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Abstract

Lignocellulosic biomass, particularly wood-derived cellulose, offers an
abundant and renewable resource for producing advanced bio-based materials.
This thesis explores the development and application of lignin-rich
microfibrillated cellulose (LMFC) films produced from high-kappa number
kraft pulp, highlighting their potential as sustainable alternatives to
petrochemical-based materials. The research focuses on understanding the
influence of residual lignin and raw fiber characteristics on the properties of
LMFC films. The effects of drying conditions on the physicochemical and
mechanical properties of these films were also investigated.

The study demonstrates that residual lignin enhances the thermal stability
and hydrophobicity of the films while also improving their mechanical
properties under optimized processing conditions. Furthermore, hardwood and
softwood pulps exhibit distinct fibrillation behaviors, with softwood-derived
LMFC films showing superior tensile strength due to the formation of more fiber
joints within the fiber networks. The exceptional mechanical performance of
LMFC films, comparable to chemically modified cellulose nanofibers,
demonstrates their potential for industrial applications. These lignin-rich films
show promise in high-value fields such as battery, organic dye adsorption, and
proton exchange application. Notably, LMFC films are ideal candidates as
separators in aqueous zinc-ion batteries, where their enhanced wet tensile
strength, superior electrolyte uptake, and good ionic conductivity enable stable
cycling performance. Additionally, the films' enhanced affinity for cationic
organic dyes positions them as effective and eco-friendly adsorbents for water
treatment. The findings of this thesis contribute to the sustainable development
of bio-based cellulose materials by optimizing lignocellulosic resources for a
wide range of applications.

Keywords
Lignin-rich cellulose, microfibrillated cellulose, cellulose film, drying, bio-based
materials, separator, dye adsorption, proton exchange.



Sammanfattning

Biomassa fran lignocellulosa, sérskilt cellulosa fran trd, utgor en rikligt
forekommande och férnybar resurs for produktion av avancerade biobaserade
material. Denna avhandling undersoker utvecklingen och tillimpningen av
ligninrik mikrofibrillerad cellulosa (LMFC)-filmer, framstéllda av hog-kappa
sulfatmassa, och belyser dess potential som héllbart alternativ till petrokemiskt
baserade material. Forskningen fokuserar pa att forstd hur restlignin och
réfiberkarakteristika paverkar egenskaperna hos LMFC-filmer. Effekterna av
torkningsforhallanden pa de fysikalisk-kemiska och mekaniska egenskaperna
hos dessa filmer undersoktes ocksa.

Studien visar att restlignin Okar den termiska stabiliteten och
hydrofobiciteten hos filmerna samt forbattrar deras mekaniska egenskaper
under optimerade bearbetningsforhdllanden. Vidare uppvisar lovtrd- och
barrtramassor olika fibrilleringsbeteenden, dar LMFC-filmer framstillda fran
barrtrd visar Overldgsen draghéllfasthet pd grund av bildningen av fler
fiberforbindelser inom fibernitverket. Den exceptionella mekaniska prestandan
hos LMFC-filmer, jamforbar med kemiskt modifierade cellulosananofibrer,
visar deras potential for industriella tillampningar. Dessa ligninrika filmer har
lovande anvindningsomraden inom hogvéardesfilt som batterier, organisk
fargadsorption och protonutbytande tillimpningar. Sarskilt LMFC-filmer ar
idealiska kandidater som separatorer i vattenbaserade zink-jonbatterier, dir
deras forbattrade vatstryka, Overldgsna elektrolytupptag och goda
jonledningsformaga mojliggér stabil cyklingsprestanda. Dessutom ger
filmernas 6kade affinitet for katjoniska organiska fargdmnen dem till effektiva
och miljévanliga adsorbenter for vattenrening. Resultaten i denna avhandling
bidrar till hallbar utveckling av biobaserade cellulosamaterial genom
optimering av lignocellulosaresurser for ett brett spektrum av tillimpningar.

Nyckelord
Ligninrik cellulosa, mikrofibrillerad cellulosa, cellulosafilm, torkning,
biobaserade material, separator, firgadsorption, protonutbyte.
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Introduction

The excessive use of fossil fuels has led to numerous environmental and health
problems. Burning fossil fuels releases large quantities of carbon dioxide and
other greenhouse gases into the atmosphere, contributing significantly to global
warming and climate change!2. This results in more frequent and severe
weather events, rising sea levels, and disruptions to ecosystems. To address
these concerns and the diminishing supply of petrochemical resources,
converting abundant lignocellulosic biomass into green energy, chemicals, and
materials has become a highly attractive area of research34. Lignocellulosic
biomass, which makes up about 90% of the Earth's fixed energy content, offers
a substantial resource for biomass conversion and utilization to replace plastic-
based products®9. This shift can help reduce environmental pollution and lower
the carbon footprint.

1.1 Wood structures and compositions

Wood is a complex lignocellulosic material with a hierarchical structure, ranging
from the macroscale of wood stem to the nanoscale in cell walls, as depicted in
Figure 1. The wood cell wall is composed of three primary biopolymers:
cellulose, hemicellulose, and lignin, along with various extractives. These
components are intricately organized to form a composite material that endows
wood with its unique mechanical properties and durability. Specifically,
cellulose, accounting for 40-50 wt% of cell walls, in the form of microfibril
bundles are embedded in the matrix of hemicellulose (10-30 wt%) and lignin
(roughly 20-30 wt% of cell wall structures)”:8. Their composition varies among
different wood species, individuals, and among different parts from the same
individual®8.



Cellulose is a linear macromolecule, which is composed of long chains of
glucose units linked by [-1,4-glycosidic bonds. These cellulose molecules align
in a parallel pattern and are assembled into long elementary fibrils via hydrogen
bonds”. Hemicellulose is a branched polymer with a lower degree of
polymerization (150-200), as shown in Figure 1b. It is a group of heterogeneous
polysaccharides comprising various sugar monomers, including xylose,
mannose, glucose, galactose, arabinose, and other monosaccharides. Lignin, a
complex and irregular polymer of phenylpropane units, contributes to the
rigidity and resistance to decay of wood. In addition to these primary
components, wood contains inorganic components, and low-molecular-weight
organic compounds such as tannins, suberin, and resins8.
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Figure 1. a) Schematic illustration of hierarchical wood structures at multiple
scales, b) three main components of wood (Figure adapted with permission)”.

Wood cell walls are composed of several layers at the ultrastructural level,
namely, middle lamella (M), primary wall (P), and secondary cell wall (S1, S2,
and S3). The highly lignified middle lamella functions as a binder between
neighboring cells. The primary cell wall is a thin layer containing cellulose,
hemicelluloses, pectin, and protein, which are completely embedded in
lignin!011, The secondary cell wall consists of three layers with cellulose
microfibrils assembled at different angles to the axial fiber direction in each
layer, with the middle layer (S2) forming the main component of the cell walls.



The low microfibrillar angle of the fibrillar network with respect to the fiber axis
significantly contributes to the mechanical strength and stiffness*12.

1.2 Structures and functions of lignin in wood

Lignin, a complex polymer present in the cell walls of wood and other vascular
plants, plays fundamental roles in their structural integrity and functional
properties. It is primarily composed of three monolignols: p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol. These monolignols are aromatic alcohols
with distinct structures contributing to the diversity of lignin units found in
plant tissues. p-Coumaryl alcohol shows no methoxy group on its structures,
giving rise to p-hydroxyphenyl (H) units in lignin. Coniferyl alcohol,
characterized by a single methoxy group (-OCHs) on the aromatic ring, forms
guaiacyl (G) units. Sinapyl alcohol, with two methoxy groups, contributes to
syringyl (S) units!3.14, These monolignols undergo enzymatic oxidative coupling
reactions catalyzed by peroxidases and laccases, leading to the polymerization
through various chemical linkages to form a three-dimensional network that
provides strength and rigidity to the plant cell walls?5.16,

The monolignol composition of lignin varies significantly depending on the
plant species. In softwoods, lignin primarily comprises G units formed by
coniferyl alcohol. In contrast, hardwood lignins consist mainly of S and G units
formed from sinapyl and coniferyl alcohol. These variations in monolignol
composition result in distinct structural properties of lignin between softwoods
and hardwoods!6.17, In wood, lignin is a vital component of plant cell walls,
particularly in the secondary and middle lamella. It serves several essential
functions for wood structures. Firstly, it provides structural support by filling
the spaces between cellulose microfibrils, hemicellulose, and other components
of the cell wall matrix. This binding function of lignin reinforces the cell wall
structures, enhancing its mechanical strength and stiffness. Secondly, lignin's
hydrophobic nature plays a crucial role in regulating water transport within the
plant. Furthermore, lignin acts as a barrier against pathogens and pests, thereby
enhancing the resistance of wood to decay and degradation over time.
Additionally, lignin exhibits good antioxidant properties and UV light
absorption, which protect the underlying cellulose and hemicellulose from
environmental stresses!6.18.19, However, in the conventional pulp and paper
industry, removing lignin is essential to produce fully bleached pulp with a high
content of carbohydrates and a higher level of brightness and whiteness.
Industrial delignification of lignocellulosic biomass is typically achieved through



pulping, oxygen delignification, and bleaching stages to eliminate lignin.
However, the use of harsh chemicals in the delignification process to remove
residual lignin not only poses significant environmental concerns but also
increases the overall cost of production, making the process less sustainable and
economically efficient. Furthermore, the function of lignin in wood indicates the
potential to utilize lignin in preparing functional materials.

1.3 Preparation of lignin-rich nano/micro-cellulose

Nanocelluloses produced from wood-based fibers have attracted great interest
owing to their superior mechanical properties, abundance, as well as their
renewable and biodegradable characteristics*20. Generally, nanocelluloses can
be categorized into two main types: cellulose nanocrystals (CNC) and cellulose
nanofibrils (CNF), CNF is also known as microfibrillated cellulose,
nanofibrillated cellulose (NFC) or cellulose nanofibers®. both types are excellent
alternatives to petroleum-based polymers in the fields of papermaking,
composites, and packaging, among others21-23,

Recently, the focus has shifted towards lignin-containing nanocellulose
owing to the lower cost and higher yield of unbleached pulp and new
functionalities provided by lignin, including higher hydrophobicity, improved
compatibility with non-polar matrices, increased thermal stability5. The higher
resource efficiency from using lignin-containing pulps, in combination with the
unique characteristics provided by remaining lignin, makes producing lignin-
containing nanocelluloses very interesting for technical usage in UV-protection,
adsorption, and energy storage applications, as well as a reinforcement
component in nanocomposites24-28. Notably, the use of high lignin content raw
materials reduces the need for extensive pulp delignification process,
simplifying the processing and resulting in lower-cost materials.

Generally, the preparation of lignin-containing cellulose materials follows a
similar sequence to that of conventional pure nanocelluloses. The key
distinguishing factor lies in the extent of delignification of the raw fibers used.
So far, different techniques have been used to prepare lignocellulose
nano/micromaterials. These techniques can be categorized into mechanical
treatments (refining, grinding, high-pressure homogenization, and
microfluidization)4, chemical treatments (inorganic acid hydrolysis29,
carboxymethylation3®, TEMPO-mediated oxidation?231 and enzymatic
hydrolysis)32. Innovative preparation methods are being introduced in
alignment with the principles of green and sustainable chemistry. These include



organic acid hydrolysis (using acids such as formic acid, maleic acid, and oxalic
acid) and deep eutectic solvent (DES) treatments for lignocellulose
nano/micromaterials production®.

