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Solid Foams from Cellulose

Eliott Orzan
Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
The development of lightweight materials such as foams highlights the human
drive to optimize material functionality and minimize energy expenditure. At
the forefront of modern foam materials are highly versatile fossil fuel-based
plastics; a technological triumph which is producing a spiraling ecological
disaster. To solve this problem, we can turn to renewable materials such
as cellulose. However, several challenges appear when transitioning to these
materials: Solid foams from cellulose can suffer from lackluster mechanical
performance, sensitivity to environmental conditions such as moisture and
fire, and require significant energy to dry. This thesis explores structural fea-
tures in cellulose foams which introduce multi-functionality such as enhanced
mechanical strength and fire-retardancy.

Two distinct phenomena affecting the strength of cellulose networks were
evaluated: i) degradation/cross-linking, and ii) structural rearrangement. The
degradation of non-crystalline cellulose fiber regions weakened fiber networks
via phytic acid or endo-xylanase enzymatic hydrolysis. To counteract this,
fibers were cross-linked through the physical adsorption of extrinsic xylan
or by covalently binding phytic acid to cellulose via dehydration synthesis
reactions. Phytic acid also changed the foaming behaviour of wet systems ap-
plying an ionic surfactant, and imparted thermal stability and fire-retardancy
to dried cellulose fibers. The structural arrangement of cellulose nanocrystals
in suspensions and during freezing was modified by leveraging interactions be-
tween tert-butanol and water. The disrupted assembly and unique ice crystal
formation led to tailorable strength and surface areas in freeze-dried cryogels.

With these studies, we unveil methods and mechanisms to strengthen fiber
networks with the goal of expanding the use-cases of cellulose foams. In our
pursuit of a sustainable future, we must overcome our dependence on non-
renewable plastics by finding and exploiting effective solutions found in nature.
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CHAPTER 1

Introduction

To fully appreciate the presented thesis, it is the chef’s recommendation to
compliment your reading experience with a freshly poured beer and a slice of
buttered toast. Cheers! These accompaniments hold the secrets to unraveling
the world of foams. Take a moment to notice the bubbles that form at the
bottom of the glass and travel upward to develop the head of the beer; How
do they form and why does the head shrink over time? A bite of crispy
bread reveals that the structure of the slice has changed during toasting:
It is noticeably stiffer, and the pores have changed shape and size. These
phenomena underline the concepts covered in this thesis and highlight the
diversity in what we call foams. To begin our exploration, we can turn back
to nature as the original inspiration for our interest and need to study solid
foams.
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1 Introduction

Consider a toucan. Like any living organism, it needs energy to sustain it-
self. However, it has a beak that is large for its body size. The apparent
weight of such a large beak would require a significant expenditure of energy
if the bird were flying. Within lies the secret: a network of keratin struts sur-
rounding large pockets of air (Figure 1.1). The cellular structure is incredibly
lightweight, and yet the toucan’s beak maintains functional strength. This
represents a class of materials known as foams, which are defined by their low
mass to volume ratio, or density. The toucan’s beak weighs just one-thirtieth
of the bird’s total mass while occupying one-third of its size, having a den-
sity of only 100 kilograms per cubic meter.1,2 The structure is light enough
to fly with and provides a unique evolutionary advantage for picking fruit up
high or defending a nest. Herein lies the purpose and importance of foams.
These cellular solids, proven by nature to optimize function to weight, are now
inspiring the next generation of materials engineered by humans.3

Figure 1.1: Cellular solids within a toucan’s beak and applied conceptually to
a shoe midsole. Reproduced from Seki et al.2,4 Elsevier license:
6001330114791.
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Many of the tools and products developed early in the course of human civ-
ilization were created to solve problems, perform tasks, and provide an im-
proved standard of living. We prioritized functionality using any material, in
any quantity, using any process. However, as our population grew, we be-
came increasingly dependent on both materials and energy. Foams provide
an elegant solution to this growing need. We can maintain function while
minimizing material costs, leading to reduced energy expenditures in both
processing and transportation. Globally, the packaging, automotive, and con-
struction sectors represent the largest consumers of raw materials. Each of
these industries has since adopted foams as critical engineering solutions.5,6

Yet, in solving our problem of materials and energy, we inadvertently created
another, an over-reliance on non-renewable fossil fuels.

We have long relied on fossil fuels (petroleum, coal, and natural gas) as an
efficient source of both materials and energy. Plastics derived from petroleum
are truly revolutionary in the context of human development, having become
ubiquitous in the everyday products that we use. However, synthetic plas-
tics, and by proxy, fossil fuels, are a non-renewable resource and thus finite.
We have also discovered their unfortunate impact on global warming and the
environment through the release and accumulation of greenhouse gases and
microplastics.7 We stand at a critical point where our hunger for materials and
energy requires solutions to i) reduce the use and waste of fossil-fuel based
materials and/or ii) find complementary renewable alternatives with competi-
tive performance. Today, the complete replacement of plastics is a formidable,
generation-spanning task. To transform our society into a true circular bioe-
conomy, we must develop solutions which are not only economically and tech-
nologically viable but also environmentally neutral. Polysaccharides such as
cellulose may be a key component.

Cellulose represents the most abundant class of polysaccharides on earth and
is found mainly in the cell walls of plant biomass. Since its discovery in the
mid 1800s, cellulose has been implemented in numerous industrial sectors such
as textiles, packaging, insulation, food, and paper products. The production,
extraction, modification, and application of cellulose remain prominent topics
in academia by virtue of its renewable and abundant nature. Cellulose has
found particular value within the foam market in packaging and insulation.
However, it faces challenges due to sensitivities to moisture and inadequate
mechanical strength for high-performance applications. The aim of this thesis
is to explore and evaluate methods to strengthen cellulose fiber networks in
an effort to expand their potential use-cases.

3



1 Introduction

Purpose and Objectives

The thesis and PhD work presented here were performed under the Horizon
EU funded project BreadCell (grant agreement No. 964430). In 2021, the
project set out to develop a lightweight sustainable solution for the sports
and transportation sectors; with overarching themes of sustainable mobility,
safety, and resource efficiency. Wood pulp fibers were transformed into high-
value foam materials with an emphasis on process scalability and product
safety. However, foam materials from wood pulp fibers were traditionally
unsuitable for these applications and displayed significant barriers to entry.

Herein lies the challenge set for this PhD: develop a strong yet lightweight foam
from wood pulp fibers and other renewable materials using a novel foaming
technology. Material and energy efficiency, as well as scalability, were desig-
nated critical parameters to consider during foam development. The project
was successful in achieving its goals of foam production (Figure 1.2); prevent-
ing a detailed discussion of the nature or results of the foaming technology in
this thesis. However, several important questions emerged over the course of
the project that generated the ideas presented here.

Figure 1.2: Cellulose fiber foam produced from the work in this PhD project.
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In this thesis, I demonstrate methods to produce and strengthen cellulose
foams. The underlying principles governing fiber network strength are ex-
plored through i) the degradation / cross-linking of cellulose fibers and ii)
structural rearrangement. These investigations also produced multi function-
ality in the form of fire-retardancy and surface area. Moreover, this work
seeks to answer the question of how wet foams can be formed and stabilized,
similarly to how bubbles in beer and bread are made. Several drying methods
are then presented and applied in an effort to create solid foams which are
stronger and stiffer, just like toasted bread.

In Paper I, the covalent cross-linking of cellulose fibers with phytic acid (PA)
was investigated. The phosphate groups present in PA provided additional
value as a flame-retarding agent. Analysis of condensation reactions and fiber
structure provided the foundation for the foams developed in Paper II.

In Paper II, the formation and performance of PA cross-linked cellulose fiber
foams was evaluated. The effect of PA on foaming, compressive behavior and
fire-retardancy showcased the unique benefits of this strengthening agent.

In Paper III, tert-Butanol was used as a structuring agent for cellulose
nanocrystal suspensions and freeze-dried foams. Where all other publications
employed oven-drying methods, here, liquid nitrogen and freeze-drying were
used to create solid foams. Tert-butanol rearranged the physical configuration
of CNCs in solid foams, changing the resulting strength and surface area.

In Paper IV, the effect of xylan in fiber networks was evaluated. This hemi-
cellulose native to the structure of cellulose fibers was degraded from wood
pulp fibers or added extrinsically through adsorption.

5





CHAPTER 2

Background and Theory

The following chapter breaks down the fundamental concepts underlying the
results presented in the appended papers and this thesis. First, basic foam
terminology is defined and the physics of foam formation and stability are
established. Next is a summary of the chemical and structural composition of
cellulose, as well the introduction of phytic acid (PA) as an additive. Finally,
the effect of pores and fibers on the compressive behaviour of cellulose fiber
solid foams is discussed. This chapter contains modified excerpts from my
licentiate thesis work.8
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2 Background and Theory

2.1 The World of Foams

Foams are defined as gas bubbles dispersed in a liquid or solid phase. For the
purposes of this thesis, a wet foam is a gas phase encapsulated by a liquid solu-
tion or suspension, and solid foams are dried solid materials enclosing gaseous
spaces. The gas phases form cells or pores, and the extent to which they are
surrounded by solid material determines the properties and application of a
foam. When a cell is completely encapsulated by the solid, it is considered
a dispersed phase and forms a closed-cell morphology (Figure 2.1).9,10 These
foams are ideal for applications requiring strength in mechanical compression
and thermal insulation and can best be exemplified by materials such as cork,
building insulation, and buoyant pool noodles. When cells are instead con-
nected to each other, forming a continuous gaseous phase, it is considered
an open-cell morphology. These foams generate the lightweight and energy-
absorbing characteristics of toucan beaks, sponges, and cushions (Figure 1.1
and 2.1). The foams developed in this thesis are made from cellulose fibers,
which form open-cell morphologies due to the disparate nature of fibers.

Figure 2.1: Representative images of open-cell and closed-cell foam morphologies.
Reproduced from Brondi et al.11 and Tolganbek et al.12 under Creative
Commons CC-BY license.

As material is added to a foam matrix, pore spaces within foams shrink and the
walls surrounding pores thicken. This leads to an increase in density; defined
as the mass of the material over its total occupying volume (ρ = kg

m3 ). The
potential for variation in foam structure therefore leads to a large distribution
of properties (e.g. density, strength, thermal conductivity) that can fulfill a
range of criteria. This can be visualized in an Ashby plot (Figure 2.2).13 The
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2.1 The World of Foams

seminal works of Lorna Gibson and Michael Ashby guide our understanding of
how material and cellular design influence foam properties.9 They introduced
the concept of relative density as a defining feature of foams, where the foam
density ρ is divided by the intrinsic (or skeletal) density (ρs) of the solid
phase materials. We can then divide material properties by their density to
get the specific property value. This contextualizes how the materials and the
structure affect performance and allows us to tailor lightweight materials for
certain intended uses.

This thesis

Panel in bending

Beam in bending

Tie in tension

(S
tiff
ne
ss
)

Figure 2.2: Ashby plot of common foams and cellulose-based materials created in
Ansys Granta EduPack.

