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Abstract This article elucidates the dissolution
of cellulose from different raw materials in NaOH
aqueous solution via the combination of synchro-
tron-radiation-based SAXS/WAXS characterization.
The X-ray measurements probed the mesostructure
of the cellulose samples during the freeze-thawing
cycle allowing tracking the initial swelling of the
structure, the kinetics of disintegration of the cellu-
lose crystallites as well as controlling the final state
of the cellulose solution, i.e. presence or absence
of cellulose aggregates. The individual SAXS and
WAXS measurements were fitted and modelled to
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enable visualisation and tracking of the changes in
the structure in relation to temperature during cool-
ing and warming phases. To further increase the
understanding of the parameters affecting dissolu-
tion different cellulose samples and solution compo-
sitions were considered. For this purpose the effect
of increasing the concentration of NaOH and adding
Zn>" has been carefully investigated as well as the
importance of the cellulose origin. We found consist-
ent development that the dissolution occurs faster at
higher concentrations of NaOH and with Zn>* regard-
less the origin. Nevertheless, SAXS data show that
materials with a larger amount of cellulose I show
more apparent swelling in mesoscopic structure than
bleached agricultural containing cellulose II. Despite
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few crystalline residues after the complete cooling-
heating cycle shown by WAXS, some cellulose was
not completely dissolved as some network structure
remained in the samples under the test condition as
suggested by SAXS.

Keywords SAXS/WAXS - Crystalline - Fiber
network

Introduction

The global demand of textile fibers, and man-made
cellulose fibers (MMCF) in particular, is expected to
increase substantially in the coming decade. At pre-
sent time, MMCEF are primarily produced from wood
based cellulose using the viscose process (The Fiber
Year 2022). Although both the viscose and lyocell
process, the largest MMCF production methods, can
result in lower environmental impact than production
of synthetic fibres (Shen et al. 2010), the processes
are also associated with different challenges. The
viscose production is burdened with high ecotoxicity
and the lyocell process has severe safety concerns and
high energy consumption from dissolution and sol-
vent recovery (Guo et al. 2021). Thus, motivated by
environmental and economical factors, there is a con-
tinuous search and many ongoing activities on alter-
native manufacturing processes (Mendes et al. 2021;
Kim et al. 2022).

Dissolution of cellulose in aqueous NaOH has a
great potential in rendering an inexpensive cellulose
fiber with low environmental impact. The solvent sys-
tem is however coupled with some challenges and to
ensure industrial feasibility, a deep understanding of
the different process steps is essential (Tu et al. 2022).

Dissolving pulps from hardwood or softwood
are the most common raw material for MMCEF, fol-
lowed by cotton linters. However, cotton production
is limited and wood may not be sufficient to cover the
biomass demand in the future resulting in a so called
"cellulose gap" (Haemmerle 2011). Therefore, other
sources needs to be considered. Increasing commer-
cial and research activities are directed to evaluating
many different alternative cellulosic raw materials for
MMCEF. An interesting option is untapped resources,
such as paper-based and textile waste (Ma et al. 2018;
Méittianen et al. 2021) as well as agricultural residues
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such as straw or oat husks (Essity 2021; Jahan et al.
2018; Wojtasz et al. 2024). This is pursued also in
this work, where non-wood pulps are included.

This study aims to analyze the initial process step
in MMCF manufacturing: the dissolution of cellu-
lose. Successful dissolution of cellulose requires that
the hydrogen bonds and the hydrophobic interactions
in the solid-state are disrupted by the solvent and
new hydrogen bonds are formed in case of an aque-
ous solvent (Lindman et al. 2017). The entropic gain
upon dissolution is not a major factor for a rigid pol-
ymer such as cellulose (Budtova and Navard 2016).
In aqueous NaOH the hydrophobic interactions are
believed to be partly interrupted due to ionization
of the cellulose in strong alkali (Bialik et al. 2016).
Characterization of cellulose-NaOH(aq) dissolution
using small angle X-ray scattering (SAXS) has been
reported in the literature, but is often based on pre-
mixed samples of microcrystalline cellulose (MCC)
as a model for cellulose (Martin-Bertelsen et al. 2020;
Swensson et al. 2021). In line with other solvents
cellulose dissolution in cold alkali will be highly
dependent on the degree of polymerization of the cel-
lulose (Vallejos et al. 2022; Koistinen et al. 2023).
Activation and pretreatment of the cellulose pulp
can be used to aid dissolution in aqueous NaOH. For
example, enzymatic treatment of pulp with cellulases
was found to increase solubility in NaOH/ZnO (Veh-
vildinen et al. 2015). Here, the behaviours of different
cellulose samples, e.g. MCC, pre-hydrolyzed cellu-
loses and commercial pulps were studied to provide a
broader understanding.