1.3.1 Mechanical treatments

The defibrillation of cellulose fibers into CNF requires intensive mechanical
treatments. These methods primarily rely on physical forces to break down
cellulose fibers into nano or micro-scale structures while not significantly
affecting the lignin content. The main mechanical techniques for producing
lignin-containing nano/micro cellulose fibers include refining, grinding, and
high-pressure homogenization, among others?.

Refining utilizes mechanical refining equipment such as disk refiners33, PFI
mills34, and Valley beaters3> to swell and disintegrate the fiber’s cell wall in an
aqueous medium, which is commonly used in the paper and pulp industry.
Refining can enhance fiber’s specific surface to make it more accessible for
further biological or chemical treatment. However, refining also decreases the
fiber length via cutting and increases the fine content?. Grinding involves the
use of mechanical shear forces to reduce the size of cellulose fibers, breaking
down the fibers into smaller, nanoscale, or microscale particles3>. During the
grinding process, the cellulose slurry is passed between static and rotating
grinding stones, and the distance between these disks can be adjusted. High-
pressure homogenization utilizes intense mechanical forces generated by high-
pressure fluid jets to disintegrate cellulose fibers into nano-sized particles. The
cellulose slurry is forced through a narrow gap at high pressures, breaking down
fibers3¢. Erfan et al. prepared lignin-containing cellulose fibers with different
lignin content by controlling the kraft cooking time and then subjected them to
fibrillation using a PFI refiner and a high-pressure microfluidizer2s. The
produced lignin-containing microfibrillated cellulose fibers exhibited a lateral
dimension of 2.5-0.8 um after fractionation, and the results also show that the
nanofibril yield can be maximized due to the two competing mechanisms arising
with the enhanced charge with increasing lignin content and increased cellulose
fibril binding effects due to lignin. In another study, Chen et al. produced
cellulose nanofibrils with high residual lignin content from polar powder using
pure mechanical grinding3”. Their lignin content was controlled by a reaction in
an aqueous solution with glacial acetic acid and sodium chlorite, followed by
mechanical fibrillation through a coarse mechanical pretreatment and then
high-shear disintegration by a grinder. It was also reported that residual lignin
can help prevent crystalline damage from the mechanical grinding process.



1.3.2 Chemical treatments

The conventional chemical methods used for preparing pure nanocelluloses
have also been employed for the preparation of lignin-rich nanocelluloses, such
as inorganic acid hydrolysis and TEMPO oxidation.

Inorganic acid hydrolysis, mainly using sulfuric acid or hydrochloric acid, can
break down cellulose fibers into nanocrystals. Treating cellulose with
concentrated acid hydrolyzes the amorphous regions of cellulose while
preserving the crystalline regions38. Wang et al. produced lignin-containing
cellulose nanocrystals from old newspapers using sulfuric acid hydrolysis with
lignin content between 8-19wt% on the surfaces determined by XPS39. The
results showed that the thermal stability and hydrophobicity of lignin-
containing nanocellulose increase with the increasing lignin content but
decreasing crystallinity. In another study, high-lignin-containing cellulose
nanocrystals were prepared from poplar wood using a hydrothermal method
followed by acid hydrolysis using sulfuric acid, and the degree of crystallinity of
cellulose nanocrystals can be controlled by adjusting the temperature of the
hydrothermal process*0. The residual lignin was found to be distributed in the
nano-form onto fibers and contributed to the high thermal stability and
hydrophobicity. Ewulonu et al. reported a feasible method to produce cellulose
nanofibers containing about 92% of the original lignin content of raw fibers and
diameters between 15 and 26nm by using 1-3% sulfuric acid in combination
with ball milling and ultrasonication treatment#!.

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) oxidation selectively
converts primary hydroxyl groups on cellulose to carboxyl groups. The
carboxylated cellulose fibers are subsequently mechanically disintegrated into
nanofibers*243. Wen et al. produced lignin-containing nanofibrils from high-
yield poplar pulp using the TEMPO oxidation method followed by a high-
pressure homogenization*4. A reduction of lignin content was noticed with an
increasing sodium hypochlorite (NaClO) amount since lignin could be partly
oxidized and then depolymerized into water-soluble compounds during the
oxidation process. The introduction of carboxyl groups has also been reported
to reduce the thermal stability of the cellulose fibrils+.

1.3.3 Other treatments

Other treatments, such as organic acid hydrolysis, have also been used for
nanocellulose production. Compared with inorganic acids, organic acids have
the advantages of low corrosivity, mild reaction, and easy recovery*. In



addition, nanocellulose prepared by organic acid hydrolysis is shown to have
higher thermal stability compared to that produced via sulfuric hydrolysis since
the introduction of sulfate groups could act as the catalyst for cellulose thermal
degradation’. This method has shown considerable advantages in realizing the
large-scale production of lignin-containing nanocellulose materials.

1.4 Overview of the production of nano/micro-cellulose films

Different types of nanocellulose exhibit distinct properties, influencing their end
applications. Cellulose nanocrystals, known for their high crystallinity and
ability to form unique chiral nematic structure, are ideal for reinforcing
nanocomposites and creating optical films*. However, the self-assembled CNC
films tend to be brittle due to their lack of an energy-dissipating amorphous
phase and their inability to form entangled networks*. In contrast, cellulose
nano/microfibers are better suited for producing mechanically robust self-
standing films50. Recently, the production of nano/micro-cellulose films has
garnered significant interest due to their potential applications in various fields,
such as packaging, biomedical devices, electronics, and wastewater treatment51-
54, These films can be fabricated through multiple methods, and several factors,
such as the preparation methods, filter media, and different drying techniques
could influence the physicochemical properties of the resulting cellulose
films55:56,

1.4.1 Casting method

In 1996, Dufresne et al. reported the preparation of cellulose microfibril films
by a casting method from sugar beet pulps. Specifically, the suspensions were
first put under a vacuum to avoid bubble formation and then cast into a plastic
container and evaporated at 37 °C to obtain a uniform cellulose film57. Solution
casting is one of the most straightforward methods for producing cellulose films.
In this method, a cellulose suspension is prepared by dissolving or dispersing
cellulose nano/microfibers in a suitable solvent, typically water or a mixture of
water and organic solvents. The suspension is then poured into a mold or a flat
surface and allowed to dry, forming a thin film. Isogai et al. produced self-
standing composite films which are composed of Tempo-oxidized cellulose
nanofibril (TOCNF) and anionic poly(acrylamide) (PAM) using a simple casting
method and the composite films with different weight ratios of TOCNF and PAM
were further investigated58. Wang et al. prepared a variety of nanocomposites of
lignin-containing cellulose nanofibers and poly (lactic acid) (PLA) via a solvent-
casting process®. In this method, the cellulose fibers gradually come into



contact during solvent evaporation and eventually agglomerate to form the
cellulose films. The casting method to prepare cellulose films can achieve a
100% retention of cellulose fibers. The microstructures and compositions of
produced nanocellulose films can also be easily adjusted®0.

1.4.2 Coating method

The coating method used to produce nanocellulose films usually employs a
substrate, allowing cellulose fibers to deposit on the surface of substrates and
creating nanocellulose films with controlled thickness. Spin coating is one of the
coating techniques used to produce cellulose films with nanometric thickness.
Fortunati et al. assembled thin films of silver nanoparticles and cellulose
nanocrystals on different substrates (gold, silicon, SiOx, and SiO2) by spin
coating methods®!. The impact of used substrates, deposition parameters, and
modification of cellulose nanocrystals on the properties of the obtained films
was studied, and results show that the simple spin coating along with an
optimized substrate can alleviate the aggregation problem of nanoparticles,
which are affected by the topography and roughness of used substrates. In
another study, a sulfonic cellulose-grafted/graphene-coated Janus separator
was constructed on one side of the commercial glass fiber separator through the
spin-coating technique that can be applied for scalable production in energy
storage systems®2.

Recently, the spraying coating technique has also been reported to prepare
nanocellulose coating on different substrates and free-standing nanocellulose
films®364. Different base surfaces can be used as substrates for deposition,
including impermeable substrates like silicon wafers and stainless-steel plates
or permeable substrates like paper sheets. Following the drying phase, the
resulting film can be detached from the substrates.

1.4.3 Filtration method

Filtration is another standard method for fabricating cellulose films, particularly
for producing dense structures. The nanocellulose suspension is usually first
diluted to a concentration of 0.01-1.0 wt% and then filtered through a
membrane using a vacuum or pressure filtration device. At the same time, the
cellulose fibers are deposited on the membrane surface. The wet film is then
peeled off, and the final nano/micro-cellulose films are obtained after drying.

In 2008, Henriksson et al. produced microfibrillated cellulose with different
average degrees of polymerization, and the corresponding cellulose films were



produced using a vacuum filtration method. The fiber suspension was first well
stirred for good dispersion and then filtered on a glass filter funnel. Different
filter membranes were used as the filtration medium for cellulose fibers with
different degrees of polymerization0. Later, Sehaqui et al. reported a vacuum
filtration method similar to a paper-making pattern, followed by supercritical
CO2 drying to produce porous nonwoven membranes composed of modified
nanofibrillated cellulose fibers®¢. In another study, cellulose separators were
fabricated using an undemanding paper-making-like process involving vacuum
filtration; specifically, cellulose suspensions were filtered using a Biichner
funnel through a nylon membrane at a reduced pressure. The as-prepared wet
membrane with the nylon layer was then sandwiched between paper sheets and
clamped between aluminum plates for further drying®”. The filter size used in
the preparation of cellulose films using the filtration method is a critical
parameter, and one major disadvantage of this method is that cellulose fibers
can not be completely retained during filtration. Traditional wire sieves have
pore sizes much larger than the nanocellulose particles, leading to a low
retention rate of cellulose fibers. Although filters with pore sizes in the range of
0.1-0.65 um or smaller can significantly reduce the loss of nanocellulose
particles, the water removal process can take several hours or even days
depending on the charge and size of cellulose fibers>2.

The casting method is advantageous for its simplicity. However, it is
hampered by long drying times due to the slow evaporation of solvents.
Achieving uniform film thickness over large areas can be difficult, and surface
defects such as cracks, bubbles, or pinholes often arise during the drying process
using the casting method. The spraying coating method offers versatility and the
ability to coat large surfaces. However, it requires specialized spraying
equipment and controlled environments. Achieving consistent film thickness
can also be problematic using this method. The filtration method is notable for
its ability to produce films with controlled thickness, which is advantageous for
targeted applications sensitive to thickness, such as separators for batteries.
However, it is often a slow process depending on the size and charge of cellulose
fibers and the pore size of the filter, limiting the production throughput56.65,

1.5 Thesis aim and objectives

This thesis systematically investigates the production and application potential
of lignin-rich microfibrillated cellulose produced from high-kappa number kraft
pulp, aiming to deepen our understanding of how the characteristics of raw



fibers and fabrication conditions influence the properties of lignin-containing
microfibrillated cellulose films targeted for specific high-value applications,
such as energy storage devices and wastewater treatment. This work seeks to

optimize the utilization of abundant lignocellulosic resources by exploring these
connections in the following sub-projects.

10

In paper I, lignin-rich microfibrillated cellulose fibers were derived
from unbleached softwood kraft pulps with high kappa numbers
compared to lignin-free counterparts from fully bleached softwood
pulp. The effects of residual lignin and drying conditions on the
properties of the resulting lignin-containing microfibrillated cellulose
films are thoroughly examined (Paper I).