Solid foams can be made from nearly any material such as plastics, met-
als and ceramics. However, pressures placed on the environment due to the
growing demand for non-renewable foam materials such as EPS or PU plas-
tics require bio-based solutions which have competitive performance. Foams
made from cellulose fibers have potential in this regard, having already been
employed in packaging, absorption, and insulation solutions due to the inher-
ent properties of the material and their open-cell morphology. Cellulose fiber
networks have low intrinsic density and are loosly bound together. This al-
lows for a lightweight construction that is capable of easily deforming to high
strains; perfect for impact absorption in packaging. Fibers are also naturally
non-conducting and thermally stable when transporting medical or electronic
devices in warm conditions.14

9



2 Background and Theory

2.2 Wet-State Foaming and Stability

The principle ways to introduce gas into a liquid are through i) dispersion,
ii) condensation, and iii) templating methods. Dispersion methods involve
the incorporation of the gas phase directly into the liquid media. This can be
done by physical shaking/whipping (as in Paper II), sparging (bubbling gas up
through tube/sieve), or pouring.10,15–17 Generally, the homogeneity of disper-
sion foams is poor and they require additional stirring or the use of a sieve to
control bubble size. Condensation methods instead rely on the gas phase being
present as a saturated solute in the liquid. The gas phase is then released at nu-
cleation points under energetically favorable conditions via boiling, cavitation
(lowering pressure via movement), desorption, or reaction/decomposition.10,15

Heterogeneous nucleation of gas pockets begins at interfaces while spontaneous
nucleation occurs when P > P0 + (2γ/R), where P is pressure, γ is surface
tension and R is the radius of curvature.10 Finally, templating methods em-
ploy a removable liquid or solid phase to produce a porous structure. Recent
studies have used oil-in-water emulsions, removable wax or starch scaffolds,
polymeric particles, and ice as effective templating methods.18–21 The shape
and size of bubbles are strongly influenced by forces acting on them. Hydro-
static pressures affect size, while viscous traction alters the shape of rising
bubbles. In larger bubbles, the latter effect is more pronounced as bubbles
tend to elongate perpendicular to gravity.

Regardless of the foaming method, wet-state foams are thermodynamically
unstable. Pore structures gradually change shape and collapse over time as
a result of pressure-driven liquid and gas diffusion. We can understand these
phenomena through the Young-Laplace equation for capillary pressure ∆P at
gas-liquid interfaces (Equation 2.1):

∆P = γ( 1
R1

+ 1
R2

) (2.1)

Surface tension γ represents the energy difference between molecules at the
surface and in the bulk solution (surface energy per unit area). Energy is
therefore required to extend or form new surface area. As the total Gibbs
free energy of a system will drive towards lower energy, foams will gradually
minimize their total surface area over time, leading to instability.22

10



2.2 Wet-State Foaming and Stability

The main processes causing foam instability are: i) drainage/evaporation, ii)
coalescence, and iii) coarsening (Figure 2.3).23–25 Drainage and evaporation
represent the removal of water from the lamellae between bubbles. As liq-
uid drains due to gravitational forces, bubbles approach, forming thin films
and plateau borders (Figure 2.4). Plateau borders are the nodes between
bubbles, which possess lower capillary pressures and higher concentrations of
solutes compared to the films. The pressure difference engages capillary flow
to plateau borders which thins the lamellae. Eventually, the film ruptures
and the bubbles coalesce.10 Simultaneously, differences in capillary pressure
between bubbles of various sizes cause diffusion of gas molecules (Equation
2.1).23,26 This leads to the gradual disappearance of small bubbles as they
feed into larger bubbles, known as coarsening or Ostwald ripening. The rel-
ative change in surface area and the reduction in curvature are energetically
favorable.

Figure 2.3: Foam destabilization mechanisms.

Surfactants, polymers and particles are used to prolong the stability of foams
by increasing repulsive forces between surfaces, known as disjoining pressure.16

Surfactants such as sodium dodecyl sulfate (SDS) are surface-active molecules
that adsorb at gas-liquid interfaces, decreasing surface tension.22 As capillary
flow evacuates lamellar regions toward Plateau borders, the Marangoni effect
opposes the flow as a gradient in surface tension sends surfactant molecules

11



2 Background and Theory

to lamellae (Figure 2.4). Surfactants are thus used when foaming and help
stabilize gas-liquid interfaces. They reduce drainage rates and coarsening by
reducing surface tension, inducing shear viscosity, and providing resistance to
gas transfer through the addition of lamellar mass.23,24,26 Coalescence is also
delayed due to the increased disjoining pressure from electrostatic and steric
effects. Polymers such as carboxymethyl cellulose (CMC) are used to gener-
ate viscous and electrostatic effects in the lamellae, promoting stabilization
effects. Particles can generate similar effects in the form of Pickering emul-
sions, stabilizing gas bubbles to form homogenous pore morphologies.27–30

Figure 2.4: Material flows in Plateau border and lamellae. Reproduced and altered
from Bikerman10 Springer Nature license: 6015270938766.

In this thesis, CMC and the ionic surfactant SDS are employed as foam form-
ing and stabilizing agents. A whipping dispersion method is used to create
foams with cellulose fibers and the effect of phytic acid (PA) on the foaming
behaviour of CMC-SDS solutions is analyzed.

12



2.3 Drying Techniques

2.3 Drying Techniques

Transformation of wet foams and hydrogels to lightweight, dimensionally sta-
ble porous materials requires the removal of the liquid phase. Drying converts
liquids within the continuous phase into a gas that is then completely re-
moved from the substrate. Drying is a great challenge in many industries
(foams, food, pharmaceutical etc.) as it requires balancing of energy expendi-
ture, time, scalability, and structural changes. In this section, the fundamen-
tal aspects that govern structural stability during drying will shed light on
the advantages and disadvantages of modern drying processes. Evaporative
and freeze drying will be mainly covered, with a brief discussion of alter-
native methods (supercritical CO2, superheated steam) and supplementary
techniques (electromagnetic radiation, ultrasound).

The terminology used to define dried lightweight materials is contentious and
often does not obey strict guidelines. The most commonly applied terms,
aerogel and foam, can be found interchangeably depending on the context of
the study. This emerged as a result of two related methods for classification:
one based on the pore structure (porosity, surface area, pore size) and one
based on the drying process (evaporation, sublimation, supercritical). Aero-
gels were originally defined by Kistler in 1931 as having extremely low density
(< 0.2 g/cm3), high porosity (> 90%), and meso-pore sizes (2 - 50 nm). Foams
instead broadly encompass porosities over 50% and pore sizes over 50 nm.31,32

However, advances in material and drying technologies have produced hier-
archical structuring that blurred the lines between these definitions. In this
thesis, classification is determined by the method of preparation and drying.
The terms aerogel, cryogel and xerogel refer to the drying method while solid
foams are used as an umbrella term for any dried solid-phase material with
gas dispersed within (Figure 2.5a,b).

2.3.1 Evaporative Drying

The archetypal method for drying substrates applies air convection, heat,
and/or pressure to change a liquid phase into a gas via evaporation. This
process forms the basis for solid foams made from wood pulp fibers described
in this thesis. Liquid molecules diffuse to a surface and, with sufficient heat
and pressure, attain enough energy to reach their latent heat of vaporiza-
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2.3 Drying Techniques

tion and transform into the gaseous phase. The application of low-pressure
vacuum can help in achieving this transition (Figure 2.5c).35 The gradual ac-
cumulation of gas molecules in the bulk gaseous phase and in the Knudsen
layer leads to an increase in vapor pressure, which thermodynamically lim-
its evaporation. Thus, the introduction of air convection can accelerate the
evaporation process.

Evaporative drying is the simplest and most scalable process, yet it suffers
from issues of stability and energetic inefficiencies. First, evaporation occur-
ring at gas/liquid interfaces leads to capillary pressures, resulting in converg-
ing surfaces and structural collapse. This change in structure represents the
primary disadvantage of using evaporative drying, as maintaining dimensional
stability in the face of capillary stresses is challenging. Second, heating of the
substrate is typically dependent on convection through the impingement of
hot air. The use of convection to heat a liquid or solid substrate is inefficient
and leads to uneven heating and/or temperature gradients in thick substrates
such as foams. High temperatures or exposure can also lead to undesirable
color changes or material degradation.

The removal of water from a porous structure depends on the material and
pore size. Larger macroscopic pores (> 50 nm) such as those found in the
fiber foams in this thesis lead to faster drying rates due to fast diffusion and
evaporation of water. However, rapid change in the structure and heterogene-
ity of these foams leads to shrinkage as internal stresses build up. Smaller
pore sizes lower the diffusion and evaporation rates, leading to less cracking
or deformation.34 A hygroscopic material such as cellulose will contain free wa-
ter and bound water molecules.36 Bound water is adsorbed to sorption sites
such as OH groups on cellulose fibers and requires energy to remove. Free
water represents molecules in intercellular spaces that diffuse rapidly through
a foam. The drying rate of a foam changes over time as water is removed. At
a high moisture content, free water diffuses to surfaces, causing a plateau in
drying rate. The removal of water leads to a reduction in volume and shrink-
age at the surface, which in turn forms a densified skin layer. The formation
of this dried layer on the outer surfaces of the foam, along with bound water,
causes a reduction in the drying rate over time. The liquid pressure difference
between the bulk and surface causes liquid to be pumped to the surface in
accordance with Darcy’s law. The migration of water through a matrix during
drying is complicated yet can be described reasonably well by the Page model,
derived from Fick’s second law of diffusion.
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2 Background and Theory

Solvent exchange is a method which aims to preserve pre-existing porous struc-
tures during evaporative drying. This technique is often used to create xerogels
or avoid the collapse of the lumen in never-dried cellulose fibers.37 The water-
containing foam or gel is submerged in a solvent such as hexane which has
significantly lower surface tension and/or vapor pressure. This reduces the
capillary forces which would cause shrinkage or collapse. However, the need
for solvents (toxic or not) and the time needed for the slow diffusion restricts
the applicability of this method.

2.3.2 Freeze-Drying

One method of circumventing the capillary forces which cause shrinkage and
collapse in foams is via sublimation. The liquid within the material is frozen
and the pressure is reduced under vacuum, granting a direct transition from
solid to gas without formation of a liquid-vapor interface. This process can be
referred to as freeze-casting or lyophilization, and forms what are known as
cryogels. In this thesis, freeze-drying of cellulose nanocrystal (CNC) suspen-
sions with tert-Butanol (TBA) as a co-solvent produced unique pore structures
ascribed to the formation of ice crystals. Changing the freezing rate, direction,
or solvents provides flexibility and control over the pore structure of the final
foam/cryogel.

Lowering the temperature of liquids to below their freezing point causes the
formation of ice crystals. A slow descent in temperature results in lower
nucleation rates as it is thermodynamically favorable to grow existing ice
crystals.38,39 This inevitably produces larger ice crystals and thus larger pores.
Rapid cooling of the system using for example liquid nitrogen, causes sponta-
neous nucleation over a multitude of locations. The growth of the ice crystals is
then volumetrically limited, producing smaller crystals and smaller pores. As
the ice crystals grow, solid-particles such as CNCs are pushed to the intersti-
tial spaces, forming the pore walls. This process is known as ice-templating.40

The orientation of pore walls can also be controlled by changing the ther-
mal gradient in the mold. With uniform exposure throughout the system,
ice crystals will presumably grow isotropically outward in all directions. By
subjugating one side to lower temperatures, ice crystals will form in columns
perpendicular to the exposed plane.41 These anisotropic formations create
capillary structures reminiscent of those found in wood.
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The introduction of solvents can influence the growth of ice crystals and sub-
limation conditions. TBA is one such solvent that increases sublimation rates
and limits the growth of ice crystals.42–44 This is due to TBA and water are
miscible and form eutectic mixtures at approximately 20 and 90 wt% ad-
dition of TBA.45–47 Typically, two solvents will freeze mostly independently
according to their individual melting/freezing points. However, at the eutectic
composition only a single freezing point exists, which sits at a lower temper-
ature than either TBA or water. TBA and water also form hydrogen-bonded
liquid micro-clusters, limiting the growth of ice crystals.48,49 This leads to a
better preservation of the original wet-state network structure.50 Outside of
the eutectic mixture, TBA also influences pore structuring by forming needle-
shaped dendritic crystals.

