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Abstract

There is an urgent need for a transition from the consumption of fossil-based
resources to sustainable and renewable counterparts. Bio-based alternatives like
cellulose are promising materials to replace synthetic polymers. However, cellulosic
materials requires some type of chemical modification to facilitate processing into
complex structures. One way to overcome this challenge is to partly modity cellulose
in cellulose fibres to dialcohol cellulose, which can be softened by both temperature
and moisture. This thesis explores the swelling behaviour of partially modified
dialcohol cellulose fibres (bleached softwood kraft pulp) of different degree of
modification (DOM); from the nanoscale to the microscale using characterisation
tools such as x-ray scattering and optical microscopy. Wide-angle x-ray scattering
reveals the structures inside the fibre wall at the Angstrom level, while small-angle
x-ray scattering (SAXS) provides information about the morphologies at the
nanometre level. The SAXS results give an estimation of the distance between
nanofibrils and the swelling of nanofibril bundles. The SAXS results show that with
an increase in DOM, the SAXS peak shifts from ~5 nm (for unmodified, bench-
dried cellulose fibres) to ~11 nm (for bench-dried, dialcohol cellulose fibres with
51% DOM). In addition, at the fibre level, microscopic studies indicate that when
fibres are partially modified, a mild ballooning in the swollen fibres is observed (for
never-dried fibres of ~25% DOM) with an average fibre width of 35 £ 9 um to 58
T 24 um (for never-dried fibres of ~50% DOM). Furthermore, the water retention
value ranged between 1.7-0.3 guawer/Zfibre, depending on degree of modification.
Interestingly, there was a linear correlation between the swelling propensity from the
water retention values and the nano-swelling from the SAXS peaks, indicating that
the SAXS peaks correlate to the microscopic swelling of the fibre wall.
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Abbreviations and Symbols

BD Bench Dried

BDD]J Britts Dynamic Drainage Jar
CLSM Confocal Laser Scanning Microscopy
CNFs Cellulose Nanofibrils

DAC Dialdehyde Cellulose

DALC Dialcohol Cellulose

DIC Differential Interference Contrast
DOM Degree of Modification

DpP Degree of Polymerisation

EFBs Elementary Fibril Bundles

FITC Fluorescein Isothiocyanate
MAXS Medium Angle X-ray Scattering
Mw Weight-Average Molecular Weight
ND Never Dried

NMR Nuclear Magnetic Resonance
OM Optical Microscopy

PM Polarisation Microscopy

RW Rewetted

SAXS Small Ange X-ray Scattering
WAXS Wide Angle X-ray Scattering
WRV Water Retention Value
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1. Introduction

The development of synthetic polymers, often called plastics has steadily
increased since the early 1950s and is incorporated into most people’s lives today
[1]. This is exemplified by a revolution in the packaging industry, where plastics
increase the shelf life of groceries and hence reduce food waste. Furthermore, the
use of single-use medical equipment and devices has facilitated improved hygiene in
the medical field, enhancing the quality of life for humans [2]. Despite the positive
contributions of plastics in society, there are nevertheless drawbacks related to usage
of products derived from fossil fuels, pollution caused by the littering of plastic, and
the accumulation of plastics in nature and in the oceans. The management of
polymer waste and the reduction of plastic consumption is crucial. The plastics used
today in packaging and single-use products could be replaced by more sustainable
materials, which would be beneficial in terms of reducing environmental pollution.

The demand for sustainability in industry and society emphasizes the need for
low-cost, eco-friendly materials with the potential for high-volume production.
There has been a pressing need for a transition from excessive consumption of
fossil-based resources to finding suitable renewable and bio-based alternatives. In
2022, Buropean plastic production amounted to 59 tonnes, 54 of which were
converted into plastic products and parts by European companies. Plastic packaging
constituted 39% of the converted plastic products. Bio-based plastics represent less

than 1% (0.4 tonnes) of the total European plastic production [3].

Cellulose from wood is of special interest to the Swedish forest industry [4], in
part because two thirds of Sweden is covered by forest (according to 2011 statistics)
[5]. With the pressing need for a transition from the excessive consumption of fossil-
based resources to suitable renewable and bio-based alternatives, cellulose could

provide a suitable alternative for the future.



One of the major limitations of thermoprocessing of native cellulose is that, upon
heating, it degrades before it significantly softens. To overcome this limitation,
native cellulose can be chemically modified, for example by partially modifying the
cellulose fibres to dialcohol cellulose (DALC) fibres. These fibres exhibit high
ductility and thermoplastic features [6-10]. Recent studies demonstrated that DALC
fibres can be melt-processed by twin-screw extrusion and subsequent injection
molding using only water as a plasticizer [11], eliminating the use of polymer
additives to preserve recyclability. but there is not yet a detailed mechanistic
understanding of how only the DALC fibres, but not unmodified fibres, can be

extruded by using water as a plasticizer.

With an effort to facilitate the upscaling of melt-processability using the least
amount of water, this thesis aims to explore the morphology and structural changes

of the partially modified DALC fibres in the presence and absence of water.
The thesis has the following scientific questions:

o What are structural changes with different degrees of modifications
(DOMs) of DALC at the Angstrom to nanometre to micrometre
scales?

o How does the drying history of the fibres alter the structure and
morphology of these modified DALC fibres?



2. Background

2.1 Cellulose in wood

Cellulose is a linear polymer containing repeating glucose units. These glucose
units are connected by B-1,4 glycosidic linkages. Depending on the source, the
degree of polymerisation of cellulose is ~14,000 in its native state and 2,500 after a
mild delignification [12, 13]. The linear structure of a cellulose chain consisting of a
reducing-end glucose that contains an anomeric cartbon (C1) and a non-reducing-
end glucose consisting of hydrogen and a hydroxy group on the C4 carbon is shown

in Figure 1.

CH H
I6° .
OH

Non-reducing end Repeating unit Reducing end

Figure 1. Cellulose polymer chain with glucose units linked by 3-(1,4) glycosidic linkages [14].

The cellulose chains organize themselves into nanofibrils that in turn arrange into
aggregates or bundles, with nanofibril diametres ranging of 3—-5 nm, depending on
the source [15-17]. The nanofibril bundles can be a few tens of nanometres
depending on the source of raw material, the pulping procedure and the drying
history [16, 18, 19]. Nanofibrils can be arranged in 3 X 3 nanofibril bundles as
exemplified in Figure 2. Note that 3 x 3 nanofibril bundles are considered for

illustration purposes only. In some cases, in the literature, these nanofibril bundles
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are depicted differently, e.g., by 4 x 4 nanofibrils [20-22]. Additionally, these
nanofibril bundles are alternatively denoted either as elementary fibril bundles

because they constitute the basic elementary structure or as “microfibril bundles”

20, 21, 23-28].

