeneity of morphologies of elementary fibrils is essential for high tenacity of

RCFs.



323 Higher porosity will lead to a lower volume density of fibrils, and furthermore, pores represent
324  defects that reduce the mechanical properties. Thus, to achieve high tenacity, regenerated fibers
325 need to have lower porosity. SEM and SAXS show that CV contains cavities of a few hundred
326 nm in size, whereas IONCELL fibers have a uniform and condensed inner structure (Schuster,
327 K.C. etal 2003). Thus, Ioncell fibers exhibit much higher CI and DPO but lower porosity than
328 CV which could explain the overall high tenacity.
329  There are no obvious cavities observed within both IONCELL fibers by SEM (Abu-Rous, M., et
330 al., 2006). However, IONCELL-HT exhibits extreme tenacity. The molecular weight distribution
331 of the cellulose has an influence on the rheology of the IONCELL spinning solutions as well as
332 on the spinning behavior and the properties of the resulting fibers. (Michud A. et al. 2015, Ma Y.
333 etal. 2023) Here we focused on structural perspective. The high structural homogeneity of the
334  elementary fibrils of IONCELL-HT allows a better distribution of tensile stress. The elementary
335 fibrils of IONCELL-ST are more polydisperse in cross section than IONCELL-HT. The
336 heterogeneity of elementary fibrils leads to unequal stress concentration within microfibrils. The
337 larger elementary fibrils within IONCELL-ST could only bear additional stress and break easier
338 as the stress increases. Consequently, fracturing elementary fibrils could increase the stress on
339 residual elementary fibrils and reduce their tenacity. This consequential reaction means that the
340 inhomogeneity of elementary fibrils within MFs could limit the toughness of RCFs
341 Table 1. The mechanical properties of IONCELL-HT, IONCELL-ST and CV fibers.
Linear Length of
Sample density Tenacity Elongation  the fiber
name (dtex) (cN/dtex) (%) (mm) DR Pulp Solvent
High tenacity Buckey

loncell (HT) 0.97 59.27 14.3 4 10 e [DBNH][OACc]



Standard

loncell (ST) 1.25 49.49 11.35 8 11 Enocell [DBNH][OACc]
Viscose fiber
(CV) 1.32 19.54 18.62 4
342

343 4.5 The effect of structural variation on wet mechanical properties.

344 The SAXS interference peak was more pronounced and shift the q of maximum to lower value
345 under wet condition (Schruz, J., & Lenz, J. 1994). These variations of SAXS result indicate that
346 the IONCELL fibers preserve the monodispersity of elementary fibrils and enlarge the inter-
347 fibrillar distance. The uniformity of elementary fibrils of IONCELL allows the uniform

348 penetration of moisture (Abu-Rous, M., et al., 2006). In addition, WAXS of IONCELL fibers
349 indicates elementary fibrils having a larger hydrophobic surface, which prevents interaction with
350 water molecules and promotes moisture transfer. This conform to the changes of moisture

351 contents of fibers affected by the relative humidity. (Figure S18) The good “wet” strength

352 properties of IONCELL fibers suggest that increasing hydrophobicity or the homogeneity of
353 elementary fibrils or both could result in their superior mechanical properties. To confirm the
354  correlation between structure and “wet” mechanical properties, a comprehensive characterization
355 of structural information of different fibers under different moisture conditions is necessary in

356 future.

357 5. CONCLUSIONS

358 This study provides a comprehensive characterization of the structure of regenerated cellulose
359 fibers as a basis for understanding the different mechanical properties of fibers fabricated

360 through different processes. A schematic fiber structure (Figure 6a) reveals that all types have a
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"skin-core" morphology, with the thickness of the skin being 250-1000 nm. Regular viscose fiber
has a slightly thicker “skin” than IONCELL-HT and IONCELL-ST. The main structural
difference between the “skin” and “core” for loncell fibers is that the “skin” has much larger
porosity than the “core”. The microfibril diameters were universally around 100 nm. The
structure of the elementary fibrils within the microfibrils varies according to the different
spinning processes. In Ioncell dry-jet wet-spinning, they are ribbon-like with a size of 6x2 nm.
The high crystallinity index and orientation parameter of Ioncell fibers indicates that cellulose
forms homogeneous elementary fibrils instead of coagulating as individual large crystal (Figure
6b). On the other hand, the elementary fibrils of CV have a broader size, shape and orientation
distribution (Figure 4b). The equatorial WAXS profiles of IONCELL-HT and IONCELL-ST
show stronger 110 than 020 reflection, contrary to CV. This indicates that the cellulose sheets of
elementary fibrils of Ioncell fiber are predominantly stacked along the 1-10 direction(Figure 6c¢).
In sum, the great uniformity and the increase of hydrophobicity of the elementary fibrils of
IONCELL fibers on the meso and molecular level are crucial for the high strength of regenerated
fibers. The homogeneity of elementary fibrils and the additional hydrophobicity due to the
direction of crystal growth during coagulation of IONCELL could allow uniform moisture
penetration, which in turn could enable good wet mechanical properties by avoiding stress

concentration.
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a) microfibrils (MF) || D) C)
Regenerated Cellulose Fiber (RCF) ~100 nm MF of CV CEF of CV
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cellulose elemental
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Figure 6. The schematic of hierarchical structure of RCF and the structural differences of
elementary fibrils (CEFs) on meso and molecular scale between Ioncell and Viscose process. a)
Hierarchical structure of RCFs. Fiber has “skin-core” structure. The size of skin is around 0.2-1
micron. The core region is made up of MFs having diameter of ~100 nm. Within MFs, CEFs of
IONCELL-HT form as elongated ribbon having a length of ~ 6nm and a width of ~2nm. The
lattices of cellulose crystal have decreased in (1 0 0) direction and increased in (0 1 0) direction.
b) Meso-structural variation of CEFs within MFs for spinning process. The CEFs of CV are
highly random in size and shape of orientation. In contrast, the CEFs of IONCELL-HT exhibit
higher homogeneity. c) Molecular structural difference of CEFs for different RCFs. In the
IONCELL process cellulose sheets within CEFs stack preferably along (1 -1 0) direction, while

CEFs of CV do not show a preferred stacking direction along (1 -1 0).
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