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Abstract

In 2007 the production of expanded polystyrene (EPS) in the world was
over 4 million tonnes and is expected to grow at 6 percent per year. With the
increased concern about environmental protection, alternative biodegradable
materials from renewable resources are of interest. The present doctoral the-
sis work successfully demonstrates that starch-based foams with mechanical
properties similar to EPS can be obtained by reinforcing the cell-walls in the
foams with cellulose nano�bers (MFC).

High cellulose nano�ber content nanocomposites with a highly plasti-
cized (50/50) glycerol-amylopectin starch matrix are successfully prepared
by solvent-casting due to the high compatibility between starch and MFC.
At 70 wt% MFC, the nanocomposites show a remarkable combination of high
tensile strength, modulus and strain to failure, and consequently very high
work to fracture. The interesting combination of properties are due to good
dispersion of nano�bers, the MFC network, nano�ber and matrix properties
and favorable nano�ber-matrix interaction.

The moisture sorption kinetics (30% RH) in glycerol plasticized and pure
amylopectin �lm reinforced with cellulose nano�bers must be modeled using
a moisture concentration-dependent di�usivity in most cases. The presence
of cellulose nano�bers has a strong reducing e�ect on the moisture di�usivity.
The decrease in zero-concentration di�usivity with increasing nano�ber con-
tent could be due to geometrical impedance, strong starch-MFC molecular
interaction and constrained swelling due to the cellulose nano�ber network
present.

Novel biomimetic starch-based nanocomposite foams with MFC contents
up to 40 wt% are successfully prepared by freeze-drying. The hierarchically
structured nanocomposite foams show signi�cant increase in mechanical prop-
erties in compression compared to neat starch foam. Still, better control of
the cell structure could further improve the mechanical properties. The e�ect
of cell wall composition, freeze-drying temperature and freezing temperature
on the resulting cell structure are therefore investigated. The freeze-drying
temperature is critical in order to avoid cell structure collapse. By changing
the starch content, the cell size, anisotropy ratio and ratio between open and
closed cells can be altered. A decrease in freezing temperature decreases the
cell size and increases the anisotropy ratio.

Finally, mechanical properties obtained in compression for a 30 wt% MFC
foam prepared by freeze-drying demonstrates comparable properties (Young's
modulus and yield strength) to expanded polystyrene at 50% RH and similar
relative density. This is due to the reinforcing cellulose nano�ber network
within the cell walls.
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Sammanfattning

År 2007 producerades över 4 miljoner ton polystyrene skum (EPS) i
världen och si�ran förväntas öka med 6% per år. Eftersom oljebaserade plas-
ter har en negativ inverkan på miljön, är det viktigt att ersätta dem med
nedbrytbara alternativ baserade på förnyelsebara råvaror. Denna avhandling
visar att det går att tillverka stärkelsebaserade skum med liknande mekaniska
egenskaper som EPS genom att förstärka skummets cellväggar med cellu-
losanano�brer från trä (MFC).

Nanokompositer med (50/50) glycerol-mjukgjord stärkelsematris och hög
MFC-halt kan gjutas med goda resultat, vilket tyder på god kompatibilitet
mellan stärkelse och MFC. Vid 70 vikt% MFC uppvisar nanokompositerna en
ovanligt fördelaktig kombination av hög brottstyrka, styvhet, brottöjning och
därför också högt brottarbete. Detta beror på MFC-nätverket, egenskaperna
hos nano�brer och matris, god interaktion mellan stärkelse och MFC samt
att nano�brerna är väldispergerade i matrismaterialet.

Kinetiken i samband med fuktupptagningen (30% RH) hos MFC-förstärkta
stärkelse�lmer med eller utan glycerol måste i de �esta fall modelleras med
en di�usionskoe�cient som beror av fuktkoncentrationen. Cellulosanano�brer
har en kraftigt reducerande e�ekt på fuktdi�usionen. Att den initiala di�u-
sionskoe�cienten minskar med ökande nano�berinnehåll kan bero på ett ge-
ometriskt motstånd till di�usion, stark interaktion mellan stärkelse och MFC,
samt att MFC-nätverket hindrar materialet från att svälla.

Nya biomimetiska stärkelsebaserade nanokompositskum med upp till 40
vikt% MFC tillverkas genom frystorkning. Dessa hierarkiskt strukturerade
skum uppvisar mycket förbättrade mekaniska egenskaper i kompression jäm-
fört med rena stärkelseskum. Trots detta kan de mekaniska egenskaperna för-
bättras ytterligare med en bättre cellstruktur. Därför undersöks cellväggskom-
positionens, frystorkningtemperaturens samt frysningstemperaturens inverkan
på den slutliga cellstrukturen. Frystorkningstemperaturen är viktig för att
undvika cellkollaps. Genom att ändra stärkelsemängden går det att ändra
cellstorleken, celldimensionernas anisotropi samt andelen öppna och slutna
celler. En minskning i frystemperatur ger mindre celler och högre celldimen-
sionsanisotropi.

I den sista studien identi�eras är ett frystorkningspreparerat 30 vikt%
MFC skum med mekaniska egenskaper (styvhet och �ytspänning i kompres-
sion) som är jämförbara med EPS vid 50% RH och med liknande relativ den-
sitet. Detta beror på att skummets cellväggar är förstärkta med ett nätverk
av cellulosanano�ber.
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Chapter 1

Introduction

There is a global interest in replacing oil-based synthetic polymers in packaging
materials with environmentally friendly alternatives from renewable resources. The
large quantities of the petroleum-based packaging materials used have raised con-
cern about their negative e�ect on the environment (1). Compared to traditional
plastics, biopolymers do not drain our limited supply of fossil resources and are
carbon dioxide neutral, since they release the same amount of carbon dioxide as
was used during the growing period of the plant. Carbon dioxide is a greenhouse
gas, and changes to the atmospheric levels of greenhouse gases are anticipated to
give raise to global warming (2).

Starch is an attractive bio-synthesized and biodegradable alternative suitable
for �lm preparation and foaming. It is derived from renewable resources, of low
cost and widely available. Unfortunately, the starch presents some drawbacks. It
is highly hygroscopic, brittle without plasticizer and its mechanical properties are
very sensitive to moisture content (3). Still, these drawbacks can be surmounted
by, for example, blending the starch with an appropriate biodegradable polymer.
On the market today, there already exists starch-based materials. One example is
Mater-Bi materials from Novamont-Italy. These are based on thermoplastic starch
and di�erent types of synthetic components (4).

In the present doctoral thesis, the nanocomposite concept is used to improve the
mechanical properties of starch based �lms and foams. The de�nition of a composite
is a material composed of constituents that are physically distinct and mechanically
separable. In nanocomposites at least one constituents has a dimension in the
nanometer scale. Also, the new material achieves superior properties compared to
those of the individual components (5). In nature, the primary cell wall in plants
must accommodate di�erent mechanical requirements such as, for example, high
tensile stresses despite a highly hydrated state. This is achieved due to the presence
a reinforcing three-dimensional network based on nanometer thick cellulose �brils
embedded in a complex matrix of pectins and hemicelluloses (6; 7). Inspired by this,
we set out to prepare (glycerol or water) plasticized starch based �lms and foams

1



2 CHAPTER 1. INTRODUCTION

reinforced by a network of cellulose nano�bers obtained from the disintegration of
the cell wall in wood pulp.

1.1 Objective

The main purpose of this doctoral thesis is to prepare bio-inspired, starch based
composite foams reinforced by a cellulose nano�ber network and study the relation-
ship between the processing conditions, structure and properties of the resulting
foams. Also, an additional goal is to see whether it is possible to prepare a starch
based biofoam with mechanical properties similar to expanded polystyrene (EPS).

This is achieved in several steps. In the �rst step, nano�ber reinforced �lms are
prepared and the relationship between structure and properties is investigated. By
doing so, a better understanding of the intrinsic components is achieved and the
properties of the cell wall in foams can be quanti�ed.

Then, novel cellulose nanocomposite foams based on starch are for the �rst
time prepared by freeze-drying. The foams display a hierarchical structure with a
composite structure at the cell wall scale in addition to the cell structure in the
micrometer scale. In this study the importance of cell structure on the mechanical
properties becomes clear. Hence, in a next step the interdependence is investigated
of how the processing conditions, i.e. freezing temperature and freeze-drying tem-
perature, and the composition of the starch-cellulose nano�ber-water suspension
will control the cell structure of the �nal foam. In the last study, the mechanical
properties of the new foams are characterized and the results indicate that it is
possible to reach comparable mechanical properties to expanded polystyrene.

1.2 Materials

The following text gives a short introduction to the two materials, namely starch
and micro�brillated cellulose, that were used throughout this doctoral thesis work.