This study further delves into the impact of the chemical composition
and morphological characteristics of raw fibers on the mechanical
fibrillation process and performances of produced LMFCs.
Additionally, the relationship between lignin structures, fiber
morphology, and the properties of the lignin-rich cellulose films is
explored to establish the structure-property relationship between raw
fibers and produced LMFC films, and their failure mechanisms are
further examined (Paper II).

Further investigation focuses on the effects of hot-press treatments on
the wet strength of the produced LMFC films, and their potential as
environmentally friendly separators for aqueous zinc-ion batteries is
assessed in comparison with commercial Celgard separators (Paper
IID).

Paper IV evaluates the potential of using lignin-rich microfibrillated
cellulose films as adsorbents for removing cationic organic dyes,
specifically methylene blue and crystal violet. The influence of residual
lignin and the origin of LMFC films on their adsorption capacity is
studied. The effect of pH and ionic strength on their adsorption
performance and the adsorption capacities of dyes from both simulated
and actual wastewater samples are examined. Additionally, Paper V
investigates the gas transport and proton conductivity of the produced
lignin-containing MFC membranes designed as proton-exchange
membranes. The impact of residual lignin, membrane thickness,
relative humidity, and operating temperatures on the proton
conductivity of produced LMFCs is thoroughly studied.



A better understanding of these relationships will allow us to control the
choice of raw materials and processes for obtaining lignocellulosic
nano/micromaterials with desirable properties for targeted applications. The
insights gained from this research can significantly contribute to the sustainable
development of lignocellulosic nano/micromaterials, thereby broadening the
range of potential applications for environmentally friendly nanocellulose
materials.

1.6 Sustainability

Producing lignin-rich microfibrillated cellulose films from high-kappa number
kraft pulps aligns closely with several United Nations Sustainable Development
Goals (SDGs), particularly related to sustainable industry, climate action, and
responsible consumption and production®869, Utilizing unbleached pulps,
which retain a high lignin content, is an eco-friendly approach that minimizes
the need for harsh chemical treatments typically used in the delignification
process. This reduces the environmental impact of the pulp and paper industry
and introduces unique properties to MFC films, making them suitable for
various applications®.

The development of lignin-rich MFC films from unbleached pulps represents
a significant advancement in sustainable materials science, contributing to SDG
9, which emphasizes the importance of building resilient infrastructure and
fostering innovation. Lignin-rich MFC films are a biodegradable and renewable
alternative to synthetic materials, reducing reliance on petroleum-based
materials and promoting more sustainable solutions for various applications.
Using sustainable wood-based materials for wastewater treatment is also in
favor of SDG 14, which aims to protect life underwater by reducing marine
pollution and protecting marine ecosystems. This thesis also contributes to SDG
12 by introducing an industry-scalable and chemical-free production pattern of
lignin-rich cellulose materials, contributing to the responsible consumption and
production goals.

The recyclability of these films supports a circular economy pattern by
promoting resource efficiency, waste reduction, and sustainable production. A
circular economy aims to eliminate waste and promote the continual use of
resources”’0. Recyclable cellulose films support this model by ensuring materials
are reused, remanufactured, and recycled rather than disposed of after a single
use. This further contributes to the sustainability goal SDG 13, “Climate action”,
as it helps lower carbon emissions by reducing the energy consumption
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associated with producing new materials, thereby contributing to global efforts
to mitigate climate change. It also supports SDG 12 by reducing the need for raw
materials and promoting sustainable production practices.

12



Materials and methods

2.1 Materials and chemicals

The fully bleached softwood kraft pulp (mixture of spruce and pine) with a kappa
number 2 was kindly provided by SCA. Lignin-rich softwood kraft pulp (Kappa
number 64) derived from Scandinavian pine and hardwood kraft pulp
(Eucalyptus) with a kappa number 96 were provided by Valmet AB and used as
the starting materials. These three pulps were denoted as BSKP, LSKP, and
LHKP, respectively.

2.2 Experimental methods

Preparation of MFC and LMFC gels

Alkaline washing was done according to Oliaei et al28. All pulp samples were
washed to Na+ form for better-swelling properties using Na2COs. The never-
dried pulp was then refined in a laboratory PFI mill refiner at 30000 revolutions.
Subsequently, all pulp samples were mechanically defibrillated using a stone
disk grinder Supermasscolloider (MKZA 10-15J CE IV) at 1500 rpm for 10
passes respectively. The grinder contains a pair of rotary and stator stone disks.
Pulp fibers were pushed through the gap between the disks and underwent
repeated cyclic pressure and shearing forces, converting the macro material into
micro- and nano-sized particles.

Preparation of MFC and LMFC films

Following the microfibrillation process, MFC and LMFC gels were diluted to 0.2
wt% and dispersed with an Ultra Turrax mixer for 10 min at 12000 rpm. All
films were fabricated using vacuum-assisted filtration methods. Specifically,
well-dispersed MFC and LMFC suspensions were degassed and filtered via
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vacuum filtration using a 0.65 pm DVPP membrane (Durapore). The
subsequent film was then sandwiched between another DVPP membrane and a
paper sheet and dried in Rapid Kothen sheet former. Two drying conditions
were tested in Paper I: 93 + 2 °C and 40 + 2 °C with a pressure of 95 + 3 KPa in
Rapid Kothen sheet former. After drying, the MFC and LMFC films were
conditioned at 23 + 2 °C and 50% relative humidity for at least 24 h before any
measurements.

2.3 Characterization techniques

Chemical composition

Acid hydrolysis is a fundamental method for deconstructing complex
carbohydrates in pulps into monosaccharides. By breaking down cellulose and
hemicellulose, acid hydrolysis facilitates the quantification of monosugars such
as glucose, xylose, arabinose, mannose, rhamnose, and galactose, which allows
for a precise determination of the cellulose and hemicellulose content in the
sample. An anion-exchange chromatography Dionex ICS-3000 (HPAEC-PAD)
was used to analyze the soluble monosaccharides, including arabinose,
galactose, glucose, xylose, mannose, and rhamnose. The acid-insoluble residue,
also known as the Klason lignin, was determined gravimetrically. The Kappa
number of all samples was measured according to ISO 302:2015 (E) standard.

Pulp fiber morphology

Lorentzen & Wettre (L&W) Fiber Tester was used to characterize the
morphology of pulp fibers, such as fiber length, width, shape factor, and number
of kinks”!. Pulp fibers were analyzed in a water suspension using an imaging
system, and the morphology parameters were retrieved from the images of the
diluted pulp samples.

Py-GC/MS analysis

The Py-GC/MS analysis was performed using a Frontier Lab (Fukushima,
Japan) Micro Double-shot Pyrolyser Py-2020iD, coupled with a Shimadzu
GC/MS-QP 2010 apparatus with a capillary column RTX-1701 (Restec, USA)
following the reported protocol”273. The molar areas of the relevant peaks were
summed and normalized to 100%, with data averaged from three repeated
pyrolysis experiments.
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Fiber total charge

Total charge refers to the overall electrostatic charge on pulp fibers and fines,
which is important in papermaking and nanocellulose production74-76. The
total charge or total carboxylate content of fibers was evaluated using a
Metrohm titrator (Titrino 702 SM Metrohm AG, Herisau, Switzerland)?7. Pulp
samples were protonated first into H+ and titrated against 0.1M NaOH7”8. All
data was processed using Tiamo 2.3 software.

The carboxylate content of fibers was calculated based on the volume of
0.1M NaOH solution needed to neutralize carboxyl groups following the
equation:

Carboxylate content (umol/g) = @ X 0.1 M NaOH x 1000 (@9

V2-V1 is the volume of NaOH consumed, and m (g) is the sample weight on a
dry base.

Surface charge measurement

The surface charge measurement was done using stabino polyelectrolyte
titration by titrating the dispersed fibers in Na+ form. Cationic Poly-DADMAC
with a charge of 0.345 peq mL! was used as the titration reagent’47579. The
molecular weight of the polyelectrolyte is between 400k-500k g/mol.

Thermogravimetric analysis

The thermal properties of all samples were characterized using
thermogravimetric analysis (Mettler Toledo TGA/DSC instrument coupled
with a STARe System). The tests were conducted with a heating range from
30 °Cto 700 °C and a heating rate of 10 °C min-! under a nitrogen atmosphere.
A nitrogen flow rate of 50 mL min-! was used in all TGA measurements.

Fourier transform infrared measurement

Fourier Transform Infrared (FTIR) spectroscopy was employed to analyze the
chemical structures of MFC and LMFC films. Measurements were conducted
using a Perkin-Elmer Spectrum 100 FTIR spectrometer equipped with a
Golden Gate single-reflection ATR accessory. The spectra were recorded over
a wavelength range of 4000—600 cm-1, accumulating 16 scans per sample at a
resolution of 4 cm-! at room temperature.
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Contact angle measurement

The static contact angle was measured using a Theta Lite contact angle
analyzer (Biolin Scientific, Finland). The contact angle was recorded after 10
seconds, and the data was processed using One Attension software.

Mechanical properties

The thickness of all films was measured using a Mitutoyo S112SB thickness
tester, with measurements taken at a minimum of 10 points on each film, and
the average was reported. Film density was calculated based on the weight and
geometric dimensions. For tensile testing, strips with dimensions of 5 mm in
width and 55 mm in length were cut from each film. The test was performed
using an Instron 5944 instrument with a video extensometer. The gauge length
was 25 mm, and a constant elongation rate of 5 mm min-! was used.

SEM characterization

The surface and cross-section morphology of all films were characterized using
a Hitachi S-4800 field-emission scanning electron microscope. All samples were
cut and then sputter-coated with a platinum-palladium layer using a 208HR
Cressington Sputter Coater (Cressington Scientific Instruments, Watford, UK).

Digital image correlation (DIC)

Digital Image Correlation is a non-contact optical technique used to measure
full-field surface displacements and strains in materials or structuress®s!, To
study the strain distribution on the produced samples, the surfaces of samples
were sprayed with random white speckle patterns first to manifest deformation
information during tensile tests. All samples are loaded with a constant speed of
5 mm min-!. The images of the sample were recorded using a stereo-digital
image correlation (stereo-DIC) system equipped with two Basler acA4096-
30um cameras (resolution of 4096 x 2168 pixels) at a frequency of 5Hz/s. The
recorded images were processed using VIC-3D (Correlated Solutions, USA), and
the subset size is 31 x 31 pixels, step size of 5 pixels, and strain window size of
11 x 11 points.

Wet tensile test

All samples were immersed in deionized water for 48 hours before the wet
tensile testing. The thickness of the wet strips was measured by placing a glass
slide between the sample and the thickness tester to prevent excessive
compression from the tester's tip on the wet surface. The wet mechanical
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properties of the samples were then evaluated using a constant elongation rate
of 5 mm min1. Notably, these tests were conducted without the use of a video
extensometer.

Porosity measurement

The porosity of the separators was determined using an n-butanol impregnation
method as described by Cao et al.82 in Paper III. Separators with the same
diameters were immersed in n-butanol for 1 hour, and their mass change was
recorded. The porosities of all samples were calculated based on the following
equations2.83,
. Am
Porosity = P 2)

In this equation, Am represents the mass change of each separator before and
after soaking in n-butanol, p is the density of n-butanol, and V is the volume of
the separators.