The solvent should also prevent self-aggregation,
i.e. formation of persistent interactions or crystallisa-
tion, of cellulose chains over time. Various additives
have been added to ageuous NaOH to improve both
the cellulose dissolution and the stability of the cel-
lulose solution (Viidsnen et al. 2021; Davidson 1937).
For instance, addition of ZnO and urea has been
found to delay the gelation of a cellulose-NaOH-ZnO
solution (Liu et al. 2011; Cai and Zhang 2005).

Analysis of the dissolution of cellulose in aqueous
NaOH has been previously conducted using different
methods. Mapping of the cellulose dissolution at low
temperatures has been performed with NMR (Gun-
narsson et al. 2019; Alves et al. 2016). The aggrega-
tion of different concentrations of cellulose in aque-
ous NaOH solution has been studied with small angle
X-ray scattering (Martin-Bertelsen et al. 2020). In the
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current study the rapid dissolution of cellulose in aque-
ous NaOH, with and without addition of ZnO, was
efficiently studied with simultaneous SAXS/WAXS
enabled by the high photon flux at the synchrotron radi-
ation facility. The methodology used within the study
enabled the dissolution process, in terms of crystalline
disintegration and fibrillar aggregation state, to be fol-
lowed from ambient temperature down to freezing of
the solution. Several sources of cellulose were included
to study its impact on dissolution.

Materials and methods
Materials

MCC Avicel PH-101 was purchased from FMC
BioPolymer and used without further treatment.

Birch (Betula pendula) prehydrolysis Kraft pulp
(476 cm?®/g, DP = 1133, Mn = 65.9 kDa, Mw =
269.3 kDa, polydispersity index 4.1) and Enocell
Speciality Cellulose, Finland was used fluffed. Eno-
cell has been acid hydrolysed to 200 cm®/g. The two
pulps are further referred to as IV 400 and I'V 200.

Bleached oat and wheat pulps were produced on a
laboratory scale by acid extraction followed by soda
pulping and OQPP bleaching sequence. Pretreatment,
cooking and oxygen bleaching were performed in 1.5
L steel autoclaves rotating at 15 rpm within a ther-
mostated PEG bath and followed by EDTA chalating
and peroxide bleaching performed in polyethylene
bags placed in water baths as described by Wojtasz
et al. (2024). After each step the pulp was carefully
washed and a sample was taken for analysis. The
obtained pulps contained 96.6 and 96.3% cellulose,
2.1 and 2.3% hemicelluloses and 0.3 and 0.5% Kla-
son lignin. It was shown that a fraction of cellulose II
was present in both the materials as a result of oxygen
bleaching step. The pulps were hydrolyzed down to
IV 200 with 1 M HCL

1 M HCl, 50% NaOH solution of analytical grade
(Merck) and ZnO (UnivarSolutions) were used with-
out further purification.

Methods
Solvent composition

The concentrations of NaOH and ZnO were chosen
based on previously published study (Vehvildinen

et al. 2015). In summary, three different solvent com-
positions were selected: 6.5 wt% NaOH, 6.5 wt%
NaOH with 1.3 wt% ZnO, and 4.0 wt% or 3.25 wt%
NaOH with 0.65 wt% ZnO.

Sample preparation

The non-wooden cellulose from different sources was
ground/made into powder to enable smooth sample
handling for the synchrotron measurements.

The cellulose was added to a thin-walled quartz
capillary (diameter 1.5 mm, wall thickness 0.01 mm),
and the capillary was subsequently filled with sol-
vent. Weighing of the capillary before and after each
step ensured a cellulose concentration in the range of
2.6—3.0 wt% for all samples.

X-ray scattering

In situ SAXS/WAXS were performed at P62 SAXS-
MAT beamline at PETRA III storage ring, DESY,
Hamburg. The X-ray energy is 12.4 keV with SAXS
sample-to-detector distance of around 2.5 m and
WAXS detector at about 117 mm, covering a q range
of 0.1—4.5 nm™! for SAXS and 10.0—36.0 nm™" for
WAXS (seen in Fig. 1. An Linkam heating/cool-
ing stage was used to control the temperature. At the
given geometry, no apparent anisotropicity has been
observed in either the SAXS or WAXS 2D patterns.
Only 1D profiles extracted from the 2D pattern by
PyFALI algorithms have been analyzed (Ashiotis et al.
2015).