Starch

Starch is produced during the photosynthesis and functions as the principal polysac-
charide reserve material in plants (8). Starch is deposited in the form of complex
structures termed granules, with varying shapes and average sizes depending on
the botanical origin. The main constituents of the granules are the two polysaccha-
rides amylopectin and amylose, which are composed of α-D-glucose. Amylopectin is
an extensively branched macromolecule, connected mainly through (1→4)-linkages,
but with occasional branches from the linear chain through a (1→6)-linkage. Amy-
lose, on the other hand, is essentially linear with (1→4)-linkages. The molecular
weights of amylopectin and extracted amylose are in the order of 108 g mol−1 and
105 - 106 g mol−1, respectively (9). The major component of most starches is
amylopectin, and it constitutes about 70% of the polysaccharide content (10).
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The granules are semicrystalline, but only the amylopectin molecule participates
in the making of the crystalline component (10). The amylose is present in the
amorphous parts. The crystallinity of the granule is in the region of ca. 30 % (9).
An schematic representation of the di�erent types of sub-chains in the amylopectin
molecule is shown in Figure 1.1. The sub-chains are categorized into A, B or
C chains depending on their length and position within the branched structure.
The linear parts of the chains, in the so called high molecular order region (see
Figure 1.1), form the crystal structures. The crystals are oriented radially within
the granule (11).

The starch granules are insoluble in cold water (9). However, when heated
in the presence of water, the chains in granular structure are forced apart and
starch-starch interaction is replaced by hydrogen bonds between starch and water
molecules. This is an irreversible order-disorder transition, resulting in the loss
of the crystallinity, amylose leaching out and the swelling of the granules (10).
As a consequence, the viscosity gradually increases. The process is referred to
as gelatinization. By subjecting the gelatinized starch to mild shearing forces, it
is possible to disrupt the remaining wrappings of the granules, i.e. the starch is
"dissolved". In this case the viscosity will decrease. In material preparation, the
native starch granule is usually not used, instead gelatinized or dissolved starch is
preferred.

Upon cooling the solution below the melting temperature of the starch crystal-
lites, an opaque gel of amylose and amylopectin is gradually formed. The starch
chains re-associate and a new crystalline order is created. The phenomenon is
termed retrogradation (9). Due to the greater mobility of the amylose molecules
compared to the amylopectin, the re-organizing of the amylose molecules is rapid.
The retrogradation of amylopectin molecules, on the other hand, proceeds slowly
over several weeks of storage (12).

Materials made from amylose and amylopectin demonstrate di�erent mechanical
properties. Films from amylopectin are more brittle in character and display a
lower sti�ness and tensile strength at break compared to amylose �lms (13; 14; 15).
However, the di�erence in mechanical properties of the two �lm types is sensitive
to the air humidity conditions during �lm preparation step (15).

Due to the brittleness of starch materials, plasticisers are commonly used. A
frequently utilized low weight hydroxyl compound is glycerol. Another e�ective
plasticizer to starch is water, although not the best because it evaporates easily.
Still, starch materials readily sorb water and variations in water content may result
in large changes in the mechanical properties.

Di�erent routes have been explored in order to improve the mechanical prop-
erties and water resistance of starch materials. These are chemical modi�cations
to the starch molecule, blends with polymers such as polycaprolactone (16) or re-
inforcement with di�erent types of �llers, such as ramie crystallites (17), tunicin
whiskers (18) or montmorillonite clay particles (19).
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Figure 1.1: A schematic representation of the sub-chains labeled A, B and C in the
amylopectin molecule. The macromolecular structure is divided into low molec-
ular order regions containing branch points and regions of high molecular order
composed of linear chain segments. After A. M. Donald (10)

.

Micro�brillated cellulose

Cellulose is the load bearing constituent in the plant cell wall and, not surprisingly,
also the most abundant carbohydrate polymer in the biosphere. This linear poly-
mer consists of β-D-glucose residues connected through (1→4)-glucosidic bounds.
Several parallel cellulose chains are organized in extended bundles, �brils, which
are held together and stabilized through van der Waals and inter- and intrachain
hydrogen bonds (20). In wood, the cross-sectional dimension of a �bril is ca. 4
nm (21). The �brils contain both crystalline and less ordered regions (20). The
crystalline structure in native cellulose is of the cellulose I (21), although this is
not the most thermodynamically stable form. The less ordered regions are believed
to be located at the surface of the �bril (20), and also in segments along the the
length of the �bril (22). In wood, the �brils aggregate further into cellulose �bril
aggregates (21). Embedded in or around the cellulose �bril aggregates are also
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hemicellulose and lignin (20).
Micro�brillated cellulose (MFC) is obtained through the disintegration of the

cell wall in cellulosic �bers. The de�brillation of the cell wall is obtained using
a homogenizing mechanical treatment in combination with some appropriate pre-
treatment, such as enzymatic treatment (23; 24), carboxymethylation (25) or hy-
drolysis (26). Micro�brillated cellulose, also termed cellulose nano�bers or cellulose
nano�brils, have a high aspect ratio. The width is in the order of 10 - 100 nm (27)
and the length can be up to several micrometers. Micro�brillated cellulose can be
derived from many di�erent botanical sources, and also algae and tunicate animals.
A certain type of bacterium (Gluconacetobacter xylinus) is also know to produce a
three-dimensional network of bundles of cellulose �brils. Puri�ed sheets of bacterial
cellulose (BC) can be used in composites without any further disintegration (28).
In Figure 1.2, the surface of a starch based composite containing cellulose nano�ber
from bleached sulphite softwood pulp is shown. The average width of the nano�bers
is typically, 20 - 30 nm.

Figure 1.2: FE-SEM Image of a composite �lm surface containing 50 wt% MFC
and a matrix of 50/50 glycerol/amylopectin starch. The starch comes from potato.
The scale bar is 3 µm.

After disintegration, the cellulose nano�bers are typically available as a suspen-
sion in liquid, usually water. This is because when the liquid evaporates, strong
hydrogen bonds form between adjacent nano�bers (29), which e�ectively inhibits
redispersion. However, this characteristic is attractive in composites, since the
cellulose nano�bers will form a strong network. Thus, the interesting mechanical
properties of cellulose nano�bers comes from the ability to form a network, the
high aspect ratio and the good mechanical properties of the cellulose nano�brils.
The importance of the nano�ber networks for the mechanical properties of neat



6 CHAPTER 1. INTRODUCTION

�lms and composites has been demonstrated by several authors (30; 31; 18). If the
nano�ber-nano�ber interaction is reduced by, for example, surface modi�cations,
lower macroscopic mechanical properties of the resulting �lms are observed.

Yano et al (32) and Henriksson et al. (33) have reported sti�ness values ca. 10
- 15 GPa and strength values of ca. 130 - 240 MPa for native cellulose nano�ber
�lms from wood pulp. Factors that are likely to a�ect the mechanical properties
of neat �lms and composite materials are, for example, density (33), degree of
polymerization (33), �ller/matrix interaction (30), degree of �brillation, degree of
crystallinity and orientation. An important parameter in the preparation of MFC
reinforced composites is a homogeneous dispersement of the nano�ber in the matrix
material. This is a prerequisite to obtain nanocomposites that display a signi�cant
mechanical reinforcement (30).

1.3 Starch-based foam

Starch-based foams can be prepared using a number of di�erent techniques. These
include baking in hot mold (34; 35; 36), extrusion (37; 38), compression/explosion
processing (39), freeze-drying (40; 41) and the microwave heating technique (42).

The goal is to prepare cellulose nano�ber reinforced starch foams. But cellulose
nano�bers are delivered as a 2 wt% suspension in water and high water contents
presents a major challenge when foaming. Previous experience from the microwave
heating technique show that high water contents produce foams with coarse cells.
In addition, by reducing the water content of the cellulose nano�ber suspension, the
dispersement of the nano�bers becomes more di�cult due to nano�ber aggregation.
Therefore, only foams with low nano�ber contents (≤ 10 wt%) can successfully be
prepared with the microwave heating technique. Nevertheless, even at these low
contents, signi�cant reinforcement e�ects have been observed in our laboratory.

In the freeze-drying technique, the high water content does not present any
problems. Here, the water will be frozen into ice crystal and upon sublimation,
a porous structured material is obtained. The porosity of the foam will be con-
trolled through the water content. Using this technique, foams with high cellulose
nano�ber contents can successfully be obtained. Still, the freeze-drying technique
is time-consuming and not ideal from an industrial manufacturer prospective, but
it demonstrates the potential of cellulose-nano�brill-reinforced microcellular foams.

1.4 Freeze-drying

The freeze-drying process is usually divided into three parts: The freezing, the
primary and secondary drying process.
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Freezing

When the temperature of a water-solute system is lowered to the freezing temper-
ature of the bulk water present, the water will separate from the solutes and form
ice crystals. The solutes will concentrate and become con�ned together with bound
water to the regions between the formed ice crystals. Bound water, also termed
non-freezing water, is water molecules that retain molecular mobility even below
the temperature at which regions of bulk ice have formed (43; 44).