Electrochemical characterization

The symmetrical cells, comprising stainless steels (SS), were assembled by
putting an electrolyte-saturated separator between two SS electrodes in the cells.
The assembled cells were then utilized for the electrochemical impedance
spectroscopy (EIS) measurements with a frequency range of 0.1 Hz to 100 kHz.
The corresponding ionic conductivity (o) was calculated using the resistance
values derived from the EIS spectra according to the following equation:

L

o=— 3)

T RxS

where L represents the separator thickness, R denotes the bulk resistance
obtained from the EIS spectra, and S is the effective area of the separators+.

The performance and durability of various separators were further evaluated
using galvanostatic charging/discharging cycling tests. Symmetrical cells with
zinc electrodes were assembled, utilizing MFC, LMFC, MFC-HP, LMFC-HP, and
Celgard 3501 as separators, each placed between zinc foils (99.99% purity, 1
mm thickness, Hauner GmbH). An alkaline electrolyte solution comprised of a
mixture of 4 M KOH, 2 M KF, and 1 M K2COs38 was used. The cells were
assembled under atmospheric conditions and tested at room temperature.

Adsorption study

The adsorption performances of membranes were evaluated using two cationic
dyes, methylene blue (MB) and crystal violet (CV), via batch adsorption
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experiments. Membrane samples, cut into 5 mm x 5 mm pieces and weighed to
2.5 mg (equivalent to an adsorbent dosage of 0.5 g L 1), were placed in flasks
containing dye solutions of specified compositions. These flasks were shaken
using an Orbital Shaker (INC/REFRIG 5000IR) at a constant speed of 130 rpm
and at 25 °C for 5 h (the shaking time is varied in the kinetics study). After
adsorption, the residual dye concentrations in the solutions were measured
using a UV-3100PC spectrophotometer at 664 nm for MB and 590 nm for CV.
The amount of dye adsorbed per unit mass of membrane (q, umol g-1) and
the removal efficiency (R, %) were then calculated using the following equations:

q=""2xy @

ms

R =% x100% 5)

13

where C; and C, refer to the dye concentrations (umol L-1) at the initial and
equilibrium states, respectively, m, (g) denotes the mass of the membrane and
V (L) is the volume of the initial solution. All tests were repeated at least three
times.

The influence of pH on dye adsorption was examined using Britton-Robinson
buffer (BRb, 0.02 mol L 1) across a pH range of 5 to 7. The desired pH value was
achieved by adding 1 mol L-1 NaOH. The effect of ionic strength was evaluated
by adding KCl (0.25 — 0.75 mol L-1). Adsorption kinetics were evaluated from
15 min to 24 h. The dye concentrations were 24.5 pmol L-! for MFC-SW and
73.6 umol L1 for both LMFC-SW and LMFC-HW samples. No buffer was used
for the above experiments. The practical applicability of the synthesized
membranes was assessed in both simulated and real water systems: simulated
groundwater (SGW) with a pH of 6.5 and actual river water (ARW) from the
Fyris River in Uppsala, Sweden, with a pH of 7.5. The concentration of each dye
was 4 umol L-1, and the absorbance of solutions was registered within 380 — 800
nm.

Proton conductivity measurement

The proton conductivity of the fabricated membranes was evaluated at
different temperatures and relative humidity using a membrane testing device
(MTS-740, Scribner Associates, Southern Pines, NC, USA) connected to an
impedance spectroscopy analyzer (MFIA 500 kHz, Zurich Instruments,
Switzerland). Impedance spectra were recorded with an AC amplitude of 10
mV, covering a frequency range from 0.5 MHz to 1 Hz. For a standard test,
impedance was measured at a constant temperature while RH was
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incrementally adjusted from 20% to over 95%. For temperatures above 100 °C,
the measurement chamber was back-pressurized at 230 kPa.

Gas permeability test

The permeation measurements of dry pure gases (H2, CO2, N2, and O2) were
conducted using the differential pressure method (GTR-11A/31A, GTR-TEC
Ltd., Japan). In this setup, gas transport through the membrane is driven by a
vacuum on the permeate side and an applied pressure on the feed side. The
amount of gas permeating through the membrane was quantified using gas
chromatography (Yanaco G3700T, Fukuoka, Japan), and each sample was
measured in multiple replicates. The test cell and part of the feed gas delivery
system were kept at a controlled temperature of 35 °C. A Kapton tape gasket was
used to mask the membrane, allowing gas permeation through a specific area
(diameter = 1 cm, area = 0.785 cm?2). All measurements were performed under
a total pressure difference of 300 kPa. The selectivities for different gas pairs
were determined by the ratio of permeabilities, a./, = P(X)/P(Y), where X and Y
represent the fast and slow permeating gases, respectively.
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3 Results and discussion

in st
LMFC-HW

Hardwood

|

H Paper | H

' '

'

’ :
'

' '

' '

22 '

H o '

\ 5

g . Effect of L= 7 '

y S \ residual lignin wre Ex;;’ - H

BSKP |

1 : MFﬁ HT «_r H

' :
'

'

| i

PFI mill ) - S

Kraft cook S SUPERMASS | 7 jpeopsbeiniias :
COLLOIDER 1

R : - :
Softwood !

LSKP | LMFC H

Veeeo '

g~~~ """""""TgIToo T omoomo-- 1

! Paper Il - I

' ]

! ]

! Mechanical ,e“,p“' i 1

' e fibrillation i !

H Y e— \ - !

! e '

' H

| Effectof raw LMEC-sW ;

| fiers '

H WMechanical !

1 fibrillation 1

! o — !

Kraft cook LHKP H i

' '

! '

! |

! '

Paper lil, IV, V

i
I
! : !
5ot Aok 1
'
i s et !
I
'
H —~ '
[ - — Je )y (T ;
1
'
: - i
I
1
R W
' | H
1 e '
'
. 0 | zo== :
' e H
' o
1 - e PEM H
I = H
'
N 1
! LMFC films Separator for Membrane for organic Proton exchange '
| 2Zn-ion battery dye adsorption membrane :
i

Figure 2. An illustration of the work in the appended papers included in the
thesis.

This thesis focuses on the production and applications of lignin-rich
microfibrillated cellulose fibers. The aim is to enhance our understanding of the
connections between raw fibers, fabrication conditions, and the properties of
produced lignin-containing microfibrillated cellulose for specific applications to
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achieve value-added utilization for abundant lignocellulosic materials. An
illustration of the work included in this thesis is presented in Figure 2.

3.1 Characterization of raw pulps

In this project, three different pulps were used as raw materials to produce
lignin-free and lignin-rich nano/micro-cellulose fibers. The characteristics of
raw fibers are of great significance as they would affect the mechanical
fibrillation process and final properties of produced cellulose nano/microfibers.
The chemical composition of three different raw pulps was determined using the
acid hydrolysis method, and the results are presented in Figure 3.
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Figure 3. Photos and SEM images of raw pulps a) BSKP, b) LSKP, and ¢) LHKP;
Chemical compositions of raw pulps d) BSKP, €) LSKP, and f) LHKP (Figure
adapted from Paper IV).

As can be seen from Figure 3, the three pulps showed different physical
appearances. LSKP and LHKP exhibit a brown color due to residual lignin. Fully
bleached softwood kraft pulp BSKP displays a more curled shape with a higher
curl index presented in Table 1 than unbleached softwood pulp. This is
attributed to the longer pulping time and to the chemical treatments used during
bleaching8¢. The removal of lignin, which plays a crucial role in supporting fiber
cell wall structures, leads to the collapse of pulp fibers. The SEM images in
Figure 3 further illustrate the morphological differences between softwood and
hardwood pulp fibers. Softwood pulp fibers are generally longer, thicker, and
have a higher aspect ratio (length-to-width ratio) than hardwood pulp fiberss”.
The unbleached softwood pulp fibers are 2-3 times longer and nearly twice as
wide as unbleached hardwood pulp fibers, as detailed in Table 1.
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Softwood and hardwood pulp fibers also differ in their chemical
compositions. Both pulp fibers consist of cellulose, hemicellulose, and lignin,
but the proportions of these components vary. The bleaching process effectively
removed most residual lignin components, resulting in only about 1% Klason
lignin remaining in BSKP, as seen in Figure 3d. In contrast, LSKP and LHKP
retained high levels of Klason lignin of around 11% and 14%, respectively.

Table 1. Pulp yield and pulp fiber parameters.

Samples | Pulp Pulp fiber parameters

Yield

(%) Mean length (mm) Mean width (um) Mean Curlindex  Number of kinks

shape (%) per fiber
factor (%)

BSKP 47.0 1.93 30.1 79.6 25.6 1.38
LSKP 54.6 2.52 36.7 91.5 9.3 0.30
LHKP 70.7 0.95 21.9 93.3 7.2 0.23

In this study, microfibrillated cellulose and lignin-containing microfibrillated
cellulose were produced from fully-bleached and unbleached kraft pulps
employing chemical-free treatments. All pulp fibers were initially refined using
a laboratory PFI mill, followed by mechanical defibrillation with a
Supermasscolloider, avoiding chemical pretreatments such as TEMPO-
oxidation or carboxymethylation to reduce the damage to the lignin structures
and content*4.

3.2 Effect of residual lignin

Effect of residual lignin on nano/micro-cellulose suspensions

To investigate the impact of residual lignin on the properties of lignin-rich
microfibrillated cellulose, fully bleached softwood kraft pulp and high-kappa
number softwood kraft pulp were utilized as sources for producing lignin-free
and lignin-rich nano/micro-cellulose fibers. As illustrated in Figures 4a and 4b,
both micro-sized fibers and nano-sized fibrils were observed in the MFC and
LMFC gel suspensions, indicating a broad size distribution in the samples.
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Figure 4. SEM images of a, ¢c) MFC and b, d) LMFC suspensions; e) nanofibril
yield of MFC and LMFC suspensions after fractionation (Figure adapted from
Paper I)s6.

The nanofibril yield for MFC and LMFC products was 4.3% and 3.6%,
respectively (Figure 4e). The lower yield in LMFC samples can be attributed to
the high lignin content of the raw pulps, as lignin likely acts as a binding agent
within the cellulose fibers2888, as well as the coarse grinding method. LMFC
fibers demonstrated a higher surface charge, as shown in Figure 5b, which is
associated with an increased number of carboxylic groups present in the lignin-
rich fibers. This higher carboxyl content also led to a greater absolute zeta
potential in LMFC gel suspensions than in MFC dispersions, as shown in Figure
5c¢, indicating enhanced colloidal stability in LMFC suspensions.

Remarkably, no significant sedimentation was observed in LMFC dispersions
even after 100 days of incubation (Figure 5d). This stability is particularly
advantageous for the commercial use of lignin-rich cellulose, as it reduces the
need for intensive dispersion processes typically required to prevent fiber
aggregation in MFC suspensions.
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Figure 5. a) Total carboxylate content, b) surface charge, and c) absolute zeta
potential of MFC and LMFC fibers produced from lignin-free and lignin-rich
softwood kraft pulp; d) photographs of MFC and LMFC suspensions before and
after 100 days of incubation (Figure adapted from Paper I)8.

Effect of residual lignin on physicochemical properties of nano/micro-cellulose films

Self-standing films were produced from MFC and LMFC suspensions to study
the impact of residual lignin on the physicochemical properties of nano/micro-
cellulose fibers. Figure 6 shows the morphology characteristics of MFC and
LMFC films, both exhibiting a network of interconnected fibers. All films exhibit
a lamellar structure, which can be clearly seen from the cross-section images.
Some particles (as the arrow points) could also be observed at the fracture
boundary of LMFC samples, which are likely residual lignin particles presented
onto fiberssd.
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Figure 6. a) and d) Photos of MFC-HT and LMFC-HT films dried at elevated
temperatures; SEM images of the cross-section morphology of b, ¢) MFC-HT and
e, f) LMFC-HT films at different magnification (Figure adapted from Paper I)86.