Data analysis

The experimental concept and data analysis are sum-
marized in Fig. 1. By following the temperature pro-
file Fig. 1 a , SAXS and WAXS patterns were col-
lected as shown in Figs. 1 b and ¢ . In some runs ice
formed around -20 °C or below (not shown in the
Figures). The backgrounds of SAXS were measured
for all NaOH solutions with/without ZnO during the
cooling and heating cycles. The structural informa-
tion contained in the SAXS was extracted via curve
fitting and necessary background correction. For the
dissolution experiments, the SAXS profile is sub-
tracted from the corresponding background of the
same solutions and at the nearest temperature of the
corresponding cooling/heating cycles. This is valid
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Fig. 1 a Temperature profile with the corresponding SAXS b and WAXS c¢ profiles of MCC in 6.5% NaOH. The examples of curve
fitting of SAXS d and WAXS e of MCC (cellulose I crystalline structure)

because the background of solutions often only shifts
the baseline intensity in the SAXS region. However,
the background removal of WAXS might not always
be straightforward due to the less defined contribu-
tion of the amorphous phase from the material/sol-
vent systems and the surroundings and shadows of
the sample environments. Instead, WAXS analyses
are focused on the apparent Bragg peaks with all
other disorder contribution fitted via a broad Voigt
peak with a flat background as the baseline. In this
case, the trends of developing Bragg peak fitting
parameters are still reliable. Figure 1 d and e show
curve fitting results of selected SAXS and WAXS line
profiles, respectively.

The small angle X-ray scattering provides infor-
mation on the hierarchical structure of the material
changes on the nanoscale during the dissolution. The
SAXS profile analysis and modeling of cellulose mate-
rials is a rich field with many approaches applying to
diluted nanocellulose suspension (Mao et al. 2017),
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nanocellulose gel (Guccini et al. 2018), highly ori-
ented fiber (Gubitosi et al. 2021) and wood (Penttild
et al. 2019), and hierarchical pulp systems (Cheng et al.
2015). In general, well-defined geometric structures,
e.g. ribben (Mao et al. 2017) or cylinders (Gubitosi
et al. 2021; Penttild et al. 2019), apply for the diluted
and oriented system, while empirical models based on
analytical functions is often used for multiscale system
(Guccini et al. 2018; Cheng et al. 2015). In this case,
our pulp materials are condensed systems showing iso-
tropic hierarchical structure in the scattering pattern.
So, we conform to an empirical model consisting of
multiple functions accounting for multiscale structures
in equation 1.

Iguxs(q) = A ¢t

2

R

+ B + D * exp —M + Bkg
(1+C,* 2+ C, % q*) 3

(0
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Different terms of the right side of equation 1 cor-
respond to the contributions of structures at different
scales, whose dominant contributions were clearly
illustrated in Figure 1 (d): the first term, the power
law contribution, originates from the fractural nature
of the particle system (Porod 1949) with common
interpretation as a smooth surface of an object with
a sharp interface if the exponent is 4, also known
as Porod’s law (Ciccariello et al. 1988); the surface
fractals of large objects if the exponent is between 3
and 4 (Mildner 1986; Schmidt 1991); or aggregates
with mass fractals geometry if the value is between
1 and 3 (Teixeira 1988). The second term is Teubner-
Strey model (Teubner and Strey 1987). It was devel-
oped to model the bicontinuous microemulsions
(Schmidt et al. 2023) and weakly structured gels (Xi
et al. 2021), and has been generalized for mesoporous
structure (Saurel et al. 2019). It should be noted that
Teubner-Strey model is a model originally derived
from a space correlation function consisting expo-
nential decay and trigonometric sine function and
the correlation length & could be calculated via Equa-
tion 2. In our case of cellulose soaked in the solu-
tion, it serves as a good approximation to include the
fiber correlation in the nanoscale, a similar approach
of which has been used by Penttild et al (Penttild
et al. 2013). The third term, Guinier model, accounts
for any small object with a radius of gyration of R,
appearing upon dissolution (Guinier 1955).

WAXS detects the Bragg peaks due to scattering
by the crystalline structure of the material. Cellulose
I (200) peak of MCC and pulps (as shown in Fig. 1
e and that mixed with cellulose II (020) contribution
from bleached oats and wheats (not present in Fig. 1)
could be captured despite an enormous background
from the solution. Nevertheless, it is very challeng-
ing to use the atomistic-model-derived peaks fitting
to deconvolute the contribution of cellulose II from
that of cellulose I. Thus, the WAXS curves were fit-
ted by using a sum of multiple Voigt functions (Eq. 3
) to reproduce the intensities of the crystalline peaks
for each measurement during the freezing/thawing
sequence. During complete dissolution, it is expected
that the crystalline peaks disappear due to the dis-
ruption of the crystalline order of cellulose chains.