The ice crystals are created in two steps: nucleation and growth. The nucleation
occurs when su�ciently many water molecules come together to create a nucleus
of a critical size. The nucleation can be homogeneous or heterogeneous. Homoge-
neous nucleation takes place in the liquid state. In heterogeneous nucleation, the
nucleation takes place on foreign substances, such as a container surface or par-
ticles present in the liquid. These facilitate by lowering the activation energy or
the number of molecules needed for nucleation (45). Hence, the temperature of
heterogeneous nucleation will be higher than that of homogeneous nucleation (46).

The rate of nucleus formation is closely related to the degree of undercooling
and the presence of foreign particles. The undercooling is de�ned as the tempera-
ture di�erence between the equilibrium freezing point and the actual temperature
of the system (45). The rate of nucleation will increase with the degree of under-
cooling, until a maximum in reached and then decrease. At large undercoolings,
the di�usion rate of the water molecules decreases, which e�ectively slows down the
nucleation (45). By adding foreign particles, the energy barrier to nucleation may
be lowered, which can give a profound e�ect on the rate of nucleation (45; 47)

Once the nucleus is formed, the ice crystal can start to grow. The growth
is limited by, amongst other parameters, the di�usion of mass (45). During the
growth phase, water needs to di�use to the growing ice crystal/liquid interface.
The rejected solutes will accumulate in the layer at the interface. The growth
rate is in�uenced by the degree of undercooling. The growth rate increases with
increasing undercooling (45), and decreases when the atomic migration is slowed
down at large undercoolings.

The size of the �nal ice crystals is controlled by the growth rate and the nucle-
ation rate. A high nucleation rate gives rise to smaller and more numerous crystals.

Primary and secondary drying process

During the primary drying process, the sublimation, i.e. solid-to-gas phase change,
of the ice takes place. The rate of sublimation is a function of, amongst other,
the pressure di�erence between the saturated vapor pressure over the sublimating
ice front in the material, which depends on the temperature of the object, and
the chamber pressure in the freeze dryer (46; 48). In the secondary drying the
residual moisture content, i.e. bound water or non-freezing water, associated with
the cell-wall of the porous material is reduced.

When the supporting ice crystals sublimate during freeze-drying the regions
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surrounding the ice should be rigid enough to withstand collapse of the resulting
pores (46). For systems with an eutectic temperature the interstitial regions will
be stable enough when freeze-dried at or below this temperature (49; 46). The
eutectic temperature is de�ned temperature as where the liquid mixture of solute
and liquid solidi�es (46). The eutectic temperature can be found using simple
freezing experiments (46; 49). However, some systems do not have an eutectic
temperature. In those cases the freeze-drying temperature should be su�ciently
low to ensure that the solutes are in a glassy or solid state. Jennings (46) proposed
that a low mobility of water in the interstitial regions could indicate that the regions
are su�ciently stable to withstand collapse or melt-back during freeze-drying.

1.5 Mechanics of foams

In protective packaging applications, the main function of the packaging material
is to absorb energy by transforming the kinetic energy developed at impact into
(usually) heat. In addition, the maximum force experienced by the object must
be below the level at which damage occurs. Foams are particularly well suited for
this purpose, and this can be explained using the compressive stress-strain curves
in Figure 1.3.

Figure 1.3: Compressive stress-strain curves for a solid and a foam made from the
same elastomeric material. From Gibson and Ashby (50)

.

The absorbed energy per unit volume at a speci�c stress is the area underneath
the stress-strain curve up to that stress. In Figure 1.3, the energy absorption
characteristics for a foam and the solid material that makes up the cells of the foam
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are compared. Evidently, the foam absorb more energy for the same stress level,
and this is due to the long, horizontal plateau of the stress-strain curve.

Two independent parameter groups are used to describe the mechanical prop-
erties of foams. The �rst group speci�es the cell wall material properties and the
second group identi�es how the foam is structured. The last group includes details
concerning the relative density, the cell size, the cell shape or anisotropy and if
the cells are closed or open. The relative density, ρ∗/ρs, is de�ned as the density
of the foam, ρ∗, divided by the density of the cell wall material, ρs. By changing
one or several parameters in the two parameter groups, the resulting compressive
stress-strain curve will change. In this way, it is possible to tailor the mechanical
properties of a foams to �t a speci�c packaging application.

The compressive stress-strain curve in Figure 1.3 is categorized into three parts;
linear elastic deformation at low stresses, the cell-collapse region present as a long
horizontal plateau and the last part, where the stress rises steeply with strain,
termed the densi�cation regime.

In the linear elastic region the cell edges in a open foam will bend when loaded.
For closed cells, the cell membranes will also be stretched and any cell �uid inside
the cells will be compressed. Results by Gibson and Ashby (50) show that the
Young's modulus for a foam, E∗ , scales to that of the solid material, Es, as;

E∗

Es
=

(
ρ∗

ρs

)2

(1.1)

Equation 1.1 applies to isotropic foams with open cells. In the case of foams
with closed and/or anisotropic cells more elaborated equations are needed (50).

The collapse plateau follows the linear elastic regime. In this region, open cell
foams made of elastic, ductile or brittle materials will fail through cell edge buckling,
plastic collapse (plastic hinges) and brittle crushing, respectively (50). For closed
cell foams, the cell faces and cell �uids will further in�uence collapse behavior. The
stress at which the collapse plateau starts for a ductile isotropic open cell foam has
been deduced by Gibson and Ashby (50);

σ∗pl
σys

= 0.3
(
ρ∗

ρs

)3/2

(1.2)

where σ∗pl and σys are the yield strength of the foam and cell-wall material,
respectively. Again, equation 1.2 needs further re�nement in order to account for
factors such as closed cells and anisotropy.

The last regime in the compressive stress-strain curve is the densi�cation region.
Densi�cation starts when the foam is compressed to large strains. Here the oppos-
ing cell walls come into contact and the cell wall material is compressed. This is
manifested in the compression curve as a steep increase in stress with strain. The
densi�cation region starts just below the point at which all the porosity has been
compressed.





Chapter 2

Materials and Methods

An overview of the experimental aspects of the thesis are given here. For more
details, the reader is referred to the individual papers.

2.1 Materials

The source of starch was granular amylopectin potato starch (Lyckeby Stärkelsen
AB, Sweden) with an amylose content less than 1 wt%. In Papers I-III, the 2
wt% suspension of cellulose nano�bers (MFC) in deionized water was supplied
from STFI-Packforsk AB, Sweden. This was prepared as described by Pääkkö et
al (23). The source of MFC was never-dried bleached sulphite pulp consisting of
40 wt% pine and 60 wt% spruce. In Papers IV-V, the 2 wt% MFC suspension was
prepared by the author according to the methods developed by Marielle et al. (24)
and Pääkkö et al. (23). In this case, never-dried bleached sulphite pulp from spruce
was used. The hemicellulose content of the pulps was 13.8 wt% and the lignin
content was ca. 1 wt%. In �lms, glycerol was used.

2.2 Preparation of composites

Films

Composite �lms were prepared with varying MFC contents, 0 - 70 wt% (dry basis),
and glycerol contents, 0 - 50 wt% (dry basis). Neat and glycerol plasticized MFC
�lms were also prepared. Figure 2.1 summarizes the procedure steps used in the
preparation of �lms. The extensive mixing step was; magnetical stirring of suspen-
sions for 6 days, and, after 3 days, suspensions containing MFC were mixed at high
speed (8000 rpm) using an Ultra Turrax mixer for 15 minutes. The suspensions
were degassed and cast in Te�on coated Petri-dishes. When dried, the resulting
�lms could easily be removed.

11
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Figure 2.1: A schematic view of the preparation process for �lms.

Figure 2.2: A schematic view of the preparation process for foams.

Foams

The cellulose nano�ber starch based foams were prepared using freeze-drying and
the process steps are illustrated in Figure 2.2. The cellulose nano�ber content
was varied from 0 - 70 wt%. Prior to use, the 2 wt% nano�ber suspension was
extensively mixed. In Paper III, the heating and mixing step (see Figure 2.2) was
performed using a microwave oven and kitchen aid, respectively. In Paper IV-V,
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the heating was done using a water bath at 95 ◦C. When mixing, an overhead mixer
with a dissolver stirrer was used for 30 min (1000 and 2000 rpm). After 30 min,
if needed, further mixing was performed with a kitchen aid. The dispersions were
put in Petri-dishes and degassed. By varying the water content of the dispersion,
the density of the �nal foam could be controlled.

2.3 Dynamic Mechanical Analysis (DMA) (Papers I, III)

Measurements on �lms (Paper I) were performed in the tensile mode on a Q800
TA Instruments DMA. Rectangular specimens (ca. 20 x 5 x 0.2 mm) were tested
at 1 Hz and 0.05% strain at a heating rate of 3 ◦C/min−1. Prior to the testing the
specimens had been dried.