Cellulose fibers  Cross-section showing Cross-section showing Polymer of glucose residues
nanofibril bundles cellulose nanofibril linked B-(1—4) making a
(SAXS level) (WAXS level) cellulose

Figure 2. Representative schematics of the hierarchical structure of cellulose fibres down to the
molecular structure of the cellulose chain, which can be observed using different x-ray scattering

techniques [20, 21].

2.2 Chemical composition and hierarchical structure of cellulose in wood

The cell walls in wood are composed of several layers with different thicknesses
that depend on the plant growth cycle (late or early wood). The plant cell types, and
hence shape and cell thickness, are different for softwoods and hardwoods.
Scandinavian softwood fibres are 2—4 mm in length and roughly 30 um in width
[29]. Regardless of the origin of the fibre, some common hierarchical structures can
be recognized. The outer layer is the primary wall followed by the secondary wall.
The secondary wall consists of three layers: a thin outer layer S1, an inner layer S3,
and a thick middle layer S2 (schematically illustrated in Figure 3). These layers are
built up by nanofibrils and bundles of nanofibrils, between which lignin and
hemicelluloses are present. The nanofibrils wind around the fibre axis in either an S-
helix (counterclockwise) or a Z-helix (clockwise) [30]. The primary wall is very thin,
~0.1 um, and the nanofibrils are primarily randomly oriented [31]. The angles

formed by the nanofibrils in the S1, S2, and S3 layers with respect to the fibre axis
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are ~50-70° in the S1 layer, 5-10° for the latewood and ~20-30° for earlywood in
the S2 layer, and 50-90° in S3 layer [23]. The thickness of the S1 layer is 0.2—0.3 pm
and the nanofibrils form either a Z-helix or S-helix. The thickness of S2 is ~1 um in
earlywood and ~5 um in latewood. The S3 layer thickness is ~0.1 wm and consists
of several lamellae that contain nanofibrils in both Z-helices and S-helices, similar
to the S1 layer. The higher the nanofibril angles in the fibres of early wood, the
higher the strength in the direction they are aligned. The S2 layer is the thickest and
consists of about 50 times more material than the S1 and S3 layers and is arranged
in a helical structure [23-25, 31]. S2, being the thickest layer, is also the main
contributor to swelling and most other fibre properties. In particular, it has been
shown that the primary moisture-induced deformations and swelling occur in the S2

layer and the swelling takes place anisotropically in the transverse direction of the

tibre wall [32].

Fibre axis Lumen

Secondary cell wall
+— Inner layer (S3)

Secondary cell wall
—r— Middle layer (S2)

Secondary cell wall
=1 Outer layer (S1)

S iy ey

L Primary cell wall (P)

|

(w

Figure 3. Schematic illustration of the ultrastructure of cellulose fibres with different secondary

wall layers [23].

2.3 Polymorphic crystalline structure in cellulose

Cellulose is a polymorph that can assume different crystalline structures. The two
most common types of polymorphs are cellulose I and II, which are native and

regenerated cellulose, respectively. The naturally found cellulose I exist in two types,
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cellulose Toe and 1B [33, 34]. Cellulose Io with a triclinic crystalline structure is mostly
produced by algae and bacteria, while cellulose If with a monoclinic crystalline

structure is mostly produced by terrestrial plants [35, 36].

The hydrogen bonds between the glucose monomer units play a crucial role in
the cellulose structure. Hydrogen bonds are formed between hydroxy groups of
inter- and intrachain residues. Intrachain hydrogen bonds exist between (O3-H---
0O5) and (O2-H---O6) groups [37, 38]. Adjacent cellulose chains are linked together
by (O6-H---O3) hydrogen bonds that form a sheet-like structure [39, 40]. Additional
interactions, such as ionic interaction and van der Waal’s interactions, are needed to
create crystalline orders. For example, the planar structures in the nanofibrils are
held together by van der Waal’s interactions and contribute to forming the crystalline

structure [41].

2.4  Cellulosic fines

Fines are particles of a fibre suspension that can pass through holes of a certain
size. Official standards suggest separating fines from the long-fibre fraction with a
metal plate with round holes of 76 um diametre or with a 200-mesh screen [42, 43].
The fines fraction can include short fibres, fibre wall fragments, and cells of other
types depending on the kind of pulp [44, 45]. The two factors that distinguish fines
from dissolved or colloidal dispersed materials, which can also pass through the
screen, are: one, that fines are particles (i.e. retained on a filter paper [43]), and that
they are visible in a light microscope [46].

There are two types of fines: primary fines and secondary fines (see Figure 4).
Primary fines are those that arise during the original pulping process, i.e., mild
mechanical treatment, and appear to be mostly flake-like with rectangular fragments
of ray parenchyma cells. Secondary fines are created during additional treatment of
the fibres, such as during mechanical beating, and appear more fibrillar-like in

morphology [44, 47]. Chemical modification can also generate fines depending on



the intensity of modification of the fibre wall, which is discussed further in Chapter

Figure 4. Images of (a) primary fines, the flake-like fragments of fibres and fragments of fibres,

and (b) secondary fines which are mostly fibrillar material.

The mechanical properties of sheets of paper are affected by the presence of fines,
in which fines densify the fibre network [47, 48], thereby increasing the number of
inter-fibre bonds and the area in contact, which are the main factors affecting sheet
strength besides the strength of the individual fibres [49]. Both primary and
secondary fines improve the strength properties of paper. However, the effects are
more pronounced for secondary fines [50], which may be due to structural
differences. Depending on the nature of the fines, the relationship between the
presence of fines and the different strength properties of hand sheets or paper

mainly relies on the fines-fibre mixing ratio.

2.5 Dialcohol cellulose (DALC) fibres

To make dialcohol cellulose, cellulose is chemically modified by a two-step
modification of periodate oxidation followed by borohydride reduction. The
periodate oxidation, using sodium (meta) periodate (NalOy), is a selective oxidation
that cleaves the bond between two vicinal functional groups, such as 1,2-diols, 1,2-
amino alcohols, 1,2-hydroxy aldehydes, 1,2-ketones, and 1,2-amino aldehydes. In

cellulose and some polysaccharides, the periodate effectively cleaves the C2-C3 bond
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and forms a dialdehydes [51-55]. The partial chemical modification of solid cellulose
DALC is a heterogenous chemical modification, in which it has been suggested that
the DALC surrounds the crystalline core of cellulose, creating a core-shell model
structure at the nanofibril level [7]. However, an extensive reaction leading to
a higher degree of modification can reduce the crystalline regions of the cellulose
nanocrystals [56-58]. In some studies, the reactivity of the periodate oxidation of
cellulose is reported to be improved by ultrasound treatment [59], pulp size
reduction before oxidation [60], a high-temperature reaction, or the addition of salts
[61]. The aldehydes formed after periodate oxidation are further reduced to DALC
by sodium borohydride. During the reduction of dialdehyde cellulose, it has been
suggested that the depolymerisation of cellulose can be eliminated by controlling the

alkalinity [62].