From the WAXS data, this disintegration of the crys-
talline domains could be extracted with respect to
temperature.

3
Iyaxs(@) = X € % Voigt (e Wes Wy ) + Bhg - 3)

n=1

where c, is intensity coefficient, ¢"  , W/ and W} are
peak G L
the n™ Voigt function’s peak position, Gaussian and

Lorentzian width, respectively.
Solid-state nuclear magnetic resonance (NMR)

13C solid-state cross-polarization (CP) NMR experi-
ments were recorded on a Bruker Avance III 500
MHz spectrometer equipped with a 4 mm HX CP
MAS probe. The Zirconia rotors were spun at 10 kHz
and the temperature was set to 298 K. 'H decoupling
with a ‘spinal64’ decoupling scheme at 67 kHz was
applied during the acquisition. The CP duration was
set to 1.5 ms and the repetition time to 2 s.

Microscopy

The dissolution was also followed with optical
microscopy by use of ZEISS SteREO Discovery.V12
microscope equipped with a LINKAM themperature
control stage.

Results
The structure of raw materials

A quality check of the cellulose raw materials from
different origins has been conducted by using WAXS
(Fig. 2) and solid state NMR (Fig. 3). WAXS Braggs
peaks of raw materials are shifted to highlight the
variation of the crystalline phases with the theoreti-
cal model of cellulose I (Fig. 2 top) and cellulose II
(Fig. 2 bottom) as the references. The appearing pro-
files of MCC, Pulp IV 200, and Pulp I'V 400 resemble
cellulose I structure, while bleached Oat and Wheat
show features of cellulose II. In general, natural pulps
do not possess cellulose II structure. The cellulose
IT components may be developed during the pulp-
ing/bleaching cycles. To quantify the contribution
of cellulose I and cellulose II requires sophisticated
peak deconvolution, which is beyond the scope of this
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MCC (dry)
Pulp IV 200
Pulp IV 400
Oat (dry)
Wheat (dry)
= Cellulose |
Cellulose I

Cel I : Cel II

Fig. 2 WAXS on dry materials, the dashed line are the best fit
made of a linear combination of the model cellulose I and cel-
lulose II structure, The fitting factor of cellulose I (Cel I) and
cellulose (Cel II) are shown next to the fitting results
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Fig. 3 13C solid-state CP NMR spectra for MCC, pulps IV200
and IV400, bleached wheat and oat to the left. To the right, the
spectra show the C1 peak. The peak shape and position indi-
cates the presence of cellulose II (see dashed line)
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work. Nevertheless, a quick linear combination fitting
of the references cellulose I and cellulose II could
qualitatively show the occurrence of the increased
cellulose II components as the relative fitting factor of
cellulose II increases compared to cellulose I. In the
later section of in-situ dissolution characterization,
WAXS analyses focus on the cellulose I (200) reflec-
tions of MCC and pulps, and the peak overlapped
with the theoretical positions of cellulose I (200) and
cellulose II (020) for bleached oat and wheat. To fur-
ther confirm the presence of cellulose II in bleached
oats and wheats, solid-state NMR was performed. In
the right penal of Fig. 3, a dashed line around 107
ppm guided the comparison of solid-state NMR C-1
signals from different raw materials, and the shoulder
peaks of the bleached oat and wheat is a characteristic
feature of cellulose II (Zuckerstitter et al. 2009).

Dissolution of MCC

As a reference, a well studied cellulose system was
investigated, namely MCC in alkali. MCC is often
used as a model for cellulose behaviour, even though
its behavior cannot be directly translated to that of
cellulose pulps, due to its lack of fibrous structure and
high relative crystallinity. Nevertheless, this reference
system helps to gain a general understanding of the
process and allows us to relate the current study to
the ones reported in the literature earlier using MCC
(Martin-Bertelsen et al. 2020; Swensson et al. 2021;
Gunnarsson et al. 2019). To gain further understand-
ing of the dissolution mechanisms, measurements
were made with different solvent compositions:
6.5% NaOH, 6.5% NaOH with 1.3% ZnO to ensure
improved dissolution, although the role of the ZnO
in solution is debated (Kihlman et al. 2013; Liu et al.
2011; Vidsnen et al. 2021), and the diluted solvent
with 3.25% NaOH and 0.65% ZnO.