Foams (Paper III) were tested in tensile mode on a Perkin Elmer DMA 7 at a
constant temperature of 30 ◦C and varying humidity, 10 - 80% RH. The specimens
were rectangular (ca. 15 x 4 x 2 mm) and the specimen height was in the direction
of cylinder axis of the original cylindrical foams. The measurements were performed
at 0.05% strain and 1 Hz. The humidity was ramped from 20% to 80% at a speed
of 0.05% RH min−1.

2.4 Dynamic vapor sorption (DVS) (Paper II)

The kinetics of water sorption of �lms was measured using a DVS from Surface
Measurement Systems. The dimension of the specimens were ca. 10 x 7 x 0.2 mm.
The measurements were performed at 33 ± 0.5 ◦C and the relative humidity was
rapidly raised from 0 to 30%. The weight of the sample was measured every minute.

2.5 Field-Emission Scanning Electron Microscopy
(FE-SEM) (Papers I - V)

The structure of nanocomposite �lms and foams and dispersion of cellulose nano�bers
in the matrix material was studied using two di�erent FE-SEM (s-4300 or s-4800)
from Hitachi. The secondary electron images were obtained from samples coated
by a thin conducting layer (Au, C or Au/Pd). Fractured surface were obtained
by freezing in liquid nitrogen and then bending to fracture with forceps. When
studying the cell structure of foams, the surfaces were prepared by cutting with an
UV excimer laser.

2.6 X-ray di�raction (XRD) (Paper I)

X-ray di�raction was used to study the crystallinity of composite �lms. The mea-
surements were performed with a X'Pert Pro di�ractometer. The CuKα radiation
was generated at 45 kV and 40 mA. Di�ractograms were recorded from rotating
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specimens with a revolution time of 8 s. The di�ratograms were recorded in the
angular range of 4 - 40◦ (2θ).

2.7 Di�erential scanning calorimetry (DSC) (Paper IV)

The amount of bound water at the melting point in gelatinized starch-MFC-ice
systems and the glass transition of water-plasticized gelatinized starch was inves-
tigated with DSC. The thermal analysis was performed using a TA Instruments
Q1000 di�erential scanning calorimeter. In bound water measurement, 5 mg of
sample was equilibrated at 10 ◦C then cooled to - 80 ◦C at a speed of 5 ◦C min−1.
The temperature was maintained for 10 min. Afterward, the sample was heated at
5 ◦C min−1 to 40 ◦C. The amount of bound water, Mbound, is found from:

Mbound =
∆H0 −∆H

∆H0
∗MH2O (2.1)

where ∆H0 is the enthalpy of melting of water, MH2O is the amount of water
in the sample and ∆H is the measured enthalpy of melting of the sample. In glass
transition scans, 19 mg of sample was rapidly cooled to - 80 ◦C, maintained at this
temperature for 10 min and then the temperature was raised at a rate of 10 ◦C
min−1 to 20 ◦C.

2.8 1H Nuclear magnetic resonance (NMR) (Paper IV)

The mobile water at subzero temperatures in cellulose nano�ber-water or gela-
tinized starch-water systems was studied with 1H NMR. The experiments were
performed using a Bruker Avance III-500 MHz NMR. About 70 mg of sample was
cooled in a stepwise (0.5 - 5 K) manner with a cooling rate of 2 - 3 K min−1. At
each temperature point 10 min equilibrium time was allowed. The spectra were
obtained using a CPMG (Carr-Purcell-Meiboom-Gill) (51; 52) pulse sequence with
four echoes. An echo time of 0.1 ms was used.

2.9 Freezing experiments (Paper IV)

Freezing experiments were performed using ordinary stainless 350 ml thermos �asks.
These were �lled with sample and placed in a freezer of -84 ◦C. The temperature
of the sample was measured every 60 s using a K type thermocouple connected to
a Pica data logger.

2.10 Mechanical testing (Papers I, III, V)

Films were tested in tension using a Instron 5567 testing machine equipped with
a 500 N load cell or Minimature Materials Tester 2000 (Minimat) equipped with a
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load cell of 20 N. Almost all test samples were 5 mm wide, at least 60 mm long and
ca. 200 µm thick. Two �lms were cut into shorter samples. The gauge lengths were
40 mm and 30 mm for long and short samples, respectively. The strain rate was set
to 10% of the initial specimen length per minute. Prior to testing the specimens
had been dried and the mechanical testing was performed in the quickest possible
way to minimize water sorption. One conditioned �lm (one week in 50% RH, 23 ◦C)
was also tested. The mechanical data was averaged over at least three specimens.

Foams were tested in compression using a Instron 5567 testing machine equipped
with a 500 N load cell (Paper III) or a Instron 5566, using a load cell of 500 N or
5 kN (Paper V). The test samples were cubes with a side of ca. 12 or 13 mm.
The cross-head movement rates were 10% of the initial sample height per minute.
The compression was performed in the direction of the cylinder axis of the original
cylindrical foams. The samples were conditioned prior to testing at ca. 50% RH and
22 or 23 ◦C for two (Paper III) or three days (Paper V). The testing was performed
in a conditioned room. The mechanical data was averaged over four (Paper III) or
�ve specimens (Paper IV).

2.11 Density (Papers I, III - V)

For �lms, a mercury displacement apparatus (53) was used to measure the volume of
2 x 3 cm samples. This works according to Archimedes principle and is illustrated in
Figure 2.3. The samples were weighed in air, m1, and when submerged in mercury,
m2. From this data the volume could be obtained from;

Vsample =
m1 −m2

ρHg − ρair
≈ m1 −m2

ρHg
(2.2)

For foams, the volume of cubic shaped samples was obtained by measuring
the dimensions using a digital caliper. Three measurements were made of each
dimension. The density was obtained by dividing the mass of the samples by its
volume.
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Figure 2.3: The mercury displacement apparatus. The sample is placed in the
sample holder and the weight of the sample in air and mercury is obtained from
the scale. After Baggerud (53).
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Papers I and II

3.1 Glycerol plasticized starch based �lms reinforced with
cellulose nano�ber (Paper I)

Glycerol plasticized amylopectin starch based �lms reinforced with cellulose nano�bers
are prepared by solvent casting and the relationship between structure and mechani-
cal properties is studied. Glycerol is used as the main plasticizer of the amylopectin,
since it is more experimentally convenient to work with than water. The presence of
moisture further complicates the interpretation of the structure-property relation-
ship and is thus avoided. The results of this study and also that of Paper II provide
us with a better understanding for properties of the cell wall in the nanocomposite
foams prepared in the following studies.

Matrix composition

The main matrix composition used throughout this study is a 50/50 blend of glyc-
erol and amylopectin starch. At this content the glass transition temperatures of
the system are below room temperature, according to DMA-results. The data from
DMA also show that starch and glycerol are only partially miscible, which is in line
with the conclusions of others (54; 29). This is observed by the presence of two glass
transition temperatures in the DMA scans. The matrix consists of glycerol-rich and
starch-rich regions, which both contain starch and glycerol but in di�erent ratios.

Structure of �lms

In Figure 3.1, the structure of the surface (a) and fracture surface (b) of the 50
wt% MFC composite is shown. The �gures show that the nano�bers are organized
in a laminar structure and randomly oriented in the plane. The width of most
nano�ber is 30 ± 10 nm and the length is several micrometers. Still, larger entities
are also present. Due to the lack of long pull-out lengths in fracture surface (b), it is
plausible that individual nano�bers start to fracture towards the end of the tensile

17
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testing. The �gures show that the nano�bers are homogeneously distributed in the
matrix material, which is important in the context of mechanical performance of
the �lms and indicates the presences of favorable MFC-starch interaction.

Figure 3.1: FE-SEM micrographs of cellulose nanocomposite �lms with a 50/50
amylopecitin/glycerol matrix and 50 wt% MFC. Image (a) is the �lm surface and
(b) is the fracture surface obtained from tensile testing. The scale bars are 3 µm.

Some porosity is visible in image 3.1 a), and this is further con�rmed through
density measurements and porosity calculations. The presence of voids is expected
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to lower the mechanical properties, although it might be speculated that the very
small and homogeneously distributed voids will not have a dramatic e�ect upon
the properties.

X-ray di�raction measurements on MFC-amylopectin starch-glycerol �lms re-
veal that the (50/50) amylopectin/starch matrix is amorphous and that the crys-
talline parts of the cellulose nano�bers is of cellulose I form.