Thermogravimetric analysis was employed to evaluate the thermal properties
of MFC and LMFC samples, as well as the impact of residual lignin on the
thermal properties of the resulting films0.91. Figures 7a and 7b show the weight
loss curves of four samples and the corresponding derivative thermogravimetric
curves. The initial weight loss observed between 30 °C and 120 °C is attributed
to moisture evaporation, resulting from the absorbed water of fibers, while the
primary degradation phase of samples occurs between 300 — 400 °C 9293,
Lignin-rich cellulose films showed higher Tonset and Tmax than those of lignin-
free cellulose films. Furthermore, a higher percentage of the charred residue of
LMFC remained after thermal decomposition. The improved thermal properties
of lignin-rich MFC films could be attributed to the higher thermal stability of
lignin than cellulose and hemicellulose®*. Generally, lignin degradation occurs
over a broader temperature range due to its complex composition and
structure®2. The aromatic groups and different ether bonds in lignin are
essentially stable below 300 °C 45. It has been reported that increasing the lignin
content from 15.5% to 23.1% can further enhance the thermal stability of lignin-
rich films#4,

Lignin-rich cellulose films produced through a pure mechanical method
demonstrated superior thermal stability (Tmax > 345 °C) compared to
carboxymethylated CNF and TEMPO-oxidized CNF films reported by Kim et
al.%. The introduction of carboxyl groups has been shown to reduce the thermal
stability of nanocellulose*. Additionally, the reduced fiber dimensions and
increased surface area of cellulose nanofibers render them more susceptible to
heat-induced degradation®!. Figure 7c displays the water contact angle of all
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samples. Lignin endows more hydrophobic characteristics of LMFC samples as
lignin is a more hydrophobic polymer due to the aromatic moieties®®.
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Figure 7. a) TGA and b) DTG curves of MFC-LT, LMFC-LT, MFC-HT, and LMFC-
HT films with enlarged figures of main degradation curves; ¢c) Water contact angle
of all samples (Figure adapted from Paper I) 86.

3.3 Influence of raw fibers

Effect of raw fibers on the defibrillation process

Unbleached softwood and hardwood kraft pulps with high kappa numbers were
used to produce lignin-containing microfibrillated cellulose fibers to study the
effect of raw fiber characteristics on the defibrillation process and the properties
of final products. To assess the impact of different wood species on the
fibrillation of high-lignin-content pulps, the surface charge of the softwood and
hardwood intermediate products was measured across various defibrillation
passes. Surface charge can serve as an indicator of the degree of fibrillation, as
it correlates with the specific surface area and, consequently, the particle size of
the cellulose fibrils7°.

The surface charge of fibers derived from lignin-containing hardwood kraft
pulp increased significantly between the 4th and 8th fibrillation passes as
presented in Figure 8a, indicating their greater degree of fibrillation than
softwood kraft pulp. This suggests that hardwood pulp fibers are more readily
disintegrated than the softwood counterparts. This enhanced disintegration can
be attributed to two primary factors: the smaller dimensions of the LHKP raw
fibers and the higher fiber charge, which likely increases their susceptibility to
external forces, thereby facilitating the breakdown of fibers into smaller
fragments during the defibrillation process®”.
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Figure 8. a) Surface charge of LSKP and LHKP fibers at different defibrillation
passes; Diameter distribution of prepared b) LMFC-SW and ¢) LMFC-HW fibers
(Figure adapted from Paper II) 87.

Figures 8b and 8c show the size distribution of produced lignin-rich
microfibrillated cellulose fibers derived from softwood and hardwood pulps
after the 10th grinding pass. Both LMFC-SW and LMFC-HW exhibited a broad
range of diameter distributions. When the diameter distribution was fitted to a
log-normal model, the mean diameter and standard deviation were 74 nm and
69 nm for LMFC-SW and 53 nm and 57 nm for LMFC-HW, respectively. These
results indicate that LMFC-HW fibers have a smaller average diameter and
narrower diameter distribution than LMFC-SW fibers. This difference can be
attributed to the lower fibrillation efficiency of LMFC-SW under the same
energy input and the inherently smaller fiber dimensions of hardwood, which
influence the size distribution of the resulting LMFC products.

Figure 9 presents the SEM images of softwood and hardwood pulp fibers after
the 4th, 6th, 8th, and 10th grinding passes. Due to the high lignin content, which
acts as a binder between cellulose fibrils in the raw material, few fibrillated fibers
can be observed during the initial grinding stages. However, as a higher energy
input was employed with increasing grinding passes, more free fibers were
produced, as seen in Figures 9c¢ and 9g. This trend aligns with the significant
increase in surface charge observed between the 6th and 8th passes in Figure 8a,
with a high degree of fibrillation achieved after the 6th pass.
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Figure 9. SEM images of a-d) LSKP and e-h) LHKP fibers at the 4t, 6t, 8t and 10t
grinding pass (Figure adapted from Paper II) 87.

Effect of raw fibers on mechanical properties of nano/micro-cellulose films

The mechanical properties of lignin-rich microfibrillated cellulose fibers derived
from various wood species were assessed by analyzing their performances as
self-supporting films. Tensile strength tests were conducted on LMFC derived
from softwood (LMFC-SW) and hardwood (LMFC-HW), with the results
presented in Figure 10a. LMFC-SW exhibited a higher tensile strength of 288
MPa and a higher Young's modulus than LMFC-HW. To explore the mechanical
behavior of high-lignin content cellulose films derived from different wood
sources, a comprehensive study was undertaken to investigate how raw pulp
fibers affect the properties of these lignin-rich microfibrillated cellulose films.

The uniaxial tensile behavior of LMFC-SW and LMFC-HW films was
thoroughly examined using digital image correlation to characterize the failure
mechanisms in the lignin-rich films. Figures 10b and 10c present the surface
images of the samples at the onset and fracture point, respectively. The images
were processed through a DIC algorithm to analyze the deformation, which
enabled the extraction of full-field strain distributions across the sample
surfaces during the tensile test. The tensile strain fields at 7.8 and 19.8 seconds
are depicted in Figures 10e and 10f. The LMFC-HW samples exhibited
pronounced regions of strain concentration, highlighted in red on the strain
maps. These areas of intense localized strain indicate regions of lower modulus,
likely due to insufficient fiber reinforcement and weaker fiber bonding.
Conversely, regions depicted in blue correspond to higher modulus areas,
indicating better fiber reinforcement and more uniform stress distribution
across the films.
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Figure 10. a) Stress-strain curves of LMFC-SW and LMFC-HW films; b) original
specimen with speckle pattern; c) fractured specimen at the end of the tensile test;
d) strain fluctuation along the vertical middle lines as recorded by DIC; e) strains
at time 7.8 s, corresponding to tensile strain of 2.6%; f) strains at time 19.8 s,
corresponding to tensile strain of 6.6% (Figure adapted from Paper IT) 8.

During tensile testing, LMFC-HW samples displayed more red regions,
indicating more pronounced strain concentrations. This suggests that HW
samples experienced less efficient stress distribution, which is evident at 7.8
seconds. On the contrary, LMFC-SW samples demonstrated better stress
transfer across the samples with less strain concentration. By 19.8 seconds, this
disparity became even more apparent: strain-concentrated regions in HW
samples expanded significantly, while SW samples continued to exhibit a more
uniform strain distribution under constant elongation. This improved
performance in SW samples is likely due to more fiber bonding formed from the
longer softwood fibers (Figure 11a) and the formation of more interconnected
fiber networks by entangled fibers, as shown in Figure 11. These can enhance
stress transfer during tensile loading, resulting in more uniform strain
distribution within SW fiber matrices.

Comparing strain fields at 7.8 and 19.8 seconds, with applied strains of 2.6%
and 6.6%, respectively, reveals that regions of strain inhomogeneity remained
relatively stable, indicating that most of the observed deformation was due to
fiber elongation and the tensile deformation did not significantly alter the
material's microstructure. The strain fluctuation of films along the vertical
middle lines was extracted (Figure 10d) to evaluate the strain inhomogeneity.
LMFC-HW films show larger amplitudes of strain fluctuation on the strain
curves, demonstrating the more significant strain inhomogeneity within HW
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samples. Comparing the strain fields with fracture patterns, it was noted that
HW samples fractured near the strain-concentrated regions. In contrast, SW
samples fractured in regions that were not directly aligned with high local strain.
Additionally, the crack in SW samples suggested a failure mode likely dominated
by fiber breakage rather than the shear-dominated pull-out. This implies that
the physical cross-linking between softwood fibers was strong, with the primary
limitation being the inherent strength of the fibers themselves.

a)

®
—

o

Mean length (pm)
~

N

b

LMFC-sW LMFC-HW

Figure 11. a) Mean particle size of LMFC-SW and LMFC-HW fibrils. SEM images
of b) LMFC-HW and c¢) LMFC-SW films at high magnification (Figure adapted
from Paper II) 87.

The distinct chemical structures of lignin could also affect the final properties
of lignin-rich films due to a significant portion of residual lignin in both LMFC-
SW and HW films. Therefore, it is essential to understand the relationship
between various lignin structures and their impact on the mechanical properties
of lignin-rich films.

During the kraft pulping process, the structure of lignin undergoes
substantial changes compared to its native form9. Native lignin is characterized
by its complex networks, and B-O-4 linkages are prevalent in its structure.
However, these linkages are significantly reduced in residual lignin after pulping
due to their cleavage during the kraft processl®. Analytical pyrolysis was
employed to analyze the residual lignin structures in the raw pulps to
understand how the distinct lignin structures from different wood species
influence the mechanical properties of lignin-rich MFC films.

Table 2 presents the analysis of lignin derivatives in LSKP (softwood kraft
pulp) and LHKP (hardwood kraft pulp) samples, focusing on phenyl, benzyl,
guaiacyl, and syringyl derivatives. Phenyl and benzyl derivatives constitute
21.0% of the lignin content in the SW raw pulp, compared to only 7.2% in the
HW raw pulp. HW samples exhibited a high proportion of syringyl derivatives,
accounting for 73.2% of the lignin content, whereas the residual lignin in SW
samples predominantly consisted of guaiacyl-based units. These differences
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arise from the distinct monolignol compositions in softwood and hardwood
lignins, specifically coniferyl alcohol in softwoods and sinapyl alcohol in
hardwoods. Sinapyl alcohol-based lignin is less prone to forming condensed
structures—where monolignols are linked via carbon-carbon bonds at the C5
position—due to a methoxy group at the C5 position in sinapyl alcohol that
inhibits such coupling reactions. Consequently, LMFC-HW samples display
fewer C5-condensed structures, reflecting the inherent differences in lignin
structure between softwood and hardwood species. This structural variation
could impact the mechanical performances of the resulting lignin-containing
films.

Table 2. Classification of compounds obtained by Py-GC/MS of LHKP and LSKP
(Table adapted from Paper II1)8”.