From the collected WAXS data, the intensi-
ties of the crystalline peaks during the freezing/
thawing sequence were obtained and plotted with
respect to temperature, as shown in Fig. 4 (d). For
the concentrated solvents with 6.5% alkali with/
without ZnO (blue/black curves), the intensity of
those peaks decreases when the solution is cooled
down in both cases, indicating a gradual disinte-
gration of the crystalline structure. Interestingly,
the decay starts already at around 10°C and the
significant drop in crystalline signal is observed at
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5°C, showing a faster decay rate with ZnO addi-
tion. Between 5°C, and -5°C the peak almost dis-
appeared, indicating disintegration of the crystalline
phase, and only a 10% intensity remained at tem-
peratures below —10°C. Thawing the sample and
reheating to 20°C did not result in any change in the
peak intensity, indicating that the dissolution pro-
cess was non-reversible and reached an equilibrium
state in the cooling down phase for the 6.5% NaOH
solutions. Noteworthy is also that in our experi-
ment the concentrated MCC/NaOH solution did not
freeze when cooled to -20 °C. This was expected as
earlier research showed that the freezing pattern of
the alkali solution is affected by presence of MCC
(Gunnarsson et al. 2019). After thawing the signal
from the crystalline peak for the solutions contain-
ing 6.5% NaOH is close to zero, however it did not
disappear totally with some residual crystalline
peak signal persisting. This residual signal could
be partially related to a fitting artifact. The role of
the ZnO has been investigated via Raman spectros-
copy by Viisédnen et al., and suggested as "that the
addition of ZnO to aqueous NaOH aids the dissolu-
tion of cellulose and hinders its self-aggregation in
solution by coordinatively binding to the C2 and C3
OH groups of the cellulose chains deliberated from
the crystalline structure and thus forming a ring-like
structure similar to zinc glycerolate" and "even with
the addition of ZnO, a temperature below 0 °C is
required to dissolve cellulose"(Vidsnen et al. 2021).
Despite the lack of chemical insights, WAXS pro-
vides complementary information on the crystalline
phase during the dissolution. In Fig. 4 h , the peak
width development shows that without the addition
of ZnO the peak width became broader upon cool-
ing; on the contrary, the increase of ZnO percent-
age will lead to narrower width. Such observation
is also seen for Pulp IV 200 (Fig. 8) and bleached
agricultural cellulose (See supplementary informa-
tion) in the later sections. Under the frame of the
Debye-Scherrer equation, such a peak width change
could be interpreted as that the NaOH treatment dis-
integrates crystalline into smaller domains before
dissolving them, while the addition of ZnO induces
the formation of larger crystalline domains before
their dissolution. Such observation might also be
interpreted as that the binding of Zn to the edge of
cellulose fibrils links adjacent fibrils, aligning the
crystalline domains for a sharper peak.

In the diluted solutions, 4% and 3.25% NaOH with
0.65% ZnO, showed a different behaviour—it shows
a slower peak decay rate is observed as a function of
the concentration during cooling down and before
their sharp peak intensity drops around —18°C (red/
green curve in Fig. 4 d) owing to the ice formation.
The slower decay may be understood as that cellu-
lose is well charged in lower concentrations of NaOH,
which is suggested as key factor by Lindman et al.
(Lindman et al. 2017). Based on the observation, the
concentration of NaOH is a dominant factor to initi-
ate the dissolution over the addition of ZnO. Further-
more, when the ice melted the crystalline peak inten-
sities of samples in 4% and 3.25% NaOH as well as
with 0.65% ZnO had also been reduced to levels com-
parable to those of the 6.5% NaOH solutions. It thus
remains unknown how dissolution took place in the
presence of ice.

Figure 4 a-c present the intensity parameters
extracted from the fitted SAXS results for power-
law, Teubner-Strey model and Guinier-like contribu-
tions, respectively. For systems in 6.5% NaOH with/
without ZnO (brown/black), as the dissolution pro-
gressed, the power-law intensity quickly decreased
around 10°C, while the exponent also increased from
around 2.7 to 4, suggesting that high-branched, also
known as mass-fractal, larger structures/aggregates
disappeared and smoothened out. It is also interest-
ing to see a consistent rise in the normalized inten-
sity of Teubener-Strey model at the beginning of the
dissolution, which indicates an increase in occurrence
of nanoscale network-like structure with the correla-
tion distance shown in Fig. 4 f . As cooling continues,
these network contribution decreased further, which
could be explained through the disintegration of net-
work structures. Such network development may be
explained by swelling or ballooning which is com-
monly observed for celluloses in cold aqueous NaOH
solutions (Lindman et al. 2017; Cuissinat and Navard
2006). A tentative scenario is that the specific zones
where the swelling/ballooning takes place increases
during dissolution, leading to an increase of the con-
tribution to the scattering intensity. Then, when those
zones are more connected at a later dissolution stage,
the network structure is no longer similar to those in
the initial stage, showing a decreased intensity. At
smaller scales, objects with the radius of gyration of 1
nm started to appear. This is related to crystalline dis-
sociation allowing cellulose chains to become mobile.
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«Fig. 4 Summaries of SAXS and WAXS fitting parameters of
MCC in 6.5% NaOH (black), 6.5% NaOH-1.3% ZnO (brown),
4.0%NaOH-0.65% ZnO (blue) and 3.25% NaOH-0.65% ZnO
(green). a: the evolution of the intensity of the power law term
in Equation (1) as a function of the temperature. The curve is
normalized to the intensity at the beginning of the experiment.
b: the evolution of the intensity of the Teubner-Strey model by
similar normalization as a. ¢: the evolution of the intensity of
the Guinier-depicted term without normalization. d: the evolu-
tion of the intensity of the WAXS (200) peak after normaliza-
tion. e: the change of the exponent of the power law term. f:
the correlation length of Teubner-Strey model calculated via
Equation (2) with the fitting parameters. g: the fitted radius of
gyration change as a function of temperature. (h): the evolution
of the peak width of WAXS (200) peak. The solid lines with
circles present the cooling cycles marked by the blue arrow in
a, while the dashed lines stand for heating cycles marked by
the red arrow in a