2.6  Structure of cellulose using x-ray scattering techniques

X-ray scattering techniques, such as small-angle x-ray scattering (SAXS) and wide-
angle x-ray scattering (WAXS), were used to characterise the cellulose and DALC
tibres of different DOMs at nanometre and Angstrom scales. The degree of cellulose
crystallinity for DOMs in DALC has previously been studied using WAXS [6, 8, 63-
65]. In this thesis, we adopted this 18-chain model only for the purpose
of illustrating different planes. The cellulose unit cell with different planes, (200) in
pink, (1-10) in blue, and (110) in orange, were considered parallel to the chain, and
the (004) plane shown in black was perpendicular to the chain, as shown in the

schematic below (Figure 5).
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Figure 5. The different scattering planes of the cellulose nanofibrils [66].

The SAXS technique is suggested to show a peak corresponding to distance “d”,
between the nanofibrils or bundles of nanofibrils [67]. Pentilld et al. (2019) observed
that the d-spacing changed between the dry and wet states, and as well as for
different types of wood [67]. The SAXS curves have the shape of a shoulder in the
scattering vector q, that appear between 0.1 and 0.3 A", carrying information on the
lateral packing of the cellulose nanofibrils and nanofibril bundles [67, 68] (see Figure
2). Note that in the literature, these shoulders, which are transferred to clear peaks
in the Kratky plots have been referred to by different names, such as SAXS data
with q ranges [16] or inflection points [69]. In this thesis, we refer to the shoulder as
the SAXS peak. Such wet and dry cellulose nanofibril structures have been
extensively investigated and modelled in recent years [16, 20]. It is important to
remember that the aggregation of these nanofibril bundles may vary along the length
of the fibre, and SAXS measurements only provide the average distance and not the
distribution of distances. There is still a discussion around the meaning of d-spacing
in these SAXS measurements, where it can be: (i) the distance between the
nanofibrils or the bundle of nanofibrils [20], or (i) or size of the bundle of
nanofibrils [16], or it cannot be theoretically excluded that it might also correspond

to the size of the nanofibrils.



2.7 Morphology of cellulose fibres using microscopy techniques

The morphology and structures of cellulose fibres can influence the properties of
the final material. Therefore, a better understanding of the morphology of natural
or modified fibres is necessary for developing cellulose-based products. In this
thesis, optical microscopies (OM): polarisation microscopy (PM), Differential
interference contrast (DIC), and confocal laser scanning microscopy (CLSM)
techniques have been used to elucidate the morphology of cellulose and DALC
tibres at different DOMs.

2.7.1 Polarisation microscopy

Birefringence is the double refraction of light in a transparent and moleculatly
ordered material, which is manifested by the existence of orientation-dependent
differences in refractive index in an optically anisotropic material. To create a
birefringent image, the microscope must be equipped with both a polariser,
positioned in the light path before the specimen, and an analyser (a second polariser,
see Figure 6a), placed in the optical pathway between the objective lens and the
eyepiece. The refracted and split light is then recombined using constructive and
destructive interference by the analyser. This leads to the final generation of a high-

contrast image.

Figure 6. a) Schematic image of the setup of a polarised microscope; b) Schematic of birefringent

of polarised microscopy created from the elliptically polarised light.
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2.7.2 Differential interference contrast microscopy

DIC microscopy uses polarised light to convert phase delays into intensity
changes (contrast). The effect is called “differential” because the contrast is created
only in neighboring areas (e.g., at the interface of the fibre and the water in which it
is suspended) because structures with different refractive indices are contrasted
when in close contact with each other. The images produced using DIC microscopy
are called pseudo-3D images of the specimen because the 2D images created appear
as if they are illuminated from the side, while the opposite side remains dark.
However, there is no light coming from sideways, the specimen is always illuminated
by the light source. The light from the source is polarised by the polariser placed at
an angle of 45° and the analyzer is placed at 135°. The important component of the
DIC setup is a Nomarski prism. A Nomarski prism splits the polarised light ray in
the DIC setup into two parts: the e-rays and the o-rays with electric field vectors
oriented 90° with respect to each other. When polarised light travels through the
Nomarski prism (1), the light splits into e-rays and o-rays, travels through the
specimen and then encounters the Nomarski prism (2). The second Nomarski prism
combines the e-rays and o-rays into a single ray, which then passes through the
analyser and finally through the eyepiece, as shown in Figure. 7a. The image that is

obtained looks like a 3D image (see Figure. 7b).

. e .
@ e?\e b Bright
backoround

S
R

Pseudo 3D effect

Figure 7. a) Schematics of DIC microscopy setup; b) Pseudo-3D images of DIC

microscopy.
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2.7.3 Confocal laser scanning microscopy

Light microscopy passes the light from the light source through the sample as
uniformly as possible over the field of view. In the case of thicker samples, the
objective lens does not have sufficient focus depth. The out-of-focus light will make
the image more blurry, reducing the resolution. In ordinary fluorescence
microscopy, any dye molecules in the field of view will be excited, including those
in out-of-focus planes. In contrast, in confocal microscopy, only the dye molecules
in the focal plane will be excited, and a pinhole inside the optical pathway will reject

light that is out-of-focus to decrease the blur in the images.

The principle of confocal optics is as follows. A light beam from a laser source is
reflected by a dichroic mirror, passes through a lens (objective) and focuses on the
specimen. The chromophore in the specimen absorbs and emits light with a higher
wavelength than the excitation wavelength. The emitted light passes through the
same lens again but in the opposite direction. Because the emitted wavelength is
larger than the excitation beam, the emitted light is not reflected in the dichroic
mirror. Instead, it passes through the dichroic mirror and enters the photodetector.
Confocal microscopy has two focal points, one at the sample and the other at the
photodetector. Only the beams that are focused on the specimen form a second
focus at the photodetector and reach the detector (see Figure 8). This technique
allows for high-resolution imaging of thick specimens. Furthermore, by stacking
several images from different optical planes using a suitable microscopy
deconvolution software (z-stack), 3D structures can be analysed. It is also possible
to analyse multicolour fluorescence staining using several lasers and

emission/excitation filters.
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Figure 8. Schematic images showing a) in-focus and b) out-of-focus imaging in CLSM.
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3. Materials and methods

3.1 Materials — preparation of dialcohol cellulose

3.1.1 Materials

Bleached softwood kraft fibres were supplied by Stora Enso and were
mechanically beaten in a Voith mill at 160 kW h/tonne. Fines were removed by
tiltration. Sodium (meta)periodate was purchased from Sisco Research Laboratories,
(99%) and 2-propanol from Supelco® (=99.5%,). Sodium borohydride pellets were
purchased from Thermo Scientific (98%). Filter bags of analytical grade (size 2,
BPENG 200 um) were purchased from a Filter Specialists Incorporated (FSI) filter.
Other chemicals, such as sodium hydroxide, isopropanol, monobasic sodium

phosphate, and hydroxylamine hydrochloride, were all analytical grades.