Figure 3.2: Storage tensile modulus (a) and tan δ (b) curves with temperature
for composites with �xed matrix composition (50/50 glycerol/starch) and varying
MFC contents. The MFC contents are given in the �gure.
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Dynamic mechanical behavior

In Figure 3.2 the storage modulus and the tan δ data are presented as function
of temperature for neat matrix and composites materials. Compared to the ma-
trix material, the composites display a higher storage modulus and the modulus
decreases less rapidly with temperature. Hence the cellulose nano�ber improve
the thermal stability of the modulus, which is an important reinforcement e�ect.
This is due to the reinforcing cellulose nano�ber network, obtained through strong
hydrogen bonds between nano�bers (18; 31).

The tan δ data in Figure 3.2 (b), show the presence of two glass transitions in the
matrix material, but only one in composites. The low temperature transition is due
to the glycerol-rich regions, as discussed earlier. The height of this peak decreases
with decreasing plasticizer content (total basis). The high temperature tan δ peak
for the matrix material is due to the starch-rich regions. The absence of this peak
in composites could perhaps be explained by restricted molecular mobility of the
amylopectin due to strong interaction between cellulose nano�bers and starch (17).

Tensile testing

In Figure 3.3, typical stress-strain curves are shown for composite �lms and the
average values of the mechanical properties is summarized in Table 3.1.

Table 3.1: Mechanical properties of composites with �xed matrix composition
(50/50 glycerol/starch) and varying MFC contents. The values within parentheses
are the sample standard deviations.

Young's Tensile Strain-to- Work-to-
MFC Modulus strength failure fracture
(wt%) (MPa) (MPa) (%) (MJ/m3)

0 1.6 (0.88) 0.35 (0.05) 80 (9.5) 0.18 (0.04)
10 180 (23) 5.0 (0.20) 25 (0.93) 0.94 (0.05)
20 780 (100) 15 (1.5) 22 (0.88) 2.7 (0.22)
30 1600 (140) 31 (2.5) 18 (0.74) 4.0 (0.22)
40 3100 (90) 58 (5.0) 15 (0.98) 6.2 (0.38)
50 4300 (120) 80 (3.1) 11 (0.65) 6.5 (0.78)
60 4800 (190) 120 (5.5) 9.3 (0.52) 7.8 (0.49)
70 6200 (240) 160 (7.9) 8.1 (0.93) 9.4 (1.5)
100 13000 (1000) 180 (7.8) 2.1 (0.38) 2.4 (0.60)

The results in Table 3.1 show that as the MFC content increases the Young's
modulus, work to fracture and tensile strength increase while the strain to failure de-
crease. However, for the pristine MFC �lm, the work to fracture decrease compared
to that of the 70 wt% MFC composite. The large improvement in the mechanical
properties compared to the neat matrix is primarily due to the nano�ber network
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and the nature of the cellulose nano�bers, but favorable interaction between matrix
materials and nano�ber is also a positive factor (3; 17; 18). At high MFC contents
a remarkable combination of high strength, modulus and toughness is obtained.
For composites with 70 wt% MFC content the modulus and strength are 6.2 GPa
and 160 MPa, respectively. The strain to failure is 8.1%. This can be compared to
conventional micro�ber composite material such as glass-�ber-reinforced thermo-
plastics that show high strength and modulus but the strain to failure is only ca.
2% (5).

Figure 3.3: Typical tensile curves for composites with varying MFC content and
�xed matrix composition (50/50 glycerol/amylopectin starch).

The work to fracture is quite high, 9.4 MJ/m3 for the 70 wt% composite. This
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value is much higher than that of steel (1.0 MJ/m3), bone (3.0 MJ/m3) and ten-
don (2.8 MJ/m3), for example (55). The dominant deformation mechanisms in the
elastic region is believed to be elastic stretching of the nano�ber network. The
plastic region of the stress-strain curve might be associated with reorganization
of nano�bers, inter�ber debonding and ultimately fracture of the nano�bers. The
strain-hardening tendency observed in this region could perhaps indicate some re-
orientation of the nano�bers.

3.2 E�ect of MFC content on the vapor sorption behavior
in starch. (Paper II)

Utilizing a Dynamic Vapor Sorption apparatus it was possible to study the kinetics
of moisture sorption in starch based cellulose nano�ber reinforced �lms. In the
present study, the relative humidity is rapidly raised from 0 to 30% at 33 ± 0.5 ◦C
and the weight of the sample is registered with time. The normalized mass increase
is plotted against the square root of time and by �tting numerically calculated
curves, the di�usion coe�cient and other �tting parameters can be obtained. Note
that the �tting is done with respect the "average" sorption behavior of the studied
system with time.

Figure 3.4: Normalized mass increase [m(t)/m(∞)] as a function of the square root
of time for a 50/50 amylopectin/glycerol �lm.

Figure 3.4 shows typical sorption behavior with time obtained for the materials
in the present study. The normalized mass gain is plotted against the square root of
time. The curve has a s-shaped form. This is a strong indication of that pure Fickian
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sorption behavior with constant di�usion coe�cient is not followed for the present
materials. Hence, a more elaborated model is needed in order to describe sorption
behavior compared to those of, for example, �ber reinforced epoxy composites (56).
The origin of the s-shapes can be due to several factors such as swelling-induced
compressive surface stresses or di�erent properties of the surface layer compared to
the interior.

The �ts are obtain by numerical solving the Fick's second law of di�usion (57),
expressed in eq.( 3.1), together with the boundary condition in eq.( 3.3). The Fick's
second law of di�usion (58) is:

∂C

∂t
=

∂

∂x

(
D(C)

∂C

∂x

)
(3.1)

where C, D, and x are, respectively, the concentration and di�usion coe�cient
and the coordinate in the thickness direction. The di�usion coe�cient, D(C), is
concentration dependent, as is shown by Russo et al. (59) for plasticized high-
amylose starch �lms, and it is expressed as:

D(C) = DC0e
αDC (3.2)

where DC0 is the zero concentration di�usivity and αD is a constant. In order
to obtain successful �ts a time-dependent surface concentration is needed:

C = Ci + (C∞ − Ci)
(

1− e− t
τ

)
(3.3)

where Ci and C∞ are an "initial" and �nal solute concentration, respectively. τ
is the surface concentration relaxation time. The last model parameter de�nes the
time needed to reach C∞ at the surface.

In Table 3.2 the parameter values obtained from the numerical �ts for composite
and neat matrix �lms are summarized. Two matrix compositions are studied, neat
amylopectin and 50/50 amylopectin/glycerol matrix. Note that two sets of data are
given for pristine glycerol plasticized starch matrix and 10 wt% MFC composite.
This is because successful �ts can be obtained for constant (D = constant, αD =
0) and moisture concentration-dependent di�usivity (D = DC0e

αDC , αD 6= 0). It
is probably a consequence of the large amount of glycerol present, which lowers the
Tg of the matrix well below 33 ◦C, see DMA results in Figure 3.2. Hence the extra
plasticizing e�ect from the sorbed water is small. At higher cellulose nano�ber
contents and in the case of composites with pure amylopectin matrix, the model
describes the data well only if a moisture dependent di�usivity is applied, which
indicates that the plasticizing e�ect of moisture plays a more important role here.
For neat amylopectin samples no good numerical �t to the experimental sorption
data is obtained using the model.

The average (D̄) and zero-concentration (DC0) di�usion coe�cients decrease
with increasing MFC content and increase with increasing glycerol content. The
latter is expected and is a consequence of the plasticizing e�ect of glycerol on
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Table 3.2: Parameters obtained from numerical �ts and the average di�usion coef-
�cient value (D̄).

MFC D̄ DC0 αD τ Ci/C∞
(wt%) (10−9 cm2 s−1) (10−9 cm2 s−1) (cm3 g−1) (s) (-)

50/50 Amylopectin/Glycerol Matrix
0 51 39 7.6 313 0.08
10 34 18 13.5 244 0.1
40 15 5.1 27 238 0.14
70 5.3 1.9 36 250 0.17
0 62 62 0 417 0.08
10 47 47 0 400 0.07

Amylopectin matrix
0 3.0 2.2 8.5 11100 0.57
40 2.2 0.72 32 1120 0.57
100 1.0 0.34 50 313 0.39

starch. The parameter αD has been suggested to be associated with the polymer
segmental/chain mobility, since it often increases with increasing crystallinity and
decreasing temperature (60). The obtained data for αD shows an increase with
cellulose content. This could perhaps be due to constrained swelling caused by the
MFC network or reduced matrix mobility due to MFC-amylopectin interaction.
The trend of the parameter τ is hard to explain. If it is associated with the decay
of swelling induced stresses, it is expected to increase with decreasing chain mo-
bility and moisture di�usivity and hence increase with increasing MFC content or
decreasing glycerol content. However, only the latter could be observed (compare
the data for the 40 wt% cellulose nano�ber �lms in Table 3.2).

The initial surface concentration Ci relative to the �nal C∞ was highest for the
�lms containing no glycerol. A more expected result would perhaps be the opposite
due to the higher molecular mobility of glycerol plasticized amylopectin. Still, the
phenomenon could also be a result of the numerical �tting.