Despite Guinier modeling being dominant at higher
g, a power-law exponent could be approximated to -1
for q larger than 1 nm™~'. This may suggest the exist-
ence of a stiff rod conformation of the chains that
could be explained by the chains (partly) becoming
mobile to go into the solution however not sufficient
to reach the random coil confirmation. Similar obser-
vations were made by Martin-Bertelsen et al. (2020)
and Swensson et al. (2021). All the SAXS evolution
onsets are well correlated to the WAXS intensity’s
decay at around 10°C. For lower NaOH concentra-
tions (4% red and 3.5% green), the network and

Guinier-depicted encountered ice formation around
-18°C. Overall, the SAXS/WAXS depicted the onset
of swelling of the cellulose structure with hierarchi-
cal changes showing the crystalline disintegration,
smaller object formation (Guinier), network opening/
increase and smearing-out, as well as large structure
dissolving.

Upon increasing temperature, the power-law
and network contribution for MCC in 6.5% NaOH
with/without ZnO are considerably smaller com-
pared to before cooling but were still present after
the freeze-thaw cycle. This residual large structure
could be assigned to cellulose aggregates. A prac-
tical explanation for such a structure is the incom-
plete dissolution due to the lack of stirring. Without
sufficient agitation, locally higher concentrations
of cellulose in the suspensions could cause limited
access to the solvent and lead to some agglomerated
material remaining partially undissolved. In Fig. 4a
and d, it indicates the beneficial effect of the pres-
ence of the ZnO favoring a faster dissolution rate
and possibly fewer residual crystalline structures.
The contribution of smaller objects depicted by
Guinier-term reached a stable stage for both inten-
sity and the radius of gyration (Fig. 4c and g), sug-
gesting that the structure elements remain disinte-
grated. Some crystalline structures were also found
for the diluted solvent but remained in the swollen/

Fig. 5 Microscopy images using a cross-polarizer of MCC dissolution in 6.5% NaOH(aq) with different temperatures
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«Fig. 6 Summary of SAXS and WAXS fitting parameters
of MCC (black), Pulp IV200 (brown) and Pulp IV400 (blue)
in 6.5% NaOH-1.3% ZnO. a-h show the same parameters as
those in Fig. 4 The solid lines with circles present the cooling
cycles marked by the solid blue arrow in a, while the dashed
lines stand for heating cycles marked by the red arrow in a

gel state as there is a significant contribution from
the network structure (Fig. 4b blue and green
dashed lines). It was assumed that for those sam-
ples a complete dissociation of cellulose chains did
not occur. The reaggregation of the disintegrated
crystalline structures could again be a plausible
explanation, for example, the increase of tempera-
ture causes a decrease in cellulose solubility in this
system but not sufficient to reform the crystalline
phase. Nevertheless, it is interesting to see that in
Fig. 4f, the residual networks (dashed lines) in all
concentrations of NaOH show a similar correlation
distance of around 2.5 nm in the solution, indicating
a similar mesostructure.

The observation of non-dissolved cellulose in
NaOH(aq) is in line with previous studies by Hag-
man et al. (2017), who used a combination of dif-
ferent methods (SAXS, NMR, light scattering and

MCC

Before

After

Scale bar 200 um

Prehydrolysed pulp

rheology) to study MCC in cold NaOH and showed
that MCC can be fully molecularly dissolved in cold
alkali however the final solution still shows con-
centration fluctuations consistent with significant
attractive cellulose-cellulose interactions. Swensson
et al. (2021), by using SAXS and NMR, also found
a portion of undissolved cellulose in all of investi-
gated NaOH(aq) cellulose solutions.