3.1.2 Preparation of dialcohol cellulose fibres

Bleached kraft fibres were chemically modified, first by oxidation with sodium
(meta)periodate followed by reduction with sodium borohydride, partially
converting the glucose units in the cellulose to ring-opened units. The cellulose
sample, 39 kg of suspended pulp (4.5 wt% in deionized water), was heated to 4450
°C in a 50 L mechanically stirred reactor (Hastelloy, UNS NO06022) at RISE
Processum (Ornskoldsvik, Sweden). Upon reaching the set temperature, 2.5 L of 2-
propanol and 2.5 kg of sodium periodate were added. After oxidation for 45, 80, or
120 min, the reaction was stopped by thoroughly washing the samples in the filter

bags with deionized water.

The oxidation step was followed by converting the aldehydes into primary
alcohols, by resuspending the fibres in the 50 L. mechanically stirred reactor. A total
weight of 29.5 kg of the pulp suspension and 7.5 kg of ice were added. When the
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temperature dropped below 4 °C, 350 g of sodium borohydride dissolved in 1.65 kg
of deionized water was added for 3 min. After 1 h, the modified fibres were
thoroughly washed with deionized water in filter bags to stop the reaction. After the

oxidation and reduction modifications, the total gravimetric yields were 70, 40, and

30% for never-dried (ND) 26DOM, 44DOM, and 51DOM, respectively.

Specific amounts of the modified ND fibres were bench-dried (BD) at ambient
temperature for 23 days. For rewet (RW) samples, 90% water was added and left

to equilibrate for one day before any measurement.

The amount of aldehydes introduced in the oxidized cellulose was determined by
stoichiometric reaction with hydroxylamine hydrochloride [70]. The amount of
aldehyde concentration in the 26DOM, 44DOM, and 51DOM fibres was 3.1, 5.0,

and 5.8 mmol g of fibre, respectively.

The DOM was also measured using DNP-enhanced solid-state NMR
spectroscopy, using the methods described by Karlsson et al. [71]. NMR
experiments were performed on a Bruker 400 MHz DNP-spectrometer equipped
with a 263 GHz gyrotron as a microwave source. DALC fibre samples were
wetted/swelled in 12 mM AMUPol radical solution, consisting of DMSO:D2O:H>O
in volumetric proportions of 6:3:1. 13C Multiple-contact cross-polarisation
experiments were then performed with eight repetitions of the cross-polarisation
step. The DOM was calculated from the increase in signal in the 56.4-69.4 ppm

region.
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3.2 Methods of characterisation

3.21 Fibre size analysis

3.2.1.1 Gravimetric determination of fines

The amount of “fines” in unmodified fibres and modified DALC fibres with three
different DOM was determined using a Britt dynamic drainage jar (BDDJ) equipped
with a screen with 76 um diameter circular holes (Paper Research Materials, Seattle
WA, USA). The starting materials (0.5 g initial dry mass) were suspended in 1.5 L of
water. The fines were removed by continuous stirring (800 rpm). The impeller was
adjusted to direct the pressure towards the screen, causing a flow that effectively

prevented the sedimentation of fibres during the screening (see Figure 9).

Figure 9. Illustration of fibre suspension when an impeller is used for gentle stirring during
filtration.

After the screening, the fibres fraction (retentate) was separated from the fines
fraction (filtrate). The obtained fibre fractions were oven-dried and weighed using
pre-weighed filter papers. Because vacuum filtration of fines is tedious, the mass of
fines was calculated as the original mass of the sample minus the mass of the
retentate. Henceforth, this study will call these fine fractions "filtrates". This filtrate
contains fragments of fibres, dispersed nanofibrils, and soluble components of

DALC. Figure 4 shows some of the fragments of fibres from the filtrate images
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under an optical microscope. All the prepared modified fibre samples and the
control unmodified fibre samples were measured twice with two sample sets. The
retentate for different DOMs was then bench-dried and labelled as BDXDOM-f
where X denotes the DOM and “-f” denotes the fibre samples that was washed

using the BDDJ process and then bench-dried.

3.21.2 Automated optical fibre analysis

A Kajaani FS300 (Metso Automation, Finland) was used to assess fibre properties
such as numerical average fibre length, width, and kinks, etc. (according to Tappi
T271). The instrument was calibrated before use by running a sample of synthetic
(rayon) calibration fibres. Fibre length determinations were achieved with the optics
system with a polariser adjusted to the 0—7.0 mm measuring range. Metso
Automation software at Kajaani measured never-dried fibre samples by using the

Kajaani Fibre Lab from screened pulps.

3.2.2 Analysis of water content in the fibres

3.2.2.1 Water retention value — quantitative

A mini water retention value method (WRV)

method was used to determine the fibre swelling

-, Fibres with
propensity gravimetrically, using a standard retentate water

condition of centrifugal force of 3000 £ 50g (g is —~ Test pad

gravitational — acceleration). A UFC40SV25

> Excess water

£ 4

Ultrafree®-CL Centrifugal Filter of size from
Figure 10. Illustration of the fibre
Sigma-Aldrich was used. A test pad of fibre with

after centrifugation on a test pad

a dry mass of 0.05 g was centrifuged for 30 min.
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These centrifuged test pads were weighed, oven-dried at 105 °C overnight, and then
weighed again. The results are presented as g waer/ g sibres Of dty fibres (see Figure. 10).
The test pad was used with the centrifuge maintaining a working temperature of 23
+ 3 °C. The centrifuge was equipped with a timer and an electric brake. WRYV is a
simple and faster technique to estimate the swelling propensity of the fibre. To be
able to measure the degree of swelling on the DALC fibres to improve the accuracy
of swelling propensity, it is important to remove fines present in the modified fibre
suspension in a BDDJ. All the prepared modified fibre samples and the control

unmoditied fibre samples were measured as duplicates.