Freeze-drying represents a drying technology which has promise for industrial
scalability. Currently, the food and pharmaceutical sectors employ this tech-
nology however, the energy and time demand required to freeze-dry materials
is considerable.51 The traditional batch-style operation was transformed in the
1960s to a continuous production which solved issues of heterogeneity. In ad-
dition, novel atmospheric freeze-drying has been investigated which circulates
dry cold air to create a moisture gradient. This technology is more energy
efficient yet sacrifices in the time demand.52

2.3.3 Supercritical and Superheated Drying

Supercritical drying involves the extraction of the liquid phase with a misci-
ble compound at supercritical conditions. When supercritical, liquid and gas
phases become indistinguishable and thus the issues related to surface tension
and capillary forces become obsolete.34 Upon isothermal depressurization, the
pore fluids are removed from the material, leaving a dried porous material
with an intact structure. This process produces high surface areas and small
pore sizes, forming what are known as aerogels. Carbon dioxide has become
the most industrially relevant compound for this application due to its low su-
percritical temperature and inertness. However, supercritical drying requires
significant pressurization in enclosed chambers, leading to safety and scalabil-
ity considerations. The energy and solvent needs also limit industrial viability.
If the pore liquid is not miscible with carbon dioxide, other relevant solvents
typically require significantly higher temperatures for supercriticality which
can cause material deformation. In cellulose-based aerogels, a time-consuming
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solvent exchange step with alcohol or acetone is necessary for the application
of this drying process.

A relatively novel process developed in the food industry employs the use of
superheated steam to dry materials.52–54 Saturated steam is heated to form
superheated steam in an enclosed chamber. Inside, the material heats up and
evaporated moisture is picked up by the steam. The evaporation process is
only reliant on heat transfer (no heat of vaporization) as there is little re-
sistance to moisture diffusion into its own vapor. The process can be run
anywhere from low to high pressure and must be run above the inversion
temperature to have superior drying rates to hot air convection. The rela-
tively high energy efficiency of this process lies in the reuse and recovery of
heat. Energy savings of 50-80% were achievable, giving it potential indus-
trial relevance.55 It is also possible to condense and recover toxic or volatile
components.52,54 A unique aspect of the superheated steam process is the for-
mation of porosity as elevated temperatures cause boiling and vaporization
within the material.

2.3.4 Assistive Processes

Modern applications of evaporative and freeze drying techniques make use of
electromagnetic radiation and ultrasound to aid in water removal.34 These
processes are commonly used in conjunction with traditional drying tech-
niques to improve efficiency. They help the migration and diffusion of liquid
molecules from the core of a matrix to surfaces. Ultrasound can be thought
of as mechanical oscillations that produce compression and decompression of
the matrix. As it passes through viscous media, it will dissipate energy and
cause liquid flow. The compression and decompression can cause cavitation,
creating vapor bubbles inside the matrix, and affecting porous structures and
cellulose fibers. Drying processes which instead employ electromagnetic radi-
ation turn to infrared or microwave frequencies. Infrared units heat materials
via absorbed thermal energy. It allows for uniform heating, though only to
shallow depths from the surface. Microwave radiation on the other hand, pen-
etrates through the material producing uniform internal heating. The vapor
pressure from excited water molecules promotes movement to surfaces and
reduces the energy need for vaporization. However, the high capital costs and
poor conversion of energy input to absorption are undesirable. Controlling
material temperature can be challenging, producing hot spots.
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2.4 Materials

2.4 Materials

2.4.1 Cellulose

The primary base structural unit of wood and other plants is cellulose, a
polysaccharide chain of β-1,4-linked glucose units. Each glucose unit features
three hydroxyl (OH) groups, making cellulose particularly hygroscopic and
thus sensitive to humidity. On the other hand, the presence of OH moi-
eties allows cellulose surfaces to be modified via e.g. acetylation, oxidation
or esterification reactions.56 Cellulose chains link together to form elementary
microfibrils composed of crystalline and amorphous regions.57 At this scale,
cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs) can be defined
(Figure 2.6).58,59 CNCs are produced by harsh acid hydrolysis of cellulose
chains, leading to the formation of short crystalline fibrils. CNFs are processed
in milder conditions via enzymatic pre-treatment, oxidation and mechanical
disintegration. This results in longer semi-crystalline fibrils. Elementary mi-
crofibrils bundle together surrounded by amorphous hemicelluloses and lignin
to form fibers.60,61 A hierarchical structuring begins as fibril bundles develop
in complexity to form the primary cell wall of plants such as trees.

Cellulose fibers referred to in this work are wood pulp fibers of hardwood or
softwood trees. To form pulp fibers, wood is processed via chemical, mechan-
ical and semi-chemical pulping processes to remove bark, lignin, and other
impurities.62 The pulp fibers used in Papers II and IV have undergone a kraft
process, which uses sodium hydroxide and sodium sulfide to break down wood.
A bleaching process then removes all residual lignin using a variety of chem-
icals or processes (e.g. hydrogen peroxide). Kraft pulp fibers also contain
hemicelluloses; polysaccharides with short, branched chains of different sac-
charide subunits. Xylans and mannans make up the majority of hemicelluloses
in woods. In Paper IV, intrinsic xylan was enzymatically degraded from cel-
lulose fibers or extrinsic xylan from beechwood was adsorbed. Intrinsic refers
to xylan originally derived from the wood whereas extrinsic originates from
outside the source material. The carboxymethyl cellulose (CMC) added in
Paper II is rather a derivative of cellulose where some OH groups are replaced
by carboxymethyl groups.

Cellulose derived from wood and plants is a widely-available renewable re-
source with well-established industrial suppliers. It has production rates over
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Figure 2.6: Schematic of cellulose fibers to nanocrystals structuring.

2 orders of magnitude higher than synthetic plastics putting it in a prime
position for industrial-scale application.63 CNCs and CNFs on the other hand
are still challenged by the costs and capacity associated with their produc-
tion. For now, their potential applications are in high-tech products such
as optics, nanocomposites and biomedical, yet their limitations also prevent
more wide-scale use. With CNCs, the largest drawbacks of their production
process stems from the large quantities of dangerous chemicals needed, the
poor reaction yield of CNC, and the high capital cost for equipment.64,65

In addition, current alternative production routes to sulfuric acid hydrolysis
have produced poor quality CNCs in scaled-up production and often lacked
colloidal stability.66 On the other hand, CNFs are not only expensive to pro-
duce, but also hard to characterize due to the mixture of CNFs and partially
defibrillated fibers with a range of length scales.67 To separate pulp into CNFs,
mechanical grinding is applied which accounts for 10% of the manufacturing
cost of the process. To reduce energy consumption, enzymatic and chemical
pre-treatment of the pulp have been proposed to improve separation.32,68 Acid
or enzymatic hydrolysis, TEMPO-mediated oxidation or carboxymethylation
create repulsive forces between fibers easing separation, however, the cost and
waste generated from these processes is considerable.64
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2.4.2 Phytic Acid

Also known as myo-inositol hexakisphosphate or IP6, phytic acid (PA) is ex-
tracted from the plant tissues of bran, seeds, and legumes. The unique phos-
phorylated structure has shown promise as an anti-oxidant in food, chelat-
ing agent for metal filtration, and anti-cancer aid in medicine.69 Within the
realm of celluloses, PA has been used in the production of nanocelluloses pre-
hydrolysis treatment.70,71 In this thesis, the multiple phosphate groups are
used to cross-link bio-based materials and impart fire-retardancy.72–76 Since
the ban on brominated and chlorinated organohalogen flame retardants start-
ing in 1977, considerable attention has been paid to renewable organophos-
phates such as phytic acid (PA) as suitable replacements.77,78

Phytic acid is soluble in water and thus requires cross-linking to remain on
washable substrates.73,75 A cross-link can be formed through condensation
reactions of cellulose hydroxyl groups and phosphates. In Paper I, we ex-
plore the mechanisms which result in the formation of covalent diester bonds
between these compounds. A common approach is to employ melamine or
diacynamide.74,79,80 This efficient reaction results in covalent bonding with im-
proved fire-retardant properties due to the presence of phosphorus and nitro-
gen. However, amine catalysts are toxic and therefore studies have turned to
urea and enzymes as alternatives.74,76 It has also been suggested that weaker
bonding through electrostatic interactions and hydrogen bonding may provide
sufficient stability when formed via layer-by-layer deposition, yet substrate
washability was not analyzed.75,81

We take a catalyst-free approach to cross-link phytic acid with cellulose fibers
inspired by traditional fabric finishing techniques. There, citric acid is hot-
pressed to fabrics imparting strength, wrinkle resistance and durability.82 Hot-
pressing at 120 - 180 ◦C allows condensation reactions via dehydration to form
ester linkages between cellulose and citric acid.83 This technique has also been
applied to cellulose fiber foams as in Paper II.84–87
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2.5 Fiber Foam Behaviour under Mechanical
Compression

2.5.1 Compression Mechanics

As a foam is compressed, it undergoes three distinct deformation behaviours
i) bending elasticity ii) buckling plateau and iii) densification (Figure 2.7).
The linear elastic region at low strains (a) defines the modulus or stiffness of
the material. In fiber foams, this is controlled by the resistance of the cell
wall/fibers to bending. As more fibers are added to pore walls, the strength
and stiffness of the foam increases, and the porosity goes down.88,89 In closed-
cell foams, gas is completely enclosed in material, which adds to compression
modulus compared to open-cell foams.9 In an open-cell configuration, walls
are incomplete and thuscompression forces gas out of the pores. The material
may retain some benefit if inter-pore connectivity is poor or high strain rates
are used. The pore size also influences the density of fibers in the walls. Foams
with large pores concentrate fibers in pore walls, increasing inter-fiber inter-
actions. The thicker cell walls resist elastic deformation and can accomodate
larger pores. However this also causes a decrease in yield stress with higher
pore interconnectivity.18,19

Figure 2.7: Stress-strain curve of foam material with regions a) linear elasticity,
b) buckling plateau and c) densification. Reproduced from Ferreira et
al.33 RSC license: 1603228-1.
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The second deformation region is known as the buckling plateau. At elevated
stress levels, fibers begin to buckle, slip, displace, and ultimately fracture once
the stress surpasses critical thresholds. Mechanical failure in fiber foams pri-
marily results from weak inter-fiber bonds rather than failure of the fibers
themselves.27 Individual fibers will pull out and slip, dissipating energy in the
process.9 Consequently, the orientation of the fibers and the nature of their
interactions dictate the overall deformation behavior of the material. Pöhler
et al.90 proposed that the foam’s shape recovery is governed by the straight-
ening of buckled fibers rather than the strength of fiber-fiber bonds. Recent
studies have focused on modeling foam mechanics based on the deformation
of individual fibers and fiber networks.88–91 In the final stage of deformation,
cell walls collapse completely and come into contact, leading to a steep rise in
the stress-strain curve slope—marking the onset of densification.