Results/samples (% from chromatogram) LSKP (%) LHKP (%)
Lignin derivates (% from chromatogram) 5.44 19.45
Phenyl and benzyl derivates 1.14 1.40
Guaiacyl derivates 4.30 3.81
Syringyl derivates - 14.24

Lignin derivates, 100%

Phenyl and benzyl derivates 20.96 7.20
Guaiacyl derivates 79.04 19.59
Syringyl derivates - 73.21

As illustrated in Figure 10a, the LMFC-SW films demonstrated a higher
elastic modulus of 15 GPa compared to 13 GPa of LMFC-HW films. This
difference in stiffness is likely attributed to the synergistic effects of increased
condensed C5 linkages and the preservation of longer fibers in the SW samples.
The higher concentration of condensed C5 linkages in LMFC-SW, resulting from
abundant guaiacyl units (Table 2), contributes to a more complex and rigid
three-dimensional lignin structures. The dense, aromatic structure and reduced
molecular mobility associated with these condensed C5 linkages enhance the
stiffness of the material by restricting the free rotation between lignin
monomers?. Moreover, the longer fibers of SW could further increase the
stiffness of the films1%. This further suggests that different raw materials can
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significantly impact the mechanical properties of resultant lignin-rich cellulose
films due to different lignin structures and fiber morphology displayed.

3.4 Effect of drying conditions

Effect of drying temperatures
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Figure 12. SEM images of surface morphology of prepared films using different
drying temperatures a) MFC-LT, b) MFC-HT, ¢) LMFC-LT and d) LMFC-HT; €)
Schematic illustration of MFC and LMFC films dried under different drying
conditions (Figure adapted from Paper I)86.

It is demonstrated that the properties of amorphous wood polymers are
correlated with environmental conditions. Specifically, lignin and
hemicellulose, which are thermoplastic polymers, transition to a rubbery state
under dry conditions at temperatures ranging from 180 to 220 °C. However, in
the presence of water, the transition temperature of lignin can drop significantly
(reaching 90 °C), while hemicelluloses soften at even lower temperatures!01,102,
Figures 12a-12d illustrate the surface morphology of both MFC and LMFC
films, which exhibit a network of interconnected fibers. As drying temperatures
increase, both lignin-rich and lignin-free films develop more compact
structures. In MFC films, hemicelluloses begin to soften at elevated drying
temperatures above 50 °C, whereas, in LMFC films, lignin could soften at
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around 90 °C when in a wet statel01.102 acting as filler between fibers and
contribute to a denser surface structure.

The thickness, density, apparent porosity, tensile strength, and modulus of
MFC and LMFC samples are presented in Table 3. Both films exhibited a slight
increase in density at higher drying temperatures, consistent with the formation
of more compact structures as observed through SEM. Notably, both MFC and
LMFC films demonstrated excellent tensile strength, exceeding 220 MPa.
Higher drying temperatures enhanced the Young's modulus and tensile strength
of both lignin-free and lignin-rich films. This enhancement was particularly
pronounced in LMFC samples, suggesting that lignin softens and effectively
bridges the fibers after reaching the glass transition temperature, creating more
fiber joints within the cellulose fiber networks, which is manifested in the
improved modulus and tensile strength?03.

Table 3. Physical and mechanical properties of MFC and LMFC films dried under
different temperatures (Table adapted from Paper I)3¢.

Samples Thickness ~ Grammage Density Apparent Tensile Strain at Young's
(um) (g/m?) (g/cm?) porosity (%) s(tr'velzgg)th break (%) n(wggl;;us
MFC-LT 26.0+0.8 357+1.1 1.37 85+09  2288+149 99+04 896+0.82
+0.01
MFC-HT 242+09  34.0+12 1.40 6.5+0.7 240.8+10.8 83+0.9 14.57+0.71
+0.01
LMFC-LT 27.5+£0.6 372+0.7 1.36 9.6+0.9 2484 +13.1 103+1.1 8.32+0.69
+0.01
LMFC-HT 252410 355+1.2 1.41 6.3+0.9 282.7+9.1 74+0.7 15.06+035
+0.01

Figure 12e illustrates the mechanism underlying the enhanced tensile
strength of MFC and LMFC films as drying temperatures increase. When these
films are dried in a wet state, water acts as a plasticizer to soften and thereby
lower the transition temperatures of hemicellulose and lignin. In lignin-free
films, the softened hemicellulose fills the inter-fibril spaces, enhancing the fiber
bonding between cellulose fibrils!04105. In lignin-rich films, the presence of
water and elevated drying temperatures lead to the softening of lignin
components. This softening activates the molecular mobility of lignin, enabling
it to act as a cross-linker between cellulose fibers. As lignin softens, it deforms
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more readily to conform to the configuration of fiber joints!06.107. This

contributes to a better stress transfer between cellulose fibers in the network
structures.

Effect of hot-press treatment

The impact of hot-press treatment on the mechanical performance of produced
microfibrillated cellulose films is investigated. As illustrated in Figure 13, lignin-
rich films exhibited better wet mechanical strength than lignin-free MFC films.
This enhanced performance is attributed to the residual lignin, which
contributes to a more robust fiber network and improved structural
integrity7288108, Furthermore, both MFC and LMFC films demonstrated
increased wet mechanical strength and greater tensile strain at break after hot
pressing. Specifically, the wet mechanical strength of LMFC films rose
significantly from approximately 14 MPa to 24 MPa after hot pressing, as shown
in Figure 13b. The marked improvement in wet mechanical strength after hot
pressing is likely due to the formation of a greater number of joints within the
fiber network, leading to more effective load distribution!®. The hot-press
treatment is reported to facilitate cross-linking between lignin and the cellulose
matrix through enhanced intermolecular interactions, thereby reinforcing the
cellulose network and amplifying lignin’s role as a structural binder 108.110,
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Figure 13. a) Stress-strain curves of wet samples and b) wet tensile strength of
prepared films and commercial Celgard 3501 (Tests were done without video
extensometer) (Figure adapted from Paper III).
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3.5 Applications of lignin-rich nano/micro-cellulose films

Separators for aqueous zinc-ion battery

Aqueous zinc-ion batteries (AZIBs) have gained considerable attention in recent
years due to their numerous advantages, including enhanced safety from using
aqueous electrolytes, easy manufacturing process, non-toxicity, high volumetric
capacity, and, notably, their cost-effectiveness'''''%, Separators are crucial for
ensuring the high performance of AZIBs, as they serve as physical barriers
between the electrodes while also facilitating ion transport. Although separators
are not electrochemically active components, they play a pivotal role in
determining the energy density, power density, cycle life, and overall safety of
the batteries. Motivated by the outstanding mechanical properties and cost-
effectiveness of lignin-rich microfibrillated cellulose films. The electrochemical
performances of utilizing lignin-rich MFC films as separators for AZIBs were

further investigated in comparison with commonly used commercial Celgard
separators.
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Figure 14. a) Electrolyte uptake and b) dynamic curves of electrolyte capacity of
MFC, MFC-HP, LMFC, LMFC-HP films, and Celgard 3501; c) porosity of
separators determined by n-butanol method; d) digital photos of MFC, MFC-HP,
LMFC, LMFC-HP films, and Celgard 3501 with a drop (60 uL) of electrolyte on
the surface after 10s (Figure adapted from Paper III).

Electrolyte uptake and wettability are crucial factors that determine the
performance of battery separators. Enhanced electrolyte uptake ensures that the
separator can retain sufficient electrolyte, which is vital for efficient ion
transport between electrodes and facilitates the effective charging and
discharging of the battery!!4. As shown in Figure 14a, MFC shows the highest
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electrolyte uptake at 159 % and 152 % for LMFC separators, both of which are
higher than Celgard 3501, which shows an uptake of 116%. The higher
hydrophilicity and swelling ability of cellulose fibers promote better wettability
and uptake of aqueous electrolytes on cellulose-based separators compared to
polyolefins. After the hot press, the electrolyte uptake of both MFC and LMFC
separators decreased, likely due to the formation of denser structures within the
cellulose-based films. The dynamic electrolyte capacity curves, shown in Figure
14b, follow the same trend. Celgard separators exhibited the lowest electrolyte
capacity and remained almost unchanged over time; MFC-HP and LMFC-HP
separators demonstrated a significant increase in electrolyte capacity, reaching
up to 5 mg cm2 after 30 minutes of soaking. This further underscores the
superior electrolyte-absorbing ability of cellulose-based separators. Figure 14d
further illustrates the fast electrolyte diffusion on the surfaces of cellulose-based
films.

The porosity of all separators was assessed using the n-butanol impregnation
method83 (Figure 14c), revealing that Celgard possesses higher porosity
compared to cellulose-based materials. Porosity is a key parameter as pores not
only function as electrolyte storage space but also provide channels for ion
transport between the electrodes!!4. Figure 15 shows the surface morphology of
Celgard 3501 designed for the aqueous battery, where more prominent
micropores are visible. However, despite the higher porosity, the capacity of
these larger micropores to retain liquid is lower compared to smaller pores. This
is because smaller pores can achieve higher Laplace pressure, which enhances
their ability to retain liquid electrolytes more effectively!15.

Figures 15d and 15e display the cross-sectional morphology of hot-pressed
cellulose-based films. The structures interconnected by the fibers and the
interlayer space of films allow electrolytes to penetrate from both transverse and
longitudinal directions, leading to a higher electrolyte loading capacity of
cellulose-based samples. Figure 15f illustrates the thickness variation of all
separators after immersion in the alkaline electrolyte. It can be seen that
electrolytes could infiltrate via the interlayers of cellulose-based separators,
resulting in a significant thickness change in the transverse direction. In
contrast, the thickness of the Celgard separator remains virtually unchanged.
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Figure 15. SEM images of surfaces of a) MFC-HP, b) LMFC-HP, and c) Celgard
3501; cross-section morphology of d) MFC-HP and e) LMFC-HP; f) thickness

changes of all separators after soaking electrolyte (Figures adapted from Paper
110).

The thermal properties of separators are critical for ensuring battery safety,
particularly in high-power applications. Figure 16 illustrates the thermal
behavior of the separators when subjected to elevated temperatures. Upon
heating to 150 °C for 30 minutes, commercial Celgard 3501 exhibited significant
thermal shrinkage, as shown in Figure 16. At 180 °C, Celgard 3501 completely
melted, whereas the MFC and LMFC separators maintained excellent
dimensional stability even at elevated temperatures. The inferior thermal
stability of commercial Celgard under heating has also been reported by Liu et
al84, This marked difference in thermal performance highlights a significant
limitation of polyolefin-based separators like Celgard 3501, especially for use in
high-power electronic devices or electric vehicle batteries, which require stable
operation under extreme conditions. The pronounced thermal shrinkage and
melting of Celgard at higher temperatures could lead to direct contact between
the cathode and anode, particularly during high current operation or
overheating, potentially causing short circuits and severe safety hazards.
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Figure 16. Digital photos of separators after heating under different
temperatures in an oven (Figures adapted from Paper III).

To evaluate the practical performance of cellulose-based separators in
aqueous batteries, symmetrical cells were assembled using MFC, LMFC, MFC-
HP, and LMFC-HP films as separators, and their electrochemical properties
were compared to commercial Celgard. Figures 17a-17c present the long-term
cycling stability of these separators in half cells. Notably, cells with hot-pressed
MFC and LMFC separators demonstrated excellent cycling stability over 200
hours, comparable to that of commercial Celgard. EIS measurements of
Zinc/separator/Zinc cells were conducted to investigate their interfacial
resistance, with results shown in Figure 17d. The diameter of the semicircle in
the high-frequency region indicates the charge transfer resistance, with larger
diameters corresponding to higher resistance. Cells utilizing cellulose-based
separators exhibited lower resistance compared to those with Celgard 3501,
indicating the superior electronic transport properties of cells assembled with
cellulose-based separators. Interestingly, despite the higher resistance observed
in hot-pressed MFC-HP and LMFC-HP separators, these cells displayed
improved cycling stability relative to the untreated counterparts. This
enhancement is likely due to the superior wet mechanical properties of the hot-
pressed separators, which are crucial for maintaining structural integrity during
extended cycling in aqueous environments. Moreover, cells assembled with hot-
pressed MFC and LMFC separators exhibited lower overpotentials.
Overpotential represents the extra voltage required beyond the theoretical value
to drive an electrochemical reaction, and it was reduced in cells with cellulose-
based separators, signifying their more efficient electrochemical reactions and
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improved kinetics within the cells. This suggests that hot-pressed MFC and
LMFC separators enhance mechanical stability and contribute to more efficient
electrochemical performance.
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Figure 17. Cycling performances of zinc cells with a) MFC and MFC-HP, b)
LMFC and LMFC-HP, and c) Celgard 3501 separators. d) EIS measurement of
Zinc/separator/Zinc cells using different separators (Figures adapted from
Paper III).