3.2.2.2 Optical microscopy and image analysis - qualitative

Optical microscopy images were taken using a ZEISS Microscope (Oberkochen,
Germany) in reflected light mode using cross-polarised light mode with an exposure
time of 300-330 ms. In DIC mode an exposure time of 500 ms was used. To image
wet and swollen fibres, a straightforward setup was employed using a glass slide (76
mm X 26 mm X 1 mm, VWR microscope slides, with cut edges frosted) and a cover
slip (60 mm x 26 mm, Menzel-Glazer, Charleston Scientific, Singapore), in which
the edges of the coverslip were sealed using nail polish to avoid drying during
imaging. All the imaging was done on the fibres suspended in excess water. Image]
software (Maryland, USA) was used to manually measure the width of the water-

swollen cellulose fibres.

3.2.2.3 Confocal laser scanning microscopy - qualitative

A Leica SP2 confocal laser scanning microscope (Leica Microsystems GmbH,
Wetzlar, Germany) equipped with a 20x water immersion objective (Numerical

Aperture = 0.5) was used for imaging with either 1 or 2x electronic magnification,

with the following settings:
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DIC = 1920 x 1200 pixels format was applied, yielding a pixel size of
0.386um/px,

Confocal = 512 x 512 pixels, yielding a pixel size of 1.239 um/px, and an image

acquisition rate of two images per second.

The pinhole size was kept at 1 Airy Unit with a zoom factor of 4 for all
experiments. The laser was a 100 mW argon laser, operating at a power level of 25%.
Calcofluor white and fluorescein isothiocyanate (FITC) dextran with a molecular
weight of 10 kDa were used for fluorescence imaging. Excitation was performed at
350 nm and emission was collected at 432 nm for Calcofluor. For FITC dextran,
excitation was performed at 490 nm, and emission was collected at 520 nm. The
FITC-labelled dextran was added to the sample suspension and left to defuse
overnight while calcofluor white was added right before imaging. Three

representative videos for each fibre sample were taken for analysis.

3.2.2 X-ray scattering techniques

The x-ray scatting experiments were done using Mat: Nordic
(SAXSLAB/Xenocs) with a continuously variable sample-to-detector distance. This
made it possible to measure extended SAXS (ESAXS), SAXS, middle angle x-ray
scattering  (MAXS), WAXS, and extended WAXS (EWAXS) over a g-range
0.003-2.5 A™.

The xc-ray sonrce: A Rigaku 003+ high brilliance microfocus Cu-K radiation source
(1.5406 A) was used with Pilatus 300K and Pilatus 100K WAXS detectors.

Sample-detector distances for the different techniques: The major difference between the
ESAXS, SAXS, MAXS, and WAXS is the sample-to-detector distance. The samples
were mounted at ~1534 mm, ~1084 mm, ~484 mm, and ~134 mm for ESAXS,
SAXS, MAXS, and WAXS measurements, respectively. The sample-detector

distance was further reduced <~25 mm for EWAXS measurement to achieve q
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values of up to 3 A, covering where the water peak begins (from q = 2 A™Y). This

was accomplished by attaching a 3D-printed extender piece to the sample mount.

Beam sizes for the different techniques: The beam sizes were adjusted to a diametre of
0.2 mm, 0.3 mm, 0.4 mm, 0.9 mm, and >0.9 mm for ESAXS, SAXS, MAXS, WAXS,
and EWAXS measurements, respectively. All measurements were performed at a

sample temperature of 25 °C with a beam path pressure of 1-2 mbar.

Sample preparation: The instrument operates under a vacuum, in which samples are
mounted in a hermetically sealed compartment. To be able to measure the scattering
of wet fibres, sandwich cell holders with Kapton tape windows were used. The

bench-dried samples were directly taped on the sample mount.

Beam: time: The dried samples were exposed for 60 min in all the measurements to
get a good signal-to-noise ratio, whereas the never-dried and rewetted samples were
exposed to 90 min because they contained water, which absorbed significant
amounts of x-rays. The bench-top scattering equipment did not cause any beam time
exposure. The acceleration of photons was 24.6, 13.9, 2.0, and 1.0 m/s* for WAXS,
MAXS, SAXS, and ESAXS, respectively. The background scattering of Kapton and
water was also measured using the same exposure time as the samples. The water

scattering was measured in a capillary tube filled with water.

The absolute intensity of the measured scattering pattern was estimated by
comparison with the direct beam intensity for both SAXS and WAXS. Data
reduction was done with SAXSGUI software (version 2.27.03). The thickness
correction and subtraction of the backgrounds were done using the Origin software
program. The data was visualized as SAXS curves showing intensity on the y-axis
and q from0.002 A to 0.7 A! on the x-axis. For WAXS curves, the y-axis was the

intensity, and the x-axis was q from 0.3 A1 to 3 A",

Data treatment: In both SAXS and WAXS the direct beam intensity was measured

to determine the absolute intensity of the measured scattering pattern. Data

reduction was done with SAXSGUI software (version 2.27.03). The thickness
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correction and subtraction of the background (such as Kapton, and water) were
done using the Origin software program. The background subtraction was carried
out by subtracting the measured empty Kapton window. To subtract the water peaks
from the scattered fibre curves, the scattering data of the empty capillary tube was
first subtracted. This gave true water scattering data which was later subtracted from
the sample data. All the prepared modified fibre samples and the control unmodified
tibre samples were measured twice with two sample sets and the x-ray scattering

results are the averages of the two measurement sets.
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4. Results and Discussion

4.1 Assessment of fines and degree of modification for partially

modified DALC

The results showed a similar degree of oxidation (DO) with the titration values as
the NMR-determined DOM values (see Table 1). The titration method determined
the number of aldehydes present in the sample after periodate oxidation, which later
were reduced by sodium borohydride into alcohol groups. As the reduction step
should only reduce the already oxidized regions of the glucose units in cellulose
chains, the degree of oxidation was assumed to be the DOM as long as there were
not any major losses of mass. The NMR measurement results for the sample with

the filtrate and the DO from the titration appear to corroborate with each other.

The never-dried DALC fibres were filtered using a BDD]J to assess the weight
fraction of filtrate that passed through the sieve (openings of 76 um). The filtrate
content for different samples is given in Table 1. As shown in Table 1, the dry mass
of the filtrate for ND26DOM was less than 10%, while for ND44DOM and
ND51DOM, it was ~30%. The ND44DOM and ND51DOM samples with the
lowest yield gave the lowest retentate fraction. This filtered fraction could arise due
to modification. The filtrate fraction for the modified DALC samples was not
characterised but likely contained parts of smaller fibre fragments, including partially

dispersed nanofibrils, and soluble components of DALC.

The DNP-NMR was further done on bench-dried retentate from the BDD].
Table 1 shows that DNP-NMR determined DOM was lower for the samples when
the filtrate was removed using the BDDJ, indicating that the filtrate had a higher
DOM. The fact that the DOMs differ between the NMR values with and without

filtrate suggests that there could be a predominant loss of modified material (as
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filtrate) from the BDD]J washing, i.e., the removed material has a higher DOM. One
reason the filtrate material was not washed away during the production step could
be due to inefficient washing, or because the subsequent drying of ND to BD fibres,
rewetting, and stirring of the fibres during the BDD]J fractionation damaged the
tibres, facilitating the leaking out of materials. After the reduction step, the fibres
were washed with high consistency which was enough to remove the chemicals, but

maybe not sufficient to remove the fine materials.