In terms of energy absorption, a foamed material can be optimized to match
application-based impact criteria while minimizing density. There is a critical
point beyond which the cell walls undergo irreversible damage, no longer be-
having as elastically buckling structures. In polymeric foams, this peak stress
corresponds to the start of the densification region.9 The area under the stress-
strain curve up to this peak represents the maximum potential for energy ab-
sorption. For a foam to be reusable in impact-absorbing applications, it must
absorb the full kinetic load without damaging its matrix. High-density foams
may exceed the critical stress before sufficient energy is dissipated during the
buckling phase, while low-density foams may collapse entirely before absorb-
ing the required energy. Therefore, the optimal foam combines a plateau
stress below the damage threshold with the ability to absorb all energy prior
to reaching peak stress.9,18

Smaller pore sizes generally enhance compressive strength and structural uni-
formity in foams.9,27 In contrast, wide pore size distributions introduce het-
erogeneities and structural irregularities, resulting in varied local deformation
behavior. It is thought that the generation of larger pores in the matrix can
be due to coarsening but also local opening of fiber networks during drying.90

Under axial compression, the modulus, yield stress, and shear strength in-
crease along the direction aligned with the longest dimension of the pore
walls.9,19 This directional strengthening often compromises mechanical per-
formance along the perpendicular axis. Therefore, precise control over pore
size and orientation is essential in selecting suitable applications for a given
foam material.
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2.5.2 Fiber Networks

Incorporating cellulose fibers into foam matrices introduces complexities ab-
sent in plastic and metallic foams. The fibrillar nature of cellulose inhibits the
formation of closed-cell pores and leads to a strong dependence on fiber-fiber
bonding for mechanical integrity. Long wood pulp fibers can bridge discon-
nected regions within the foam due to their length, but their coarseness often
intensifies structural heterogeneity.25 In contrast, CNCs and CNFs are signifi-
cantly smaller, enabling short-range interactions that help distribute localized
stresses more uniformly. However, CNCs and CNFs have lower individual me-
chanical strength than wood pulp fibers.30,88 For optimal performance, hybrid
networks combining the connectivity of CNCs/CNFs with the structural rein-
forcement of larger fibers can achieve both mechanical strength and network
homogeneity, provided strong inter-fiber bonding is maintained.27,30,40,88,90

Similar outcomes can also be achieved through fibrillation of pulp fibers or
reintroducing fines, which reduces preprocessing demands.90,92

The mechanical properties of fiber foams are highly sensitive to fiber geometry,
flexibility, bonding potential, and orientation. At low concentrations, fibers
have fewer contact points and act more independently under load, resulting
in non-uniform stress distributions and inconsistent mechanical response.88,90

Increasing fiber density enhances inter-fiber contact and compressive strength,
often following a power law relationship.9,88,89 However cellulose fiber foams do
not always follow the power-law exponent for open-celled structures proposed
by Gibson and Ashby.93,94 For foams similar relative densities, fiber packing
and pore morphology in cell walls have been identified as key parameters
governing mechanical performance.19,27,88

Due to their fibrous structure, wood pulp networks require physical entangle-
ment or chemical cross-linking to prevent slippage under mechanical stress.88,89

Surfactants like SDS are commonly used to stabilize foams and ensure uni-
form pore structures but can weaken fiber-fiber bonds through debonding
effects.27,90,92,95–97 To enhance bonding, conventional techniques involve hot-
pressing of cross-linking agents such as citric acid or 1,2,3,4 - butanetetracar-
boxylic acid, which create covalent links between cellulose chains.82,98 These
covalent bonds replace weaker frictional interactions and improve network sta-
bility. In this work, phytic acid was used to cross-link cellulose, leveraging the
reactivity of hydroxyl groups at the C2, C3, and C6 positions to reinforce the
foam matrix.
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CHAPTER 3

Materials, Methods, and Characterization

This chapter outlines the route by which all materials were selected, prepared,
and characterized. First, descriptions and reasoning behind the preparation
steps for all materials provides context to the development of the final sub-
strates. Microanalysis of these substrates observes the phenomena impacting
changes in cellulose structure, bonding and submicron arrangement. Finally,
foam properties are investigated to how macro-scale behaviour and structure
are influenced by the antecedent observations. All characterization techniques
and results presented in this section were performed by or analyzed by the au-
thor and are central to the overall understanding of this thesis. Several meth-
ods utilized in the appended publications are not mentioned here to maintain
relevancy to the subject matters in this thesis.
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3.1 Substrate Preparation

Frothed fiber foams

The materials that form the cornerstone of this thesis are known as frothed
fiber foams. The foams are composed primarily of bleached softwood kraft
pulp (BSKP) fibers, with CMC and SDS acting as stabilizing agents. Me-
chanical agitation, otherwise known as frothing, introduces air into the fibrous
network to create a more voluminous, lower-density structure. This method-
ology is well described in literature as a prominent way to create self-standing
foam structures from natural fibers.27,90,96,99,100 The work produced as part
of the BreadCell project and this thesis has utilized these foams as a control
group to understand chemical and structural modifications to fibrous networks
in Paper II.

The first step is preparation of the foam components. Dried BSKP (85%
spruce, 10% pine, 5% larch) was dispersed with a Noram disintegrator to a
consistency of 4 wt% in distilled water and furthermore reduced to 14 wt%.
100% birch BHKP sheets were soaked overnight in distilled water, refined for
15 min (to 25°SR) in a valley beater according to ISO 5264-1 and reduced
to a consistency of 14 wt%. CMC and SDS were dissolved in water to 2.5
wt% and 5 wt% w/w content respectively. Strengthening agents in Paper II
include PA and CA, which were diluted to 5 wt% in distilled water.

To produce the foams, wood pulps were mixed together with strengthening
agents using a hand-held mixer at a low speed setting. This action promoted
dispersion of the strengthening agents throughout the fiber mixture while
simultaneously breaking up clumps of wood pulp. To this mixture, CMC and
SDS were added by mixing at low speeds until a homogeneous wet slurry was
achieved as shown in Figure 3.1. Increasing the speed of the hand mixer to near
maximum revolutions enabled the introduction of air into the slurry, which was
captured and stabilized by CMC and SDS. Approximately 30 secs of frothing
increased the volume by 25%, producing wet foams with volumes capable of
filling a 10 x 10 x 2 cm Teflon mold. Particular attention was paid during
mold filling to prevent the introduction of large interior air pockets or surface
defects. Steel meshes were applied to the top and bottom during drying.
These meshes allowed air flow and water evaporation across the surface of the
wet foam while maintaining a smooth surface. All foams were dried at 80 °C
in a 50% airflow convection oven for 12 hrs. This time was determined to be
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the sufficient drying time to achieve a constant moisture content of 5 wt%. An
overview of the final dry composition of all solid foams is presented in Table
3.1. The dried foams with PA and CA were then treated at 80, 120 and 160
°C for 180, 120, and 5 min respectively to allow condensation cross-linking
reactions to occur between acids and cellulose; replicating conditions applied
to similar materials.72,82,84–87,98,101

Figure 3.1: Frothed fiber foam forming process.

Table 3.1: Dry matter composition of solid foams produced in Papers II, III, IV.
All foams except the CNC-TBA include approximately 5 wt% CMC
and 0.7 wt% SDS and were dried at 80 °C for 12 hrs. When adding
strengthening agents, the ratio between cellulose fibers, CMC and SDS
were kept constant. a = P or C, whether phytic or citric acid was added.
* = U or W, whether the cellulose filters were unwashed or washed after
treatment.

Label Cellulose Strengthening
agent (wt%) Notes Papers

BA* 70 wt% BSKP
24 wt% BHKP - blank control

I, IIa160*
67 wt% BSKP
23 wt% BHKP

5 wt% Phytic acid
or

5 wt% Citric acid

reacted 160 °C
for 5 mins

a120* reacted 120 °C
for 120 mins

a80* reacted 80 °C
for 180 mins

xCNCyT 2-10 wt% CNCs 19-71 wt% TBA Freeze-dried
Figure 3.2 III
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Phytic acid treated cellulose filters

In the course of investigating the properties that developed in the foams pro-
duced for Paper II, it became necessary to understand how PA affected the
cellulosic microstructures. Therefore, in Paper I, pure cellulosic substrates
in the form of filter papers (Whatman Cytiva qualitative filter paper, grade
5) were evenly coated with PA solution to replicate the exposure conditions
of BSKP fibers in the foams. Using filters allowed an even and replicable
coating of the acid across all fibers. The filters were then dried and heat
treated in similar conditions to the foams. As a result of the reaction time
and temperature, a number of products were anticipated alongside unreacted
raw materials. Therefore, filters were subjected to a thorough washing step
in order to remove any unreacted PA or PA molecules which had only bound
to themselves. The filters were washed with 200 mL distilled water, 100 mL
95% ethanol, and again with 200 mL water until the water conductivity of the
eluent no longer changed. Washed filters were once again dried at 80 °C for 1
hr and labelled with a W on the end while unwashed filters were given a U.

Cellulose nanocrystal suspensions and foams

In Paper III, CNCs were exposed to mixtures of TBA and water (Figure
3.2). The micro-scale interactions between water and TBA alter how CNCs
arrange structurally within the suspensions. Therefore, varying concentrations
of TBA were added to 10 wt% CNC suspensions while periodically shaking
to avoid phase-separation. The suspensions were allowed to mix overnight
to ensure a homogeneous distribution of all components. Suspensions were
labeled xCNCyT where x and y represent the concentrations of CNCs and
TBA in wt%, respectively.

To observe how interactions between CNCs, TBA and water in suspension
affected the morphology of CNCs when transformed into a dry material, a
freeze-drying methodology was employed. The CNC suspensions were set in
thick-walled cylindrical molds and degassed before submerging completely in
liquid nitrogen for several minutes. The frozen suspensions were freeze-dried
at -105 ◦C for 2 days until completely dry. Liquid nitrogen was employed
to ensure an near instantaneous freezing of the suspensions, guaranteeing in-
creased nucleation zones for ice crystals. If subjected to higher temperatures
or slower freezing conditions, larger ice-crystal would form and the resulting
structure may have been more significantly affected by ice-templating.
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Figure 3.2: Ternary plot of CNC-TBA suspensions, where all compositions were
chosen as part of a design of experiments in JMP software.

Xylan/xylanase treated hand sheets

The intrinsic strength bestowed on cellulosic structures by hemicelluloses was
investigated in Paper IV by i) enzymatic degradation and ii) adsorption of
xylan on cellulose fibers. BSKP was dispersed in water to 1.57 wt% con-
sistency, refined in a valley beater for 45 min, and eventually formed into 80
g*m−2 hand sheets. Enzymatic degradation was carried out by introducing an
endo-1,4-β-D-xylanase into the BSKP suspension at 50 °C and pH 6 for ideal
enzymatic function. The suspension was slowly stirred before adding hydro-
gen peroxide to deactivate the enzyme. To contrast the degradative method,
xylan adsorption was started by swelling and dissolving beechwood xylan in
NaOH overnight before adding the BSKP suspension and adjusting the pH to
7. Blank samples were created by similar treatment of both degradation and
adsorption methods without enzyme or xylan addition, respectively.
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3.2 Sub-micron Molecular Analysis

FTIR and NMR of phytic acid treated filters

To investigate changes in the molecular structures and chemical environment
of cellulose fibers treated with PA, a combination of fourier-transform infrared
spectroscopy (FTIR) and nuclear magnetic resonance spectroscopy (NMR)
techniques were performed.

FTIR spectroscopy is a technique based on the absorption of infrared radiation
by molecules at specific wavelength. The absorbed energy creates characteris-
tic rotational and vibrational energy gaps, forming a molecular fingerprint.102

In Paper I, FTIR spectroscopy in the mid-infrared region (4000-400 cm−1)
was performed on the dried cellulose filters via attenuated total reflectance
(FTIR-ATR). By correcting background noise and normalizing all spectra to
intensity values at 4000 cm−1, changes in bonding environment as a result of
condensation reactions with phytic acid could be characterized.