In Table 3.3, the experimental and theoretical moisture uptake are presented.
Due to the semicrystalline nature of the cellulose nano�bers, they are less hygro-
scopic than starch. The theoretical moisture uptake is calculated using the rule of
mixing with the moisture uptake of the neat components as input. In the case of the
composites containing a 50/50 glycerol/amylopectin matrix, the theoretical data is
comparable to the experimental data at low MFC content, but signi�cantly greater
at 70 wt% MFC. Lower moisture uptake due to reduced swelling as a consequence
of a constraining MFC network could perhaps explain the last result. Still, for the
40 wt% MFC composite with a amylopectin matrix the opposite trend is observed.

The normalized zero-concentration di�usion coe�cients as a function of the
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Table 3.3: Moisture uptake and theoretical moisture uptake at 33 ◦C and 30% RH.

MFC Moisture uptake Theoretical
(wt%) (%) Moisture uptake (%)

50/50 Amylopectin/Glycerol Matrix
0 7.5 �
10 7.1 7.0
40 5.5 5.7
70 3.9 4.4

Amylopectin Matrix
0 5.4 �
40 4.7 4.4
100 3.0 �

volume fraction of nano�bers are plotted for glycerol-containing composite �lms
in Figure 3.5. Note the fast reduction in di�usivity with nano�ber content. In
Figure a) all coe�cient values are obtain with a moisture dependent di�usivity
(αD 6= 0), whereas the data points of neat matrix and 10 wt% composite in b) are
obtained with constant di�usivity. The rest of the di�usion coe�cient values in b)
are obtained using a moisture dependent di�usivity. Two models are �tted to the
experimental data. The �rst is by Lord Raleigh (61). It describes a composite with
impermeable and in�nite cylindrical objects arranged in a rectangular order and
oriented parallel to the composite surface. Evidently, the reduction in moisture
di�usivity with nano�ber content is much faster than predicted by this simple
model, see Figure 3.5. The second model by Aris (62; 63) applies to regularly
spaced in�nitely long �akes, with their largest surface oriented parallel to the �lm
surface. There are two adjustable parameters in this model; α and σ. α is the
�ake aspect ratio; half the width of the �ake divided by its thickness. σ is the
slit shape; half the slit distance between two adjacent �akes divided by the �ake
thickness. Successful �ts are obtained to the data points in both Figure 3.5 a)
and b). The values obtained for the adjustable parameters correspond to dense
layers of nano�bers with amylopectin layers in between. This description of the
composite materials is highly simpli�ed. Still, a layered structure has to some
extend been observed for composites with high cellulose nano�ber contents, see
Figure 3.1. Hence the presence of barrier layers may describe the observed trends.
Other explanations may also exist to the rapid decrease in di�usivity. The �rst
is strong nano�ber-matrix interaction, which will reduce molecular mobility and
di�usivity in the matrix material. The second is a cellulose nano�ber network
which constrains the matrix and limits the degree of moisture uptake and thereby
lowers the di�usivity.
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Figure 3.5: Experimental and calculated data (Models of Lord Raleigh (61) and
Aris (62; 63)) of the di�usion coe�cient ratio, DC0/DM0 as a function of the
volume fraction of cellulose nano�bers for glycerol plasticized composites. DC0 and
DM0 are the zero-concentration di�usion coe�cients for the composites and matrix,
respectively.



Chapter 4

Papers III - V

4.1 Novel cellulose nano�ber reinforced starch based foams
(Paper III)

Novel biomimetic polysaccharide foams are successfully prepared with up to 40 wt%
MFC content by freeze-drying. The hierarchically structured foams show composite
structure at the cell wall scale in addition to the cell structure in the range of 20 -
70 µm.

Cell structure

In Figure 4.1, the cell structure of starch based foam with increasing MFC content is
presented and in Table 4.1 the estimated values of the mean cell area, mean principal
cell diameters, mean cell wall thickness and anisotropy ratios are summarized.

At 0, 10 and 40 wt% MFC content anisotropic irregular shaped cells are ob-
tained, but at 70 wt% no well-de�ned cells are seen in the major parts of the foam,
see Figure 4.1. Further, at 0 and 10 wt% MFC content the cells are closed, but
at 40 wt% MFC both closed or open cells are attained. The analysis shows that
the mean cell dimensions increase with MFC content, see Table 4.1, whereas the
anisotropy ratios decrease. The longest cell dimension is in the freezing direction
of the original foams, but tilted to right or the left of this direction. The cells are
also elongated in the plane normal to the freezing direction. The nano�bers are
homogeneously dispersed within the thin cell walls of ca. 3 µm. The �ne scale of
the nano�bers is a positive factor in this case. It can be compared to the thickness
of cellulosic �bers, ca. 20-40 µm, where the reinforcing e�ect in �nely structured
polymer foams is not expected to be as e�cient, since �bers are thicker than the
typical cell wall dimension.

27
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Figure 4.1: The cell structure of starch based foams with a) 0, b) 10 c) 40 and d) 70
wt% MFC. The sections are normal to the cylinder axis and at ca. half the height
of the original foam. The scale bars are 300 µm.

Mechanical properties

In Table 4.2 the mechanical data obtained in compression is presented. In Figure 4.2
typical compressive stress-strain curves are shown. The failure mode in the plateau
region of the stress-strain curves is believed to be due to plastic collapse of the
cells. The steeper slopes in this region for the neat matrix and 10 wt% MFC foam
compared to the 40 wt% MFC foam, could be explained by contributions from cell
face deformation in the former. The Young's modulus and yield strength increase
with cellulose nano�ber content up to 40 wt%. An increase in "plateau" level is
also seen with MFC content, see Figure 4.2. At 70 wt% a decrease is obtained and
this is due the non-existing cell-structure, see Figure 4.1 d). The modulus value
and yield strength of the amylopectin foam are similar to the values obtained in a
previous study (40).

The mechanical data in both the linear elastic part and cell collapse region
are in�uenced by an increased amount of open cells and lower anisotropy ratio with
increased MFC content. If the relative density and cell structure remain unchanged
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Table 4.1: Estimated values of the mean cell area (Ā), standard deviation of cell
area (s), mean cell wall thickness (T̄ ), mean principal cell diameters (L̄1, L̄2, L̄3)
and anisotropy ratios (R12, R13) of neat starch and composite foams.

Amylopectin foam with
0 wt% MFC 10 wt% MFC 40 wt% MFC

Ā (µm2)[a] 514 1300 1710
s (µm2)[a] 401 3640 1340
T̄ (µm)[b] 2.85 3.43 3.21
L̄1(µm)[b] 52.5 56.1 68.3
L̄2(µm)[a] 34.5 45.0 55.6
L̄3(µm)[a] 20.3 27.7 35.9
R12 = L̄1/L̄2 1.52 1.25 1.23
R13 = L̄1/L̄3 2.59 2.03 1.90
Open or closed cells Closed Closed Both

The values were obtained from surfaces [a] normal to and [b] in the direction of the
cylinder axis and at ca. half the height of the original foams.

Table 4.2: Physical and mechanical properties of cellulose nano�ber reinforced amy-
lopectin based foams. The samples have been conditioned in 50% RH and 22 ◦C
for 48 h.The values within parentheses are sample standard deviation.

MFC Young's Yield Density, Relative density Water
Modulus strength ρ∗ (ρ∗/ρs) content

(wt%) (MPa) (kPa) (kg/m3) (%)
0 4.9 (1.1) 170 (25) 103 (2.08) 0.084 11.0
10 5.0 (1.0) 310 (91) 109 (2.79) 0.088 10.3
40 7.0 (0.61) 510 (21) 95.1 (1.02) 0.073 8.4
70 1.7 (0.40) 110 (78) 86.5 (1.29) 0.063 7.3

with MFC content then according to the equations of Gibson and Ashby (50), the
increase in, for example, foam sti�ness is expected to scale in the same way as the
increase in cell wall modulus. In the case of the 40 wt% MFC foam the increase in
modulus compared to the neat starch foam is expected to be at least ca. 2.3. This
value is calculated using the modulus values for �lms from the �rst study (Paper I)
as approximate values for the cell wall modulus. However, the measured increase
is only ca. 1.4. This is believed to be due to the presence of open cells and the
lower anisotropy ratio of cells in the 40 wt% MFC foam. These results illustrate
the importance of cell structure on the mechanical properties.

In Figure 4.3, the change in normalized storage modulus with relative humidity
for neat starch and 40 wt% MFC foam is presented. The results show that the
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Figure 4.2: Typical compression curves for composite foams conditioned in 50%
RH and 22 ◦C for 48 h.

modulus values are always higher and decrease less rapidly with relative humidity
for the composite foam. The di�erence can be explained by the supporting cellulose
nano�ber network present within the cell walls of the composite foam.