The dissolution of MCC in NaOH was also
visualized with optical microscopy, and micro-
graphs are presented in Fig. 5. The MCC was sus-
pended in 6.5% NaOH solution and the temperature
was decreased stepwise to —20°C and thereafter
increased back to room temperature. By utilizing
cross-polarizers, MCC with sustained structural
integrity is easily observed. It can be seen that the
dissolution behaviour captured with microscopy
corresponds well to X-ray scattering results, espe-
cially the WAXS measurement. The onset of dis-
solution is visible below 5°C with a significant
decrease in the amount of visible MCC between 5
and 0°C followed by a complete disappearance of
the birefringent material at —5°C.

Pulp

Fig. 7 Microscopy pictures of pulps before and after freeze-thawing dissolutionFig.7 cycle in NaOH + ZnO
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«Fig. 8 Summary of SAXS and WAXS fitting parameters of
Pulp IV200 in 6.5% NaOH (black), 6.5% NaOH-1.3% ZnO
(brown) and 4.0%NaOH-0.65% ZnO (blue). a-h shows the
same parameters as those in Fig. 4 The solid lines with circles
present the cooling cycles marked by the solid blue arrow in a,
while the dashed lines stand for heating cycles marked by the
red arrow in a

Dissolution of cellulose fibres

MCC as a model for cellulose consists of relatively
short cellulose chains. From an industrial perspective,
a detailed dissolution of cellulose of higher molecu-
lar weight raises more attention i.e. in the production
of MMCEF. Therefore, the behaviour of a commercial
pre-hydrolysis kraft pulp (PHK) dissolving pulp in
cold alkali was studied in the same manner. For a bet-
ter understanding of the importance of the cellulose
chain length, the pulp was also hydrolyzed from a
intrinsic viscosity of 400 to 200 cm? /g.

Figure 6 presents the dissolution behaviours of two
PHK pulps and a reference of MCC in 6.5% NaOH
with 1.3% ZnO. SAXS (Fig. 6 a-c) and WAXS (Fig. 6
d) consistently indicate that the dissolution starts at a
comparably higher temperature for MCC, followed by
pulp with IV 200 and IV 400. It is consistent with the
literature reports indicating that the dissolution tem-
perature and the solubility of cellulose in alkali sol-
vents is strongly related to the molecular weight and
properties such as crystallinity (Qi et al. 2008).

The radius of gyration of the appearing smaller
objects increased to 1 nm for all of pulps and MCC,
suggesting the presence of similar structures in all
samples independently on the pulp. However, more
details about this structure requires complimentary
characterizations and is beyond the scope of this
work. For the mesoscale network, the maximum
intensity suggests that more regions have swelled and
then smeared out as seen in Fig. 6 b. Moreover, such
swollen networks are visible at a broader temperature
range for the pulps, which could also be related to the
longer chain length.

Upon warming, the power-law and network contri-
bution for pulps are considerably smaller compared
to that before cooling but were still present after the
freeze-thaw cycle. Moreover the residual structures
seems to be swelling in the same temperature range
as seen during cooling. For pulp IV400 the remaining
contribution from the network structure after a full
freeze- thawing cycle is significant and pointing at a

poor dissolution (Fig. 6 b blue dashed line). For the
remaining cellulose structure it can be connected to
the lack of stirring in the system.

The dissolution of pulp IV200 was also performed
with different solvent compositions. As shown in
Fig. 8, a consistent concentration and ZnO impacts
were observed for pulp, as those to MCC (see section,
Fig. 4), i.e. higher NaOH concentration and addition
of ZnO will promote the dissolution. This is sup-
ported by the disruption of the crystalline structure
observed by WAXS (see Fig. 8 h), and the hierarchi-
cal structure evolution by SAXS. For the pulp fibers, a
temperature below 0°C is needed to induce rapid dis-
solution in the 6.5% NaOH solutions, which is signifi-
cantly lower than 5 — 10°C observed for MCC.

The difference in pulp dissolution behaviour in dif-
ferent solvents is the most pronounced in the thawing,
as for the pulp the mesoscale component retain the
apparent contribution after dissolving. Thus, it can be
assumed that despite observed swelling, the cellulose
structure in the pulp fibers is more resistant to disso-
lution compared to cellulose in MCC. For the pulp
fibers, the dissolution continued during the warming
up phase. Before reaching room temperature the net-
work structure disappeared. As for MCC, the addition
of ZnO improved the dissolution by favoring a faster
dissolution rate and possibly fewer residual crystal-
line structures.