NMR spectroscopy is a technique which observes transitions in the spin states
of atomic nuclei when exposed to an external magnetic field.103 The shift
in response frequency provides information about the immediate chemical
environment around specific nuclei. In Paper I, solid-state NMR was utilized,
which tends to provide less precise spectra as anisotropic interactions cause a
broadening of peaks. A 4mm ZrO2 MAS rotor recorded 13C and 31P NMR
spectra, with detailed MAS rates and decoupling information provided in the
appended manuscript. To understand peak and intensity shifts in the spectra,
Gaussian deconvolution was performed. Via deconvolution of the 13C NMR
spectra, changes cellulose fiber crystallinity could be calculated:104

Crystallinity (%) = Acrystalline

Acrystalline + Anon-crystalline
∗ 100 (3.1)

where A represents the area underneath the fitted Gaussian curves. The C4
carbon of cellulose produces distinct peaks for crystalline (89 ppm) and non-
crystalline (85 ppm) moieties.
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X-ray scattering of CNC-TBA suspensions

Small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS)
are techniques which rely on the elastic scattering behaviour of x-rays from
different incident angles to provide information on the structural organization
of a material.105 Depending on the angle, length scales from 1-50 nm can be
probed to give information on particle and pore shapes and sizes, or distances
in ordered materials. In Paper III, X-ray scattering of CNC-TBA suspen-
sions was utilized to detect rearrangements in the micro-scale packing of CNCs
as a result of solvent interactions. The beam size was on the order of 0.2 mm.
2D SAXS also probed the anisotropy in CNC suspensions by observing the
intensity of the scattering pattern.

Monosaccharide analysis of pulps and papers

The carbohydrate composition of cellulosic materials governs the develop-
ment of its hierarchical fibrillar structures and how they interact with exter-
nal influences. Therefore, monosaccharide analysis was performed using high
performance anion exchange chromatography (HPAEC) to provide a detailed
breakdown of BSKP and BHKP wood pulps utilized in Paper II as well as
key insights into xylan adsorption and degradation in Paper IV. All sub-
strates were subjected to complete hydrolysis in 72 % sulfuric acid according
to Theander and Westerlund (1986) before monosaccharide analysis.106 NaOH
and NaOH/NaOAc were used as eluents and fucose was used as the internal
standard. Finally, saccharides were corrected for hydrolysis yields and Klason
and acid soluble lignins were quantified via gravimetric and UV spectroscopy
methods, respectively.107
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3.3 Wet-State Structuring

Rheological behaviour of CNC-TBA suspensions

Rheological techniques are utilized to observe how fluids deform or flow in
response to an applied force. In Paper III, shear viscosity and strain sweep
measurements were performed on mixtures of CNCs, TBA and water to un-
derstand how interactions between components affected wet-state structural
integrity. Shear viscosity measured resistance to flow at shear rates of 0.015-
1000 s−1 and 10-1000 s−1 for suspensions with and without CNCs, respec-
tively. Strain sweeps measured the elastic or plastic response of the fluids by
increasing the amplitude of deformation from 0.01% to 800% at a frequency
of 1 Hz. The curves representing the elastic response, or storage modulus (G′)
and the plastic response, or loss modulus (G′′) can be used to understand the
flexibility and resilience of the fluid structure by observing where these curves
cross. While G′ > G′′, the fluid has a gel-like structural composition, which
eventually breaks with increasing strain amplitude.

Foaming behaviour of cellulose-SDS solutions

The addition of PA and CA to fiber suspensions introduced charged molecules,
leading to particular foaming patters when forming frothed fiber foams in Pa-
per II. Therefore, foaming studies were conducted to understand changes in
foamability, maximum achievable foam height and foam stability as a result of
ionic interactions. Foamability was defined as the rate at which the volume in-
creased until a maximum foam height was reached (Hmax). When mechanical
agitation was stopped, the gradual collapse of the bubble structure dictated
the foam stability.

A model system was employed using CMC, SDS and the acid additives without
wood pulp fibers. Fibers were excluded as chunks of fibrous wet foam would
inadvertently trap large air pockets or stick to walls, causing issues during
foaming and when analyzing results. An overhead stirrer equipped with a
bladed propeller mixed components together and foamed the solutions at 1500
rpm for 20 minutes until a maximum foam height was achieved. A video
camera recorded the change in foam height during foaming and collapse.
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3.4 Solid Foam Properties

3.4 Solid Foam Properties

Density and porosity

While all solid foams produced in Papers II, III and IV were calculated and
created to reach certain densities, unequal material distribution and shrinkage
effects within the wet foam inevitably led to inter- and intra-batch variations
in density. Differences in density cause changes in foam properties requiring
normalization to what Gibson and Ashby (1988) refer to as relative density.9
Relative density can be calculated via Equation 3.2:

ρR = ρE

ρS
(3.2)

where (ρR) is relative density, (ρE) is envelope density and (ρS) is skeletal
density. Skeletal density (ρS) was measured in a gas displacement pycnometer.

As relative density represents the material fraction within the solid foam,
porosity, or the gas fraction, could be calculated using Equation 3.3:

Porosity(%) = (1 − ρR) · 100 (3.3)

Structure visualization

Scanning electron microscopy (SEM) enables visualization on a micron to
nanometer scale. SEM operates by beaming electrons onto a substrate sur-
face and detecting scattered electrons. Secondary electrons are generated
as a result of inelastic scattering of the beam electrons with atoms, giving
topological information. Electrons that are elastically scattered are known as
back-scattered electrons, and principally show changes in the chemical compo-
sition. Solid foams were cut open using a thin blade to maintain the internal
structure. The foams were set to rest in a dessicator for at least 24 hours
before sputter-coating a 4 nm thick layer of gold. At an acceleration voltage
of 5 kV, distinct features could be visualized without destroying the structural
integrity.
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Mechanical testing

The change in mechanical properties in Papers II and III were evaluated via
quasi-static mechanical compression. In this method, a load cell compresses
the foam at a rate of 5 mm/min and reads the normal force applied back to the
transducer. The force applied over the surface area of the foam is referred to as
stress and is measured in Pascals (Pa). The deformation of the foam, or strain,
is given as the displacement over the total height (%). Plotting the stress-
strain curve as shown in Figure 4.11 provides insights into the behaviour of
the foams under compression. At low strains, the foam structure will behave
elastically as stress rises proportional to the strain. Compressive or elastic
modulus provides information on foam stiffness during the initial 10% strain by
taking the slope of the tangent line to the curve. The structure will eventually
yield or buckle, creating a plateau where the foam deforms plastically with
little resistance. The strength of the foam is taken as the stress at 10% strain,
since this plateau is reached consistently before 10% strain for the cellulose
fiber foams produced in this thesis. As the strain reaches 50%, densification
occurs, where pores within the foam are completely collapsed and stress rises
dramatically. The total energy absorbed by the foam up to this point is
taken as the area under the stress-strain curve. Testing was conducted until
densification was reached at 1 kN or 70 % strain. Before testing, foams were
conditioned at 23 ◦C and 50 % relative humidity for 24 hrs according to
ISO 187 before testing and a pre-load force was applied to account for any
irregularities in the top layer.

Handsheets produced in Paper IV were evaluated though tensile properties.
In this method, substrates are pulled apart in comparison to compression. Dif-
ferences in short-span compression (SCT), Scott Bond internal bond strength,
and Zero-span tensile strength were analyzed to determine how enzymatic
degradation or adsorption of xylan affected cellulose fiber network properties.

Surface area

Nitrogen (N2) gas physisorption is a technique providing information on spe-
cific surface area and pore sizes less than 200-300 nm in CNC foams produced
in Paper III. (N2) gas is released into a cell with the substrate where it
adsorbs onto available surfaces. At relative pressures up to 0.3 p/(p0), a
monolayer of nitrogen atoms is formed on all surfaces and micropores (< 2
nm) are filled. In the range of 0.05 - 0.3 p/(p0), the surface area can be
quantified using the Brunauer-Emmett-Teller (BET) equation:108
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3.4 Solid Foam Properties

p
p0

n(1 − p
p0

) = C − 1
nmC

( p

p0
) + 1

nmC
(3.4)

where for the adsorbate (N2), p is the equilibrium pressure, p0 is the saturation
pressure, n is the amount of N2 adsorbed, nm is the monolayer capacity, and
C is the BET constant. By plotting Equation 3.5,

1
n( p0

p ) − 1 (3.5)

over the relative pressure (p/(p0), the slope (s) and y-intercept (i) can be used
to find nm and C:

nm = 1
s + i

(3.6)

C = s

i
+ 1 (3.7)

ultimately allowing calculation of specific surface area:

SSA = nm ∗ NA ∗ σm

V0 ∗ m
(3.8)

where NA is Avogadro’s number, σm is the molecular cross sectional area
(0.162 nm2 for N2), V0 is the molar gas volume and m is mass. The continued
adsorption of nitrogen as multilayers fills larger pores until the saturation
pressure is reached. A desorption curve is measured as the sample is heated
to release nitrogen from the surfaces. From the hysteresis present during
desorption, information regarding pore shape and size can be determined.
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Thermal degradation

In Papers I and II, reaction of phytic acid cross-linked fibers to heat and
fire showcased the value of phosphorylation toward fire resistance. Thermo-
oxidative degradation behaviour was analyzed via thermogravimetric analysis
(TGA), which measures the mass loss of substrates when exposed to tempera-
ture changes. Under air flow, the material was exposed to a temperature ramp
from 30 °C – 800 °C at a rate of 10 K/min followed by a hold for 10 mins.
Characteristic changes in the graph include: Carbonization onset, weight loss
and rate of carbonization, degradation rate, and residual weight.

Fire retardancy

Cone calorimetry was used to quantify the flammability and fire-retardancy
of foams reacted with phytic acid in Paper II according to ISO 5660-3. By
applying a medium thermal attack (controlled fire) to the substrate, combus-
tion of the material leads to heat release and soot generation. Analyzing these
enables an accurate determination of time to ignition (TTI: sec), peak heat
release rate (PHRR: kW/m2), fire growth rate (FGR: kJ/m2/s), total heat
release (THR: MJ/m2), total smoke production (TSP: m2) and smoke pro-
duction rate (m2/s). Together, these values are used for regulation demanded
fire classification of materials.
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CHAPTER 4

Results and Discussion

The key components which underline this work are cellulose and the forma-
tion of a porous network. Therefore, an understanding of how each of these
components influences the structural stability is necessary. Here, the funda-
mental concepts behind how fiber and pore morphology are formed and lend
mechanical strength to cellulose fiber foams are elucidated and solutions are
presented.
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4 Results and Discussion

4.1 Cellulose - Phytic Acid Interactions

4.1.1 Modification of Cellulose

Phytic acid (PA) was heat treated on cellulose fibers to catalyze dehydration
synthesis; a form of condensation reaction in which water is removed. The
goal was to covalently cross-link PA and cellulose through the formation of an
ester bond. To overcome entropic effects associated with the formation of this
linkage in aqueous media, heat was applied to drive a nucleophilic attack by
hydroxyl (OH) groups. The expected outcome was that of product 3 in Figure
4.1, where cellulose OH groups attack the highly electronegative phosphorus
atom in PA phosphate groups.109,110 However, we considered two alternate
products resulting from inter- and intra-phosphate reactions.

Figure 4.1: Proposed mechanisms for phytic acid-cellulose condensation reactions.
R = phosphate groups (PO3-H) or C2, C3 or C6 of cellulose. RC is
defined as specifically C2, C3 or C6 of cellulose. Reproduced from
Orzan et al. under Creative Commons CC-BY license.111

Phosphate OH groups are more nucleophilic than cellulose OH, and are there-
fore susceptible to attack from other phosphate groups. In a system with suffi-
cient nearby PA molecules, product 1 is the predominant outcome due to inter-
phosphorylation, and leads to the formation of polymeric oligo-phosphate
chains.79,110 To overcome this, our study employed a significantly lower con-
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4.1 Cellulose - Phytic Acid Interactions

centration of PA (0.04 M) compared to the literature.74,112–115 Even at low
PA concentrations, we hypothesized that intra-phosphorylation reactions oc-
cur as a result of the spatial arrangement of phosphates in the molecule. The
outcome is the formation of a cyclic anhydride similar to citric acid (CA)
shown as intermediary product 2.72,73,82,98,116 However, cyclic anhydrides are
highly reactive, making them susceptible to nucleophilic attack by cellulose
OH groups.