4.2 Towards cell structure control (Paper IV)

The previous study showed the importance of cell structure on the mechanical
properties of foams, and the motivation for the present study is to obtain deeper
knowledge of cell structure tailoring. Hence, the interdependence of how the com-
position of the cell wall (MFC/starch ratio), freezing temperature and freeze-drying
temperature will control the cell structure of the resulting foam is investigated.

Importance of freeze-drying temperature

Figure 4.4 illustrates the importance of a correct freeze-drying temperature. The 60
wt% MFC composite foams are prepared by freezing at -80 ◦C and freeze-drying at
two di�erent chamber pressures; 0.19 mbar a) and 0.008 mbar b). The temperature
of the samples during freeze-drying is not so well controlled, and decided by the
energy balance (48) between the heat transfer to the object (the glass container is
in contact with air of 21 ◦C) and the heat transfer from the object, i.e. the energy
needed to sublimate the ice. The higher pressure in a) results in a higher object
temperature, with partial cell collapse and large and coarse cells as a consequence.
However, the temperature due to the lower pressure in b) is su�ciently low to
reduce the degree of cell collapse.
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Figure 4.3: Normalized storage modulus values as a function of relative humidity
for neat starch and 40 wt% MFC composite foams.

In order to avoid collapse, melt-back and shrinkage of the resulting porous struc-
ture during freeze-drying, the bound water content at sub-zero temperatures and
possible phase transitions of the components in the "cell walls" are identi�ed.

The amount of bound water at the equilibrium melting temperature of gela-
tinized starch-cellulose nano�ber-ice systems can be obtained using DSC. The re-
sults from DSC show a decrease in bound water content with increasing cellulose
nano�ber content. This can be explained by the higher molecular order of the
cellulose nano�bers compared to the amylopectin, where the crystalline regions of
MFC are inaccessible to water (43). The amylopectin is totaly amorphous (64).

The bound water content at sub-freezing temperatures can be studied with 1H
NMR. Figure 4.5 shows the normalized signal intensity per weight for gelatinized
starch-water and MFC-water samples. The sharp decrease in signal intensity in
a) is due to the freezing of bulk water. Figure 4.5 b) is an enlarged view of a).
The main results are that the 1H NMR signal intensity is non-zero at sub-freezing
temperatures and that it decreases with temperature, which shows the presence
of bound water and that the amount decreases with temperature. This is in well
agreement with the results of others (44; 65; 66). Also, at -43 ◦C the signal in-
tensities are almost zero. An unexpected result from 1H NMR is that more bound
water seems to be present in the cellulose nano�ber sample than the amylopectin
sample at sub-freezing temperatures. This is an opposite result to that of DSC and
further experiments are needed in order to explain the observation.

The existence of possible phase transitions of the components in the intersti-
tial regions is investigated using simple freezing experiments and DSC. With these
techniques, a glass transition due to water-plasticized amylopectin starch is discov-
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Figure 4.4: The cell structure of composite foams with 60 wt% MFC freeze-dried
at a) 0.19 mbar and b) 0.008 mbar. The section are in the direction of the cylinder
axis (indicated by the arrow) at half the height of the samples. The scale bars are
1 mm.

ered at - 5 ◦C (DSC), which is in line with the results of others (67; 68; 69). By
freeze-drying at a temperature below the glass transition, the interstitial regions
could be su�ciently stable to avoid collapse (70).

Based on the results from DSC, 1H NMR and freezing experiments, freeze-
drying experiments are conducted to �nd a suitable freeze-drying temperature.
Neat amylopectin and 60 wt% MFC foams are prepared by freeze-drying at three
di�erent temperatures ( -10, -30 and -45 ◦C) and constant chamber pressure and
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Figure 4.5: The 1NMR signal intensity per sample weight, [I/g sample], normalized
by the value obtained at 4.8 ◦C for the starch sample as a function of temperature for
gelatinized starch-water and MFC-water samples. The dry contents of the samples
are 9.7 wt%. Image (b) shows an enlarged view of (a) at sub-freezing temperatures.

the cell structures are compared. All temperatures are below the glass transition
temperature of plasticized starch and at the lowest temperature the amount of
bound water is very low according to 1H NMR results. The resulting foams have cell
structures that do not vary much in size and shape with freeze-drying temperature.
However, a volumetric shrinkage of about 25% is noticed at all temperatures for
the amylopectin starch foams. What causes the shrinkage is not clear at this stage.
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Table 4.3: Estimate values of the mean cell diameters (L̄1,L̄2,L̄3) and mean cell
wall thickness (T̄ ) for dry composite foams with varying MFC content, freezing
temperatures and porosity. R12 = L̄1/L̄2 and R13 = L̄1/L̄3 are the anisotropy
ratios.

Temp. MFC Porosity L̄1 L̄2 L̄3 T̄ R12 R13 Open/
(◦C) (wt%) (%) (µm) (µm) (µm) (µm) Closed

-78 0 91.8 44a 37b 18b 1.7b 1.2 2.4 closed
10 92.1 42b 32a 15a 1.5a 1.3 2.8 both
30 92.0 54b 43a 23a 1.7a 1.2 2.3 both
40 92.9 63b 59a 40a 2.5a 1.1 1.6 both
60 93.2 99b 92a 57a 3.4a 1.1 1.7 both
70 93.9 � � � � � � �

-27 30 91.9 99a 95b 56a 4.2a 1.0 1.8 both
-196 30 91.9 30b 20a 14a 1.5a 1.5 2.1 both
-78 30 96.3 � � � � � � �

30 88.9 40b 37a 24a 2.5a 1.1 1.7 both
Values obtained from sections normal to the cylinder axis a and from sections in the

direction of the cylinder axis b. All studied areas were located at approximately half the
height of the original foam.

At 60 wt% MFC content the foams do not shrink and this is believed to be due
to the reinforcing cellulose nano�ber network present in the cell walls. Also, the
shrinkage decreases with increasing MFC content. Based on the above results a
freeze-drying temperature close to - 30 ◦C is chosen in the next step of this study.
At this temperature, shrinkage is not avoided completely but at least major collapse
is circumvented, see Figure 4.4. The low temperature is chosen to ensure that the
temperature remains su�ciently below the Tg of the plasticized amylopectin.

Controlling the hierarchical structure

In Table 4.3, the anisotropy ratios, the estimated values for the mean cell diameters,
mean cell wall thickness are presented for foams with increasing MFC contents
prepared at a freezing temperature of -78 ◦C. Also, data is reported for foams with
identical composition (30 wt%) but prepared at di�erent temperatures (-27 ◦C, -78
◦C, -196 ◦C) or of varying porosity (88.9, 92.0, 96.3).

In general, the estimated values of the mean cell diameters and mean cell wall
thickness increase with decreasing amylopectin content (increasing MFC content)
for the foams prepared at -78 ◦C. The �nal cell size is perhaps in�uence by the glass
transition of water-plasticized starch. As the starch in the region closest to the ice
crystal is transformed into a glassy state, signi�cant resistance is o�ered to the ice
crystal growth (41). The �nal crystal size could be a function of the starch content



4.2. TOWARDS CELL STRUCTURE CONTROL (PAPER IV) 35

in the solution, with smaller ice crystals (smaller cell sizes in foam) obtained at
higher starch contents and similar cooling rates. This could perhaps also explain
the di�erence in cell size for 30 wt% MFC foams with porosities 88.9% and 92.0%.
In this case, smaller cells are observed for the foam with the lower porosity. This is
prepared from a dispersion with a higher solid content (starch content). The last
result indicates that it is not possible to change foam density without also a�ecting
the cell structure (cell size and anisotropy ratio).

Figure 4.6: The cell structure of 30 wt% composite foams with identical porosity
prepared at two di�erent freezing temperatures; -27 ◦C a) and -196 ◦C b). The
images are in the plane normal to the cylinder axis and at half the height of the
original foams. Scale bars are 100 µm.
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The e�ect of freezing temperature on foam structure is also investigated. The
results in Table 4.3 and Figure 4.6 show that smaller and more numerous cells
are obtained with decreasing freezing temperature. This is believed to be due to
increased rates of nucleation as a consequence of the higher degree of undercool-
ing (45). Also, the glass transition of plasticized starch in the region closest to the
ice crystals could perhaps occur faster with increasing heat removal rates, and this
can further decrease the cell size.

Sections in the direction of the cylinder axis are studied with height. These
reveal that more numerous and smaller cells appear with increasing height. This is
believed to be due to the solid material being concentrated in front of the growing
ice. Again, the smaller cell sizes could be explained by the possible connection
between ice crystal size, glass transition of plasticized starch and starch content.

4.3 An all-polysaccharide foam competing with expanded
polystyrene (EPS) (Paper V)

In the present study the mechanical properties of the foams prepared in Paper IV
are evaluated. The main purpose is to see if it is possible to obtained a bio-foam
that can compete with expanded polystyrene.