In the dilute solvents, the 4% NaOH concentra-
tions, the dissociation does not occur before ice for-
mation, similar to what was observed for MCC. In
addition, despite a significantly reduced contribution
from the larger scale and network above 0°C, a small
portion of the network structures remained due to the
lack of stirring as aforementioned. The fitted radius of
gyration value is consistently around 1 nm.

Dissolution of agricultural-based pulps

The bleached oat and wheat pulps do not fully dis-
solve and their dissolution profiles is very different
compared to the wood based pulps. Despite their
low intrinsic viscosity, they remain undissolved.
Bleached oat and wheat pulps consist of both cellu-
lose I and cellulose II, probably due to high NaOH
content present during oxygen bleaching(see Fig. 2).
The Bragg reflections of (102) and (200) of cellu-
lose I and those of (110) and (020) of cellulose II are
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«Fig. 9 Summaries of SAXS and WAXS fitting parameters
of bleached Oat (black) and Wheat (blue) in 6.5% NaOH and
1.3% ZnO. a-c and e-g show the same parameters as those in
Fig. 4. d and e are the evolution of the intensities and peak
positions of WAXS Cel I (200)/Cel II (020). The solid lines
with circles present the cooling cycles marked by the solid
blue arrow in a, while the dashed lines stand for heating cycles
marked by the red arrow in a

overlapped, showing two broad features with compa-
rable intensities. Instead of assigning the contribution
of each Bragg reflection, two Voigt functions were
used to approximate the profile qualitatively. Figure 9
shows the disruption of the crystalline structure for
these cereal pulps, with a similar decay to MCC and
pulps. To make the discussion simpler, we only plot
the development of the peak which mainly consists of
cellulose I (200) and cellulose II (020) reflections in
Fig. 9 d.

For the cooling part, their WAXS peak intensity
decay compared to that of wood-based pulps shows
a much smoother (or slower) decay trend, which may
stem from their distinct crystalline structures. How-
ever, the hierarchical structure did not show sim-
ple stepwise decay for power-law contribution with
nevertheless the onset still around 10°C. A local
maximum of the intensity of the network correla-
tion length is still observed for wheat, like MCC and
pulps, but less pronounced. This is not the case for
bleached oats where no peaked intensity is observed
in all NaOH and ZnO solutions (see supplementary
information ). Such a difference may be related to the
higher cellulose II composition in bleached wheats
and oats, which is more stable than cellulose I in
aqueous NaOH solutions (Budtova and Navard 2016;
Lindman et al. 2017). What is interesting is the con-
sistent radius of gyration around 1 nm of the smaller
objects even for bleached oat and wheat, perhaps due
to a slightly simplified Guinier fitting function. Nev-
ertheless, these formed objects accompanied by the
disintegration of crystalline structures probably don’t
retain the crystalline form as before dissolution. The
impact of the solution composition to bleached oat
and wheat is in line with those to MCC and pulps.
Addition of ZnO promotes the dissolution rate but the
concentration difference between 6.5% and 4% is not
as strong as for MCC and the pulps (See Supplemen-
tary information).

Conclusions

The in-situ WAXS and SAXS results allowed to vis-
ualise multiscale structure changes happening dur-
ing the cooling down of MCC, wood-based pulps
and bleached agricultural celluloses suspension in
aqueous NaOH solution. The 6.5 %NaOH with and
without ZnO allows partial nanostructural disso-
ciation of cellulose fibres with remaining aggregate
structures. Very limited dissolution can be achieved
with NaOH concentration less than 6.5%. For MCC
and wood-based pulps the dissolution starts with
gradual swelling around 10°C and is followed by
more rapid disarrangement at a lower temperature,
showing the disruption of the crystalline structure.
The shorter cellulose chains were easier to dis-
solve while the presence of fibre structure seemed
to hinder the disentanglement of the chains. A clear
network expansion has been observed for MCC
and wood-based pulps but not as pronounced for
bleached oat and wheat pulps. This may be related
the presence of cellulose II in the latter, which is
more stable in NaOH. The presence of ZnO allowed
more efficient dissolution and achieving more sta-
ble solutions, meanwhile, the addition of ZnO may
lead to the formation of fewer but larger crystalline
domains of cellulose during the dissolution accord-
ing to the WAXS peak width. Cellulose chains could
thereafter be identified going into the solution in the
form of stiff rods. The crystalline disintegration was
visible also in a optical microscopy. In addition,the
SAXS-analysis allowed to see that some agglomer-
ated structures remained undissolved at the given
experimental conditions.
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