Successful cross-linking of phytic acid would transform phosphate mono-esters
into di-esters, generating peaks at -2.0 and -3.0 ppm in solid-state 31P NMR
spectra (Figure 4.2a).109,112,117 Deconvolution of the spectra revealed three
overlapping peaks at 0.5, -0.7, and -2.0 ppm with a series of minor peaks
further upfield. Integrating over the peak areas at -2.0 and -3.0 ppm revealed
a relative increase in area of 13% for P20U (dried at 20 ◦C and unwashed)
to 24% for P160W (dried at 160 ◦C and washed). As such, the heat-treated
P160W substrate presented a pronounced shoulder at -1.3 ppm compared
to the unreacted P20U spectra. Moreover, the characteristic peak for PA
phosphate mono-esters at 0.5 ppm decreased in relative area from 48% to
28%, confirming the formation of di-ester covalent cross-linking. Tri-ester and
oligo-phosphate peaks, which typically present further upfield from -3.0 ppm,
accounted for 9% of the spectra in P160W. On the other end, downfield peaks
from 1.5 to 7.5 ppm showed negligible changes, indicating a lack of discernible
dephosphorylation or degradation to ortho- and pyro-phosphates.118

Solid-state 13C NMR was unable to support any conclusion as phosphates
bound to cellulose chains produced overlapping peaks and comprised only a
small fraction of PA-based carbons in the substrate (Figure 4.2b). Investiga-
tion of FTIR spectra in Figure 4.2c revealed a decrease of 3% in the shoulder
intensity at 900 cm−1 (δP-OH) when normalized to the band at 1245 cm−1

(δP=OH).110,117 This suggests that for each phosphate, the amount of P-OH
bonds has decreased to form the ester bonds found in 31P NMR. Direct prob-
ing of C-O-P bonding in FTIR is challenging due to the overlap with C-O-C
stretching from 980 - 1160 cm−1 (δC-O). Yet, taking 1030 cm−1 as a rep-
resentative band for C-O-P and normalizing it by P=O indicated a nominal
increase of 2% for P160W over P20U. Overall, the combination of 31P NMR
deconvolution and FTIR analysis strongly suggested the formation of phos-
phate di-esters. Subsequent elemental analysis of the heat-treated cellulose
substrates confirmed the cross-linking action of PA to cellulose.
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4 Results and Discussion

a b

dc

Figure 4.2: Comparison between the cellulose substrates treated at 160 ◦C and
washed (160W), reacted with PA (P160W), and dried at RT with PA
without washing (P20U) using a) 31P NMR, b) 13C NMR, c) FTIR,
and d) phosphorus content and cellulose C4 crystallinity. Reproduced
from Orzan et al. under Creative Commons CC-BY license.111

Washing of the cellulose substrates removed unreacted and dephosphorylated
molecules, leaving only cross-linked phosphates. The washed column in Fig-
ure 4.2d demonstrated this as an increased retention of phosphates at higher
reaction temperatures. P20W and P80W retained trace phosphorus content,
indicating a lack of strong covalent bonding and the inability of hydrogen
bonding to retain PA molecules on cellulose. Notable dephosphorylation to
gaseous phosphoric acids was observed through decreasing phosphorus con-
tent on unwashed substrates. Heat treatment at 160 ◦C triggered a dip as the
onset of PA thermal degradation was reached.119
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4.1 Cellulose - Phytic Acid Interactions

Change in cellulose crystallinity

The application of PA to fibers led to critical changes in cellulose fiber crys-
tallinity, which became relevant when discussing their transformation into
fiber foams. In 13C NMR, the C4 carbon of cellulose presented two distinct
peaks: crystalline (89 ppm) and non-crystalline (84 ppm) structures (Figure
4.2b).104,120,121 Simply applying PA to the cellulose substrate in P20U led
to an increase in crystallinity of 4%. This can be ascribed to the degrada-
tion of non-crystalline regions through acid hydrolysis by phosphate-based
acids.70,71,122 Upon heat treatment, PA dephosphorylation likely caused the
further increase in crystallinity.

Wickholm and Larsson (1998) deconvoluted NMR signals in the C4 region
to explain cellulose structures.121 The broad signal presenting at 84 ppm
contained two minor peaks within; depicted as accessible fibril surfaces sur-
rounding crystalline regions (Figure 4.2b). The action of PA decreased their
intensity, which can be explained by the following mechanisms:

i) Covalent bonding of phytic acid to cellulose forming para-crystalline struc-
tures between cellulose fibrils and reducing accessible surfaces.

ii) Hydrolysis of non-crystalline regions surrounding the crystalline core.

Therefore, the decreased crystallinity in cellulose fibers is credited the degra-
dation of accessible non-crystalline structures in the outer sheath and inacces-
sible ones between crystalline regions. Visualization using SEM suggested a
reduction in cellulose micro-fibrils and the formation of cracks in larger fibers,
consistent with reports in literature.112,123,124

Figure 4.3: SEM of cellulose substrates a) 160W, b) P20U, and c) P160W. Repro-
duced from Orzan et al. under Creative Commons CC-BY license.111
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4 Results and Discussion

4.1.2 CMC-SDS Foaming

The cellulose fiber foams produced in Paper II were foamed and stabilized
using a combination of CMC and SDS. The resulting structure and foam-
ing behaviour warranted investigation via wet foam analysis (Figure 4.4i, ii).
Adding PA to solutions of CMC + SDS increased foamability by 35% and
produced larger volumes of foam, H max (Table 4.1 and Figure 4.4). How-
ever, when mixing was stopped, the volumetric rate of foam collapse doubled.
Therefore, PA changed the behaviour of the system by reducing pH and in-
teracting with CMC.

Table 4.1: Wet foam analysis where H max represents the maximum foam height and
t20 describes the time to reach 20% of H max after foaming. Reproduced
from Orzan et al. under Creative Commons CC-BY license.125

Foam
additives1

H max
(mL)

Foamability2

(mL/min)
t20

(min)
Stability

(mL/min) pH

SDS 308 310 523 -0.47 6.4
SDS + PA 298 290 150 -1.55 1.6
CMC + SDS 152 350 419 -0.29 7.1
CMC + SDS + PA 184 470 216 -0.68 2.0
CMC + SDS + CA 187 500 443 -0.34 3.2
1 Phytic acid by itself showed no foaming behaviour and thus is not included.
2 Foamability describes the volume of foam within the first 30 seconds as a rate.

Compared to just CMC, solutions of CMC + PA have shown increased viscos-
ity due to hydrogen bonding and formed gel-like structures.126 This enhanced
gas bubble encapsulation during mixing, allowing for a greater volume of foam
to be generated. The viscosity also reduced both the rate of drainage from
lamellae between the bubbles and the diffusion of gas causing coarsening. The
resulting stability of the wet foam and bubble formation produced a visible
opacity in the CMC + PA solution (Figure 4.4iii and iv). Moreover, the in-
creased stability of CMC + SDS compared to SDS solutions gives credence to
this conclusion. Adding PA to SDS solutions led to negligible changes aside
from a slight delay in tmax. Therefore, during mixing, changes in foamability
and foam height are credited to the combination of CMC and PA introducing
viscous effects which: i) improved foam stability by reducing drainage and
coarsening and ii) increased foamability via gas bubble encapsulation.
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4.1 Cellulose - Phytic Acid Interactions

Figure 4.4: Wet foam analysis during mixing where i = setup, ii = SDS + PA at
18 min, iii = CMC at 18 min, iv = CMC + PA at 18 min. a and b)
foam volume at short and long time-scales. Reproduced from Orzan
et al. under Creative Commons CC-BY license.125

As mixing stopped and lamellae drained, a 2-3 fold increase in the foam col-
lapse rate was observed for solutions containing PA (Figure 4.5a). PA dropped
the pH of the solution below 2, leading to the protonation of both SDS and
CMC (CMC pKa ≈ 4.5, SDS pKa ≈ 3.3).127,128 With fewer repulsive elec-
trostatic interactions within the drained lamellae, disjoining pressure between
bubbles was reduced. Therefore, the energy barrier toward film rupture was
more easily overcome and bubble coalescence slowly destabilized the foam
structure, causing rapid collapse (Figure 4.5i-iv). Viscous effects of CMC
produced a stable plateau until 100 minutes after foaming and reduced the
overall rate of collapse compared to solutions with only SDS. Furthermore,
the addition of acids increased the rate of drainage (Figure 4.5b). This can be
explained from gravitational effects on the denser solutions, yet other effects
relating to diffusion may influence this phenomenon as well.
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Figure 4.5: Foam collapse starting at 18 min (i - iv = CMC + SDS + PA at 18
min, 1 hr, 2 hrs, 3 hrs, respectively. Reproduced from Orzan et al.
under Creative Commons CC-BY license.125

CA produced nearly identical results to PA foaming. The principle difference
lies in the foam stability, which was mostly unaffected compared to CMC +
SDS foams, unlike with PA. As a weak acid, CA reduced the solution pH to 3.2,
possibly leaving some SDS molecules deprotonated and negatively charged. A
similar w/w addition to PA also led to 3-4 times more CA molecules. There-
fore, the combination of increased electrostatic repulsion and hydrogen bond-
ing in CA systems created foams with both high foamability and stability.
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4.2 TBA-Induced Structuring of CNCs

4.2.1 Suspension Assembly and Rheology

Despite begin considered miscible in water, TBA forms nano-scale distur-
bances in the liquid-phase structuring of water.46,49,129–132 TBA hydroxyl
groups hydrogen bond with water while their large tertiary aliphatic groups
are driven towards hydrophobic interactions. Therefore, dynamic regions of
TBA and water are formed: micellar-like regions with large concentration dif-
ferences, and bicontinuous microemulsions around 30-50 wt% TBA.46,49,129

When adding CNCs to solutions of TBA and water, it is not clear how or if
structuring will be affected. Analysis of WAXS patterns was inconclusive to
this end. The diffraction peaks of cellulose Iβ (200, 11̄0 and 110) at q = 1.6
Å−1, and between q = 1.0 and 1.2 Å−1 were probed to see changes in CNC-
CNC distances (Figure 4.6a). However, addition of 30 and 46 wt% TBA
masked peak changes as scattering of aliphatic interactions of TBA also oc-
curs around 1.25 Å−1. TBA-water structuring was relatively unchanged at 2
and 0.5 Å−1. The upturn below 0.5 Å−1 when CNCs are present corresponds
to the start of mesostructure scattering in the SAXS range.

A distinct change in SAXS scattering was perceived when adding >30 wt%
TBA to CNC suspensions. The peak corresponding to inter-CNC packing
distances at 0.01-0.02 Å−1 and the shoulder at 0.02-0.05 Å−1 in the 1D SAXS
intensity pattern became less pronounced (Figure 4.6b,c).133,134 Beginning at
40 wt% TBA, the lamellar periodic structuring originating from CNC ordering
in water was altered. Where once a parallelepiped form factor with a hard-
sphere structure fit the curve of CNC-water suspensions, 50 wt% TBA had to
be modeled as polydisperse parallelepipeds without a hard-sphere factor.135

Because of this, the effective radius of CNC packing could no longer be deter-
mined as CNC assembly became less ordered and a percolated network was
formed. A shift from anisotropic to isotropic alignment at >30 wt% TBA
could be determined from circularly averaged 2D SAXS intensity patterns at
CNC concentrations >3 wt%. A schematic representation of this structural
change is presented in Figure 4.7a,b,c.

The disturbance in the ordered packing of CNCs produced distinctly feature-
less curves. At low q, a steeper slope of q decay was also observed, indicat-
ing the presence of aggregated clusters of smaller structural subunits (Figure
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Figure 4.6: Analysis of suspensions using a) WAXS, and b,c) SAXS. The lines in
b signify fits to a parallelepiped form factor with (red) and without
(blue) hard-sphere structure. The red line in c) shows representative
peaks for CNC packing distance. d) Shear viscosity measurements.