The DOM of the solids in the filtrate was back calculated from the fractions sizes
and the DOMs determined by NMR (of the starting material and the material
without fines). The calculated DOM of the filtrate was larger for all the modified
samples. This showed that the washed filtrate carried substantial amounts of
modified material. The calculated value for 260DOM was >100%, which shows that
there was some uncertainty in the measurements. The reason for the higher DOMs

tor the filtrates could be due to insufficient washing, i.e., removal of matter in the

BDD].

Table 1. Filtrate content and the degree of modification of the fibres used in this study.

DOM Filtrate DO using DOM using DOM using Calculated
(%) Titration NMR NMR DOM of
(%) before BDD]  after BDDJ filtrate
%) %) %)
NDODOM 1.4 NA NA NA NA
ND26DOM 50%1.3 26 24 18 138™
ND44DOM 337+ 1.5 44 42 35 56
ND51DOM  26.7 £ 3.0 51 51 45 67

* Only one measurement was made for this sample. **This value is unrealistic because it is above 100%.

The filtrate % values are given with etrot, calculated as (max-min)/2.

All the benched dried samples, with and without fines (i.e., BDD]J treated and
non-treated), were assessed for the DOM using DNP-enhanced solid-state NMR

spectroscopy.
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4.2 Swelling propensity of DALC with different degrees of

modification at different length scales

4.2.1 Influence of modification on the structure of fibre at the nanoscale

4.21.1 WAXS studies of DALC fibres with different DOMs and sample

treatments

The WAXS measurements were made on bench-dried samples of different
DOMs before and after the BDD] washing to compare the differences in the
cellulose chains in the crystalline areas of the modified fibres, labelled “BDXDOM-
£, where -f denotes the absence of fines. The increase in DOM decreases the
scattering intensity for the bench-dried samples as shown in Figure 11, in which the
WAXS curves plotted in dash lines are the retentate fibres showing higher scattering
intensity due to lower DOM. The dotted lines in the graph corresponded to different
planes in the fibres. Similar curves were shown in the literature, and it was interpreted
that the higher the DALC modification was, the lesser was the ordering of the
polymer chains [8, 63]. Furthermore, the WAXS data (Figure 11) indicated that the
retentate samples exhibited higher peaks. These higher peaks for the samples after
BDD]J washing (retentate) also corroborated with the lower DOM from the NMR
measurements. The inter-planar spacings for the considered four crystallographic
planes (1-10), (110), and (200) parallel to the chain, and (004) perpendicular to the
chain, were the same for all DOMs and correspond to 0.6 nm, 0.5 nm, 0.4 nm, and
0.3 nm, respectively. This calculated inter-planar spacing was in accordance with a

recent study by Hans e7 a/. [60].
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Figure 11. WAXS intensity as a function of q for the fibres of different DOM before and after
washing. The dashed coloured lines are the washed fibres, while the solid coloured lines are the

fibres containing fines and fragments before washing.

In Figure 12, it can be observed from the WAXS curve for the wet samples that
for both the never-dried and rewetted samples, for the different DOM (at the same
total mass of the dry sample) there was no shift in peaks observed in the wet samples,
which indicated that the water did not destroy the core crystallinity of the cellulose.
To further elucidate the fibre peaks, the water peaks were subtracted from the never-

dried and rewetted fibre samples.
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Figure 12. WAXS plot for a) the never-dried samples; b) the water-subtracted curves of never-
dried samples, c) the rewetted samples, and; d) the water-subtracted curves of the rewetted

samples.

4.2.1.2 SAXS studies of DALC fibres with different DOM

SAXS measurements were done on fibres with different DOMs with different
conditions (never-dried, bench-dried, and rewetted) to compare the difference in the
nano-swelling of the nanofibril bundles. As shown in Figure 13, for all the sample
conditions (never-dried, bench-dried, and rewetted) the SAXS peaks became
broader and moved towards the lower q values as the DOM increased. This could
be interpreted as an increase in the distances between the nanofibrils and the
nanofibril bundles with increasing DOMs, or as an increase in dimensions of the
nanofibrils and nanofibril bundles with increasing DOMs. Both options would lead

to swelling at the nano-level, hereafter referred to as “nano-swelling”. The intensity
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in SAXS curves for the wet samples, never-dried and rewetted, at q = 0.05, is about
40 times larger than the bench-dried curves in Figure 13. According to Penttild et al.
(2021), “the increased scattering observed in dry fibres is due to SAXS detecting a
signal primarily from crystalline cellulose microfibrils embedded within a continuous
water matrix, along with contributions from less-ordered polysaccharides and lignin.
When the sample dries, the contrast conditions alter, making scattering from the
surfaces of air-filled pores more pronounced, especially at lower scattering angles”
[72]. However, the observations of increased scattering intensities at the SAXS peak

tor the wet fibres compared to dry fibres are still not clear.

Furthermore, the SAXS curves from the lower q region can be correlated to the
power-law exponents which are dependent on the physical characteristics of the
sample [73]. The slopes were less steep for never-dried and rewetted samples than
the bench-dried ones. Furthermore, the slope decreased with increasing DOM for
all the sample conditions. Such a change in the slope may indicate the change from
dense aggregates of the swollen chains to a low-density, loosely packed aggregate of

rod-like structures[74-70].

The swelling of nanofibril bundles or nanofibrils or the distance between the
nanofibril bundles or nanofibrils for different DOMs for the never-dried, bench-
dried, and rewetted conditions is often better estimated using Kratky plots (i.e., Ig?
as a function of q). The nano-swelling for different DOMs of cellulose into DALC
for the never-dried, bench-dried, and rewetted conditions was estimated using the
Kratky plot shown in Table 2. The graphs of the estimated “nano-swelling” and the
Kratky plots are given in the Supplementary Information of Manuscript 1. The
SAXS peaks varied for bench-dried fibres from ~5 nm for BDODOM to 11 nm for
BD51DOM and never-dried fibres, it varied from ~11 nm for NDODOM to ~21
nm for ND51DOM. For never-dried and rewetted samples fibres, i.e. wet fibres, the
region in between the nanofibril bundles may have the possibility to accommodate
water as the surface polymers from the nanofibrils are more loosely attached and

hydrated, thereby causing an increase in the average nano-swelling from ~11 nm for

28



the NDODOM to 14 nm, 17 nm, and 21 nm, for the ND26DOM, ND44DOM and
ND51DOM, respectively.