Proton-exchange membranes

A proton exchange membrane (PEM), also known as a polymer electrolyte
membrane, is a semipermeable membrane designed to conduct protons while
acting as an insulator for electrons and blocking gases such as oxygen and
hydrogen!6. PEMs are a key component in fuel cells, which represent one of the
most promising sources of green energy for road transportation, converting
chemical energy into electricity with efficiencies reaching up to 80%117.

However, the high cost of benchmark synthetic perfluorinated PEMs (e.g.,
Nafion) (600-1200 US$ per m?) is hindering the wide spread of fuel cells!18.
Additionally, Nafion experiences reduced proton conductivity at elevated
temperatures, which limits its performance in high-temperature fuel cell
applications!17:119, This has triggered the exploration of novel, cost-efficient, and
sustainable PEMs designed for FCs and electrolysis.

This work investigates the potential of bio-based materials, lignin-containing
microfibrillated cellulose, to overcome the environmental and cost-related
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drawbacks of synthetic PEMs. The gas transport property and selectivity of
LMFCs derived from softwood and hardwood are compared with lignin-free
membranes. The impact of relative humidity and operating temperatures on
their proton conductivity for practical usage was explored.
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Figure 18. a) Small gas permeability of MFC, LMFC-SW, and LMFC-HW
membranes measured at 35 °C and a transmembrane pressure of 300 kPa; b)
Robeson upper bound plot for the Ho/N> pair (Figure adapted from Paper V).

Figure 18a depicts the gas permeability of produced MFC and LMFC
membranes derived from different wood species at a similar thickness between
17.3-18.7 um. The result shows that the gas transport property of membranes
is inversely proportional to the gases’ kinetic diameters, and the cellulose-based
membranes showed similar gas permeability following selectivity for relevant
gas pairs: H2/N2 ~ 210, CO2/N2 ~ 45 and O2/N2 ~ 7.5. The gas transport through
these membranes is likely mainly driven by the packing of the cellulose fibers
within membranes. As can be seen from the figures, the membranes exhibited
excellent gas selectivity, particularly for gas pairs H2/N2 and H2/02. The
Robeson upper bound plot for gas permeability of the H2/N2 gas pair, depicted
in Figure 18b, demonstrates that the membranes studied exhibit the highest
selectivity (H2/N2 pair) with proximity to the upper bound among structurally
similar cellulosic polymers (represented by light blue points).
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Figure 19. Nyquist plots of a) MFC and b) LMFC-HW membranes at different
temperatures from 80 to 120 °C) with a relative humidity > 95% (Figure adapted
from Paper V).

The dependence of the proton conductivity on temperature and relative
humidity for the produced lignin-free and lignin-rich membranes is shown in
Figures 19 and 20. Figure 19 presents the Nyquist plots for MFC and LMFC-HW
membranes at varying temperatures (80-120°C) at highly saturated conditions
(> 95%). Notably, in the high-frequency region, the LMFC-HW membranes
exhibit significantly lower resistance compared to the MFC membranes.
Furthermore, as the temperature increases, the impedance of both MFC and
LMFC-HW membranes continuously decreases. The benchmark synthetic
perfluorinated PEMs (e.g., Nafion) generally exhibit limited operation at
elevated temperatures. As temperature increases, the Nafion membrane loses
water more rapidly, reducing its proton transport capacity!20.121, The cellulose-
based membranes showed their potential to be used over a broader range of
temperatures.

The change in relative humidity would significantly affect the proton
conductivity of the produced membranes, as depicted in Figure 20. All cellulose-
based membranes showed low proton conductivity in dry conditions, and it
increased about 4 orders of magnitude in humidified conditions. Furthermore,
Lignin-rich MFC membranes showed two times higher proton conductivity than
lignin-free samples at varied temperatures, as shown in Figure 20b. This is likely
caused by the presence of more active proton-donating functional groups, such
as carboxylic groups, in the structures of LMFC samples than lignin-free
counterparts.
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Figure 20. a) The proton conductivity of MFC and LMFC membranes at varied
relative humidity at 80 °C and (b) dependence of proton conductivity on
temperature at saturated humidity (>95%) (Figure adapted from Paper V).

Membrane for organic dye adsorption

Water pollution caused by industrial dyes is a significant environmental issue.
These pollutants often enter water bodies, threatening diverse aquatic and
terrestrial organisms. It is estimated that approximately 100 tons of dyes are
discharged into water streams annually!22, These dyes, along with their
byproducts, are often toxic and non-biodegradablel2s3.

Recently, cellulose nanoparticles have emerged as promising renewable
materials for wastewater treatment due to their high surface area,
biodegradability, good affinity to dyes and metal ions, and excellent mechanical
properties®3. So far, many commercial adsorbents have been derived from
different sources in either powder or granular form. However, a significant
drawback of these absorbents is that most of them require effective
pretreatment for dye adsorption!?4. In contrast, membrane-based adsorbents
represent an innovative option that combines the advantageous properties of
both membranes and traditional adsorbents to remove various water pollutants
effectively. Regenerating the surface of membrane-based adsorbents is simpler
than materials in powder or granular forms!24125, Georgouvelas et al. produced
an all-cellulose functional membrane composed of cellulose nanocrystals,
TEMPO-oxidized cellulose nanofibers, or zwitterionic polymer grafted cellulose
nanocrystals in combination with cellulose fibers and microfibrillated cellulose
via a facile, one-step method!22. The prepared cellulose membranes exhibited
superior adsorption capacity as catalysts for water treatment while maintaining
excellent water permeability. Another approach for the removal of dyes was the
preparation of composite cellulose membranes. Liu et al. developed a method to

43



prepare double-layered GO (graphene oxide)-CNF membranes with ultrathin
GO layer on CNF membrane composed of commercial-grade CNF (Exilva), and
the composite membrane showed superior separation of dye molecules via
cross-flow filtration!26,

In the present work, "composite” membranes composed of wood-based
polymers, cellulose, hemicellulose, and lignin are prepared, and their usage as
sustainable absorbents for synthetic organic dyes, such as MB and CV, were
investigated.

Effect of lignin on the adsorption properties

Adsorption capacity is a critical parameter when evaluating materials for use
as industrial-scale adsorbents. Given the anionic nature of the cellulose
membrane surface, the adsorption performance of the prepared membranes
was assessed using two cationic dyes: methylene blue (MB) and crystal violet
(CV). As illustrated in Figure 21, LMFC-HW exhibited the highest adsorption
capacities, with values of 99 + 3 pmol g1 for CV and 102 + 4 umol g-1 for MB,
achieving removal efficiencies of 40.8% and 42.1%, respectively. In contrast,
MFC-SW displayed the lowest adsorption capacities, with 12 + 1 pmol g1 for
CVand 17 + 2 pymol g1 for MB, corresponding to removal efficiencies of 12.3%
and 20.6%. The LMFC-SW membrane demonstrated a slightly higher affinity
for CV compared to MB, with adsorption capacities of 85 + 3 umol g1 and 79
+ 4 umol g1, and removal efficiencies of 34.4% and 32.0%, respectively. These
results suggest that lignin-rich membranes are more promising candidates for
adsorbing cationic organic contaminants than their lignin-free counterparts.

The adsorption kinetics of three samples were further investigated. For MB
adsorption, 50% removal was achieved within 9 minutes for MFC-SW, 15
minutes for LMFC-SW, and 22 minutes for LMFC-HW. In contrast, 50% CV
removal required 31, 25, and 30 minutes for the respective membranes.
Notably, 90% removal efficiencies for MB and CV were attained within 16 and
117 minutes for MFC-SW, 72 and 90 minutes for LMFC-SW, and 72 and 120
minutes for LMFC-HW. It revealed that all membranes exhibited faster
adsorption rates for MB than for CV. This difference is attributed to the greater
mobility and faster diffusion of MB, which possesses a more linear structure
and smaller molecular size!2”. Given that the dye concentrations correspond to
the plateau regions of the equilibrium isotherms, the rapid adsorption kinetics
observed for the lignin-containing membranes underscore their potential for
practical applications in efficiently removing cationic contaminants.
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Figure 21. a) Adsorption isotherms (shown in symbols) and non-linear fitting
by the equilibrium models (shown in lines) of MB (top figure) and CV (bottom
figure); (b) influence of contact time and non-linear fitting by the kinetic models
(lines) of MB (top figure) and CV (bottom figure) adsorption (symbols) (Figures
adapted from Paper IV).

Effect of pH and ionic strength on adsorption performance

The pH of a solution is a crucial parameter in the adsorption process as it
influences both the surface characteristics of the adsorbent and the state of the
adsorbate species!?8. Different water sources exhibit varying pH levels
depending on their origins. The effect of pH on dye adsorption was evaluated
within the range from 5 to 7, with results presented in Figures 22a and 22b.
Overall, the use of a buffer solution had a negative impact on adsorption
efficiency. MFC-SW membrane was the most sensitive to buffer components,
exhibiting a significant decrease in removal efficiency from 31.2% to 9.34% for
MB and from 20.3% to 7.12% for CV at pH 7. Adsorption of both dyes was
completely inhibited at a pH of 5. In contrast, lignin-rich membranes
demonstrated greater resilience to buffer-induced changes.

A minor decline in removal efficiency was noticed with further acidification.
For LMFC-SW, adsorption efficiency dropped from 49.8% to 34.2% for MB
and from 49.3% to 34.9% for CV. Similarly, LMFC-HW exhibited a decrease
from 44.3% to 31.2% for MB and from 49.1% to 39.6% for CV. These results
suggest that LMFC-SW and LMFC-HW membranes are likely to perform
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better in real wastewater systems containing organic and inorganic
contaminants compared to lignin-free membranes.
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Figure 22. The influence of pH on the adsorption of a) MB and b) CV. The
influence of ionic strength on the adsorption of ¢) MB and d) CV (Figures
adapted from Paper IV).

Water resources often contain dissolved inorganic species that can interfere
with the adsorption behavior of adsorbents. To investigate the impact of ionic
strength on adsorption capacity, potassium chloride (KCl) was introduced, and
the results are depicted in Figures 22c and 22d. Similar to the impact of pH,
MFC-SW was the most sensitive to added ions. The removal efficiency of MFC-
SW for dyes dropped dramatically to 0.5-2.9% in the presence of KClI,
compared to 31.2% for MB and 20.3% for CV in distilled water. Although KCl
also reduces the removal efficiency of lignin-rich membranes for MB
adsorption, the decrease was minimal, and the R values remained within the
range of uncertainties as the salt concentration varied from 0.25 to 0.75 mol
L-1. This suggests that the performance of lignin-rich membranes is less
susceptible to interference from inorganic components. Overall, both lignin-
rich membranes demonstrated effective dye removal even in the presence of
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inorganic species, highlighting their potential for practical water treatment
applications.