4.7d). The previously constant q decay between q−0.2 and q−0.6 transitioned
to q−1 at 50 wt% TBA and progressed to q−2.2 at 67 wt% (Figure 4.7a). In
all, regardless of CNC concentration, increasing TBA concentration caused
the CNC network to forgo ordered packing in favor of percolated structures
and subsequently to larger aggregated clusters.

The rheological behaviour of TBA-water systems was likewise unaffected by
<40 wt% addition of TBA. The Newtonian plateau at low shear rates sug-
gested isotropic shear behaviour with the addition of up to 4 wt% CNC. As
the ordered packing of CNCs became disturbed in SAXS, the suspensions ex-
hibited a rising viscosity and storage modulus (G′) and a decreasing damping
factor tan δ (Figure 4.7e). These results signified a transition to a more elastic
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Figure 4.7: Combination chart of a) the power-law exponent, α, as a function of
TBA content. The red line denotes the transition from ordered CNC
packing (α ≤ 1) to increasing degrees of aggregation. b-d) Schematic
representation of CNC assembly. e) Ternary contour plot of G′ (Pa)
in the linear region during strain sweep measurements.
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network above 30 wt% content of TBA. The interaction between percolated
CNCs led to a cross-over point between storage (G′) and loss modulus (G′′),
signifying greater structural stability of the suspensions. Above 60 wt% addi-
tion of TBA, suspensions broke and phase separation occurred gradually.136

The volumetric presence of TBA at this concentration enveloped CNC-water
regions, forming disparate clusters due to depletion flocculation.137 The mech-
anisms by which the structuring and stability of CNC-TBA-Water suspensions
developed are therefore proposed as follows:

i) TBA forms nanoscale liquid structures with water, decreasing the relative
permittivity of the medium.138,139 The lower polarizability leads to increased
screening of the electric potential between charged CNCs, reducing the Debye
length. The reduced Debye length causes CNCs to converge, increasing the
likelihood of inter-CNC hydrogen bonding thus forming stronger interparticle
interactions in the network.

ii) Tertiary aliphatic groups of TBA adsorb onto hydrophobic CNC inter-
faces, resulting in augmented CNC hydrophilicity as TBA hydroxyl groups
permit hydrogen bonding to the bulk water phase.140,141 The adsorption is a
spontaneous thermodynamic process as both entropy and enthalpy drive the
removal of water molecules from surfaces in favor of hydrophobic CNC-TBA
interactions.142–144 Therefore, attractive London and van der Waals forces
and long-range electrostatic repulsions are suppressed, dispersing CNCs into
isotropic percolated networks.145

4.2.2 Cryogel Surface Area and Porosity

Nitrogen adsorption for all CNC cryogels developed type II isotherms. A
steep increase at low relative pressure indicated filling of micropores (<2 nm
diameter) before transitioning into the linear BET area (Figure 4.8). From
approximately 0.05 - 0.35 relative pressure, specific surface area (SSA) could
be estimated using the BET theorem (Equation 3.8) as adsorbate covered
surfaces of meso- (2-50 nm) and macropores (>50 nm). The exponential rise
in volume past this region suggests a wide distribution of mesopore sizes. The
asymptotic increase starting at around 0.8 relative pressure and a lack of a
Gurvich plateau indicated incomplete filling of macropores. The desorption
branch exhibited type H3 hysteresis without loop closure, confirming plate-like
or tubular porous structures causing capillary evaporation.146
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Figure 4.8: Nitrogen adsorption and desorption curves for 3CNC50T.

A direct relationship between porosity or SSA and CNC concentration in the
cryogels was clear. Increasing CNCs filled the pore spaces and were forced
to pack closer within the pore walls. Cryogels formed without the influence
of TBA presented the lowest SSA; particularly above 5 wt% as CNCs spon-
taneously self-assembled into nematic structures due to entropic forces. The
flat, sheet-like morphology confirms the reason for low SSA (Figure 4.9a).
The SSA of 3 wt% CNCs was 15 m2/g, while 5-10 wt% exhibited less than
5 m2/g. These values are in line with results described for other CNC cryo-
gels presented in literature.147–149. For comparison, CNC aerogels (dried with
supercritical CO2) and CNF cryogels showed SSA over 150 m2/g due to the
drying process and fibrillar nature, respectively.149–151

Freezing of suspensions containing TBA led to a universal increase in SSA as
TBA-water interactions induced smaller crystal formation. This was particu-
larly apparent at 20 and 70 wt% TBA where cryogels obtained SSA above 70
m2/g and the developed visible mesoporosity (Figures 4.9b,d). Fumagalli et
al. (2013) found a direct correlation with increasing TBA concentration up to
80 wt% and CNC cryogel SSA.147 However, they did not report a significant
rise in SSA at 20 wt% TBA, contradicting our results. This may be attributed
to the discrepancy in CNC concentration (1 wt% in Fumagalli et al.) In CNF
cryogels, a similar correlation was found.152,153
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Figure 4.9: Morphologies of CNC solid foams observed via SEM for a) 0 wt% TBA
(sheet/lamellar), b) < 30 wt% TBA (porous lamellar), c) 30-50 wt%
TBA (tubular), and d) > 60 wt% TBA (aggregated). The correlation
between SSA and specific compressive strength with respect to TBA
wt% is presented in f).
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4.3 Strengthening of Cellulose Networks

In the interest of strengthening cellulose foams, approaches toward i) pore
structure formation, and ii) covalent or physical cross-linking were evaluated.
Using TBA to control crystal formation during freezing, a spectrum of struc-
tural morphologies could be attained. This method gives insights into the
role of pore structures on compressive behaviour. On the other hand, fiber
networks were analyzed by looking at the degradation of cellulose fibers from
enzymatic or PA treatment. Using the covalent di-ester bonds formed be-
tween PA and cellulose or adsorbing extrinsic xylan, an evaluation of how
these phenomena affect foam mechanical properties was obtained.

4.3.1 Morphological Transformations of CNC-TBA Cryogels

The structuring of freeze-dried cellulose cryogels using TBA is well docu-
mented with regards to the effect on SSA.147,149,152 However in Paper III,
we exploited the unique ice crystal formation to document how the changing
morphology affected the compressive behaviour of CNC cryogels. Without
TBA, ice crystals pushed CNCs into the interstitial areas and formed densi-
fied lamellar sheets (Figure 4.9a). As CNC concentration increased from 3 to
10 wt%, a clear rise in compressive modulus, strength, and energy absorption
was observed as CNC aggregation within pore walls increased inter-crystal
connectivity (Table 4.2). This strengthening effect was also documented by
Tripathi et al.154 and Ruiz-Caldas et al.148 for CNC foams dried by supercrit-
ical CO2 (4-7 wt% CNCs) and freeze-drying (3-5 wt% CNCs), respectively.
The specific compressive moduli of 10-20 MPa obtained in our study were
markedly similar to the values obtained by Ruiz-Caldas et al. at concurrent
CNC concentrations. A 10-fold improvement over supercritically dried foams
from Tripathi et al. showcases how increased SSA leads to a reduced struc-
tural strength. Darpentigny et al.149 produced cryogels with 1 wt% tunicated
CNCs which were solvent exchanged with an 80/20 mixture of TBA/water.
These foams showcased an impressive 18 MPa modulus for their weight, credit
to their "netted" morphology".

In the range of 30-50 wt% TBA, the cryogels produced in our study had a
notably similar "netted" morphology, described as tubular, capillary or needle-
like (Figure 4.9c). Compared to sheet-like structures formed without TBA,
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Table 4.2: Properties of cryogels in mechanical compression.
Surface Area Modulus Energy Abs. Strength

(m2/g) (MPa) (MJ/m3) (MPa)
4CNC30T 71 9.0 0.83 1.1
4CNC40T 56 36 2.45 1.5
6CNC19T 80 21 1.67 1.7
7CNC0T 4.9 22 1.58 1.4
7CNC30T 52 64 4.32 3.0
10CNC0T 4.0 40 3.15 1.7

the morphology in this range depicts interconnected pore walls, providing
long-range macro-structural support throughout the foam matrix. As such, a
consistent 3-fold increase across all CNC concentrations was observed. The in-
corporation of 40 wt% TBA to 4 wt% CNCs produced cryogels with a strength
comparable to 10 wt% CNCs without TBA. This demonstrated the potential
for pore structuring to mechanically compensate for reduced foam mass (Table
4.2). Therefore, cryogels in this range can be tailored towards applications
requiring high specific mechanical performance while maintaining a greater
SSA than foams devoid of TBA.

Cryogels tailored for maximum SSA at 20 and 70 wt% TBA had little effect
on mechanical properties compared to those made without TBA. The micro-
porous inclusions disrupting lamellar sheets in Figure 4.9b and the disparate
aggregates in Figure 4.9d were of no significant consequence compared to the
macro-scale pore structuring. Thus, it can be surmised that the loss of fiber-
fiber contacts (leading to high SSA) was compensated by an increased fibrillar
network structure. Overall, an indirect relationship was apparent between
mechanical properties and SSA for systems containing TBA (Figure 4.9f).
These results provide a new dimension to the value of TBA in nanocellulosic
cryogels and aerogels by exploring the compressive behaviour above 1 wt%
CNCs.
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4.3.2 Fiber Degradation / Cross-linking with Phytic Acid
and Xylan

To verify how phytic acid had affected the fiber network mechanically, com-
pression testing of cellulose fiber foams was performed and compared against
CA cross-linked foams. The effect of PA degradation on the fiber network is
clear when comparing the properties of the foams reacted with PA at 80 °C
(P80) to the blank foam without acids (80). Stiffness, strength, and toughness
all decreased simultaneously due to the addition of PA (Figure 4.10). There-
fore, degradation plays a decisive role in compressive behaviour of fiber foams
as the removed non-crystalline regions no longer play a supporting structural
role in the fiber network.

Figure 4.10: Compression testing of cross-linked fiber foams compared by a) spe-
cific modulus and b) specific strength and energy absorption. Repro-
duced from Orzan et al. under Creative Commons CC-BY license.125

Upon addition of PA, a balance is struck between cellulose fiber degrada-
tion and cross-linking due to PA and the formation of covalent bonds. The
degradation (hydrolysis) removed some of the amorphous bulk surrounding
each fiber, decreasing potential fiber-fiber contact area and therefore compro-
mising the network strength. Increasing the reaction temperature to 120 ◦C
brings the compressive properties of cellulose fiber foams with PA (P120) to
equivalence with the blank foams (120) (Figure 4.10). At temperatures above
160 ◦C, the covalent bonds between PA and cellulose fibers drastically in-
creased the contact strength between fibers. Comparison with cellulose fiber
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foams reacted with CA at a similar temperature shows that PA can produce
higher stiffness at <10% strain (Figure 4.10a). However, energy absorption of
the fiber foams reacted at 160 ◦C with CA improved by nearly 20% over PA
solid foams (Figure 4.10b).

To corroborate the effects of fiber degradation seen in Paper II, xylan was
enzymatically degraded or adsorbed to cellulose fibers in Paper IV. This also
allows for a comparison of reinforcement techniques via physical or chemical
cross-linking. Applying an endo-xylanase to pulp fibers led to a 1% decrease
in intrinsic xylan content and visible fraying of the fibers due to partial degra-
dation. Moreover, adsorption of 3% extrinsic xylan formed minor aggregates
visible on the fiber surfaces in SEM. Xylan aggregated in the aqueous so-
lutions and then adsorbed to the outer layers of fibers in that configuration,
with unsubstituted linear regions of xylan bonding to cellulose surfaces.155–157

However, the cellulose fibers as a whole displayed no significant change in
length/width, coarseness, curl, zero-span tensile strength or fibril area.