Figure 4.7: The hierarchal structure of cellulose nano�ber reinforced starch foam.
The left and right image illustrates, respectively, the cell structure and the cell wall.
The scale bars are 500 µm (left) and 5 µm (right).

Cell structures

Figure 4.7 is an illustration of the hierarchal structure of the cellulose nanocom-
posite biofoams. In the left image, a typical cell structure cross-section is shown in
the plane normal to the cylinder axis. In the right image, the cell wall structure
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Table 4.4: Physical and mechanical properties of MFC reinforced starch foam. The
samples have been conditioned in 51% RH and 23 ◦C for 3 days.

Freeze MFC Density Relative Young's Yield Water
Temp. content ρ∗ density modulus strength content
(◦C) (wt%) (kg/m3) (ρ∗/ρs) (MPa) (kPa) (%)
-78 0 108 0.088 3.4 (1.7) 130 (58) 11.7

10 105 0.085 8.0 (2.2) 370 (51) 11.1
30 113 0.089 18.3 (3.2) 440 (42) 10.3
40 103 0.079 20.3 (5.1) 480 (105) 10.1
60 102 0.076 11.9 (2.2) 280 (43) 9.3
70 94 0.069 10.4 (0.8) 240 (11) 8.9

-27 30 115 0.090 8.8 (1.9) 310 (59) 10.6
-196 30 115 0.090 32.0 (10.6) 630 (72) 10.4
-78 30 52 0.041 2.6 (0.6) 64 (5.2) 10.3

30 157 0.12 54.1 (10.4) 1200 (170) 10.4
The values within parentheses are the sample standard deviation.

is presented. In this image the cellulose nano�bers are visible. Note the �ne scale
of the nano�ber. This is an important factor when reinforcing the cell walls, as
discussed previously. The width is about 30 nm and the length is in the µm scale.
A homogeneous dispersion of the cellulose nano�bers is observed in all foam types,
which is important from the point of the mechanical properties of the foam. The
dimensions of the mean cell diameters and mean cell wall thickness and anisotropy
ratios are given in Table 4.3. These can be used as approximate values of the mean
cell dimensions throughout the foams.

Mechanical properties

In Figure 4.8 a) the compressive stress-strain curves are shown for composite foams
with similar densities and di�erent cellulose nano�ber contents. Based on typical
failure mechanisms for rigid foams in this density range (50), the expected mech-
anism of failure at yielding is plastic collapse. The energy absorption of a foam is
the area underneath the compression curve and in b) curves showing the energy
per unit volume versus stress are presented for the materials in a).

In Table 4.4 the mean values for the modulus, yield strength, relative density
and water content are presented. The so called densi�cation regime described
earlier (50), is approached in Figure 4.8 b) when the peak stress increases rapidly
with a slowly increasing energy per unit volume value.

The results in Table 4.4 and stress-strain curves in Figure 4.8 a) show that the
Young's modulus, yield strength and plateau level in the collapse region increase
signi�cantly with MFC content up to 30 wt%. At 60 wt% MFC content, a decrease
is observed. The decrease is mainly due to the decrease in anisotropy and the
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Figure 4.8: Compressive stress-strain curves for composites with similar density,
prepared by freezing at -78 ◦C, a). In b) the energy per unit volume versus stress
obtained for materials in a) are shown. The curves are an average of �ve specimens.

presence of a larger portion of open cells with increasing MFC content, see Table 4.3.
In Figure 4.8 b) it is apparent that the energy per unit volume is approximately
unchanged for MFC contents above 30 wt%. The results in Table 4.4 also show
that the water content of the foams decreases with increasing MFC content. This is
expected and mainly due to the higher molecular order of the cellulose nano�bers
as compared to amylopectin starch, see Paper II.

In Figure 4.9 the stress-strain curves and energy absorption curves for foams
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Figure 4.9: Compressive stress-strain curves for composites with 30 wt% MFC
content, identical densities, prepared by freezing; -27 ◦C, -78 ◦C or -196 ◦C. In b)
the energy per unit volume versus stress obtained for materials in a) are shown.
The curves are an average of �ve specimens.

with 30 wt% MFC content, prepared by freezing at one of three possible temper-
atures, are presented. The densities are almost identical. The Young's modulus,
yield strength and level of plateau zone increase with decreasing freezing tempera-
ture. As the freezing temperature decreases, the anisotropy ratios generally increase
while the cell sizes decrease (see Table 4.3). The observed trend in mechanical prop-
erties with decreasing freezing temperature is best explained by the more favorable
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Table 4.5: The mechanical properties of MFC reinforced foams and expanded
polystyrene.

Foams Density Relative Young's Yield Water
ρ∗ density modulus strength content

(kg/m3) (ρ∗/ρs) (MPa) (kPa) (%)
Amylopectin 108 0.088 3.4 130 11.7
10 wt% MFC 105 0.085 8.0 370 11.1
40 wt% MFC, Paper III 95.1 0.073 7.0 510 8.4
40 wt% MFC 103 0.079 20.3 480 10.1
30 wt%, -196 ◦C 115 0.090 32.0 630 10.4
EPS (71) 100 0.095 48 620 �

cell structure at smaller cells, i.e the higher anisotropy ratios and perhaps a larger
portion of closed cells. It is possible that the smaller cell size have a direct e�ect
on the cell collapse, although Ashby's simple scaling law does not predict this (50).
The above results demonstrate that it is possible to tailor the energy absorption
characteristics of the foams by varying the freezing temperature.

In Table 4.5, data is presented for composite foams of the present study, of
the previous study (Paper III) and expanded polystyrene. When the two 40 wt%
MFC foams are compared, the foam prepared in the present study has a much
higher modulus and comparable yield strength despite a higher water content and
less favorable cell shape anisotropy, see Tables 4.3 and 4.1. This is due to a larger
portion of closed cells in the foam of the present study as a consequence of better
controlled preparation conditions. The most interesting result in Table 4.5 is that of
the 30 wt%MFC foam prepared by freezing at -196 ◦C. This has an average modulus
value of 32 MPa and yield strength of 630 kPa. The expanded polystyrene foam has
a modulus of 48 MPa and yield strength of 620 kPa. Hence, it is the �rst starch-
based foam that has mechanical properties close to those of expanded polystyrene
foam at comparable relative densities and 50% RH. The result is a consequence of
the reinforcing cellulose nano�ber network present in the cell walls.



Conclusions

Nanocomposites with MFC content up to 70 wt% MFC content are successfully pre-
pared, due to the high compatibility between starch and MFC. The starch matrix
is highly plasticized with glycerol, hence mimicking the almost viscous character of
the matrix in the primary cell wall of plants and also the water in�uence in ser-
vice. The mechanical properties at 70 wt% MFC content demonstrate a remarkable
combination of high tensile strength (160 MPa), modulus (6.2 GPa) and strain-to
failure (8.1%) resulting in a very high work-to-fracture (9.4 MJ/m3). An important
reason of this unique combination of mechanical properties is the presence of a cel-
lulose nano�ber network. Still, the nanoscale of the MFC and favorable interaction
between MFC and matrix are also positive factors.

The e�ect of cellulose nano�bers content on the moisture sorption kinetics (30%
RH) of highly glycerol plasticized and pure amylopectin �lms is investigated. The
moisture sorption behavior in the nanocomposites needs to be modeled using a mois-
ture concentration-dependent di�usivity in most cases. The presence of nano�bers
has a strong reducing e�ect on the moisture di�usivity. The strong decrease in zero-
concentration moisture di�usivity with nano�ber content may be due to geometrical
impedance, a cellulose nano�ber network and/or strong molecular interaction be-
tween cellulose nano�bers and amylopectin.

Novel cellulose reinforced starch-based foams with up to 40 wt% MFC are
prepared by freeze-drying. The hierarchically structured composite foams show
strongly improved mechanical properties (modulus and yield strength) compared
to the neat starch foam. Also, the storage modulus of the 40 wt% MFC foam de-
creases less rapidly with relative humidity and is always higher compared with neat
starch foam. This is due to the cellulose nano�ber network within the cell walls.

The mechanical properties depend both on the cell wall properties and the cell
structure. Hence e�ect of freeze-drying temperature, freezing temperature and cell
wall composition on the cell structure of the �nal foam is investigated. By increas-
ing the starch content, the cell size, anisotropy ratio and fraction of closed cells
can be changed. The �nal cell structure also depends on the freezing temperature
and freeze-drying temperature, with major cell collapse at high freeze-drying tem-
peratures. At high MFC contents, shrinkage of the foam can be avoided. Finally,
compressive testing results for a 30 wt% MFC foam prepared by freeze-drying show
that it is possible to reach comparable mechanical properties (Young's modulus and

41
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yield strength) to expanded polystyrene at 50% RH and similar relative density.
This is due to the cellulose nano�ber network in the cell wall, which e�ectively
reinforces the hygroscopic amylopectin matrix.
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