Additionally, the observed decrease in the nano-swelling between the

corresponding never-dried and rewetted samples could be due to hornification of

nanofibrils and nanofibril bundles inside the fibre wall. Instrumental error bars (dI)

are also plotted here by the 70% transparency markers in the same colour for all the

curves.
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Figure 13. SAXS curves showing the scattering intensity vs q for a) ND samples, b) BD

samples, and ¢) RW samples. Error bars for the experimental intensity are plotted. In most

cases, error bars are covered by the markers. (d) Bar plot showing the average nano-swelling

for ND, BD and RW samples for 0DOM, 26DOM, 44DOM and 51DOM. The measurements

were made twice with two sample sets and the mean distance values are given with the error,

calculated as (max-min)/2, obtained from two independent measurements.
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Table 2. The nano-swelling for different degrees of modification of cellulose into

dialcohol cellulose for the never-dried, bench-dried, and rewetted conditions was

estimated using the Kratky plot.

| Sample NDODOM ND26DOM ND44DOM ND51DOM
Peak centre in Kratky plot 0.060 | 0.060 0043 | 0051 | 0035 [ 0039 | 0029 | 0.030
d = 2n/q (hm) 10.5 10.5 14.6 12.3 17.9 16.1 21.7 20.9
average 10.5 (0.00) 13.5 (1.1) 17.0 (0.9) 21.3 (0.4)
| Sample | BDODOM | BD26DOM | BD44DOM | BD5IDOM |
Peak centre in Kratky plot 0179 | 0.094 | 0.119 008 | 0056 | 0.061 | 0.051 | 0.069
d = 2n/q (hm) 35 6.7 53 7.8 11.2 10.3 123 | 9.1
average 5.1 (1.6) 6.6 (1.3) 10.7 (0.5) 10.7 (1.6)
| Sample |  RWODOM | RW26DOM | RW44DOM [ RW5IDOM |
Peak centre in Kratky plot 0.075 | 0.067 | 0048 | 0060 | 0039 | 0038 | 0038 | 0.036
d = 2n/q (hm) 8.4 9.4 13.1 10.5 16.1 16.5 165 | 174
average 8.8 (0.5) 11.8 (1.3) 16.3 (0.2) 17.0 (0.5)

*The measurements were made twice with two sample sets and the mean distance values are given with error,

calculated as (max-min)/2.

4.2.2 Swelling propensity at the microscale for different degrees of

modification

4.2.21 Water retention value for the different DALC samples

The water retention value (WRV) was used to quantify the ability of the modified
cellulose samples to hold water in the fibre network and in the single fibre. The
measurements were made after the removal of fines from the samples. The WRV
value for the NDODOM and ND26DOM fibres were measured to be 1.7 and 3.4
Gwater/ Zhibre, tespectively, which were close to the value obtained by Sjéstedt e# al. of
~3.5 g/g for 24% DALC fibres [51]. The WRYV increased with increasing DOM
(Figure 14); for the higher DOM of 44 and 51%, the WRYV increased to 4.9 guarer/ Gibre
and 0.3 Guater/ Efibre, respectively.
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Figure 14. WRYV as a function of the degree of modification (DOM) of the dialcohol cellulose
(DALC) fibres.

The WRV depends on, for example, the type of fibre, fibre size, mechanical
properties, and the presence of fragments of fibres or dissolved materials [77],
commonly referred to as fines. This may indicate that the swelling propensity of the

modified fibres increases with increasing DOM.

4.2.2.2 Optical Microscopy

Light microscopy was used to image the never-dried fibres to understand the
morphological changes in the modified fibres and compare them with the
unmodified fibre. DIC and polarisation modes of microscopy were used to
complement each other for a better understanding of fibre morphology. The
advantage of the DIC mode is that it gives a pseudo-3D effect of the fibres from the

2D microscopy images. Hence, it is possible to perceive more easily the
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morphological changes of fibre, such as swelling, fibre damage, external fibre
tibrillation, and orientation of different regions of the fibre wall. In comparison, the
polarisation mode, on the other hand, is sensitive only to optically anisotropic fibre

structures, indicating fibre ordering and the orientation of nanofibrils.

Figure 15 shows the comparison of fibre morphology observed by DIC and
polarisation mode imaging. The images in the first column and the second column
are all DIC and polarised images, respectively, in the same field of view. The top
row images show NDODOM fibres, exhibiting some kinks and curls (Figures 15a,
and b). The ND26DOM images display a mild periodic bulging, but not full-scale
ballooning, along the fibres (Figures 15c, and d). The tendency of a significant
heterogeneously swollen fibre wall is more pronounced for ND44DOM, in which
ballooning is readily visible, with the characteristic balloon-collar-like structures
(Figure 15e, and f). The ND51DOM images appear to show the most extensive
swelling and ballooning (Figure 15¢, and h). It can also be seen that the cellulosic
material within the balloons of the modified fibres became more transparent. This
is presumably due to the dramatic swelling of the fibre, which causes minimal

differences in refractive indices between the inside and outside environment of the

balloons [78].
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Figure 15. The same field of view was imaged with two different modes: DIC and polarisation.
(a), (b) NDODOM,; (c), (d) ND26DOM; (e), (f) ND44DOM; (g), (h) ND51DOM in DIC and

polarisation mode, respectively. All the images are representative of fibre samples.
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A closer observation of these swollen fibres indicates an evolution of balloon-
collar swelling. The heterogeneous chemical modification leads to heterogeneous
fibre swelling in two ways: one, the heterogeneity in swelling along the fibre length
(causing balloon-collar structure), and two, the heterogeneity in swelling among

different fibres in the same DOM sample.

Furthermore, a clear mild bulging along the fibre wall of the DALC fibres was
observed in a substantial population of the ND26DOM fibres, which marks the
beginning of the ballooning phenomenon. It was also observed that a substantial
number of fibres with uniform swelling along the fibre length (homogenously
swollen fibres) was present alongside the highly swollen ballon-collared fibres in the
ND51DOM fibres. These substantial fibre populations with homogenous swelling
can indicate that the lateral swelling with balloon-collar morphology would not
continue infinitely by increasing DOM. This can be verified from the image shown
in a recent work, with partially modified DALC fibres of 55% DOM from a similar
source (softwood kraft fibre), predominantly being homogeneously swollen with a

few balloons [79].