The tensile index of the fiber networks was directly correlated to xylan con-
tent. As xylan was adsorbed, handsheet density, swelling capacity and surface
fiber charge were increased. These led to a strengthening effect as more fiber-
fiber bonds were formed.158–160 However, intrinsic xylan degradation was more
impactful than extrinsic xylan adsorption (Figure 4.11). For each property
listed, degradation of 1% xylan reduced properties more than an equivalent
1% adsorbed xylan augmented them. This effect may be explained by the ag-
gregated form of extrinsic xylan, which has a lower potential to reinforce the
fiber network. The intrinsic xylan present in fibers after pulping are therefore
vital to the strength of fiber networks. This effect was not as pronounced when
applied in cellulose fiber foams, as the low density nature of these networks
reduced the potential for fiber-fiber bonding.161 In addition, handsheets pro-
vided a direct and valuable observation of the fiber network behaviour without
significant influence from pore structuring.

In Figure 4.11, specific mechanical properties of fiber networks developed re-
curring trends when fibers were reinforced or degraded. The addition of a
physical or covalent cross-linking agent was most impactful on the modulus.
Furthermore, the stiffness of the fiber network and its ability to deforem elas-
tically was less affected by the loss of intrinsic structures. The opposite effect
was seen in energy absorption, where degradation of native structures within
cellulose fibers was more detrimental than any gains through cross-linking.
This is a key revelation when considering using cross-linking in an applica-
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Figure 4.11: Comparison of mechanical properties for fiber networks with phytic
acid degradation/cross-linking in compression and xylan degrada-
tion/adsorption in tensile.

tion requiring improvements in energy absorption. While the systems differ
greatly in both material and morphology, a striking difference is seen with
the structural reinforcement brought about by only 30% TBA in CNC cryo-
gels. The relative increases in modulus (183%), strength (179%), and energy
absorption (121%) are disproportionally greater than any cross-linking work
performed. The rearrangement of interior structural elements seems to be the
preferred method to strengthen networks of discrete fibers, especially since no
extra mass is added.
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4.4 Pyroresistance from Phytic Acid

Pyroresistance is defined here as the behaviour of a material when exposed
to heat and flames. Thermogravimetric analysis (TGA) observes a materials
thermal stability as it degrades due to heat, while cone calorimetry determines
the flammability. In Paper I and II, cellulose fibers in the form of filters and
foams were treated with PA. The effects of heat treatment and phosphorus on
thermal stability were evaluated in Paper I, while a comparison to cross-linked
citric acid and the effects of foam additives were analyzed in Paper II.

Organophosphates such as PA act as fire-retardant materials due to their
ability to form a char layer in the condensed phase, and mitigate radical reac-
tions in the gas phase. At the onset of carbonization Tonset, PA decomposes
quickly via pyrolysis to form phosphoric acids. Similarly to the cross-linking
mechanisms described in Section 4.1, phosphates catalyze the dehydration of
cellulose and form a char layer. This char layer is a carbonaceous glass layer
that forms on the surface of the condensed phase, shielding the material below
from heat and oxygen.73,78,162 This transition is marked by the presence of a
shoulder at 250-300 ◦C in TGA (Figure 4.12a,b).

Increases in Tonset were directly correlated with a decrease in phosphorus
content due to the washing out or degradation of non-cross-linked phosphates
(Figures 4.2d and 4.12b). The reduced phosphorus content of P160 could be
attributed to the thermal decomposition of PA at 150-160 ◦C.119 This obser-
vation between Tonset and phosphorus content was consistent with reports in
other studies at higher concentrations of PA.113,117,124,163–166 However, the
degree of change in Tonset with respect to heat treatment, and thus phos-
phorus content, and was inconsistent. The act of cross-linking phosphates to
cellulose further increased carbonization temperature as covalent ester bonds
blocked the depolymerization of cellulose.

As the char layer formed, there was a simultaneous steep loss in mass as
material decomposed during pyrolysis. Phosphorylated cellulose resulted in
faster carbonization rates (C rate), which promoted rapid formation of the
char layer. This layer led to lower weight loss and the start of the degradation
plateau at lower temperatures. The quality and speed of char layer forma-
tion were therefore critical to the thermo-oxidative stability from 300-500 ◦C.
In cellulose fiber foams, PA also extended the plateau to higher combustion
temperatures (Tmax2). This was attributed to the strong interaction between
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Figure 4.12: TGA thermo-oxidative stability a) full temperature range curves with
effects of cross-linking on b) carbonization onset temperature, c) car-
bonization rate, and d) weight loss. Reproduced from Orzan et al.
under Creative Commons CC-BY license.111,125
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PA and CMC, which prevented early combustion of CMC at 380 ◦C.167,168

Overall, phosphorylating cellulose led to improved thermo-oxidative stability
at temperatures above 300 ◦C.

Cone calorimetry expanded on TGA analysis by unveiling how the cross-
linking of PA to cellulose affected the fire-retardant performance of the foams
(Table 4.3). PA foams exhibited a lower time to ignition (TTI), resulting in
fast charring. In addition, the peak and total heat release rate (PHRR, THR)
were significantly lower than the blank and citric acid cross-linked foams.
This slowed the fire growth rate (FGR) as pyrolysis in the condensed phase
and combustion in the gas phase were reduced. The layer also prevented the
release of volatile particles from combustion, reducing the total smoke pro-
duction (TSP). In comparison, CA cross-linking had no significant effect on
blank foams in TGA. The CA foams did slow fire growth rate, but also in-
creased heat release and smoke production. PA cellulose fiber foams could be
considered self-extinguishing and reached a Euroclass E classification, which
is the minimum for insulation materials in building codes (EN 13501).112

Table 4.3: Cone calorimetry analysis of cellulose fiber foams for: time to ignition
(TTI), peak heat release rate (PHRR), total heat release (THR), fire
growth rate (FGR) and total smoke production (TSP). Reproduced from
Orzan et al. under Creative Commons CC-BY license.125

Foam TTI
(s)

PHRR
(kW/m2)

THR
(MJ/m2)

FGR
(kJ/m2/s)

TSP
(m2)

80 9.3 118 20 9.1 0.11
120 9.3 117 20 9.0 0.23
160 4.7 119 18 9.2 0.14
P80 8.3 99 19 7.6 0.03

P120 4.7 85 18 4.0 0.06
P160 3.3 86 17 4.5 0.05
C80 9.7 133 22 8.3 0.13

C120 9.7 124 22 6.9 0.22
C160 8.3 116 21 5.5 0.19
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CHAPTER 5

Concluding Remarks and Outlook

This thesis focused on the modification of cellulose and foam formation to cre-
ate strengthened fiber foams. Two distinct methods for creating solid foams
from cellulose were evaluated: i) cross-linking using phytic acid or xylan,
and ii) morphological restructuring using tert-butanol in cryogels. In each,
the interactions of additives with cellulose and how they influence foaming
behaviour provides the context of foam development in the wet-state. Using
differing drying methods, unique pore structuring and fiber network configura-
tions produced solid foams with varying mechanical properties and additional
functionalities.

In the first approach, phytic acid was employed as a new multi-functional
cross-linker. Where typically this compound was used for fire-retardant tex-
tiles, this study also sought to explore its value in cellulose fiber foams. Phytic
acid changed the foaming behaviour of systems containing an ionic surfactant,
SDS, and viscosifier, CMC. Binding interactions between CMC and phytic acid
led to improved foamability due to viscous effects encapsulating gas bubbles
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and reducing drainage and coarsening. However, the drop in pH decreased
electrostatic repulsion and disjoining pressure, leading to rapid collapse of the
wet foams.

Another side effect of phytic acid was its degradation of cellulose fibers via
partial hydrolysis. This became evident in 13C NMR as cellulose crystallinity
increased, and solid foams displayed poor mechanical strength in compres-
sion. An important question was raised: Could covalent cross-linking between
fibers overcome the mechanical deterioration resulting from degradation? To
evaluate this, catalyst-free dehydration synthesis reactions were used to form
di-ester cross-links between phytic acid and cellulose at different heat treat-
ment temperatures. With heat treatment temperatures of 160 ◦C, phytic acid
cross-linked cellulose fiber foams managed to outperform blank foams and
could be considered a competitive alternative to a popular cross-linker, citric
acid. The foams displayed unique mechanical behaviours, providing a new
degree of freedom when tailoring cellulose fiber foams towards particular ap-
plications. The additional thermal stability and fire-retardancy provided by
the char layer formation of phytic acid undermines the inherent weakness of
cellulose to fire.

The studies with phytic acid underlined the value of inter-fiber cross-linking
over intrinsic cellulosic structures for reinforcing fiber foam networks. In a
separate approach, native xylan hemicelluloses were either adsorbed to or en-
zymatically degraded from cellulose fibers. The trend was clear: an increase
in xylan content led to improved mechanical properties, credit to a denser net-
work that enabled fiber-fiber bonding. However, the relative value of intrinsic
xylan compared to adsorbed extrinsic xylan could not be understated. A loss
of just 1 wt% intrinsic xylan was more impactful on properties than a 3 wt%
extrinsic adsorption. This could be pointed to the aggregated form of xylans
on the surface of fibers failing to act as sufficient reinforcement.

Use of covalent or physical cross-linking methods led to similar trends of im-
proved modulus and strength in fiber networks. Energy absorption had a
minimal increase, yet was strongly affected by both enzymatic and phytic
acid fiber degradation. These findings suggest that the preservation of in-
trinsic cellulose structures is paramount when considering applications which
require strength and impact absorption. Therefore, pulping processes and
products should be considered carefully when selecting cellulose fibers. In
contrast, the initial elastic response and stiffness of fiber networks benefits
more from cross-linking with less detriment from degradation.
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The structural organization of CNCs within foams represents the second ap-
proach to strengthening. Where other studies focus on using TBA to increase
surface area, here we exploited its crystal formation to produce mechanically
sound pore structures. Upon freezing, the effect of TBA-water interactions on
crystal formation created cryogels with unique morphological features. At 30-
50 wt% TBA, the strength of the CNC network was maximized, owing to the
change from lamellar sheets to a netted/capillary structure. The eutectic mix-
ture of TBA and water at 20 and 90 wt% TBA instead developed mesoporosity,
maximizing surface area. This study showcased how co-solvents can be used
to modulate properties in foams. The addition of over 30 wt% TBA disrupted
the ordered anisotropic assembly of CNC suspensions. TBA adsorbed to hy-
drophobic CNC interfaces and lowered the Debye length, causing network
percolation and increased viscoelastic properties. This method required the
use of a solvent but led to the most pronounced change in mechanical proper-
ties and no changes in mass compared to the proposed cross-linking methods.
Further study on the effect of network percolation inside cryogel pore walls
on mechanical and thermal properties would give fascinating insights into the
roles of fibrillar structures and pore morphology.

The methods underlined in this thesis are by no means comprehensive. The
diversity of research surrounding both cellulose and foams leaves a promising
note for the future of these materials. And while cellulose is a good prospective
choice to replace plastics, a plethora of other bio-based materials such as algi-
nates, chitosan, pectins and starch may provide valuable solution. In terms of
strengthening fiber networks of cellulose, work is necessary to understand the
value of each intrinsic component and structure in fibers. This would allow
pulp manufacturers to produce fibers efficiently for a wider variety of appli-
cations. It also encourages cross-linking methods via cellulose regeneration
to be mindful of how to reconstruct polysaccharide networks. Cellulose fiber
networks also struggle with producing highly elastic products unaffected by
moisture. Solutions in both pore structuring and fiber composition are needed
to overcome these challenges. The final hurdle which limits the use of cellulose
and other bio-based materials in solid foams is drying. The time and energy
input needed to remove water places considerable limitations on the viability
of industrial-scale production.
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