Dye adsorption from simulated and actual natural wastewater samples

The practical applicability of the membranes as adsorbents was further
evaluated on a simulated groundwater sample (SGW) and an actual water
sample from the Fyris River in Uppsala, Sweden (ARW). The adsorption
spectra of the samples before and after adsorption are showcased in Figure 23.
The results indicate that LMFC-SW exhibited the highest water purification
performance, achieving removal efficiencies of 83.0% for SGW and 77.6% for
ARW, while the LMFC-HW membrane exhibited slightly lower removal
efficiencies of 73.5% and 77.3% for SGW and ARW, respectively. However, the
MFC-SW membrane showed the lowest effectiveness, with removal
efficiencies of 7.4% for SGW and 43.9% for ARW. The reduced performance in
SGW can be attributed to the adverse effects of electrolytes on the MFC-SW,
similar to the trend shown in Figure 22. These findings further underscore the
potential of lignin-rich membranes for practical water purification
applications.

ARW with 8 umol L™ of dyes (1:1)
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Figure 23. a) The water sample containing 8 umol L-! of dyes MB and CV in a molar
ratio of 1:1 (middle bottle), SGW (left bottle), and ARW (right bottle) after treatment
with LMFC-SW; b) absorption spectra of SGW with 8 umol L-! of dyes before and after
treating with membranes; c) absorption spectra of ARW with 8 pumol L-! of dyes before
and after treating with membranes (Figures adapted from Paper IV).

3.6 Recyclability

The recyclability of LMFC films was evaluated by redispersing the once-dried
LMFC films in distilled water. As displayed in Figure 24a, the recycled LMFC-
SW and LMFC-HW samples exhibited tensile strength of 206 MPa and 148
MPa, respectively.
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The inherent compatibility between lignin and cellulose did not compromise
the recyclability of the cellulose-based materials. Figures 24b and 24¢ show that
once-dried lignin-rich cellulose films can be well dispersed and reshaped into
uniform films. The tensile strength recovery for the LMFC-SW and LMFC-HW
films was 71.5% and 63.2%, respectively, surpassing the tensile strength
recovery reported for MFC films, which was 50.5% after drying at 100 °C129.
Hornification, a well-known process that occurs during the drying of cellulose
fibers, results from the close proximity of cellulose chains, leading to the
formation of intermolecular bonds and irreversible fiber aggregation129.130, This
process typically co-crystallizes cellulose fibers and diminishes water absorption
capacity, thereby limiting fiber swelling of cellulose fibers when re-exposed to a
watery environment!3!. Notably, LMFC films exhibited a higher recovery of
mechanical properties than MFC films, likely due to the presence of residual
lignin, which mitigates the effects of hornification. It can also be noticed that
dried LMFC films showed a higher water uptake than MFC films (Figure S3 from
paper I11), indicating their better swelling ability after drying.
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Figure 24. a) Typical stress-strain curves of recycled LMFC-SW and LMFC-
HW films; Digital images of b) LMFC-SW and ¢) LMFC-HW films after recycling
(Figure adapted from Paper II)87.

It is believed that hemicellulose and hemicellulose-lignin matrix could help
maintain the contact between fibers, mitigating the occurrence of
hornification!32. The high recovery of tensile properties in LMFC films is crucial
for commercializing and transporting nanocellulose products. Since MFC
materials often require drying for transportation and subsequent redispersion,
the superior recovery of mechanical properties in LMFC films positions them as
more promising candidates for commercial use. The recyclability of these films
also maximizes resource efficiency, as the reuse of cellulose films reduces the
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need for virgin raw materials. Recyclable cellulose films can be reprocessed and
repurposed, maintaining their economic value and contributing to sustainable
production practices requiring less energy and fewer resources than
manufacturing new products from raw materials.
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4 Summary of the thesis

ii.

iii.

In the first work, self-standing films composed of lignin-rich
microfibrillated cellulose fibers were successfully prepared from high
kappa number kraft pulp using a chemical-free method. The presence
of residual lignin contributes to improved thermal properties (Tmax >
345 °C) and hydrophobicity of produced microfibrillated cellulose
films. Their mechanical properties can be further improved at
elevated drying temperatures, reaching 283 MPa in tensile strength
and 15 GPa in their modulus.

The impact of raw pulp fibers on the production and properties of
produced lignin-rich microfibrillated cellulose films was further
investigated. Specifically, hardwood pulps showed a higher degree of
defibrillation under the same energy input compared to the softwood
counterparts. The failure mechanism of the produced lignin-rich
MFC films derived from different wood species was compared, and
the result shows that softwood-derived lignin-rich films displayed
fewer strain-concentrated regions than hardwood films due to the
increased physical fiber bonding formed by their longer fibers,
resulting in an enhanced stress transfer through the fiber networks
and higher tensile strength. The deviation of their fracture position
from the strain-concentrated areas suggests that the failure mode of
LMFC-SW films is likely governed by the fiber fracture. The
synergistic effect of the more condensed lignin structures in softwood
fibers and their longer fibers contributes to the higher stiffness of
corresponding softwood-derived lignin-rich films.

The produced lignin-rich MFC films showed exceptional potential for
use in energy storage systems. The wet tensile strength of the
produced lignin-rich MFC films was significantly improved after hot-
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iv.

press treatments, making them more robust in aqueous
environments and ideal candidates as separators for aqueous zinc
batteries. Additionally, these lignin-rich films exhibit better
electrolyte uptake and wettability compared to commercial Celgard
3501, thanks to the inherent hydrophilicity and swelling ability of
cellulose fibers and the interlayer structures for electrolyte storage.
The lignin-rich cellulose separators showed superior dimensional
stability at elevated temperatures and good ionic conductivity. The
zinc cells assembled with hot-pressed lignin-rich cellulose separators
displayed comparable cycling stability after 200 hours compared to
commercial Celgard separators.

The gas transport properties and proton conductivity of the produced
lignin-rich microfibrillated cellulose films were further explored as
proton exchange membranes. The gas transport properties revealed
that the influence of wood species on gas permeability was
insignificant, with their gas barrier properties being primarily
governed by fiber packing. The membranes exhibited excellent gas
barrier and selectivity, particularly for gas pairs H2/N2 and H2/0z2,
showcasing their potential use in applications requiring high gas
barrier performance. Moreover, LMFC membranes demonstrated
significantly improved proton conductivity under humidified
conditions, with a four-order-of-magnitude increase in conductivity
compared to dry conditions. Notably, the LMFC membranes
exhibited nearly twice the proton conductivity of the lignin-free
counterparts at temperatures up to 120°C, indicating their suitability
for use in both hydrated and high-temperature environments.

Lastly, the higher fiber charge in LMFCs and the robust structures
of lignin-rich microfibrillated cellulose films make them appealing
for cationic organic dye adsorption. The effect of pH and ionic
strength on these films was also investigated. Results demonstrated
that the presence of lignin significantly increased the dye adsorption
capacity of LMFC films in both simulated groundwater and actual
river samples. Specifically, LMFC-HW membranes showed an
adsorption capacity of 99+3 umol g-! for CV and 102+4 pmol g-! for
MB, while softwood-derived LMFC films demonstrated a capacity of
85+3 umol g-1 for CV and 79+4 umol g-! for MB, both of which are
much higher than MFC-SW counterparts (12+1 pmol g-! for CV and
1742 pmol g-! for MB). This good affinity to organic dyes of LMFC



films, combined with their environmentally friendly nature,
positions them as viable and sustainable adsorbents for addressing
water pollution.
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5 Conclusions

Material development:

1. Lignin-rich microfibrillated cellulose (LMFC) films, produced from high-
kappa number kraft pulp, demonstrate superior thermal stability and
mechanical properties compared to lignin-free films, with significant
improvements in their mechanical strength achieved by simply adjusting
the drying conditions.

2. The structure-property relationships between raw fibers and LMFC films
were thoroughly examined. Results reveal that softwood-derived LMFC
films exhibit higher tensile strength and stiffness than the hardwood
counterparts due to the longer fibers and more condensed lignin
structures, which improve stress transfer within the structures.

Applications:

3. LMFC films, particularly after hot-press treatments, show great promise as
environmentally friendly separators for aqueous zinc-ion batteries,
offering excellent wet strength, electrolyte uptake, wettability, and cycling
stability.

4. These LMFC films also exhibit excellent gas transport selectivity and
significantly increased proton conductivity in hydrated and high-
temperature environments, making them suitable candidates for proton-
exchange membranes in energy applications.

5. The potential of LMFC films as sustainable adsorbents for cationic organic
dyes is also highlighted, with better adsorption capacities in both simulated
groundwater and actual river samples showcased than lignin-free films,
positioning them as effective and eco-friendly solutions for addressing
water pollution.
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This research attempts to deepen our understanding of how raw materials
and processing methods can be optimized to produce lignin-containing
nano/microcellulose  films with desirable properties. Lignin-rich
microfibrillated cellulose fibers produced from low-cost and high-yield high-
kappa number kraft pulps, offer a scalable and environmentally sustainable
alternative. This suggests the potential of LMFC as a cost-effective and eco-
friendly material with robust mechanical characteristics suitable for various
industrial applications.



Future outlook

This thesis highlights the potential of lignin-rich microfibrillated cellulose fibers
as a sustainable, cost-effective alternative to traditional nanocellulose materials,
with promising applications across diverse fields. Compared to TOCNF, LMFC
can be prepared using a scalable and environmentally friendly method from
low-cost unbleached pulps, and they showed comparable mechanical properties
to TOCNF films and excellent thermal stability, demonstrating that it is not
always necessary to produce nano-sized cellulose to achieve superior properties.
However, several prospects remain for further exploration and improvement,
which could significantly enhance the performance and industrial utility of
LMFC-based materials.

While this thesis has demonstrated the effectiveness of LMFC films produced
from high-kappa number kraft pulps, there is still significant potential for
optimizing both raw material selection and processing conditions. Future work
could explore using different raw materials, such as pulp obtained from different
processes and with different kappa numbers, and the defibrillation techniques
to fine-tune lignin content and fiber morphology. Detailed studies on the
correlation between lignin content, fiber morphology, and the resulting
properties of the membranes could lead to their improved performance in high-
temperature and high-humidity applications. Additionally, combining LMFC
with other bio-based polymers or fillers may result in hybrid materials with
tailored properties for specific end-use applications.

Further investigation can also be conducted to conduct a comparative
analysis of films from the same raw material with selective delignification to
remove lignin while preserving the fiber length. This can serve as an ideal way
to isolate the impact of lignin content/structure further from fiber length effects
for a more detailed discussion.
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The promising performance of LMFC membranes as separators in aqueous
zinc-ion batteries suggests great potential for these materials in the broader field
of energy storage. Further research should explore their integration into full
cells with commercialized electrode materials. Further functionality of these
lignin-rich cellulose membranes using green chemical methods and fine-tuning
their structures could also lead to better performances for wastewater treatment
and better proton conductivity as proton-exchange membranes.

As LMFC materials are derived from renewable resources, they readily
contribute to the circular bio-economy. Future work should include
comprehensive life cycle assessments (LCAs) to quantify the environmental
impact of LMFC production, usage, and disposal. Exploring the potential for
recycling and reprocessing LMFC materials could further enhance their
sustainability and reduce reliance on non-renewable, fossil-based materials.
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