Figure 16a shows a DIC image of the balloon-collar ND51DOM fibre, which has
been previously discussed in detail eatlier. Figures 16b,c,d shows DIC images of the
homogenously swollen fibres of ND51DOM. The mechanism behind homogenous
swelling could be that the larger balloons expand at the collar region, resulting in
swelling of the collar region, thus merging two nearby balloons into one. When this
happens all along the fibre length, it results in a homogenously swollen fibre. Figure
16 b-d shows a homogenously swollen fibre. A helical winding in the middle of the
tibres can be observed. Additionally, Figure 16¢,d shows a clear crumbling inside of
the swollen fibre wall (marked in red circles). Such a helical winding in the middle
of the swollen fibre was previously observed by Sim ¢7 a/., and was suggested to be
the S3 layer [78]. Sim ez a/. have previously discussed in great detail the swelling of

carboxymethylated and periodate—chlorite oxidized fibres, which results in a small
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decrease in the fibre length. They suggest that this decrease induces a crumpling of

the S3 layer, which generates a void between the S2 and S3 layers.

Figure 16. Swelling of ND51DOM fibres. (a) Heterogenous swelling. (b), (c), and (d)
Homogenous swelling. All the fibres shown in the images are in DIC mode at 500x magnification.
The crumbling inside the swollen fibre wall is marked in red circles. Scale bar = 20 pm.

When the fibres are immersed in water, the water can be retained in different
locations, such as between the fibre network, in the lumen of fibres, and in the pores
inside the fibre wall. When a native fibre swells, the fibre wall expands inwards,
towards the lumen region [80]. However, the DALC fibres seem to swell differently.
It is therefore of interest to understand the condition of the lumen region in these
swollen DALC fibres. Using DIC and polarised images, it is not possible to visualise
the lumen region inside the fibre wall. Hence, CLSM with fluorescent labelling was

used, as it would be an ideal choice to understand these intricate details inside the
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swollen fibre wall. The dual labelled fibres were imaged using CLSM along the z-
direction through fibre width. The green colour in the images indicates the FITC
dextran and the blue colour indicates the fibres. By this approach, it is possible to

record the condition inside the fibre wall of these ballooned fibres.

Figure 17 shows the comparison of fibre morphology observed by DIC and
CLSM imaging in the same field of view. The images in the first column are all DIC
images and the second and third columns are all the CLSM images and CLSM of 3D
z-scanned fibres of NDODOM, ND26DOM, ND44DOM, and ND51DOM,
respectively. In Figures 17b,c, the z-scanning through the NDODOM fibre does not
clearly show the FITC- dextran inside the lumen (lack of green colour). The presence
of water is not quite evident in the lumen region of the swollen NDODOM fibre.
However, modification-induced ballooned fibres show a clear presence of FITC-
dextran inside the lumen. Additionally, the presence of this phase increases with the
increase in ballooning. This is evident in Figures 17e,h,k, in which a gradual increase

in the FITC-dextran can be observed.

The ballooning scenario has been proposed and discussed in detail in previous
works using a model that suggests the arrangements of the different secondary wall
layers in the ballooned fibres [78], Our experimental results using dual-colour
labelling in CLSM imaging have, for the first time revealed the expansion of the
lumen region due to ballooning of the swollen fibres. By identitying the FITC-
dextran at the center of the ballooned fibres, it is possible to indirectly show the
expansion of the lumen. The expansion of the lumen can be caused by the
substantial amount of nanofibrils from the S1 layer being rolled to make the collar
region. As a result, there may not be enough of the S1 layer remaining across the
balloons to resist the lateral swelling. This in turn may lead to the inner fibre wall

layers (S2, and S3) being pushed outwards, enlarging the lumen.
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Figure 17. (a, d, g, j) DIC images of NDODOM, ND26DOM, ND44DOM, and ND51DOM,
respectively. (b, e, h, k) CLSM images of dual fluorescently labelled fibres of NDODOM,
ND26DOM, ND44DOM, and ND51DOM, respectively. Calcofluor - blue, FITC dextran - green.
(c, f, i, ) CLSM of 3D z-scanned fibres of NDODOM, ND26DOM, ND44DOM, and

ND51DOM, respectively. All the images in each row are in the same field of view for easy

comparison. Scale bar = 100 um.
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4.3 Correlation of swelling propensity between the nanometre

scale and the micrometre scale.

The swelling propensities of the fibres were estimated using the WRYV (explained
in Section 4.2.2.1). It is a simple and indirect method that can be correlated to the
swelling of fibres, assuming that no water has been retained by the networks and
that the centrifugation has extracted pore water from the fibres. The swelling
propensity of the fibres estimated from the WRYV corroborates with the measured
width of the swollen fibres from DIC images and the average nano-swelling values

trom the SAXS measurements. (see Figure 18a).
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Figure 18. a) The change in WRV, measured fibre width, and the swelling from SAXS
measurements as the DOM increases. b) The WRYV versus swelling from SAXS measurements.
Interestingly, the swelling propensity of the fibre wall at the fibre level seems to
have a linear correlation with the swelling observed from the SAXS measurements.
This shows that the chemical modification of cellulose fibres to DALC fibres at the

molecular level affects the morphology and structure at multiple length scales.
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5. Conclusion

The overarching aim of this thesis has been to understand the swelling behaviour
of partially modified DALC fibres with different DOMs and at different length

scales, from nano to micro, using an assortment of characterisation techniques.

SAXS studies show that partial modification of never-dried DALC samples have
nano-swelling with increasing DOM. Bench drying followed by rewetting of the
tibres in water showed a similar increase in nano-swelling with increased DOM. This
shows that the nanofibril bundles in the fibre wall are systematically loosened up by
chemical modification, which can further enable the lignocellulosic material to be
processed easily. Furthermore, a sign of hornification is observed from the decrease
in nano-swelling of the never-dried and rewetted samples for the same DOM. The
modification alters the core crystallinity of the cellulose, starting from the surface of
the nanofibrils. This indicates an increased penetration of water in the disordered
regions (shell region), which may be advantageous for material processing

applications.

The microscopy studies provide a clear indication that when the softwood kraft
fibres undergo partial heterogenous DALC modification, it may require ~25%
DOM to observe a mild ballooning in a substantial population of the swollen fibres,
and ~50% DOM constitutes a substantial amount of homogenously swollen fibres
alongside the heterogeneous balloon-collar swelling. Using dual fluorescent
labelling, the condition of the lumen in the ballooned fibres can be studied.
Furthermore, bench drying followed by rewetting in deionised water showed a
similar increase in swelling compared to the never-dried fibres with an increase in
DOM. Interestingly, the swelling propensity as measured with the water retention
values and the nano-swelling estimated from the SAXS peaks correlated linearly with
each other (R* > 0.99), indicating that the SAXS peak correlates to the microscopic

swelling of the fibre wall. Engel et al. (2025) recently demonstrated that DALC
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fibres can be processed using water as a plasticizer, presenting a promising
advancement for material processing applications [11]. This study may provide
valuable insights into the mechanisms enabling water to function effectively as a

plasticizer in this context.
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